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Synopsis — Road surfacing policy is among the most influential mechanisms available to 

road authorities to alleviate budget and resource constraints and to enhance their level of 

public service delivery. Given that gravel roads constitute 73.6% of the South African road 

network, this paper identifies cost-effective surface solutions for these roads under different 

local conditions experienced across South Africa. Gravel and cape seals, which are selected 

as a potential light bituminous seal alternative to gravel, are explored using a Cobb-Douglas 

production function that represents their major inputs: capital; labour; basic materials; fuel; 

and other inputs. The respective factor intensities for the production functions are based on 

2018 road construction and maintenance unit cost data for South Africa. The relative cost-

effectiveness of the alternative road surfaces is evaluated through a lifecycle cost analysis 

(LCCA), with the production function parameters stress tested according to cost variances 

caused by actual environmental and market conditions. Road user and road accident costs 

are added as additional LCCA stress tests to extend the study beyond road authority costs. 

The results indicate that the dominant strategy, in terms of cost-effectiveness and welfare, 

is for South African road authorities to seal those gravel roads worth maintaining at a rate 

possible within budget limitations.    

 

Keywords — South Africa; Road surfacing policy; Cost-effective; Gravel roads; Sealed 

roads; Light bituminous seals; Rural roads; Labour-intensive; Shadow price of labour. 
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 INTRODUCTION 

73.6%, or 454 609 km, of South Africa’s proclaimed road network is unsealed. Within this unsealed 

road network approximately 90.8% of the roads carry less than 250 vehicles per day and 84.3% carry 

less than 100 vehicles per day [1]. Despite the low traffic volumes, the provincial and municipal road 

departments who manage unsealed roads cannot just overlook their maintenance in favour of higher-

volume surfaced roads as some positively contribute to economic growth or provide citizens with 

their only feasible means to access constitutionally protected basic services. 

In the absence of a national road surfacing policy, the road departments have based their strategy 

on the HDM-4 derived guideline that Annual Average Daily Traffic (AADT) must exceed 200 vehicles 

to justify upgrading an unsealed road to a surfaced standard. But many unsealed roads are only 

upgraded to a surfaced standard once AADT exceeds 500 or 1 000 vehicles. In contravention of this 

tradition is a trend, which to-date has been followed by at least 17 developing countries and 

investigated by 5 of South Africa’s 9 provincial road departments, towards surfacing unsealed roads 

irrespective of the traffic volume to eliminate regravelling and minimise the maintenance 

requirements over the life of a road [2-24].  

This paper compares the estimated cost of low-volume gravel and light bituminous seal roads to 

determine a cost-effective national road surfacing policy. Light bituminous seals are represented by 

a 14 mm cape seal with 1 slurry as this surface is well suited to labour-intensive practices, has proved 

structurally robust in local conditions, and is less sensitive to imperfections in base layers [25]. 

However, once a policy position has been reached on whether gravel roads should be sealed it 

remains for road managers to specify the appropriate seal for a specific road project.   

Section II introduces the lifecycle cost analysis (LCCA) methodology. Section III presents the data 

to estimate the lifecycle costs for gravel and cape seal roads and to specify the production functions. 

Section IV reviews the LCCA results, including the stress tests that account for actual variances in 

environmental and market conditions in South Africa. Section V concludes with the policy finding that 

departments should seal gravel roads worth maintaining at a rate possible within budget limitations.  

METHODOLOGY 

LCCA is an analytical technique that uses initial and discounted future costs to evaluate the overall 

long-term economic efficiency of competing alternative investment options [26]. Here LCCA is used 

to compare the whole-life cost of three low-volume road categories: new gravel and lightly sealed 

roads; existing gravel roads in good condition; and existing gravel roads in poor condition. The 

reviewed costs include all diff 

erential planning, design, construction, routine and periodic maintenance, rehabilitation, and 

salvage costs. Based on these variables the Net Present Value (NPV) is calculated as follows:  

  

𝑵𝑷𝑽 = 𝑪 + ∑𝑴𝒊

𝒊

(𝟏 + 𝒓)−𝒙𝒊 − 𝑺(𝟏 + 𝒓)−𝒛 
(1) 
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where NPV is the present value of all costs, C is the present cost of the initial construction, Mi is the 

cost of the ith maintenance or rehabilitation measure, r is the real discount rate, xi is the number of 

years from the present to the ith maintenance or rehabilitation measure, z is the analysis period over 

which the road surfaces are evaluated, and S is the salvage value of the road surface at the end of 

the analysis period which is calculated as the remaining serviceable life as a prorated share of the 

last rehabilitation cost [27]. 

The analysis period is set at 30 years to cover the longest design life, incorporate at least one 

major rehabilitation activity for each road surface, and reflect long-term cost differences associated 

with the alternative surfaces [26]. The discount rate is set at 10.0% based on the National Treasury’s 

working rate of 9.0%, Kuo et al.’s [28] estimation of 11.0%, and guidance from the World Bank and 

Asian Development Bank [29]. 

Values for the road surface cost variables could not be determined probabilistically due to data 

limitations [1]. A deterministic approach is therefore adopted in which fixed, discrete costs are applied 

for each variable based on evidence and professional judgement of what value is most likely [30]. 

These fixed costs are collectively applied to estimate the lifecycle cost of the road surfaces. 

Sensitivity analyses are conducted on assumptions made for the key cost variables to account for 

uncertainty of the outcomes. Although a deterministic approach precludes simultaneous variations 

in multiple inputs and simplifies the degree of uncertainty with lifecycle cost estimates, the method is 

appropriate if there are data constraints and as such is applied in two-thirds of the transport LCCA 

studies reviewed by Ala-Risku [31]. 

ROAD SPECIFICATIONS AND DATA 

Road and pavement design 

Class 4 unsealed roads are typically designed with two 3.4 m lanes, two 0.9 m shoulders, and two 

0.6 m roundings [32]. However, a narrower gravel road cross-section is also included in the analysis 

as many of the existing gravel roads are 6.0 m wide. Although these narrower gravel roads do not 

conform with the current road design standards, they are analysed as such as these roads will be 

maintained in this form in the absence of an upgrade. New sealed roads and upgraded gravel roads 

reflect the Class 3 road design, which is the lowest sealed road class [32]. Such roads have two 3.4 

m surfaced lanes, two 0.9 m surfaced shoulders, and two 0.6 m roundings constructed to the same 

standard as the lanes.  

Additional pavement layers are not modelled for roads with a G6 or G7 in situ subgrade as these 

materials have been declared suitably strong for the gravel wearing course or seal to be laid directly 

on the road formation [33]. In the case of weaker in situ subgrades, the additional pavement layers 

reflect the TRH 4 specifications and Western Cape Government’s Geometric Manual for Class 3 and 

4 roads with a design bearing capacity of 0.1-0.3 million equivalent standard axles per lane [34].  

Condition index trigger method 

The unsealed road network had the following Visual Condition Index (VCI) profile in 2017: 2.3% 

in very good condition; 4.6% in good condition; 15.6% in fair condition; 44.1% in poor condition; and 

33.4% in very poor condition. These VCI categories are grouped into initial roadwork categories in 
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Table I according to the TRH 4 condition index trigger method, which prescribes routine maintenance 

for roads in good and very good condition, periodic maintenance for roads in fair condition, and major 

rehabilitation or reconstruction for roads in poor and very poor condition [34]. Major rehabilitation 

applies to 77.5%, or 352 301 km, of the unsealed road network and is therefore the dominant 

roadwork category. 

PROCLAIMED UNSEALED ROADS PER INITIAL MAINTENANCE CATEGORY, 2017 

Initial roadwork category Condition (VCI) Length (km) 

Routine maintenance / Periodic 

maintenance 

Very good and good 31 319 

Periodic maintenance / Minor 

rehabilitation 

Fair 70 990 

Major rehabilitation Poor 200 269 

Major rehabilitation / Reconstruction Very poor 152 032 

Roadwork activities and costs 

The unit cost data are from the National Treasury’s [1] Road Network Cost Model.  Table II shows 

the average construction and maintenance costs for low-volume cape seal roads under different local 

conditions. High moisture regions score above 20 on the Thornthwaite Moisture Index and steep 

road gradients are between 5.1% and 12.0%. The CSIR [36] and Department of Transport [33] claim 

the in situ subgrade is strong enough to support low-volume roads without additional pavement layers 

in many regions of South Africa. But if this is not possible the specified pavement structure must be 

constructed. The typical preventative maintenance strategy for cape seals comprises annual routine 

maintenance, resealing in year 10, and rehabilitation in year 20. 

CONSTRUCTION AND MAINTENANCE UNIT COSTS FOR CAPE SEAL ROADS, 2018 

Activity 

Cost per km (R) 

Moderate 

conditions 

Steep gradient High moisture 

Construction: In situ base 1 800 000 2 430 000 2 160 000 

Construction: Pavement 

structure 

4 000 000 6 000 000 5 960 000 

Routine maintenance 100 000 100 000 100 000 

Reseal 1 100 000 1 375 000 1 320 000 

Rehabilitation 1 800 000 2 430 000 2 160 000 

 

Table III presents the construction and maintenance costs for low-volume gravel roads under the 

same set of conditions. Again, road construction can occur on a suitably strong in situ base or on a 

specified pavement structure. Annual routine maintenance typically consists of quarterly blading 

events, periodic maintenance entails spot regravelling, and rehabilitation involves regravelling and 
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occurs every 8-years based on the gravel thickness specified in TRH 20 and average annual gravel 

loss of 12 mm [33].  

CONSTRUCTION AND MAINTENANCE UNIT COSTS FOR GRAVEL ROADS, 2018 

Activity 

Cost per km (R) 

Moderate 

conditions 
Steep gradient High moisture 

6.0 m 6.8 m 6.0 m 6.8 m 6.0 m 6.8 m 

Construction: In situ base 705 880 800 000 1 058 

820 

1 200 

000 

882 350 1 000 

000 

Construction: Pavement 

structure 

2 647 

050 

3 000 

000 

4 420 

574 

5 010 

000 

4 499 

985 

5 100 

000 

Routine maintenance 100 000 100 000 180 000 180 000 180 000 180 000 

Periodic maintenance 264 705 300 000 397 058 450 000 330 881 375 000 

Rehabilitation 705 880 800 000 1 058 

820 

1 200 

000 

882 350 1 000 

000 

 

Factor inputs 

Based on the National Treasury’s [1] cost data, equations 2, 3, and 4 respectively detail the typical 

30-year construction and maintenance inputs for cape seal roads, gravel roads in good condition, 

and gravel roads in poor condition for regions with strong in situ subgrade. The production functions 

all have constant returns to scale. 

 

𝑌 = 𝐴𝐾0.34𝐿0.21𝑀0.35𝐵0.04𝐹0.06 (2) 

 

𝒀 = 𝑨𝑲𝟎.𝟑𝟕𝑳𝟎.𝟐𝟐𝑴𝟎.𝟑𝟒𝑭𝟎.𝟎𝟕 (3) 

 

𝒀 = 𝑨𝑲𝟎.𝟑𝟖𝑳𝟎.𝟐𝟕𝑴𝟎.𝟑𝟎𝑭𝟎.𝟎𝟓 (4) 

 

where Y is output measured in terms of kilometres of road, A is factor productivity, K is capital, L is 

labour, M is materials, B is bitumen, and F is fuel.  

LIFECYCLE COST ANALYSIS RESULTS 

 Environmentally Optimised Design principles and the Road Infrastructure Strategic Framework for 

South Africa acknowledge that the factors affecting the cost of road provision vary along and between 

roads [37-38]. The LCCA therefore investigates the cost-effectiveness of gravel and cape seal roads 

for the range of conditions experienced across the South African road network. 
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Simplistic baseline conditions 

The baseline scenario shown in Figure 1 reflects almost ideal conditions for gravel road provision, 

which few regions in South Africa approximate. Under this ideally simple world for road surfacing 

decisions the road gradient is flat, climate is moderate, average haulage distance is 7.0 km, average 

annual gravel loss is 12 mm, and grading occurs 4 times per annum. When conditions are conducive 

to gravel road provision the LCCA finds that existing gravel roads, regardless of their initial condition, 

are more cost-effective than cape seals. However, road surfacing policy should not be driven by the 

ideally simple case, but rather by reference to tendencies in the relationship between complicating 

factors and relative surface construction and maintenance costs. 

 

Fig. 1. LCCA under simplistic baseline conditions 

Steep road gradients 

Erosion of gravel road surfaces is problematic in rolling or mountainous terrain where the gradient 

is steep, but can be reduced by improving the shear strength of the wearing layer through adequate 

compaction, grading, and gravel size. Measures to improve shear strength escalate the cost of road 

provision, which leads TRH 20 to conclude that it is not cost-effective to avoid erosion on sections of 

gravel road with steep gradients [33]. Table IV demonstrates the extent to which steep road gradients 

increase the input factors relative to the baseline production functions. It is important to note that 

capital, labour, materials, and fuel inputs increase proportionally more for gravel than sealed roads. 

LIFECYCLE CHANGE IN INPUT FACTORS RELATIVE TO THE BASELINE FOR STEEP GRADIENTS 

Road 

Percentage change in input factors 

Capital (K) Labour (L) Materials 

(M) 

Fuel (F) Bitumen (B) 

Cape seal 47.7 1.8 17.1 6.0 14.9 
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Gravel: Poor 

condition 

99.7 67.4 26.4 7.0 N/A 

Gravel: Good 

condition 

94.6 71.8 29.9 7.0 N/A 

  

Figure 2 indicates the effect of steep road gradients on the cost-effectiveness of the road surfaces. 

The baseline conditions are kept constant except for the road gradient which is increased to between 

5.1% and 12.0%. Steep gradients render it cost-effective to seal 6.8 m wide gravel roads in poor and 

very poor condition when the in situ subgrade is good, with the upgrade paid off by year 9. It is also 

cost-effective to seal new roads requiring a traditional pavement design if the road gradient is steep.       

 

Fig. 2.  LCCA with a road gradient between 5.1% and 12.0% 

High mositure environments 

The structural layers of a gravel road are directly exposed to environmental forces [33]. The bulk 

of the rainwater must therefore be removed from the road surface before it erodes the gravel wearing 

layer or infiltrates the pavement structure. This requires frequent road maintenance to ensure the 

road has a compact, tightly bound wearing course, a definite crown, adequate cross-fall, and no 

potholes, corrugations, or ruts. Thicker pavement structures to improve the bearing capacity of the 

road, more sophisticated subsoil drains, and deeper side drains are also potentially required for both 

gravel and surfaced roads. Table V details the extent to which the required measures to provide 

gravel and cape seal roads in high moisture regions increase the input factors relative to the baseline 

production functions. Again, the relative change to all common input factors are higher for gravel 

than sealed roads. 
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LIFECYCLE CHANGE IN INPUT FACTORS RELATIVE TO THE BASELINE FOR HIGH MOISTURE 

Road 

Percentage change in input factors 

Capital (K) Labour (L) Materials 

(M) 

Fuel (F) Bitumen (B) 

Cape seal 30.1 1.8 7.0 6,1 18.7 

Gravel: Poor 

condition 

56.2 67.4 26.3 8.0 N/A 

Gravel: Good 

condition 

60.5 71.8 29.9 8.0 N/A 

 

Figure 3 maintains the baseline conditions but allows for the effects of high moisture. Although a 

high moisture environment increases lifecycle costs for both surfaces, the LCCA indicates that when 

the in situ subgrade is good it is cost-effective to seal poor and very poor condition gravel roads wider 

than 6.8 m, with the upgrade paid off by year 9. It is also cost-effective to seal new roads requiring a 

traditional pavement design, with an 8-year payoff period. 

  

Fig. 3. LCCA when the road is affected by high moisture 

High rates of gravel loss 

TRH 20 specifies that proclaimed gravel roads should typically comprise a 100 mm to 150 mm 

layer of gravel, which can increase to 200 mm for higher traffic volumes, with a minimum buffer 

thickness of 25 mm to 50 mm [33]. Because gravel loss is a function of road traffic, climate conditions, 

and material properties many gravel roads across South Africa experience higher annual rates of 

gravel loss than the 12 mm set for the baseline. For example, average annual gravel loss for some 

roads in the Western Cape province is between 25 mm to 50 mm, with extreme cases reaching 255 
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mm [40]. Average annual gravel loss in KwaZulu-Natal province varies between 5 mm to 75 mm [41]. 

Regravelling cycles can therefore be as short as 5 months. 

Table VI illustrates the change in input factors relative to the baseline production functions when 

the average annual rate of gravel loss increases to 25 mm. This higher rate of gravel loss shortens 

the regravelling cycle from 8 to 4 years. A relatively large increase in all input factors is required for 

gravel roads in both good and poor condition. The largest increases are for fuel and materials. 

LIFECYCLE CHANGE IN INPUT FACTORS RELATIVE TO THE BASELINE FOR HIGHER GRAVEL LOSS 

Road 

Percentage change in input factors 

Capital (K) Labour (L) Materials 

(M) 

Fuel (F) Bitumen (B) 

Cape seal 0.0 0.0 0.0 0.0 0.0 

Gravel: Poor 

condition 

45.2 12.8 66.2 74.0 N/A 

Gravel: Good 

condition 

65.0 15.3 114.9 137.6 N/A 

 

Maintaining the baseline conditions, Figure 4 shows the effect that increasing the average annual 

rate of gravel loss from 12 mm to 25 mm has on the cost-effectiveness of gravel roads. Despite being 

lower than the highest actual rates of gravel loss, this change is enough to cause cape seals to be 

more cost-effective than gravel. The LCCA demonstrates that for regions with strong in situ subgrade 

it is cheaper to seal both 6.0 m and 6.8 m wide gravel roads in poor and very poor condition, as well 

as 6.8 m wide gravel roads in good condition. It is also cost-effective to seal new roads requiring a 

traditional pavement design, with this decision paid off by year 7. 
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Fig. 4. LCCA when the average annual rate of gravel loss is 25 mm 

Extended gravel haualge distances 

The Department of Transport [33] and SANRAL [42] are concerned that many areas in South 

Africa lack sufficiently high-quality gravel materials for gravel road surfaces. Resource and regulatory 

restrictions have led to a more uneven spread of borrow pits and longer haul distances. Figure 5 

presents the Department of Mineral Resource’s [43] January 2019 statistics for the number of 

operating mines that produce gravel materials for road surfacing. The shortest effective average 

spacing between borrow pits is 14.8 km in Gauteng province, with this distance rising to 113.4 km in 

the Northern Cape province. The Northern Cape Department of Roads and Public Works [44] link 

the excessive haul distances to the fact that gravel deposits in many areas are non-existent, on 

inaccessible land, or exhausted.  

 

Fig. 5. Effective average spacing between operating borrow pits, January 2019 

 Every 1.0 km increase in the average haul distance raises the fuel input (F) in the two gravel road 

production functions by 14.3%. Maintaining the baseline conditions, Figures 6 and 7 respectively 

illustrate the effect that extending the average gravel haul distance to 25.0 km and 50.0 km have on 

the relative cost-effectiveness of gravel roads. If the in situ subgrade is good then it is cost-effective 

to seal 6.8 m wide gravel roads in poor and very poor condition once the average haul distance is 

25.0 km, with the upgrade paid off by year 9. But when the average haul distance reaches 50.0 km 

it is cost-effective to seal 6.0 m and 6.8 m wide gravel roads in poor and very poor condition, with 

respective payoff periods of 9 and 6 years. It is also cost-effective to seal new roads requiring a 

traditional pavement design once the average haul distance exceeds 17.0 km. 
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Fig. 6. LCCA for a 25.0 km average gravel haul distance 

 

Fig. 7. LCCA for a 50.0 km average gravel haul distance 

These findings confirm the strategies already adopted by many road departments. For example, 

the Western Cape Department of Transport and Public Works [45] planned to review gravel roads 

separated from borrow pits for upgrade to surfaced standard. The 2016 Strategic Borrow Pit Plan for 

the West Coast District Municipality proposed that light bituminous seals be used to protect the base 

layer where gravel roads are far from the nearest source of suitable wearing course gravel [40]. 

Similarly, the Northern Cape Department of Roads and Public Works’ [44] 2017/18 Road Asset 

Management Plan states: “Gravel suitable for road construction and maintenance is a diminishing 

resource and will accordingly have to be transported over increasing distances. This will inevitably 

result in surfacing becoming an economic alternative to regravelling as a maintenance process.” 
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Increase in the price of oil-based inputs 

Bitumen and fuel are petroleum products and so their price is driven by international oil prices and 

the exchange rate. Gravel is hauled to road project sites by trucks running on petroleum fuel, typically 

diesel. But unlike expenditure on bitumen for sealed roads, which is primarily needed for construction 

and then in lesser quantities for resealing, gravel haulage and blading are recurrent costs due to the 

repeated need to shape the surface and replace lost gravel.  

The LCCA shown in Figure 8 is based on the baseline scenario except the average haul distance 

is extended to a more realistic 25.0 km and the price of fuel and bitumen, which are oil-based inputs, 

are inflated by 50.0%. When compared to Figure 6, in which only the change to haul distance applies, 

it is evident that a rise in the oil price supports the case to seal gravel roads. If the in situ subgrade 

is good then it is cost-effective to seal 6.8 m wide gravel roads in poor condition, with the upgrade 

paid off by year 9. It is also cost-effective to seal new roads requiring a traditional pavement design. 

The LCCA confirms that bitumen, despite being a petroleum-derived product, does not represent an 

intensive allocation of oil to roads relative to the alternative of gravel surfaces. This corresponds with 

the studies by Ross and Field [46] for South Africa and Jahren et al. [47] for South-East Asia. 

 

Fig. 8. LCCA for a 25.0 km gravel haul distance and 50.0% rise in the price of oil-based inputs 

Shadow price of labour 

The Department of Public Works developed the Expanded Public Works Programme (EPWP) to 

help absorb unemployed and discouraged work-seekers by utilising public expenditure to generate 

additional employment through labour-intensive work methods [48]. This supports the National 

Development Plan (NDP) objective to expand public employment programmes to help address the 

high unemployment rates across South Africa, particularly in rural areas where there is a large pool 

of underutilised unskilled labour [49].  

While countries such as Kenya and Malawi increased the proportion of labour related road project 

costs to 38.0%, the provincial and municipal road departments respectively achieved only 13.0% and 
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9.0% in 2010/11 [50-52]. TRH 20 notes that apart from grader blading and haulage, most 

maintenance activities on gravel roads can be effectively conducted using labour-based methods 

[33]. However, blading and haulage account for a high proportion of the work and cost to maintain 

gravel roads. Whereas the construction and maintenance of gravel roads depends on heavy vehicles 

for grading and long-distance haulage of materials, sealed roads can be constructed and maintained 

with light equipment suitable for labour-based methods and lower-skilled workers [53]. 

Ross and Field [46] predict a large gap between formal sector market wages and shadow wages, 

particularly in rural areas, from the effect of an abundance of large, efficient farms on subsistence 

agriculture. Although it is sometimes the case that the cost to move an unemployed person from 

piecework and casual activity to formal employment is borne by members of that worker’s household 

who invest more hours of farming to compensate for the difference, many under-employed workers 

in South Africa actually contribute less to household productivity than the share of the income they 

consume as a disproportionate share of the income for households with unemployed members is 

earned by grant recipients [46;54-55]. Ross and Field [46] argue that If such under-employed workers 

are transferred to the production of road infrastructure and their labour is at least as productive as 

an alternative unit of capital that could have alternatively been invested, their shadow wage is zero 

or negative, or if their productivity in economic terms is not zero their shadow wage is zero. This likely 

applies to many of the 5.6 million unemployed and discouraged worker-seekers that did not 

participate in the alternative productive activities to formal employment recorded by Statistics South 

Africa [49] in 2018Q4. 

The stress test shown in Figure 9 maintains the baseline conditions but alters the proportion and 

price of unskilled labour utilised in road construction and maintenance works. This scenario assumes 

the shadow price of rural unskilled labour is zero and that departments can increase the proportion 

of labour from 21.0% of road project costs in Equation 2 to 38.0%. Should departments achieve this 

level of labour-intensity, the LCCA indicates that 6.0 m and 6.8 m wide gravel roads in poor and very 

poor condition should be sealed wherever the in situ subgrade is good. It is also cheaper to seal new 

roads requiring a traditional pavement design. Gravel is therefore less attractive than light bituminous 

seals given South Africa’s high unemployment rate and the low levels of informal sector productivity. 
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Fig. 9. LCCA assuming labour-intensive work methods and the shadow price of labour 

Road user costs 

Table VII shows the average road accident rates applicable to earth, gravel, and the lowest class 

of surfaced roads in South Africa [56]. The Road Traffic Management Corporation (RTMC) [57] lists 

the following human and vehicle accident costs in 2015: R5.4 million per fatal accident; R765 664 

per accident resulting in serious injury; R152 244 per accident resulting in minor injury; and R48 533 

per accident with vehicle damage only. Assuming an average cost of R458 954 for accidents 

resulting in serious and minor injuries, these data are used to estimate total accident costs per 100 

million vehicle-km travelled on each road surface. For every 100 million vehicle-km the accident costs 

on gravel roads are R73.7 million higher than for single carriage roads with a paved shoulder.  

HDM-4 ACCIDENT CLASSES AND THE ASSOCIATED COSTS, 2015 

Road description 

Accident rates per 100 million 

vehicle-km 

Total accident 

costs per 100 

million vehicle-

km 
Fatal Injury 

Damage 

only 

Unpaved dirt road 13.9 141.7 988.2 R188 591 089 

Engineered gravel road 12.1 122.9 857.4 R163 623 374 

Single carriage with unpaved 

shoulder 
6.9 70.7 492.8 R94 053 140 

Single carriage with paved shoulder 

< 1 m 
6.6 67.6 471.2 R89 932 255 

 

Vehicles travelling on surfaced roads consume less fuel and sustain less wear and tear on the 

suspension system and tyres than vehicles travelling on gravel roads. Dust generated from gravel 

roads also contributes to greater wear on vehicles. Figure 10 shows the additional vehicle operating 
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costs (VOC) incurred on gravel compared to surfaced roads according to the road’s International 

Roughness Index (IRI) [58]. 

 

Fig. 10. Vehicle operating costs on gravel roads versus surfaced roads 

The LCCA in Figure 11 adds road user costs (RUC) to the baseline scenario. The estimated RUC 

reflect the road accident costs and VOC for 150 vehicles per day of which 20.0% are heavy vehicles. 

The LCCA indicates that if departments took fully seriously road user costs, then 6.0 m and 6.8 m 

wide gravel roads in poor and very poor condition should be sealed once AADT exceeds 150 vehicles 

if the in situ subgrade is good. At this traffic level it is also cost-effective to seal new roads requiring 

a traditional pavement design. 

 

Fig. 11. LCCA combining the baseline scenario and road user costs for AADT of 150 vehicles 



 

22 | P a g e  
 

Typical road conditions 

The majority of gravel roads in South Africa are subject to more than one of the above stress tests. 

Table VIII presents the LCCA for combinations of variables that affect the cost of low-volume roads. 

In terms of the variables: “RUC” adds the VOC and road accident costs associated with 50 vehicles 

per day (VPD); “haulage” extends the average haul distance to 25.0 km; and “high moisture”, “high 

gravel loss”, and “steep gradient” reflect the preceding stress tests. Under these combinations of 

conditions, it is cost-effective to seal 6.0 m and 6.8 m wide gravel roads in poor and very poor 

condition when the in situ subgrade is good, as well as new roads requiring a traditional pavement 

design. While it is cost-effective to maintain gravel roads in good condition under certain conditions, 

it is rare for the departments to have kept gravel roads carrying only 50 VPD in good condition. 

LCCA CONSIDERING COMMON COMBINATION OF THE STRESS TEST VARIABLES AT 50 VPD 

Stress test 

combinations 

Lifecycle costs per km (R million) 

Gravel Cape seal 

Poor VCI Good VCI 
Pavement In situ Pavement 

6.0 m 6.8 m 6.0 m 6.8 m 

RUC + haulage 5.6 5.9 4.6 4.9 8.3 5.6 7.7 

RUC + high gravel loss 6.1 6.5 5.6 6.0 8.7 5.6 7.7 

RUC + high gravel loss + 

haulage    

6.6 7.2 5.9 6.4 9.6 5.6 7.7 

RUC + high moisture + 

haulage  

6.6 7.2 5.6 6.0 11.5 6.1 9.9 

RUC + steep gradient + 

haulage  

7.0 7.6 5.8 6.3 11.7 6.3 9.9 

 

Table IX repeats the LCCA in Table VIII, except traffic is increased to 150 VPD. Many of the good 

condition gravel roads are within this, or a higher, AADT category. Under these conditions the only 

situation where gravel roads should be maintained as such is when just RUC and haulage are 

considered for 6.0 m wide gravel roads in good condition. Otherwise, the stress test combinations 

indicate that it is cost-effective to seal 6.0 m and 6.8 m wide gravel roads in any condition wherever 

the in situ subgrade is good. All scenarios suggest that it is cost-effective to seal new roads requiring 

a traditional pavement design. 

LCCA CONSIDERING COMMON COMBINATION OF THE STRESS TEST VARIABLES AT 150 VPD 

Stress test 

combinations 

Lifecycle costs per km (R million) 

Gravel Cape seal 

Poor VCI Good VCI 
Pavement In situ Pavement 

6.0 m 6.8 m 6.0 m 6.8 m 

RUC + haulage 10.3 10.7 9.5 9.8 13.1 9.8 11.9 

RUC + high gravel loss 10.9 11.4 10.4 10.8 13.6 9.8 11.9 
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RUC + high gravel loss + 

haulage    

11.5 12.0 10.8 11.2 14.5 9.8 11.9 

RUC + high moisture + 

haulage  

11.4 12.0 10.4 10.9 16.3 10.3 14.1 

RUC + steep gradient + 

haulage  

11.8 12.4 10.7 11.1 16.5 10.5 14.1 

 

CONCLUSION 

Because road departments must accommodate at least some portion of the gravel road network 

within their available budgets, it is important to understand whether gravel, as the current default 

option for low-volume roads, is a cost-effective surface solution. In this regard, this study supports 

four policy recommendations.  

Policy recommendation 1: If a traditional pavement design is required to support a lightly sealed 

but not a gravel road surface, then it is cost-effective to maintain gravel roads irrespective of their 

initial condition. However, because the TRH 20 Simplified Design Catalogue specifies the same 

pavement structure for low-volume gravel and lightly sealed roads, this recommendation does not 

apply to new roads [33]. Moreover, this recommendation applies to a low proportion of existing 

unsealed roads. Based on the longstanding principle in TRH 20 that good preparation of the 

subgrade is important as this should form the subgrade for future improved roads, the minimum 

subgrades that have been specified for gravel roads are relatively strong [33]. Given the strength of 

the specified subgrade designs, traffic induced compaction of the subgrades over the life of unsealed 

roads, and the fact that many regions in South Africa possess strong in situ materials, the in situ 

materials on most of the 454 609 km of existing unsealed roads should provide a strong enough 

pavement structure to support lightly sealed roads. The following three recommendations are thus 

the dominant policy conclusions. 

Policy recommendation 2: Wherever the in situ subgrade has sufficient bearing strength to support 

expected traffic volumes without structural upgrading it is cost-effective to seal gravel roads in poor 

and very poor condition. This finding potentially applies to the 352 301 km of gravel road, or 77.5% 

of the proclaimed gravel road network, in poor and very poor condition in 2017. Moreover, it is cost-

effective to seal unproclaimed gravel roads in areas with good in situ subgrade if proclaimed.  

Policy recommendation 3: Wherever the in situ subgrade has sufficient bearing strength to support 

expected traffic volumes without structural upgrading it is cost-effective to seal many gravel roads in 

good condition. This finding potentially applies to the 31 319 km of gravel road, which is only 6.9% 

of the proclaimed gravel road network, in good and very good condition in 2017. Given that 

departments have tended to maintain higher volume gravel roads in better condition, it is likely that 

most of these roads will fall within the stress test combinations that render seals more cost-effective 

than gravel. 

Policy recommendation 4: New roads should be sealed except under the baseline conditions ideal 

for gravel road provision. The R186.6 million that provincial road authorities spent to construct gravel 
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rather than sealed roads between 2013/14 and 2015/16 could lead to as much as a R6.0 million 

premium per km over a 30-year period [1]. A policy to seal new roads presents road authorities, who 

face severe funding constraints, with an opportunity to realise significant future budget savings. 

There is near-unanimity amongst economists that South Africa's most urgent policy priority is 

improving the quality and extending the distribution of lower-skilled human capital that has a non-

negative shadow value. Such assessment should be done in terms of welfare, not monetary value. 

However, there is no meaningful room for doubting that, in South Africa, if a policy A dominates or 

ties with a policy B in terms of expected monetary value, but A contributes more to the human capital 

stock among citizens with relatively low levels of formal education, than A dominates B with respect 

to optimizing public utility. This analysis indicates that choosing sealed surfaces over gravel surfaces 

is an "A-type" policy where the overwhelming majority of real road surfacing decisions are concerned. 

Because a policy to seal gravel roads is the dominant strategy, the road departments should begin 

sealing gravel roads worth maintaining at a rate possible within budget limits.  
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Synopsis—The Western Cape Government Department of Transport and Public Works has 

a strong focus on training across many areas and approaches. This stretches from bursaries 

to the Extended Public Works Program and onsite training. The Road Network Management 

Branch is the Transport Infrastructure branch of the province and is one of five Programmes 

in the Department of which the purpose is to manage the provincial road network. This paper 

focuses on the Road Network Management Branch and its approaches or initiatives to talent 

management.  

Talent management in the Road Network Management Branch goes across various 

disciplines and professions. This includes Professional staff from various backgrounds, for 

example Civil, Mechanical and even Geomatics and Environmental.  It also includes skilled 

and semi-skilled staff that all form an integral part of a successful delivery model.   

The Road Network Management Branch has, after almost two decades, changed trajectory 

in terms of talent after many staff was lost in the mid-nineties. Recruiting staff has been a 

continuous struggle. The focus on talent and the needs based on what is required to ensure 

succession, has supported various initiatives to continue regeneration. This engenders the 

hope that initiatives will allow for meeting internal talent requirements and, in the long term, 

external requirements, based on the co-sourced resource model the Branch uses.  

The paper shows that, when focus is put on talent planning, success will follow, even if in 

small increments. The Road Network Management Branch is far from filling all vacancies. 

However, the initiatives showcased in this paper has allowed the organisation to turn in a 

positive direction, allowing the possibility of future success.  

 

Keywords—Talent; Transport Infrastructure Branch; Training 
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 INTRODUCTION  

The Provincial proclaimed road network under the responsibility of the Western Cape 

Government, Department of Transport and Public Works (DTPW), Road Network Management 

Branch, consists of 6 864 km of paved roads and 25 075 km of unpaved roads. The Road Network 

Management Branch (RNM) is the custodian of Transport Infrastructure in the Provincial 

Government, thus the Transport Infrastructure Branch, of the Western Cape Government. 

 

Approximately two decades ago ensuring staff numbers the Transport Infrastructure Branch of 

the Western Cape was a struggle. This struggle was caused by multiple reasons, some out of the 

hands of management. The industry shortage was well documented by Allyson Lawless in her book 

Numbers and Needs, that was published in 2005. The Western Cape Transport Infrastructure 

Branch was no exception.  

Since then multiple initiatives have been embarked on to decrease the vacancy rate of the RNM 

Branch over all levels of the organisation with specific focus on Semi-skilled and Professional staff. 

Not only has initiatives of training been embarked on, but strategic focus on talent has also allowed 

the organisation to move forward in terms of staff recruitment.  

This paper sheds light on some initiatives that the RNM Branch has set upon and showcases the 

positive results. 

BACKGROUND 

Historically, when the province was still the Cape Province and not the Western Cape Province, 

the organisation had bursary and training programs that assisted with staff sourcing and creating a 

pool of staff for the organisation and industry. Training programs ranged across all levels including 

unskilled, semi-skilled, technical and professional staff. There were various construction units and 

in-house design units that were well respected in the industry and whose work was showcased 

across the province as it is still seen today. After the four (4) provinces were divided into nine (9) 

provinces, there were no active construction units left in the Province and bursary programs were 

reduced, thereby causing the start of what some called a “skeleton-staff” complement. 

 

By the start of 2013 this “skeleton-staff” approach resulted in: 

 a vacancy rate of Production Engineers of 88% with only three of 27 Production Engineers 

employed, of which one was under the age of 50 and two were due to retire by 2016.  

Chief Engineers painted a slightly rosier picture with a 28% vacancy rate with ten out of 14 Chief 

Engineers’ posts filled. These, however, were all due for retirement by 2022 and therefore 

already eligible for early retirement. 



 

31 | P a g e  
 

Combined, the RNM Branch had 17 Engineers out of 47, (management and specialist positions 

included) resulting in a 64% vacancy rate for Engineers. 

 

Similar numbers in other resource pools, some worse than others, could be shown across the 

Branch levels and expertise. At this stage it was clear that more needed to be done, and that the 

initiatives already embarked on needed to show results soon.  

STRATEGIC FOCUS ON TALENT 

Various strategic approaches can be used to focus on talent. The RNM Branch embarked on 

setting a long-term strategy for Talent Management as well as planning for an immediate 

recruitment action.  In the process not only did the Branch get a Talent Plan, but leadership was 

challenged to think out of the box with the aim of creating a business case that endeavors to: 

“Having the right people in the right numbers at the right time in the right place” (Veldman)[3] 

According to the Cambridge Dictionary “talent” is a noun that is indicative of (someone who has) 

a natural ability to be good at something, especially without being taught. In the context of the 

Branch this can be taken to mean individuals who have levels of technical skills that can be 

enhanced and focused during their employment at the Branch to enable the Branch to fulfill its role 

in the maintenance and development of the road network.  

Talent management refers to the anticipation of required human capital for an organization and 

the planning to meet those needs1.  

 

TALENT PLANNING 

In April 2017, the DTPW in conjunction with the Department of the Premier and Corporate 

Services Component (CSC), embarked on setting a Strategic Talent Plan.  This initiative stretched 

over six (6) months, with the RNM Branch setting ample time aside from the Chief Director, 

Directors and District Road Engineers to participate in the process. 

 

In the process the value of having interesting work and participating in design and construction, 

like the private sector by having in-house units, were highlighted. Further external obstacles were 

identified, and CSC was tasked to continue engagement with the Department of Public Service 

Administration (DPSA) as an ongoing task. 

 

                                  
1 Carpenter, Mason, Talya Bauer, and Berrin Erdogan. Management and Organizational Behavior. 1. 1. Flatworld 

Knowledge. 
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Continued cooperation with CSC resulted in the internal publication of a Branch People Planner 

that is regularly updated. The aim is to focus People Managers on the people issues and numbers, 

as well as goals. This process ensures that Management focuses on talent planning on a continuous 

basis.  

The identifying of initiatives during talent strategy sessions will not change an organization. 

Having the backing of Leaders to implement, is what do. 

“The talent of the organisation is owned by the leadership of the organisation” (Veldman)[3] 

 

RNM Branch management understands and drives, the talent plan. Leadership within the Branch 

is showcased by the support for the, in-house work, notwithstanding the consciences, in failure, An 

Example of this the Swartberg Pass emergency reconstruction of flood damage project was 

embarked on (this was well documented in a paper published in the SAICE Journal of April 2018 by 

Schoeman and Prodehl [6]) as an example.  

TALENT ACQUISITION AND ENGAGEMENT 

Constraints on employment of staff in the RNM Branch in the professional environment (as 

documented in 2005 by Allyson Lawless [5]) is the same as industry. The RNM Branch however, 

also struggles with employing at entry level posts, where staff do not require matric as a minimum 

requirement, to be for example a road worker. This is due to various factors, the perceived, work, 

and in other cases due to the process being crumbiest. These two skill sets, though extremely 

different, create the same results, namely high vacancy rates in both professional and entry level 

staff. This has caused the Branch to collaborate with CSC to limit the obstacles in the recruitment 

process that could negatively influence the results. 

 

Recruitment is also supported by the development of in-house design and construction units that 

offer employees the opportunity to do interesting work and develop themselves as mentioned 

earlier. Without these the Branch would not have made a step in the right direction, for example, 

success stories can now be told about the ability of the Branch to effectively respond to emergency 

situations like the rapid reinstatement of access after the flood in Swartberg Pass due to the 

knowledge and skills that have been developed in its Design and Construction units (Schoeman 

and Prodehl, 2018) [6]. The pass was reopened 10 months after the flood. It is estimated that it 

would have taken 24 months if the work was outsourced and a consulting engineer and a contractor 

were to be appointed according to procurement procedures. 

 

To showcase the effect training and management participation had in the recruitment of 

Engineers, the figures below show the difference in age profile as published in the Road Asset 

Management Plan 2016/17 (RAMP, 2016 [2]) (Figure 1) and on 1 April 2019 (Figure 2), the graph 

has been amended from original source for ease of comparison. 
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Figure 1: Age profile as published in the Road Asset Management Plan 2016/17-2025/26 

 

Figure 2: Age profile of engineering staff including management as per 1 April 2019 

As can be seen from the comparison of the above graphs, even with aging, retirement (two staff 

members) and normal resignations (three staff members), eight additional engineers have been on-

boarded.  Taking the reduction of five into account 13 Professional Engineers were recruited 

between 1 January 2016 till 1 April 2019, with six joining the Branch from industry across the age 
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profile. These external recruitments are also a success of the work being embarked by the branch, 

like the example published by Schoeman and Prodehl. [6] 

TRAINING INITIATIVES 

Multiple training initiatives have been embarked on over the years. This paper introduces four 

training initiatives that have contributed to the improvement in talent.  Others include the 

participation in continued staff development initiatives and in-house training. 

 

Masakh’iSizwe bursars 

The first initiative to show results was the DTPW bursary scheme. The first bursaries were 

allocated in 2004, but in 2006 the Masakh’iSizwe Bursary Programme was established by the 

DTPW.   Masakh’iSizwe is based on a partnership between relevant professional bodies, higher 

education institutions (HEI) and non-governmental organisations (NGOs), offering bursaries to 

study towards a degree or higher diploma.  The Programme: 

Prioritises financially disadvantaged learners when awarding bursaries, especially women, 

students with disabilities and learners from rural communities. 

Provides support services programmes. 

Secures learning opportunities for Masakh’iSizwe bursars (i.e. interns). 

Secures employment opportunities for graduates (Western Cape Government). [1] 

 

The DTPW has first choice of Masakh’iSizwe bursars which form a pool of Graduates that can 

become involved in the Roads Graduate Development Programme. 

 

Roads Graduate Development Program 

This programme was initiated in 2010 with the aim of assisting Graduates to become 

professionally registered engineers and technologists through a structured program with the 

required support. The programme now strives to meet Engineering Council of South Africa (ECSA) 

requirements in six years and has had a candidate successfully registering professionally within 

three years. The programme is managed by the graduate development committee (GDC) that 

comprises of an external mentor that was appointed to assist the Branch, as well as all the Directors 

of the Branch and a mentor representative. The membership of the GDC reflects the commitment 

of the Branch to this programme. 
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Successful candidates from the Masakh’iSizwe bursar’s programme that have passed an 

interview and a practical assessment are offered an opportunity to participate in the programme 

after registration with ECSA. The structure of the programme entails: 

Phase 1: 3-4week induction that includes an introduction to the Branch and facilitates the 

knowledge transfer of numerous aspects that graduates require for participation in the 

programme as well as various aspects of the ECSA requirements, industry manuals and 

general exposure including 10 days of lab exposure and a survey course. 

Phase 2: 1-year placement on a provincial road construction site under the supervision of a 

contractor as a staff member of the contractor. This, in some cases, is supplemented with 

another year at a District Roads Engineer’s (DRE) office.  

Phase 3: Approximately two (2) years’ design experience through secondment to a consulting 

engineering firm to participate as part of the design team on provincial roads or alternatively, 

participation in in-house design at the RNM Branch.  

Phase 4: Upon meeting requirements the graduates are moved back to the RNM Branch as a 

member of the provincial Road Network Management Branch staff and, if necessary, gain 

further experience in integration of engineering work.  

 

The programme includes submission of monthly progress reports, quarterly progress 

assessments and annual presentations to monitor progress towards registration. This allows for 

immediate intervention should a candidate’s environment or work not be suitable for successful 

registration within the target period.   Annual presentations are attended by external moderators 

and members of the GDC as well as supervisors and mentors of candidates.  This helps to prepare 

candidates for their ECSA interviews. 

To date, 64 graduates participated in the program as candidates.  As of 1 April 2019, 15 

graduates have professionally registered (10 Engineers and 3 Technicians) and two (2) are awaiting 

review.  All the professionally registered persons have so far been retained. Futher to this various 

of the staff on the programme also participate actively as workforce in the RNM Branch and is not 

secondment.   

Apprenticeship Programme  

This programme was initiated in 2010 with the aim is of training apprentices to qualify as Artisans 

after four years, i.e. after completion of the prescribed examinations, inclusive of practical 

assessment by P-seta.   

The practical training is provided at the Provincial Training Centre in Bellville South and at a 

technical college to meet the training requirements the National Technical Certificate (NTC) and 

enables the apprentices to qualify as Artisans after four years. 
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To date 24 mechanical artisans have completed their training through the Apprenticeship 

Programme and six (6) artisans from the Programme are employed within the RNM Branch after 

registration. 

As of 1 April 2019, the Branch has 29 Artisan posts with a third of these posts currently vacant. 

These staff are, amongst others, responsible for maintaining the RNM Branch mechanical plant and 

equipment and assist District Municipalities and Industry.  

Roadworker to supervisor/foreman 

To progress from a roadworker to a supervisor/foreman one of the minimum requirements is a 

CE1 truck driver license (also known as a Code 14 license). This is because a foreman’s tasks 

include driving the truck and trailer to maintenance and construction sites.  Experience with most of 

the elements of road maintenance and construction is also required. 

People with a combination of a CE1 license and roadworker experience are not readily available 

n the market and therefore, in-house training of roadworker staff is one of the initiatives that the 

District Roads Engineer’s Oudtshoorn office embarked upon in 2006.  The programme has taken 

many forms but in the last four years it has become successful. The current format has an entry 

requirement of a normal driver’s license (CE1 Learner’s) which is the responsibility of the staff 

member, with facilitation for time to write the exam, especially for those that are not close to a traffic 

center.  When accepted for the programme the RNM Branch provides the participant with 20 fully 

paid lessons including the use of a driving school truck, all administration for the application for a 

practical test and costs.  Should the participant fail with the first practical test, a second test will be 

provided.  

 

Part of the success is that a participant is given 20 lessens over approximately two (2) weeks 

before undergoing the practical test.  In 2018 alone, 11 participants passed their CE1 requirements 

and contribute to a pool of staff that have the potential to progress to foreman. [4] 

CONCLUSIONS 

The paper shows that it is possible to recruit, develop and retain the pool of talent required to run 

a Transport Infrastructure competent through a focused talent management system.  System 

planning, and implementation requires consistent top management support and monitoring of 

results to enable adjustments to be made as required to achieve success.  

Even though the future of the Road Network Management Branch seemed uncertain in the 

beginning of 2013, the training initiatives, as well as the efforts in talent management, over the last 

five years has shown results allowing the organization to improve its performance.  

It is recommended that the efforts and initiatives showcased be continued or be broadened and 

that monitoring continues to evaluate long-term results and implement adjustments where required. 
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Synopsis - The increasing incidence of vehicles skidding and losing control, resulting in 

injuries, deaths, and damage, is of major concern to road authorities around the world. 

Various methods to test the skid resistance of roads have been developed, using 

technologies that measure friction characteristics directly on the roads’ surface, or 

indirectly, by relating the texture properties of the road surface to skid resistance.  

This paper discusses the outcome of a limited study of the skid resistance of roads in the 

Province of Kwa-Zulu Natal where a selection of roads with different types of surfacing were 

tested, including chip seal surface treatments, continuously graded asphalt surfacing, stone 

mastic asphalt (SMA), Ultra Thin Friction Course (UTFC) and concrete. A surface friction 

tester has been used as a direct testing method while the roads’ surface texture has been 

assessed using a vehicle mounted laser system. Random testing on each of the selected 

sites was also carried out using the Pendulum Skid Resistance Tester while Sand Patch 

texture tests were undertaken at each of these testing positions.   

The study enables correlation between the four test methods to be assessed. It also 

enables the skid resistance of a sample of South Africa’s roads to be compared to 

international standards.  

The recommendation is made to include skid resistance as an additional parameter in 

network assessments of South Africa’s roads; this may assist in reducing the country’s 

unacceptably high number of road accidents.   

Keywords: investigations; skid resistance; skid-related crashes; measurement methods; 

road surfaces,  investigatory levels  
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I. INTRODUCTION 

 

South Africa has experienced nearly 135 000 road accident fatalities during the past 10 years, an 
average of a little under 40 deaths per day. These alarming statistics can be ascribed to many 
factors, one of which is likely to be the road’s skid resistance. Identifying and improving skid 
resistance of the country’s roads may be effective in improving road safety.  

For instance, a review of New Zealand Transport Agency’s state highway skid resistance policy has 
shown that an improvement in skid resistance reduces crash rates on average by 30% on wet roads 
and 20% on dry roads [1]. In another research report, Austroads concludes, “Skid resistance has a 
potential effect on the incidence and/or severity of a wide range of crashes”.  [2] 

COTO TMH 13 highlights the role in determining how a vehicle will respond to sudden braking or 
turning at speed and that skid resistance is one of the most important features to monitor as part of 
road network surveillance operations. [3] 

While these findings may not be applicable on South Africa’s roads, any way to effect a decrease 
in the rate of serious traffic accidents is of significance and should be welcomed.  

To date, only the quality of the aggregate used in surfacings, in relation to its tendency to polish 
under the action of the traffics’ tyres, has been specified. Besides this, texture depth has been used 
as a surrogate indicator of the skid resistance of South Africa’s road networks, however more direct 
measurement of this property has rarely been used on a network basis.  

This paper covers a study into the skid resistance of roads in the Province of Kwa-Zulu Natal where 
a selection of roads with different types of surfacing was tested. The limited nature of this study 
should be borne in mind; it would be worthwhile to extend this investigation to cover other roads in 
the country as well as other road surface conditions. 

A surface friction tester was used as a direct testing method while the roads’ surface texture was 
assessed using a vehicle mounted laser system. Random testing on each of the selected sites was 
also carried out using the Pendulum Skid Resistance Tester while Sand Patch texture tests were 
undertaken at each of these testing positions.   

The study discusses correlation between the four test methods and compares the skid resistance 
of this sample with international standards.  

The paper concludes with recommendations to supplement the current specification for skid 
resistance in South Africa, and to include skid resistance, together with appropriate limits, as a 
parameter in network evaluations. 

 

II. FACTORS INFLUENCING SKID RESISTANCE  
 

The instantaneous bonding and de-bonding of the tyre as it comes into contact with the road’s 
surface influences skid resistance. Hysteresis, results in the deformation of the tyre’s tread as it 
moves over the road’s surface, also has an effect on skid resistance.  

Both these components are affected by the road’s micro-texture and macro-texture, which are 
defined in more detail below.    
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- Micro-texture refers to the surface texture of the aggregate. It is an inherent property of 
the aggregate and is related to type of aggregate used in the surface treatment, asphalt 
surfacing, or concrete. Micro-texture is defined as the amplitude of deviations from the 
surface plane with wavelengths less than or equal to 0,5 mm. Micro-texture influences 
wet and dry skid resistance at all speeds but predominates at low speeds, interacting with 
the vehicle’s tyres to generate adhesive friction forces. Vehicle tyres have a polishing 
action that reduces skid resistance. Some kinds of aggregates are more prone to 
polishing than others depending upon their mineralogy; aggregates composed of minerals 
of different hardness will polish less than aggregates whose minerals are of the same 
hardness.  

  

The minimum Polished Stone Values usually specified for surfacings in South Africa are shown in 
Table I. [4] 

TABLE I.  SPECIFICATION OF MINIMUM PSV FOR VARIOUS APPLICATIONS 

APPLICATION MINIMUM PSV 

Surfacing seals 50* 

Rolled-in chippings 50 

Asphalt: 

Gap graded 

Continuously graded 

Open graded 

Stone-mastic 

 

45 

50 

50 

50 

     * May vary from 48 to 51 depending upon traffic volume (AADT) 

 

- Macro-texture is the larger scale texture of the surfacing as a result of the shape and 
size of the aggregate particles on the road surface and has more influence on skid 
resistance at higher speeds. In the case of concrete roads the pattern and frequency of 
grooving has an effect on macro-texture while asphalt mix design or the type of chip seal 
surfacing will also influence its macro-texture. High macro-texture improves the water 
drainage capacity, enabling the tyre to remove water and thus improving skid resistance.  

Most surfacings with high macro-texture will, however, produce more tyre noise and spray than 
those with less macro-texture. Exception to this are some of the open-graded stone-skeleton type 
asphalt mixes, which have a high macro-texture but low tyre noise.       

 

III. METHODS OF MEASURING SKID RESISTANCE 
 

A literature search shows that much research into the measurement of skid resistance has been 
carried out over the years. In particular Austroads has published a number of useful manuals that 
cover a variety of aspects on this subject. [5, 6] 
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Various instruments are used for measuring skid resistance; in broad terms these include sideways 
force testers, locked wheel testers, as well as fixed and variable slip devices. Those used in this 
study are briefly discussed below. 

 

A.  British Pendulum Tester 

 

The British Pendulum Tester (BPT), often referred to as the Portable Pendulum Tester, has been 

widely used during the past 50 years to derive friction coefficients in terms of a British Pendulum 

Number (BPN). The same device is used in the Polished Stone Value (PSV) test to assess the skid 

resistance of aggregates after accelerated polishing. The BPT, however, is not suitable for 

continuous measurement of skid resistance on a network level; it is more suited to forensic 

exercises, to establish the skid resistance in isolated areas, it may also be as a reference instrument. 

The main components of the device are shown in Figure 1. 

 

 

Fig. 1. Main components of the British Pendulum Tester 
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The equipment consists of a slider, made of rubber to a strict specification, mounted on a pendulum 

arm. The slider is inclined by approximately 20° and mounted on a spring. When released from the 

horizontal position, the trailing edge of the slider makes contact with the wetted road surface. 

Contact is maintained for a controlled distance.  

The energy absorbed in overcoming frictional forces between the slider and the road surface 

determines the height the pendulum reaches after leaving contact with the road.  

The equipment is fitted with a scale calibrated in units of skid resistance value (SRV), and tables 

are available to allow friction coefficients to be derived from the measured British Pendulum Number 

(BPN).  

Readings are typically temperature corrected to allow for changes with resilience of the rubber 

slider. The temperature of the test is determined from the temperature of the water lying on the road 

immediately after the test.  

It should be noted that, due to relatively slow speed (around 10 km per hour) at which the slider 

slides over the road surface, this instrument primarily measures micro-texture; it does not measure 

the effect that macro-texture has on skid resistance at higher vehicle speeds. Measurements of 

surface texture (texture depth) should therefore also be undertaken to supplement the information 

obtained from this equipment.  The test method used to carrying out the tests using the British 

Pendulum Tester was ASTM E303-93. [7]  

Figure 2 shows a typical test site using the BPT. Note that for this test water has been sprayed onto 

the road’s surface.    
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Fig. 12. Testing skid resistance with the British Pendulum Tester 

 

B.  ASFT T5 Friction Tester 

 

The ASFT T5 Friction Tester is a three-wheeled trailer, which adopts the fixed slip method to collect 

information on skid resistance. While this device is ideally suited to the testing of airport runways it 

can also be used on roads. The gearing is fixed so that measurements are always made with the 

test tyre slipping at a fixed percentage of the vehicle speed, in the case of the ASFT T5 at 13%. The 

trailer is towed behind a vehicle with a water delivery system. The water system is adjustable, via 

the device’s operating system, to provide a water film of either 0,5 mm or 1,0 mm in thickness, 

irrespective of the testing speed.   

The testing speed used in this study was 65 km per hour and the device was set to provide a 1,0 

mm water film.  

The test wheel is fitted with a smooth tyre, fabricated from rubber to a standard specification.  

The tow hitch on the tow bar is fitted so that the measurements are taken in the wheel path. The 

position of the tow hitch can be changed so that testing can be carried out in either the outside or 

the inner wheel path. The testing wheel is raised during transport to site and is lowered during the 

test run once the required test speed is attained. A load of 140 kg is applied to the testing wheel 

during testing using a hydraulic system. Figure 3 shows the ASFT T5 trailer hitched to the tow 

vehicle. Note the position of the tow hitch that enables the test wheel of the device to run in the 
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outer wheel path. 

The operation of the ASFT T5 as well as the data collection is carried out on a laptop PC in the 

vehicle towing the trailer. 

 

Fig. 13. Testing skid resistance with the ASFT T5 device     

It should be noted that British Standard BS 7941 2:2000 is used in conjunction with COTO TMH 13 

[3] and “COTO “Guidelines for Network Level Measurement of Skid Resistance and Texture” [8] in 

the collection of skid resistance data.                                  

C.  Texture Depth Measurements 

 

Texture depth measurements were carried out using two methods:  

i. Continuous texture depth measurements using an ARRB Systems high-speed contactless 

laser profilometer with a class AD wavelength range (ISO 13273-3: 2002).  

The profile, which is a two-dimensional representation of the surface, is generated when a number 

of lasers, fitted in a horizontal bar, shine on the road’s surface as the vehicle moves along.  

The Mean Profile Depth (MPD), which is the average value of the profile depth over a predefined 

distance called the baseline, is calculated. For texture measurements, a standard baseline of 100 

mm is used. Figure 4. illustrates a Network Survey Vehicle (NSV) equipped, inter alia, with a laser 

bar across the front of the vehicle. 
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Fig. 14. Network Survey Vehicle equipped with laser bar 

ii. Sand Patch tests using the SANS 3001-BT11: 2012 test method. [9] 

In this method, a known volume of standard sand or glass beads is poured in a cone shape onto 

the surface of the road and then spread outwards in a circular shape until the tips of the stones are 

just visible and an even surface is obtained. The diameter of the circular shape is then measured 

and the Mean Texture Depth (MTD) is calculated. 

 

IV. SKID RESISTANCE INVESTIGATORY LEVELS  
 

The investigatory levels for skid resistance used in the United Kingdom is included in UK Standard 
HD28/04. These standards are also mentioned in COTO “Guidelines for Network Level 
Measurement of Skid Resistance and Texture” [8] as well as in COTO TMH 13 [3] and are shown 
for convenience in Table II. Recommended values are given either as Sideways Force Coefficient 
(SFC) or Grip Number (GN) for different situations. 
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TYPICAL SITE CATEGORIES AND INVESTIGATORY LEVELS (UK STANDARD HD28/04) 

SITE CATEGORY SFC50 GN 

Dual carriageway non-event 0.35 – 0.40 0.41 – 0.47 

Single carriageway non-event 0.40 – 0.45 0.47- 0.53 

Dual/single carriage with minor junctions & approaches 
to & across major junctions 

0.45 – 0.50 0.53 – 0.65 

Approaches to pedestrian crossings & other high risk 
situations 

0.50 – 0.55 0.59 – 0.65 

Roundabouts 0.45 – 0.50 0.53 – 0.59 

Gradients 5 to 10% longer than 50m 0.45 – 0.50 0.53 – 0.59 

Gradients >10% and longer than 50m 0.50 – 0.55 0.59 – 0.65 

Bends radius < 500m, dual carriageway 0.45 – 0.50 0.53 – 0.59 

Bends radius < 500m, single carriageway 0.50 – 0.55 0.59 – 0.65 

SFC50 = Sideways force coefficient measured at 50 km/h 
GN = Grip Number 
 

The specification for state highway skid resistance management in New Zealand is embodied in 
NZTA T10 “Specification” [10] while further information on this subject is contained in notes relating 
to this specification. Friction measurement is based on sideway force coefficient which is normalized 
for within-year and between-year seasonal variations. Investigatory levels of skid resistance are 
based on levels of risk, such as curves with different radii, junctions and number of carriageways. 
Typical levels of risk and corresponding sideways friction coefficients are shown in Table III. 

     

TYPICAL LEVELS OF RISK AND SIDEWAY FORCE COEFFICIENTS (NZTA T10 SPECIFICATION) 

LEVEL OF RISK FRICTION COEFFICIENT 
(SFC) 

High 0.55 

Medium 0.50 

Low 0.45 

Straight road 0.40 

 

The guidelines for investigatory level skid resistance used in the State of Victoria, Australia are 
shown in Table IV. [5] 
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VICROADS: GUIDELINE FOR INVESTIGATORY LEVEL SKID RESISTANCE 

SITE 
CATEGORY 

SITE DESCRIPTION 

INVESTIGATORY LEVEL (SFC50) 

Primary roads; 
secondary roads > 

2500 
vehicles/lane/day 

Secondary roads < 
2500 

vehicles/lane/day 

1 

Traffic light controlled intersections 

Pedestrian/school crossings 

Railway level crossings 

Roundabout approaches 

 

0.55 

 

0.50 

2 

Curves with radius ≤ 250m 

Gradients ≥ 5% and ≥ 50m long 

Freeway/highway/0n/off ramps 

 

0.50 

 

0.45 

3 Intersections   0.45 0.40 

4 
Manoeuvre-free areas of undivided 
roads     

0.35 0.30 

5 
Manoeuvre-free areas of undivided 
roads 

0.35 0.30 

  INVESTIGATORY LEVEL (SFC20) 

6 Curves with radius ≤ 100m 0.60 0.55 

7 Roundabouts  0.55 0.50 

 

It can be seen that, while there is a fair amount of agreement between the various investigatory 
level requirements, it is necessary to take into account a number of factors to decide on the most 
appropriate for a particular country or region, such as basing them on zones of similar skid 
resistance demand, which is influenced by:  

- average annual rainfall 

- population density 

- topography 

- traffic 

- climate/seasonal rainfall [2]  

Specific requirements for skid resistance are not prescribed in the COTO guidelines but reference 
is made to the site categories and investigatory level described in UK Standard HD28/04. 
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V.  SELECTION OF TEST SITES 
 

The selection on test sites was based on: 

- testing of various kinds of surfacing, including chip seal surface treatments, asphalt 
(continuous graded, stone mastic asphalt, and ultra-thin friction course), and jointed 
concrete pavement 

- age of the respective pavement since construction 

- varying traffic volumes, from lightly trafficked rural roads to heavily trafficked urban 
arterials 

 

VI. RESULTS 
 

As mentioned previously the profile testing was carried out using an ARRB contactless laser 

profilometer while an ASFT T5 device was used for friction testing. The Sand Patch Method and the 

British Pendulum Tester were used to collect data on texture depth and friction, respectively.   

Tables V to IX include the mean values and standard deviations for Mean Profile Depth (MPD) as 

well as the friction values that were obtained using the ASFT friction-testing device. The Mean 

Texture Depth (MTD) testing was undertaken using the Sand Patch Method while BPN refers to the 

results of testing with the British Pendulum Tester. Tests using the Sand Patch and British Pendulum 

Tester were carried out at three positions next to each other and the mean result at each site is 

reported in Tables V to IX.  

Unless otherwise stated the results of the tests using British Pendulum Tester (BPN) are those of 

tests on a wet surface.  

A.  Chip Seal Surfacings 

 

Two roads with 20/10 mm double seal surface treatments were tested. Road A was recently 

resealed while Road B was resealed approximately 5 years ago. A comparison of pertinent results 

is given in Table V.  It is evident that although Road A has been surfaced recently and has a coarser 

texture than Road B, the skid resistance, based on the results of both ASFT and BPT tests, is inferior 

to that of Road B, where the surface is slightly smoother. The relatively higher level of skid 

resistance on Road B could be due to the film of bitumen on the aggregate having been removed 

by the passing traffic whereas it is still present on Road A.   
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ROADS WITH DOUBLE-SEAL SURFACE TREATMENTS 

ROAD 
APPROX. 

AGE 
(YEARS) 

MPD 
(mm) 

MEAN 

STD. 
DEV. 

MTD 
(MM) 

PER 
SITE 

ASFT 
MEAN 

STD. 
DEV. 

BPN 
PER 
SITE 

A 1 1.9 0.33 2.22 0.50 0.04 55 

B 5 1.7 0.40 2.16 0.75 0.09 66 

 

B.  Continuously Graded Asphalt Surfacing 
 

Three roads, C, D, and E, with continuously graded asphalt surfacing, were included in the 

investigation. As can be seen in Table VI the asphalt surfacing on all three roads is fairly new. No 

rolled-in chips were applied to the continuously graded asphalt surfacing on these roads. 

The surface on Road C exhibited a generally smooth texture with isolated areas of bleeding. Table 

VI illustrates the general condition of Road C in terms of the various parameters included in the 

study.  Testing was also carried out on an area where smoothening of the surface was visually 

evident. In this case a significantly lower MTD of 0.16 mm and a lower BPN value of 31 was 

achieved, it is therefore evident that the low texture depth has contributed to a lower BPN.  

On Road D the testing was undertaken after the surfacing had been exposed to traffic for only 

around 6 months after construction while Road E had been open to light traffic volumes for 

approximately two years. With reference to the results on Road D it is surmised that the low BPN in 

relation to the high ASFT friction value could be caused by the bituminous binder still coating the 

aggregate, resulting in a low micro texture. 

Noteworthy is the low texture depths on all three of the roads.           

ROADS WITH CONTINUOUSLY GRADED ASPHALT SURFACING  

ROAD 
APPROX. 

AGE 
(YEARS) 

MPD 
(mm) 

MEAN 

STD. 
DEV. 

MTD 
(MM) 

 
ASFT 

STD. 
DEV. BPN 

C 2 0,24 0,08 0,40 0,50 0,06 65 

D  <1 0,37 0,05 0,42  0,75 0,06 44 

E 2 0,28 0,03 0,51 0,68 0,06 50 
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C.  Stone Mastic Asphalt (SMA) Surfacing 
 

Three roads with ages varying from 1 to 6 years, surfaced with Stone Mastic Asphalt (SMA), were 

included in the survey. As presented in Table VII, Road G comprises two separate carriageways, 

designated as G1 and G2.  Carriageway G1 was recently resurfaced with SMA, while the other 

carriageway, G2, was resurfaced in 2013. Due to the intensity of traffic on Roads G and H it was 

decided not to carry out Sand Patch and British Pendulum Testing for safety reasons.  

ROADS SURFACED WITH STONE MASTIC ASPHALT 

ROAD 
APPROX. 

AGE 
(YEARS) 

MPD 
(mm) 

MEAN 

STD. 
DEV. 

MTD 
(MM) 

 
ASFT 

STD. 
DEV. BPN 

F 4 0.66 0.09 0.58 0.73 0.05 56 

G1 1 0.69 0.08 

N/A 

0.59 0.07 

N/A G2 5 0.58 0.04 0.73 0.05 

H  4 0.61 0.12 0.67 0.06 

 

The results show that the roads surfaced with SMA have performed well in terms of friction. The 

lower ASFT friction values obtained on the more recently paved carriageway G1 could possibly be 

ascribed to the smoother surface caused by bituminous coating of the aggregate.   

D.  Roads Surfaced with Ultra-thin Friction Course (UTFC) 
 

Sections of Ultra-thin Friction course (UTFC) paved on two major freeways were selected for testing. 

As with other roads carrying high volumes of traffic it was decided not to carry out testing using the 

Sand Patch and British Pendulum Tester for safety reasons.  

Table VIII shows a summary of the results on each of the selected freeways, with separate set of 

results on each of the carriageways, for example I1 and I2. It is evident that Road I is performing well 

in terms of both texture and skid resistance, after approximately 4 years under traffic. Road J is also 

performing well, soon after the construction of the surfacing; it is possible that skid resistance could 

still improve further, once passing tyres have abraded the binder on the surface of the aggregate 

and, in doing so, improving the micro-texture. 
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ROADS SURFACED WITH ULTRA-THIN FRICTION COURSE (UTFC) 

ROAD 
APPROX. 

AGE 
(YEARS) 

MPD 
(mm) 

MEAN 

STD. 
DEV. 

MTD 
(MM) 

 
ASFT 

STD. 
DEV. BPN 

I1 4 1.01 0.08 

N/A 

0.77 0.03 

N/A 
I2 4 0.96 0.09 0.78 0.04 

J1 1 1.02 0.10 0.88 0.04 

J2 1 1.25 0.16 0.70 0.05 

 

E.  Roads with Concrete Pavements 
 

Sections on two freeways with concrete pavements were selected for inclusion in this study. The 

pavements on both of these were constructed in the early to late ‘80s using burlap texturing and 

oblique transverse grooving.  Results of Mean Profile Depths and ASFT friction values for both 

carriageways on each of the projects are shown in Table IX.  

Based on these results the performance of these roads, in terms of texture and friction, particularly 

of Road L, is remarkably good considering their age. 

ROADS WITH CONCRETE PAVEMENTS 

ROAD 
APPROX. 

AGE 
(YEARS) 

MPD 
(mm) 

MEAN 

STD. 
DEV. 

MTD 
(MM) 

 
ASFT 

STD. 
DEV. BPN 

K1 35 0.57 0.14 

N/A 

0.57 0.07 

N/A 
K2 35 0.65 0.12 0.58 0.08 

L1 30 0.50 0.15 0.72 0.08 

L2 30 0.59 0.18 0.74 0.07 

 

VII. DISCUSSION OF FINDINGS  

 

F.  Comparison of Skid Resistance of the Test Sections with Investigatory Levels 
 

The test sections were carried out on roads in both urban and rural situations. In this section the 

skid resistance results for each site category are compared to the investigatory levels of road 

authorities in some other countries, namely those levels shown in Tables II, III, and IV.  In these 

comparisons the assumption is made that the friction value obtained by the ASTM T5 device are 

similar to those obtained by the Grip Tester.   
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It is evident in Table X. that the results of test sections of roads in rural site categories generally 

comply with investigatory levels of the abovementioned road authorities. As already mentioned 

under VI B above, the relatively low BPN achieved on Road D could possibly be due to the binder 

film on the surfaces of aggregate as the testing was carried out soon after the surfacing was paved.  

 

With reference to Section VI B of this report the BPT tests carried out on the area of Road C where 

smoothening of the surface was evident is however significant; the low BPN of 31 is indicative of 

low skid resistance in terms of the investigatory levels and offers a warning that roads with 

smoothened surfaces could be hazardous in wet weather conditions.   

 

 

ASSESSMENT OF SKID RESISTANCE OF TEST SECTIONS IN RURAL SITE CATEGORIES 

ROAD 
SURFACE 

TYPE 
ASFT 

MEAN 
BPN 
PER SITE 

HD28/04 VicRoads NZTA T10 

A Double seal 0.50 55 0.47 to 0.53 0.50 0.50 

B Double seal 0.75 66 0.47 to 0.53 0.50 0.50 

C AC 0,50 65 0.47 to 0.53 0.50 0.50 

D AC 0,75 44 0.47 to 0.53 0.50 0.50 

E AC 0,68 50 0.47 to 0.53 0.50 0.50 

K1 Concrete 0.57  

 

N/A 

0.41 to 0.47 0,50 0.50 

K2 Concrete 0.58 0.41 to 0.47 0,50 0.50 

L1 Concrete 0.72 0.41 to 0.47 0,50 0.50 

L2 Concrete 0.74 0.41 to 0.47 0,50 0.50 

K1 Concrete 0.57 0.41 to 0.47 0,50 0.50 

 

 

The selection of the most appropriate investigatory level on the test section in urban areas tends to 

be subjective. Given the limits shown in Table XI, which shows the ASFT and BPN value as well as 

the investigatory levels of the three road authorities, it is evident from the friction values determined 

by the ASFT that the skid resistance on these sections is satisfactory.  
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ASSESSMENT OF SKID RESISTANCE OF TEST SECTIONS IN URBAN SITE CATEGORIES 

ROAD 
SURFACE 

TYPE 
ASFT 

MEAN 
BPN 
PER SITE 

Investigatory levels 

 

HD28/04 
VicRoads 

 

NZTA T10 

F SMA 0.73 56 0.53 to 0.65 0,55 0.55 

G1 SMA 0.59 

N/A 

0.41 to 0.47 0,50 0.50 

G2 SMA 0.73 0.41 to 0.47 0,50 0.50 

H  SMA 0.67 0.59 to 0.65 0,55 0.55 

I1 UTFC 0.77 

N/A 

0.53 to 0.65 0,50 0.55 

I2 UTFC 0.78 0.53 to 0.65 0,50 0.55 

J1 UTFC 0.88 0.41 to 0.47 0,50 0.50 

J2 UTFC 0.70 0.41 to 0.47 0,50 0.50 

 

G.  Correlation of MPD and ASFT Friction Values 
 

The results of the various parameters on each of the test sections were evaluated for correlation. It 

was found that while there is fair correlation between Mean Profile Depth and Mean Texture Depth, 

correlation between the other parameters tested is poor. Based on the results of this study the skid 

resistance of the road’s surface could not be judged using the results of texture measurements as 

a guideline.   

 

An example of the poor correlation that is typical of an analysis between MPD and ASFT is shown 

in Figure 5. 
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Fig. 15. Example of Poor Correlation 

The poor correlation between MPD or MTD and the results of skid resistance based on ASFT testing 

could be explained by the different ways in which these two systems measure skid resistance. At 

high speeds of more than 100 km/h, macro-texture, which is measured as MPD or MTD, is the 

dominant factor in determining skid resistance while at low speeds micro-texture is the primary 

contributor to skid resistance. As the ASFT testing was carried out at a speed of 65 km/h it is likely 

that the results were influenced by both the micro and macro-texture of the roads’ surface. It should 

also be borne in mind that skid resistance is also affected by the thickness of the water film. [3] 

H.  Literature Study 
 

Useful information on various aspects of surface friction and skid resistance is available, with several 

Austroads technical and research reports on the subject. [2]  

 

Some interesting information gleaned from available literature is summarised below: 

 

- Road safety studies indicate that approximately 20% of all road accidents occurred during 

wet weather and that the skid resistance of wet pavements has a major influence on the 

occurrence of wet-weather accidents. [3, 5, 11] 

- The implementation of the International Friction Index (IFI) has been found problematic IFI 

as it has not been possible to establish an algorithm for the common scale which is 

sufficiently robust or has the required accuracy for it to be used for routine monitoring of skid 

resistance on road networks or for acceptance testing of new pavement construction. The 

European Commission funded TYROSAFE project concluded that, with the large number of 

different devices operating on various principles, and with different responses to the variation 

in road and test conditions, it would be difficult to achieve a common scale that 

accommodates all devices in all conditions and still obtains a sufficient accuracy. Further 

work is being carried out to develop a European Standard for the assessment of skid 

resistance” [12] 

- Correlation between different types of skid testing devices was found to be poor in both 

PIARC and HERMES studies. Based on this Austroads concludes that each jurisdiction 

should carefully choose their most appropriate testing device and then retain its use over a 

long period. [2]  

VIII. CONCLUSIONS & RECOMMENDATIONS 

 

At present skid resistance measurement on a network basis is included as a non-mandatory 

parameter in Road Asset Managements Systems. The importance of monitoring skid resistance as 

a way of improving road safety is obvious in the available literature; there is ample evidence that 
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skid resistance becomes a critical factor in reducing crashes, especially during wet weather 

conditions.  

 

This limited study of skid resistance was confined to some of the newer road surfaces in Kwa-Zulu 

Natal. It would be worthwhile to extend this investigation to cover other roads in the country. While 

the results obtained on the test sections included in this survey showed skid resistance to be 

generally satisfactory in terms of guidelines from some of the other countries, a test carried out on 

a road exhibiting smoothening showed it clearly to have substandard skid resistance. It would be 

worthwhile to include roads that were exhibiting smoothened or bleeding surfaces as well as roads 

where light applications of rolled-in chips have been applied on continously graded sufacings 

 

One of the most important findings of the study was the lack of correlation between MPD and the 

ASFT friction values. Based on these results, it is clear that the skid resistance of the road’s surface 

could not be judged using the results of texture measurements as a guideline. The reasons for the 

poor correlation can be explained and the inclusion of skid resistance testing as a parameter in 

network assessments is recommended.      

 

While the draft COTO “Guidelines for Network Level Measurement of Skid Resistance and Texture” 

as well as COTO TMH 13 contain a wealth of useful information, further investigation of the South 

African road network is recommended to obtain more specific information related to local conditions, 

including an investigation of seasonal effects on friction results such as local rain patterns, thunder 

storms, cold fronts, and drizzle.  

 

While the investigatory levels proposed by overseas agencies are a valuable starting point it would 

be beneficial to develop and adopt local limits. The approach of using zones of similar skid 

resistance, like that used in Australia, could be utilized. 

 

Specific statistics on skid-related crashes would be extremely useful in compiling a National register.   

 

It is interesting to note the extensive use, in several countries, of Sideway-force rather than Fixed-

slip devices to gather road network friction data, Austroads suggests that the latter are more suited 

to site investigations and not large network surveys. [2,13] 
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Synopsis — Improving the quality and extending the distribution of lower-skilled human 

capital that has a non-negative shadow value is an urgent policy priority in South Africa. This 

paper therefore explores the employment benefits of a policy to surface provincial and 

municipal gravel roads with a light bituminous seal. The analysis indicates that sealing 

gravel roads could generate approximately 7.1 million full-time equivalent job opportunities, 

with most of these jobs located in predominantly rural provinces with the highest levels of 

unemployment. The total full-time equivalent job opportunities are distributed over short- to 

long-term timeframes to indicate the potential impact that alternative upgrade schedules 

could have on the unemployment rate. In addition to these employment benefits, a policy to 

seal gravel roads can substitute locally available labour for currently imported capital 

equipment, reduce short-term rural-urban migration pressures, develop human capital, and 

realise a lifecycle cost saving once the shadow price is substituted for the artificially inflated 

market wage for unskilled labour. All these factors lead to the conclusion that gravel roads 

worth maintaining should be sealed at a rate possible within budget limits. 

Keywords — South Africa; Road surfacing policy; Gravel roads; Sealed roads; Light 

bituminous seals; Rural roads; Labour-intensive; Employment; Shadow price of labour. 
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I.  INTRODUCTION 

 

Perhaps the most urgent policy priority in South Africa is improving the quality and extending the 

distribution of lower-skilled human capital that has a non-negative shadow value. The road sector 

has a pivotal potential role in achieving this priority, as stipulated by the Expanded Public Works 

Programme (EPWP) documents that stress the importance of the roads sector in addressing the 

unemployment crisis. Indeed, the Department of Public Works (DPW) (2012) cites the high levels of 

employment created by labour-intensive road programmes in other African countries when calling 

for a greater contribution from the local roads sector. This paper explores the potential employment 

benefits from a policy to surface provincial and municipal gravel roads with a light bituminous seal. 

Section II details the current unemployment statistics in South Africa. Policymakers are faced with 

high levels of unemployment, with 8.9 million unemployed and discouraged work-seekers in 2018Q4. 

This crisis is complicated by the fact that 91.5% of unemployed workers have achieved a secondary 

school education or less, and many reside in rural areas with low levels of economic activity. A policy 

focus should therefore be on efficiently creating lower-skilled employment opportunities in these parts 

of the country. 

Section III discusses the employment creation potential of the roads sector within the context of 

the National Development Plan (NDP) objective to expand public employment programmes. While 

labour-intensive roadwork is among the most effective means to create EPWP work opportunities, 

the provincial and municipal road authorities have been unable to achieve the desired distribution of 

roadwork costs between capital and labour. One possible explanation for this unsatisfactory outcome 

is the high prevalence of relatively capital-intensive gravel roads within sub-national road networks.  

Section IV reviews the suitability of road surfacing alternatives to labour-intensive methods. The 

person-hours associated with plant-based and labour-based works on gravel roads are compared to 

those for asphalt, concrete, and slurry roads. The person-hours are disaggregated according to work 

tasks to estimate the additional full-time equivalent (FTE) job opportunities generated from sealing 

gravel roads with a light bituminous seal as opposed to regravelling the same roads.  

Section V applies this net FTE job opportunities estimate to calculate the number of additional 

FTE job opportunities that would accrue from surfacing provincial and municipal gravel roads with a 

light bituminous seal. The results indicate that this policy could generate approximately 7.1 million 

FTE job opportunities, with the majority located in predominantly rural provinces. 5.5 million of the 

FTE job opportunities are generated from sealing gravel roads currently in poor and very poor 

condition, which is a natural starting point for authorities. The FTE opportunities are annualised 

according to possible upgrade schedules to demonstrate potential effects on unemployment.    

Section VI covers other labour-related factors that support a policy to seal gravel roads. These 

factors include: the substitution of locally available labour for currently imported capital equipment; 

the development of human capital; reduced short-term rural-urban migration pressures; and lifecycle 

cost savings when the shadow price is substituted for the artificially inflated market wage for unskilled 

labour.  
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Section VII summarises the factors supporting the conclusion that, assuming road authorities are 

committed to carrying out their assigned role in fulfilling national policy priorities, gravel roads worth 

maintaining should be sealed at a rate possible within budget limits.  

 

II. THE UNEMPLOYMENT CRISIS IN SOUTH AFRICA 

 

The South African labour force comprised 22.7 million people in 2018Q4, with an additional 2.8 

million discouraged work-seekers (Statistics South Africa, 2019). Figure 1 indicates the magnitude 

and worsening trend in South Africa’s unemployment crisis. Although 16.5 million workers were 

employed in 2018Q4, there were 6.1 million unemployed workers. When these unemployed workers 

are combined with discouraged work-seekers there is a total deficit of 8.9 million jobs. 

 

 

Fig. 1. Labour force characteristics, 2008Q1-2018Q4 

Figure 2 illustrates the highest level of education achieved by the 6.1 unemployed workers in 

2018Q4. Of the unemployed workers: 10.5% have completed primary school or less; 46.7% have 

not completed secondary school; 34.2% have completed secondary school; and 8.5% have some 

tertiary level education. The overwhelming majority of unemployed workers are relatively unskilled, 

with 91.5% having achieved a matric or less. The National Income Dynamics Study data confirm a 

similar skills profile among discouraged work-seekers (DataFirst, 2019). A primary national objective 

is therefore to create employment opportunities for lower-skilled workers. 
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Fig. 16. Education profile of unemployed workers, 2018Q4 

Figure 3 disaggregates the number of unemployed workers residing outside of the metropolitan 

municipalities per province. This information provides an indication of the unemployment situation in 

rural and peri-urban areas, within which almost all proclaimed gravel roads are concentrated. The 

data reveal a large variation in the number of non-metropolitan unemployed workers across the 

provinces, ranging from 1.4 million in KwaZulu-Natal to 202 559 in the North West. All provinces are 

in urgent need of rural employment stimulus. 

  

 

Fig. 17. Unemployment outside the metropolitan municipalities, 2018Q4 
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III. THE EMPLOYMENT CREATION ROLE OF THE ROADS SECTOR 

 

Public infrastructure expenditure has long been a popular mechanism to directly stimulate short- 

or medium-term transitory employment, with examples like the Worker Protection Act in the United 

States and the large countercyclical and recurrent fiscal commitment to public works in Japan. The 

primary goal of these Keynesian stimulus programmes is to generate work opportunities to involve 

unemployed and underemployed citizens in productive activities, especially in rural areas with few 

alternative formal work opportunities. Ideally, such opportunities build the stock of human capital by 

creating skills, knowledge, and network connections.  

To help absorb the unemployed workers in South Africa the DPW developed the EPWP, which is 

a national programme that seeks to utilise public expenditure to generate additional employment 

through labour-intensive work methods. The EPWP supports the NDP objective to expand public 

employment programmes to 2 million participants by 2020 to help address the high unemployment 

rates across South Africa, particularly in the rural areas where there is a large pool of underutilised 

and unskilled labour (National Planning Commission, 2012).  

The following policy statements in the 2018 Draft Roads Policy for South Africa support the NDP 

and EPWP: “labour-intensive road construction and maintenance methods must be used wherever 

cost, time and quality are not compromised; employment-creation efforts within the roads sector must 

focus on the creation of multifaceted employment opportunities, including casual, temporary and 

permanent employment for semi and unskilled individuals; road projects must be used to provide 

short- to long-term employment to local unemployed people and to provide some form of training and 

skills development to equip people for the labour market; and projects on secondary and rural roads 

must support efforts to provide employment opportunities to rural communities, especially in 

marginalised areas” (National Department of Transport, 2018). Preceding support had been offered 

by the 1997 Green Paper on Public Sector Procurement Reform in South Africa, which proposed 

that procurement should facilitate the generation of jobs in South Africa by: “ensuring that all foreign 

content in contracts involving goods, services and works is minimised; encouraging the substitution 

of labour for capital; and supporting the use of labour friendly technologies which utilise a higher 

degree of labour input than is the case for conventional technologies, or are well suited to 

implementation by small scale enterprises” (Department of Public Works, 1997). 

The EPWP covers four sectors: infrastructure; social; non-state; and environment and culture. 

Since 2004 the infrastructure sector has created the most jobs. The DPW (2012) highlights that within 

the infrastructure sector the highest employment creation potential lies in roadworks through labour-

intensive programmes such as S’hamba Sonke. The Construction Industry Development Board 

(CIDB) (2005) confirm that the road sector is amongst the most efficient in generating employment 

opportunities for a given capital inflow. Importantly, McCutcheon’s (2008) study of labour-intensive 

road construction and maintenance in Sub-Saharan Africa supports the World Bank’s (1971; 1974) 

conclusion that, relative to conventional capital-intensive methods, the employment opportunities 

from labour-intensive roadworks can be achieved without necessarily compromising construction 

time, project cost, or road quality.   
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Howe (2001) traces the successful reverse substitution of labour for equipment on road projects 

by authorities in Sub-Saharan Africa from the 1970s. The International Bank for Reconstruction and 

Development (1986) found that it was technically feasible to substitute labour for equipment for up 

to 90.0% of total road construction costs. Based on this research, developing countries began to 

interrogate the application of first-world capital-intensive roadwork methods where only 10.0% of 

project costs were labour related. Notable examples of labour-intensive road programmes include: 

Malawi’s 1974 District Roads Improvement and Maintenance Programme, which created 6 800 

unskilled work opportunities to construct and maintain 5 500 km of roads and raised the proportion 

of labour related project costs to 38.0% (Hagen and Relf, 1988); the 1975 Kenyan Rural Access 

Roads Programme, which utilised labour-intensive methods to construct 8 000 km of road and 

thereby generated 120 000 years of employment and increased the proportion of road expenditure 

remaining in Kenya from 28.0% to 69.0% (International Bank for Reconstruction and Development, 

1986); and the Malawian Social Action Fund, which between 1995 and 2003 created 13 million 

person-days of employment to construct and maintain 9 000 km of roads with 38.0% of the budget 

channelled towards labour (Ngoma, 2003).   

However, the labour intensity of roadworks in South Africa in 2010/11 stood at 13.0% and 9.0% 

for the provincial and municipal road authorities, respectively (Department of Public Works, 2012). 

This outcome is only slightly above conventional capital-based methods and significantly below the 

levels achieved by the labour-intensive roadwork programmes mentioned above. To correct for this 

relatively low proportion of labour in road project costs the DPW (2012) has called for the wider 

application of programmes such as Zibambele and Sakha Sizwe, which are based on the Kenyan 

model and appoint local households to conduct road maintenance using labour-intensive methods, 

and S’hamba Sonke. In addition to labour-intensive work methods, the application of an appropriate 

road surfacing policy that trades off capital for labour can significantly enhance the ability of the sector 

to generate lower-skilled employment opportunities. 

IV. SUITABILITY OF ROAD SURFACING ALTERNATIVES TO LABOUR-INTENSIVE METHODS 

 

The 2013 Draft Technical Recommendations for Highways 20 (TRH 20) manual notes that apart 

from grader blading and haulage, most of the maintenance work on gravel roads can be effectively 

conducted using labour-based methods (Department of Transport, 2013). However, blading and 

haulage account for a significant proportion of the required work and cost of maintaining gravel roads. 

Whereas the construction and maintenance of gravel roads is dependent on heavy vehicles for long-

distance haulage of materials and grading, bituminous surfaces can be constructed and maintained 

with light equipment that is suitable for labour-based methods and lower-skilled workers (Pinard and 

Overby, 2006). The road surfaces with the highest job creation potential are slurry, sand, and cape 

seals. These seals are adaptable to labour-based methods as they use hand-knapped or screened 

rather than machine crushed aggregate, cold rather than hot applied binder, and simple rather than 

complex construction plants (Pinard and Overby, 2013). 

The impact that road pavement and surface type have on the person hours generated through 

road construction is illustrated in Figure 4 using the CIDB’s (2005) Best Practice Guide to Labour-
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based Methods and Technologies for Employment Intensive Construction Works in South Africa. 

Roads surfaced with asphalt, concrete, or slurry using plant-based methods respectively generate 

489.7%, 726.3%, and 484.4% more employment opportunities per km than the alternative of a light 

gravel road. If labour-based methods are utilised, then the construction of an asphalt, concrete, or 

slurry road respectively creates 307.3%, 323.7%, and 405.4% more employment opportunities per 

km of road than a light gravel road. According to this information, if each of the 1 567 km of provincial 

and municipal roads built between 2008 and 2012 is assumed to be 5.0 m wide then the decision to 

surface these roads with asphalt, concrete, or slurry rather than gravel would have generated an 

additional 14 465, 15 610, and 21 317 full-time equivalent jobs (CSIR, 2013). This simple example 

demonstrates the employment potential of surfaced roads relative to gravel. 

 

 

Fig. 18. Person-hours required to construct a 5.0 m wide low-volume road in South Africa 

 The disaggregated person-hours shown in Figure 5 explain the differences in the employment 

potential between the road pavement and surface alternatives. The person-hours are based on the 

sum of the following labour requirements: manufacture precast concrete products in a factory (plant-

based) or on-site (labour-based); obtain materials in quarrying operations; transport materials or 

precast concrete products an average of 20.0 km to the site; and build the layers and items (CIDB, 

2005). The person-hours associated with labour-based construction of slurry, asphalt, and concrete 

surfaced roads are respectively 201.1%, 117.0%, and 212.0% higher than for a light gravel wearing 

course. Upgrading gravel roads to a surfaced standard can also generate extra person-hours 

compared to gravel road maintenance through the works associated with the basecourse, subbase, 

and kerbing. Based on the person-hours required to construct the gravel wearing course, a policy to 

surface light gravel roads with a slurry seal rather than to undertake regravelling could generate an 

additional 15.6 FTE jobs per km. The actual number of FTE jobs created would typically exceed this 

figure as many gravel roads are between 6.0 and 6.8 m wide. However, the following analysis is 

based on the CIDB’s published estimate of 15.6 additional FTE jobs per km of gravel road sealed. 
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Fig. 19. Person-hours associated with layerworks and kerbing for a 5.0 m wide low-volume road 

V. THE EMPLOYMENT CREATION OPPORTUNITIES FROM SEALING GRAVEL ROADS 

 

 Table I details the length and condition of the proclaimed provincial and municipal gravel road 

networks in 2017 (National Treasury, 2018). The data reveal that the bulk of potential employment 

creation from sealing gravel roads is concentrated in the municipal gravel road network, which at 

280 877 km is 61.7% longer than the provincial gravel road network.  Importantly, 352 301 km of 

gravel roads in the combined networks were in poor and very poor condition compared to 31 319 km 

in good and very good condition. The roadwork activities would thus extend to 77.5% of the combined 

gravel road networks should authorities begin by sealing gravel roads that alternatively require 

extensive regravelling.  

PROCLAIMED GRAVEL ROAD NETWORKS 

Authority 

Road condition 

Very poor Poor Fair Good Very good 

Provincial  36 030  60 673  51 048  16 825  9 157 

Municipal  116 002  139 596  19 942  4 213  1 124 

Total  152 032  200 269  70 990  21 038  10 281 

 

 The estimated 15.6 additional FTE jobs per km of road from sealing gravel roads is applied to the 

road network details in Table 1 to calculate an approximate number of total FTE jobs, shown in Figure 

6. The policy to surface gravel roads with a light bituminous seal could create up to around 7.1 million 

additional FTE jobs across all proclaimed gravel roads, with the provincial and municipal gravel road 
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networks respectively comprising 38.2% and 61.8% of the total FTE jobs. Sealing just the gravel 

roads in poor and very poor condition creates 5.5 million of the additional FTE jobs.    

 

 

Fig. 20. Additional FTE job opportunties from sealing gravel roads disaggregated by road condition  

 Figure 7 presents the additional FTE jobs opportunities from sealing provincial gravel roads. The 

estimates should be viewed in relation to the non-metropolitan unemployment per province shown 

in Figure 3. The highest number of additional FTE jobs can be generated by sealing the provincial 

gravel roads in the Free State and Eastern Cape, which respectively had expanded unemployment 

rates of 41.1% and 53.0% outside the metropolitan areas in 2018Q4 (Statistics South Africa, 2019). 

Sealing the provincial gravel road network in Gauteng offers the lowest number of additional FTE 

jobs due to the relatively short length of this network.    
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Fig. 21. Additional FTE jobs opportunities from sealing provincial gravel road networks  

 Figure 8 apportions the total FTE job opportunities equally accross years according to possible 

timeframes over which authorities may seal gravel roads. The scenarios cover sealing provincial 

and municipal gravel roads over 5-, 10-, 15-, and 20-year periods beginning in 2020. The longer 

term scenarios are more realistic given the magnitude of the work involved, the current capacity 

constraints within the construction sector, and the limited domestic bitumen supply. The average 

annual reduction in the unemployment rate over each sealing timeframe was estimated based on 

long-term population estimates by the Acturial Society of South Africa and the 2018Q4 labour force 

participation rate of 59.4% (Statistics South Africa, 2019). The results indicate that sealing all 

proclaimed gravel roads over a 15-year period could generate approximately 474 713 additional 

FTE jobs per annum and reduce the national unemployment rate by 2.1% over the period. 

Alternatively, sealing proclaimed gravel roads over a 20-year period could generate approximately 

356 035 additional FTE jobs per annum and reduce the national unemployment rate by 1.6% over 

the period. In the context of a 27.1% unemployment rate in 2018Q4, both of the longer-term 

timeframes would make a significant contribution to lowering unemployment. 
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Fig. 22. Annualised additional FTE job opportunities from sealing gravel roads at different rates  

VI. OTHER LABOUR-RELATED FACTORS THAT MOTIVATE SEALING GRAVEL ROADS 

 

A. Substition of local resources for imports 

 Petts (2002) argues that the imported, heavy equipment used to provide gravel roads are better 

suited to countries with high-wage, low-investment-cost environments. The cost of imported capital 

equipment tends to be more expensive when interest rates are high and the exchange rate is volatile, 

conditions which both apply structurally in South Africa. Between 2006 and 2018 South Africa’s 

annual prime lending rate averaged 11.6% and the ZAR-US Dollar exchange rate depreciated by 

131.3% (First National Bank, 2019; South African Reserve Bank, 2018). Under these conditions the 

CIDB (2005) supports the substitution of labour for capital and local resources for imports. 

B. Reduced short-term rural-urban migration pressures 

 Inadequate rural incomes and few job opportunities are among the main factors that have 

forced people to relocate from rural areas to settle in urban centres or along transport corridors 

(National Planning Commission, 2012). Figure 9 illustrates the high rates of migration from the mostly 

rural Eastern Cape, KwaZulu-Natal, and Limpopo provinces to the more urban provinces of Gauteng 

and the Western Cape. Between 2001 and 2011 the urban population grew from 57.0% to 63.0% of 

the population (Statistics South Africa, 2011). Based on current migration rates the United Nations 

(2010) estimates that South Africa’s urban population will grow to 71.3% by 2030 and 80.0% by 

2050. 
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Fig. 23. Net migration 

 These high migration rates have partly caused significant traffic congestion and infrastructure 

backlogs in South Africa’s metropoles and secondary cities. Urban waste collection, sanitation, 

water, and electricity infrastructure backlogs were estimated at R80.0 billion in the 2018 Integrated 

Urban Development Framework (Department of Cooperative Governance and Traditional Affairs, 

2018). Further short-term growth in the urban population through rural-urban migration would 

exacerbate these backlogs. The rural employment opportunities from a policy to seal gravel roads is 

a potential contributor to slowing rural-urban migration to a rate commensurate with urban 

infrastructure development. The policy to seal gravel roads is also aligned with the NDP objectives 

to grow the rural employment rate from 29.0% to 40.0%, promote rural infrastructure investment that 

incentivises citizens to remain in rural areas, and ensure that those who stay in rural areas are not 

locked into poverty and stagnant life chances (National Planning Commission, 2012).  

 Ross and Field (2007) raise the potential objection that the high urbanisation rate in South Africa 

lowers the priority of a programme focused on rural populations. However, the high migration rates 

shown in Figure 9 suggest that the apparent gap between the legal minimum wage and the market-

clearing urban wage is at least partly driven by potential migrants racing one another for better-

paying urban jobs, thereby lifting the supply of urban labour above the market’s capacity to absorb 

the flow. Under such circumstances, a road surfacing policy that promotes the welfare of workers in 

rural areas may indirectly benefit workers in urban areas by disincentivising the former from joining 

the race in the short term. 

C. Human capital development 

Gravel roads typically preclude local communities, small enterprises, and the poor from having an 

ownership stake in roadworks because of the high cost of capital and the large capital investment 

requirements in terms of specialist equipment to construct and maintain gravel roads. Petts (2002) 

argues that haulage and gravelling by tractors and trailers involve high equipment provision and 

operation costs. Compared to light bituminous seals, for which the capital investment is significantly 
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lower and much of the required equipment is available for hire on the local market, the provision of 

gravel roads is more susceptible to domination by relatively few large contractors (Petts, 2002). 

Inclusion of small contractors in road construction and maintenance enhances human capital in 

the form of management, tendering, investment skills, and on-the-job training. The sector has thus 

developed programmes such as the Vuk’uphile Learnership Programme to incentivise labour-

intensive works on low-volume roads and foster capacity among emerging contractors (Department 

of Public Works, 2018). The Vuk’uphile Learnership Programme trains contractors on labour-

intensive work methods, under EPWP guidelines, for routine road maintenance activities on class 4 

and 5 roads. The Gauteng Department of Roads and Transport (2017) provides an example of the 

contractor development benefits of labour-intensive roadworks. The 29 learner contractors in 

Gauteng that were appointed in 2013 at CIDB grading levels one and two, meaning that they only 

operated at local level, were in the process of exiting the programme in 2017 as level four and five 

contractors able to operate at regional or provincial level. This growth in skilled contractors enhances 

the competitiveness of the procurement environment, which was amongst the concerns that 

prompted the National Treasury’s (2018) Government Technical Advisory Centre to undertake a 

performance and expenditure review of provincial road projects.    

 The roughly 321 emerging contractors involved in Contractor Development Programmes in the 

roads sector in July 2018 must be assessed in relation to the 1 754 companies registered in February 

2019 as active asphalt works contractors on the CIDB’s (2019) Register of Contractors. Registration 

on this database is mandatory for companies to do construction work for the public sector. These 

programmes, within which surfaced roads offer more learnership opportunities than gravel roads, 

present authorities with a mechanism to meaningfully broaden and deepen the pool of human capital 

in the roads sector. Furthermore, the development of surfaced roads related human capital among 

emerging contractors may be an even more important priority given the decision by SANRAL (2018), 

which only manages surfaced roads, to reserve specified projects for black-owned contractors.    

 Ross and Field (2007) argue that because human capital is a national economic asset with future 

multipliers it is important to appropriately set our willingness to invest in job creation within the sector 

(Ross and Field, 2007). Although such human capital development improves the productivity of 

individual contracting firms as well as potential national productivity, Ross and Field (2007) contend 

that the private sector is not incentivised to fund this national premium. The onus is therefore on the 

government to support and subsidise labour-intensive production. Consideration for human capital 

development does not affect the price of gravel roads, but rather raises the opportunity cost of gravel 

as the alternative road surfaces are more labour-intensive. The positive externalities associated with 

labour-intensive construction and maintenance methods applicable to surfaced roads shorten the 

break-even point for such roads. 

D. Reduced lifecycle costs 

The Technical Methods for Highways 20 (TMH 20) manual explains that distortionary factors, such 

as the bargaining power of labour unions and minimum wage legislation, have caused discrepancies 

between the financial and economic price of unskilled labour in South Africa (Committee of Transport 

Officials, 2017). In addition to the political strength of labour unions almost certainly causing urban 
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formal-sector wages to exceed the market-clearing rate, Ross and Field (2007) expect a large gap 

between formal sector market wages and household and subsistence production shadow wages due 

to the effect of an abundance of large, efficient farms on subsistence agriculture. The 2018Q4 

Quarterly Labour Force Survey suggests the proliferation of efficient commercial farms has subdued 

subsistence activities, with only 42.3% of the 9.7 million unemployed and discouraged work-seekers 

participating in at least one of the following productive activities: subsistence farming; hunting or 

fishing for household use; construction or major repairs to own household; fetching water or collecting 

wood/dung; and production of other goods for household use (Statistics South Africa, 2019). 

 Prosdocimi et al. (2019) apply a Zero Inflated Model to the National Income Dynamics Study 

(NIDS) data to estimate the economic price, or shadow wage, of unskilled rural and urban labour in 

South Africa. The estimated shadow wage captures the alternative revenue-earning opportunities to 

formal employment listed in the NIDS. In this way the shadow wage represents the cost to the 

economy of moving a person from their present occupation to employment paying the formal-sector 

market wage in exchange for productivity that is normative for that sector (Ross and Field, 2006). 

The estimated shadow price of unskilled labour of R7.8 per hour confirms that the accounting cost 

of unskilled labour, as measured by the EPWP wage of R11.5 per hour and the prescribed national 

minimum wage of R20.0 per hour, exceeds the opportunity cost of unskilled labour (Business Report, 

2018; Parliament, 2019). This artificial inflation of the financial cost of unskilled labour requires a 

revision to the EPWP’s policy prescription that road authorities should adopt labour-intensive work 

methods wherever the accounting cost is lower than alternative capital-intensive methods. The policy 

should rather advocate labour-intensive methods wherever the opportunity cost of labour, in terms 

of its use in alternative revenue-earning activities, is lower than alternative capital-intensive methods 

(Ross and Field, 2007). Road authorities should therefore use the estimated shadow price of labour 

to evaluate road surfacing policy.  

Although it is sometimes the case that the cost of moving an unemployed person from their present 

occupation to formal employment is borne by members of the worker’s household who invest more 

hours of farming to compensate for the difference, many under-employed workers in South Africa 

actually contribute less to household productivity than the share of the income they consume, as a 

disproportionate share of income for households with unemployed members is earned by people 

receiving government pensions and disability grants (Ross and Field, 2007; FHISHER, 2006; Bhorat 

et al., 2001). If such under-employed workers are transferred to production of road infrastructure and 

their labour is at least as productive as an alternative unit of capital that could have alternatively been 

invested, then Ross and Field (2007) argue that their shadow wage is zero or negative, or if their 

productivity in economic terms is not zero their shadow wage is zero. This scenario likely applies to 

many of the 5.6 million unemployed and discouraged worker-seekers not participating in any of the 

alternative productive activities covered by the Quarterly Labour Force Survey.  

Figure 10 compares the lifecycle cost of roads surfaced with gravel and a 14 mm cape seal with 

1 slurry, which is chosen as a proxy for light bituminous seals, assuming the roadworks are done by 

unemployed workers whose shadow wage equals zero and authorities can increase the proportion 

of unskilled labour to 38.0% of project costs, which is in line with other successful labour-intensive 
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roadworks programmes. The relevant road maintenance and construction costs are sourced from 

the National Treasury’s (2018) Road Network Cost Model, with the costs reflective of a simplistic 

scenario where the road has a flat gradient, is in a moderate climate zone, and is 7.0 km from the 

nearest borrow pit. The discount rate is set at 10.0% over a 30-year analysis period. Should road 

authorities achieve this level of labour-intensity the lifecycle cost analysis indicates it is more cost-

effective to upgrade 6.0 m and 6.8 m wide gravel roads in poor and very poor condition to a cape 

seal wherever the in situ subgrade is strong enough to support the expected traffic volumes without 

additional pavement layers. Authorities would therefore generate an economic cost saving by sealing 

any of the 352 301 km of gravel road that were in poor or very poor condition in 2017 and in an area 

with suitably strong in situ subgrade to support the expected traffic volume. Stress tests of the road 

gradient, moisture content, and borrow pit distance increase the relative cost-effectiveness of cape 

seals to the point where it is more cost-effective to also upgrade many of the gravel roads in fair, 

good, and very good condition to a light bituminous seal. 

 

 

Fig. 24. 30-year lifecycle cost analysis of alternative road surfaces using the shadow price of labour 

VII. CONCLUSION 

 

Assuming that the road authorities play their designated role in supporting national economic 

strategies, a policy of surfacing gravel roads with a light bituminous seal is an opportune means to 

generate up to approximately 7.1 million additional FTE job opportunities. Five key factors in favour 

of such a policy are reiterated: most of the additional jobs are created in the rural regions with few 

alternative employment opportunities; providing job opportunities in predominantly rural provinces 

with higher unemployment rates may help to slow short-term rural-urban migration that stresses 

infrastructure backlogs when it is too fast; sealing gravel roads develops human capital among 

lower-skilled workers and emerging contractors; sealing gravel roads trades off imported capital 

equipment for relatively cheaper locally available labour; and sealing gravel roads generates an 
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economic lifecycle cost saving. This paper therefore provides strong motivation for the proposition 

that gravel roads worth maintaining should be surfaced with a light bituminous seal at a rate possible 

within budget limits.  
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Synopsis—The Integrated Road Asset Management System (RAMS) of Namibia Roads 

Authority has been developed, implemented and continuously improved since 1998. Regular 
condition assessments in accordance with formal documented procedures are used, 
together with traffic and climate data for strategic planning, tactical planning and the 
development of operational work programs. Funding requirements for upgrading, 
rehabilitation, reseal, regravel and routine maintenance are determined, and potential 
projects identified based both on economic principles, using HDM4 software, and by 
applying locally developed asset preservation models. This paper describes the entire asset 
management process to identify and to prioritise potential reseal projects, verification of 
appropriate pre-treatment and seal type selection on site through panel inspections and 
development of annual reseal programs. In addition, the value of an effective RAMS is 
highlighted, being able to show the impact of reseal work on the road network condition, the 
effectiveness of different surface treatments in different situations and to provide valuable 
management information. 

Keywords: Road asset management, reseal, performance impact 

 

 

I.  INTRODUCTION  

The proclaimed Namibian rural road network as shown in 0, excluding Farm Roads, consists of 7 
568 km sealed and 38 930 km of unsealed roads. 

Roads are classified as either, Trunk Roads, Main Roads or District roads and further divided in 
the asset register as: 

Bitumen roads 

Low volume sealed roads (LVSRs) 

Gravel roads (Formed with imported gravel layer/s) 

Earth graded roads (Formed without imported gravel layers) 

Earth sand (sand tracks) 
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Earth tracks 

Salt roads (Brine treated gravel roads) 

Proclaimed only (Route proclaimed and trafficked, but no formal construction) 

 

 

Namibia road network 

LVSRs differ from standard bitumen roads as they are normally of lower geometric standards and 
designed for less than a 20-year pavement design life, with the main purpose to preserve scarce 
road building materials. The economic viability of upgrading gravel roads to LVSRs is tested in the 
Highway Development and Management Software (HDM4) with approximately 25% of normal 
upgrading costs and at traffic volumes ranging from 50 vpd to 250 vpd. Reasons for testing the 
economic viability at such low traffic volumes emanated from the following: 

The existing pavement strength of many gravel roads, tested in accordance with the Dynamic 
Cone Penetrometer (DCP) design approach [1], is sufficient to carry more than 0.3 million 
standard axles 

Good gravel road wearing course materials have been depleted with time, resulting in long haul 
distances and high costs of regravelling 

Available cohesionless materials are more suitable for base layers than for gravel road wearing 
courses. These materials result in rapid roughness deterioration and gravel loss, requiring 
increased blading and regravelling frequencies to maintain acceptable levels of service 

Drainage and geometry have been improved through periodic maintenance efforts over many 
years, resulting in no or limited improvement requirements. Existing gravel road widths are 
typically between 7.5 m and 10 m, requiring no widening to obtain even a 7 m surfaced width 

Recent upgrading projects and current studies indicate rates of return in excess of 8%, at less 
than 100 vpd 
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Funding to the Roads Authority (RA) originates from three main sources i.e. 

The Road Fund Administration (RFA), responsible for the funding of economically viable projects 
on the existing road network. Funding is obtained through the various road user charging 
systems, such as fuel levies, vehicle licensing fees and cross-border charges 

The Government through the Department of Transport, responsible for new development and 
maintenance or rehabilitation projects that are not economically viable  

Donor funding. Ad-hoc allocations for specific projects (mainly new development) 

In accordance with the requirements of the RFA and Road Authority (RA) Acts, and following the 
development of a formal Road Management Systems Master Plan, an Integrated Road Asset 
Management System (RAMS) has been developed and refined since 1998 to assist the organization 
with strategic and tactical planning to achieve and to maintain the goals and objectives of the RA.  

The RAMS Master Plan specified the use of HDM4 as a strategic planning tool within the RMS 
and was implemented, with the assistance of Birmingham University during 2002 and 2003. 

Currently the Road Management System consists of twelve integrated sub-systems as listed 
below. Sub-systems focussed on in this paper are underlined. 

Information Management and Control System (IMCS), providing and controlling user access to 
the system  

Road Referencing System (RRS), containing the asset register with location referencing and road 
inventories 

Road Proclamation System (RPS), keeping track of all changes to road proclamations 

Traffic Surveillance System (TSS) 

Pavement Management System (PMS)  

Unsealed Road Management System (URMS) 

Materials Information System (MIS) to manage material sources e.g. borrow pits 

Maintenance Management System (MMS) 

Bridge management System (BMS) 

Network Integration Module (NIM), developed to combine and integrate the needs identified by 
the various sub-systems, and to establish seamless integration with HDM4 software 

Road Safety Information Management System (RSIMS) 

Geographical Information System (GIS) 

This paper, structured in accordance with 0, describes the entire asset management process to 
identify and to prioritise potential reseal projects, verification of appropriate pre-treatment and seal 
type selection on site through panel inspections and development of annual reseal programs.  

In addition, the value of an effective RAMS is highlighted, being able to show the impact of reseal 
work on the road network condition, the effectiveness of different surface treatments in different 
situations and to provide valuable management information.   
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Asset management processes applied 

 

II. OBJECTIVES 

The objective of the Roads Authority (Act No 17,1999) is to manage the national road network in 
accordance with section 16 with a view to achieving a safe and efficient road sector. Section 16 of 
the Act includes: 

Planning, design, construction and maintenance of roads which are part of the national road 
network 

Operation of road management systems 

 

III. TARGET FOR SURFACING CONDITION 

Good asset management principles require an organization to set goals and objectives and to 
monitor the effectiveness and efficiency of the organization to achieve and to maintain these. The 
RA has set the target for the condition of the bituminous road surfacings as “Not more than 10% in 
Poor and Very Poor condition”. The rationale behind this target could be summarized as follows: 

Typical seal lives reported in South Africa, New Zealand and Australia are 9 – 10 years, with an 
international average of approximately 10 years. Therefore 10% of the network should be 
resurfaced per annum. If accepted that the percentage in “Poor to Very Poor” surfacing 
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condition (Zero remaining life) will be resurfaced in the year to follow, a target of not more than 
10% is considered appropriate 

IV. DATA COLLECTION 

The type of data collected are controlled by the system models input and reporting requirements. 
Although guidelines exist regarding the frequency of data collection, which are based on expected 
rates of change, it is often influenced by funding availability. 

The main data sets required for proper road asset management planning are: 

Asset register and inventory (continuously updated) 

Traffic data (continuously updated) 

Climate data (updated as new information becomes available) 

Pavement data (pavement structure and reseal history – continuously updated) 

Pavement condition data 

Surfaced road pavements in Namibia typically consist of thin bituminous surfacings on granular 
imported pavement layers. Condition assessments on the surfaced road network are done on a 
regular basis using: 

Standardised visual assessment methodology, compatible with [1] and HDM4 input requirements 
(Annually if funds are available) 

High Speed profilers, providing road roughness and rut depth information (Recommended 
frequency of three years) 

Falling Weight deflectometer (Recommended frequency of five years) 

Due to the very thin bituminous surfacings, protecting sensitive granular layers, particular 
emphasis is placed on monitoring the performance and effectiveness of these surfacings. 

 

V. CONDITION DESCRIPTION AND INDEX CALCULATION 

Using all the condition data, several indices are calculated to describe condition and to identify the 
need for remedial measures to preserve the road network in an acceptable condition. 

A scale of 0 – 100 is used for all indices, where 100 describes the perfect condition and 0 a totally 
impassable condition. In this context all models have been calibrated so that a value of 50 describes 
the cut-off between an acceptable (Very Good, Good and Fair) and unacceptable (Poor and Very 
Poor) condition. 

For reseal purposes a reseal need index (RNI) is calculated, taking into account all distress types 
within the surfacing and distress types within the pavement structure, affecting the ability of the seal 
to protect the base from moisture ingress.  

A deduct-point method is used to calculate all indices. The principles applied are well described 
in literature [3]. 
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VI. STRATEGIC ANALYSES 

A. Objective functions 

Strategic analyses are carried out using two different objective functions i.e. “Economic - 
Minimisation of total transport costs” and “Road network preservation” to achieve and to maintain 
target levels of service 

B. Economic 

HDM4, at the strategic level is utilised to determine the most economical series of maintenance 
standards and optimum life-cycle strategy for a matrix of homogeneous road sections, for 
unconstrained and constrained funding scenarios. 

As can be expected on a road network with low traffic volumes, the discounted cost of remedial 
works are often much more than the benefits, resulting in the minimum work recommended and a 
predicted deterioration of the average network condition for the optimum economic strategy (Refer 
0). 

 

Surfaced road network roughness deterioration - Economic scenarios 

Even at the optimum economic funding level, the road roughness (riding quality) on the surfaced 
road network will deteriorate to an average International Roughness Index (IRI) of 6.5 m/km. This 
roughness level relates to an approximate comfortable speed of 50km/h. 

 

C. Road network preservation 

Deterministic models have been developed in-house to: 

Determine the remaining life of the bituminous surfacing and pavement structure until a 
predetermined threshold level is reached (optimum time for resurfacing or rehabilitation to 
maintain the required level of service) – Described under tactical analysis 

Select a minimum of two appropriate remedial actions for any given situation on unsealed and 
sealed roads. The immediate and longer-term benefits of these actions are evaluated using 
the “area under the performance curve” against the cost. – Described under tactical analysis 

Determine the impact of different funding scenarios and distribution between reseal and 
rehabilitation  
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Do network optimisation for unconstrained and constrained budget scenarios 

Several scenarios are run, varying the distribution of funding between pavement rehabilitation and 
reseal as well as the funding amount (as percentage of the surfaced road replacement value) to 
achieve the target surfacing and structural condition of not more than 10% of the network in “Poor to 
Very Poor” condition (Refer 0). In addition, a sustainable situation requires that the average 
remaining surfacing life must be more than 5 years and the average remaining structural life more 
than 10 years (Refer 0) 

 

Impact of funding scenarios on surfacing condition 

Note that an average network condition of 75% relates to a maximum of 10% in “Poor to Very 
Poor” condition. 
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Impact of funding scenarios on remaining surfacing life 

The optimum preservation funding requirement was achieved for 2.5% of the replacement value 
with a distribution of funding 60% to rehabilitation and 40% to reseal. 

D. Comparison 

Due to the RFA obligation to fund economically viable projects and the Ministry of Transport the 
non-economical ones, the required funding from the different sources are determined by calculating 
the economic funding requirement and subtracting this value from the preservation funding 
requirement. (Refer 0)  



 

83 | P a g e  
 

  

Funding sources and distribution 

Results from the strategic analysis are displayed in 0, showing much higher costs to preserve and 
to maintain selected levels of service than the costs of only executing economic viable projects. Note 
that the term “backlog” refers to the cost of appropriate remedial actions on all road sections with 
current or predicted remaining life of zero. The cost of achieving all set targets within a period of five 
years is significantly higher than applying a strategy to achieve this over a period of ten years. 

 

 

Optimum funding distribution 
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VII. TACTICAL ANALYSIS 

Using the appropriate maintenance strategies identified in the strategic analysis per 
homogeneous road section, HDM4 predicts the deterioration of the real pavement structures and 
surfacings based on existing condition and expected traffic, evaluates different alternative treatments 
over the life cycle of the pavement and selects the most economical strategy by comparing the Net 
present Value (NPV) of costs and savings in Road User Costs (RUC), of which Vehicle Operating 
Costs (VOC) often contributes the most. 

Due to a direct correlation between road roughness (riding quality) and VOC, actions improving 
the immediate riding quality and slower deterioration thereof, will create the highest savings to the 
road user. 

The RMS has the option to apply two different deterministic modelling methods to preserve the 
road network namely: 

Mechanistic-empirical model using a structural number, derived from FWD data, and expected 
traffic loading to predict the structural remaining life towards thresholds in terms of rutting and 
road roughness 

Extrapolation of historical deterioration in the bituminous surfacing and pavement structural 
condition to determine the remaining life of the two components (Refer 0)  

 

The latter modelling technique has proven itself to be much more reliable than the mechanistic-
empirical model. 

 

Historical performance used to predict remaining life 

From experience and performance data, models (referred to as family curves) have been 
developed to define the immediate improvement and deterioration of both the surfacing and the 
pavement structure as a result of several possible remedial measures and conditions before 
application.  
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In order to minimize the number of alternative remedial measures to be evaluated, adjustable rule 
sets are applied e.g.: 

If the remaining pavement structural life is less than 5 years, only rehabilitation options are 
evaluated 

If the remaining surfacing life is less than 5 years and the structural remaining life is more than 10 
years, two to three appropriate resurfacing alternatives are selected and the impact of 
immediate improvement and expected rate of deterioration used to calculate the benefit of 
each remedial action (area under the curve) 

The appropriate surfacing types are selected based on guidelines in [4], which include the type 
and degree of defects, the coarseness or variation of the existing macro texture, traffic volume 
and turning actions. It should be noted that all models in the system could be adjusted 

0 highlights the expected performance of two selected appropriate remedial measures for the 
situation in 0 

 

Expected performance converted into benefits (Area under the curve) 

 The cost and benefit are plotted to obtain an efficiency frontier, which is also used in the strategic 
level network optimization process. 0 provides an example of a road with significant crocodile pattern 
cracking, but with low rutting and a uniform fine texture. The alternatives selected are either a 
modified binder seal (typically with pre-treatment in the form of geotextile patching) or Light 
Rehabilitation (Significant mill and asphalt replacement, followed by a double seal) 
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Benefits and costs of appropriate remedial measures 

Following a formal process to aggregate 500m road sections into projects, a provisional project 
schedule for a three-year period is created. 

VIII. VERIFICATION 

Potential reseal projects for a three-year period are listed per Maintenance region and distributed 
for comments by the regional engineers. They are allowed to query and criticize, which requires the 
RMS staff to interrogate the data on each project. This process has proven itself to be valuable and 
has led to the identification of system and data errors, as well as model adjustments. 

It should be noted that the regional staff concurred with almost 90% of reseal projects identified 
during the previous analysis. Differences occurred mainly as a result of local knowledge e.g. 
maintenance problems due to remoteness of some projects, new infrastructure development 
expected, linking smaller projects to larger ones to reduce unit costs and recent rejuvenator 
application (not yet recorded on the system) 

Following workshops with regional staff, a panel inspection list is compiled for field verification.  

The inspection panel consists of representatives of: 

 

 RAMS Division 
 Maintenance Division 
 Regional office 
 Consulting Engineer appointed for management of the reseal program 

 

All potential projects are inspected to verify: 

Main cause/s for remedial action and condition category. This information is used to calibrate 
condition description and measure selection models (Feedback 1- Refer 0) 
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Most appropriate remedial measure (pre-treatment, seal and binder type) (Feedback 1- Refer 0) 

Exact start and end of project 

Priority and schedule. Some pre-treatment works such as rut filling require time to stiffen up before 
resealing. These projects are then scheduled over two financial years 

The opportunity is used in each region for capacity building, explaining the entire process towards 
identification of potential reseal projects and the purpose of panel inspections. Young engineers are 
also given the opportunity to physically do tests on the selected roads, such as ball penetration and 
sand patch testing to understand the reason for selecting appropriate pre-treatment activities and 
seal types. 

 

IX. EXECUTION 

Execution starts with more detailed investigation by the appointed consulting engineer to 
determine exact quantities of repair, required pre-treatment and appropriate binder and stone 
application rates. 

This is followed by preparation of tender documents, bid evaluation and appointment of suitable 
contractors to carry out the works program over a period of three years. 

Strict quality assurance is carried out during the construction process. Specific emphasis is placed 
on: 

Final design, ensuring correct measurement and interpretation of design input parameters 

Trial section construction to ensure that the seal is constructed as designed and that the 
contractor’s processes are in place to ensure a good performing seal 

Compiling method statements describing the entire seal process, which include application rates, 
sequence of rolling, joint design and time of opening to traffic  

Sampling and testing of binder properties in accordance with a predetermined quality 
management plan 

Transverse distribution of the binder 

Control and recording of binder and aggregate application rates, as well as other key aspects 
described in the method statements 

Safe handling of bitumen 

 

Feedback 2 (Refer 0): Following the completion of each project, as-built data are submitted to the 
RA, which is also used to update the “Pavement Data” (reseal history) as shown in 0. 
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Construction and maintenance history 

Each layer represents a layer in the pavement structure, providing the year of application, the 
layer or seal type and the thickness. 

In addition to the above, a summary of costs is submitted to the RMS Division for annual updating 
of works unit costs. 

 

X. IMPACT ANALYSIS 

A. Utilisation of information 

Operating a Road Asset Management System for an extended period results in excellent 
information that must be used to improve the effectiveness and efficiency of the organization. Several 
examples exist of system improvements and better understanding the impact of decision making, 
resulting from analysing information, available within the system. 

B. Example A: Confirmand/adjust applicable targets (Feedback 3 in 0) 

From regular condition assessment over several years and calculating the various indices, the 
average rate per annum of bituminous surfacings, moving from Fair to Poor was calculated at 8.4%, 
indicating an average effective life of 12 years.  

This is slightly more than the averages reported elsewhere. However, given the reported extended 
surfacing life of 3-4 years through application of rejuvenators [5], as regularly done in Namibia, the 
12-year life could be explained. Therefore, if this strategy could be maintained, the target of “Not 
more than 10% in Poor to Very Poor condition” could be adjusted to 12%, which in turn will result in 
lower funding requirements. 

C. Example: Compare predicted performance with measured performance (Feedback 4 in 0) 

High demands for improving accessibility in certain regions of Namibia, resulted in insufficient 
funds allocated, over a ten-year period (2001 – 2011) to periodic maintenance and rehabilitation on 
the existing road network (Refer 0).  
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Regular condition assessment, update of the maintenance history and annual reporting 
highlighted the rapid deterioration of the road network and convinced decision makers in 2011 to 
allocate sufficient funding for periodic maintenance (reseal) on the surfaced road network of Namibia. 

The effect of the three-year reseal program implemented (2012, 2013 and 2014) is visible in 0 
Reseal Need Index) and 0 Rehabilitation Need Index).  

Analysing the effect of real expenditure on reseal versus predictions during the strategic analysis 
confirmed that the existing models are slightly too conservative and that some adjustments and 
calibration are required. 

Monitoring the deterioration of each road segment and incorporating traffic, climate and pavement 
data resulted in re-evaluation and adjustment of HDM4 calibration factors. 

The real performance of different remedial measures and seal types, applied on existing roads 
with different conditions, assist to adjust the expected performance curves, used for benefit/cost 
analyses. 

 

Impact of a three-year reseal program on the Reseal Need Index 
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Impact of a three-year reseal program on the Rehabilitation Need Index  

 

XI. CONCLUSIONS 

The RA Act requires that the national road network be managed in accordance with specific rules 
with a view to achieving a safe and efficient road sector. These rules include the operation of Road 
Management Systems and effective maintenance of the road network. 

Implementation and operation of the integrated RAMS since 1998, not only guide the RA with 
strategic planning and development of tactical asset management plans but, assist the organization 
to evaluate the impact of decisions and to adjust targets and models for improved management. 

This paper describes the entire asset management process to identify and to prioritise potential 
reseal projects, verification of appropriate pre-treatment and seal type selection on site through panel 
inspections and development of annual reseal programs.  

In addition, the value of an effective RAMS is highlighted, being able to show the impact of reseal 
work on the road network condition, the effectiveness of different surface treatments in different 
situations and to provide valuable management information.   
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Leadership and proficiency in technology development   

 

How the Airport Pavement Research Program is filling the voids in Australian Airport 
Pavement Technology and Practice 

 

Greg White 

Director, Airport Pavement Research Program 
University of the Sunshine Coast, Queensland, Australia 

 
 
 

Synopsis— The Airport Pavement Research Program (APRP) was established by the 

Department of Defence and some civil airports in Australia in 2016.  The program is a 

collaboration between airport owners, designers and constructors, and is coordinated by 

the University of the Sunshine Coast.  It provides independent research and development 

focused on the improvement of practice and technology for the owners of airport pavement 

assets.  The available return on investment of the APRP was conservatively estimated at 

approximately $20 for every dollar spent, justifying ongoing support in order to realise 

increased benefits in the future. 

Keywords—Airport; Pavement; Technology; Practice; Innovation
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 INTRODUCTION 

There are around 350 paved airports in Australia [1].  In the 1990s the larger airports were 

privatised as part of the Australian Commonwealth government airport divestment program [2].  The 

smaller airports, which were not attractive to private investors, were gifted to local government 

authorities.  At the same time, the centralised Commonwealth department that historically maintained 

Australian airport pavement practice was disbanded.  Although many of the individuals that were 

employed by the Commonwealth transitioned to private sector consulting, they unavoidably became 

focused on design work, and consequently, innovation development and implementation effectively 

ceased. 

In the 2016 the Australian Department of Defence and a number of civil airports established an 

Airport Pavement Research Program (APRP) [3] to address the lack of practice and technology 

development for airport pavements in Australia.  The program is coordinated by the University of the 

Sunshine Coast (USC) and relies on collaboration with the pavement design and construction 

industry, as well as the Australian airports, with the aim being to develop, apply and validate practical 

improvements to all aspects of the design, construction, maintenance and management of Australian 

airport pavement infrastructure. 

This paper presents a summary of recent advances and innovations developed under the APRP, 

including performance-based asphalt specification, ungrooved asphalt as a runway surface and 

proprietary binders in airport asphalt.  Non-destructive gauge-based measurement of asphalt density 

and laser-based measurement of surface texture are also described, as well as the recycling of 

asphalt millings into new airport asphalt surfaces.  A standardised approach to the design and 

specification of airport sprayed sealing is also outlined.  The collaborative operation of the program 

is first described, and finally, the return on the financial investment in the program is estimated. 

BACKGROUND 

Unlike Europe and the USA, all Australian runways comprise a flexible pavement structure.  

Around 100 are surfaced with asphalt and the rest are surfaced with sprayed seals [1].  The airports 

with asphalt surfaces have experienced a significant reduction in the average period between asphalt 

surfacing in recent years, which is reported to be related to many factors including a reduction in the 

tolerance for distress [4], changes in bituminous binder supplies [5], increasingly demanding aircraft 

with higher tyre pressures and wheel loads [6] and more severe environmental conditions associated 

with global warming [7].  Airports with asphalt surfaces desire more reliable and longer lasting 

surfaces.  Similarly, airports with spray sealed surfaces have faced an increase in premature 

distresses, such as stone loss and flushing [8].  The factors leading to these issues are also complex, 

but likely reflect some of the same issues, as well as a significant reduction in access to specialised 

airport pavement engineers with particular expertise in sprayed sealing of runways [9].  Better 

designed and constructed airport sprayed seals are critical for better runway surface performance, 

particularly for regional airports where asphalt is not locally available and is not financially justified.  

All airports desire more efficient and sustainable pavement solutions, where quality, performance 
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and cost are not adversely impacted.  Reuse and recycling [10] as well as non-destructive testing 

[11] have traditionally been avoided for airport pavement construction but should be focussed on in 

the future. 

COLLABORATIVE APPROACH 

The APRP was established in 2016, initially for a five-year period.  To maximise the practicality of 

the outcomes and their implementation, the APRP was established as a collaboration between USC, 

the Department of Defence and private airport corporations, as well as the pavement design and 

construction industry.  The collaboration allows real-world issues to be identified, practical solutions 

to be developed, project-related information to be collated for data-mining and field verifications to 

be organised efficiently.  The involvement of the industry through the identification, investigation and 

reporting of APRP initiatives also accelerates the acceptance and implementation of new 

technologies and practices after their development.  Without a collaborative approach, the outcomes 

would likely be less practical and their implementation would be significantly slowed. 

In September each year, potential research initiatives are proposed and discussed via the 

Australian Airports Association’s Pavement Working Group.  The potential initiatives are prioritised 

and USC develops an approach and budget for higher priority tasks, which are then endorsed by the 

financial supporters of the program.  The Pavement Working Group also provides the vehicle for 

disseminating the outcomes and identifying projects suitable for validation and implementation.  

Broader dissemination of APRP outcomes is provided by presentation at the Airports Association’s 

annual Pavement & Lighting Forum and Pavement Workshops.  All published outputs are also 

collated in a publicly available research repository and updates are promoted via a six-monthly 

newsletter [3]. 

PROGRAM OUTCOMES 

Performance Based Asphalt 

Like the USA and the UK, Australia has generally used dense graded asphalt designed using the 

Marshall method, according to a prescriptive or recipe-based specification [12].  Between 2012 and 

2016, some airports experienced significant asphalt surface distress which, in some cases, required 

significant early-life maintenance or complete surface replacement, well before expected [13].  The 

primary distress modes included groove closure, top-down cracking and shearing or shoving under 

heavy aircraft braking (Figure 1). 

   
(a) (b) (c) 
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Typical airport asphalt distresses including (a) shearing, (b) top-down cracking and (c) groove closure. 

With the aim of allowing asphalt contractors to innovate for better asphalt surface performance, a 

performance-based specification for dense graded asphalt was developed in 2017 and published in 

2018 [14].  The specification retains the traditional volumetric mixture composition because it offers 

a known and reliable resistance to age-related coarse aggregate ravelling, as well as a balance 

between early-life performance and expected life.  The main differences compared to the traditional 

specification, were: 

Allowing the mixture designer to select any grade, bespoke or proprietary bituminous binder to 

meet the performance requirements. 

Focusing the asphalt mixture design on performance properties indicative of moisture damage, 

fracture (fatigue cracking) resistance and deformation (rutting, shearing and groove closure) 

resistance. 

Transitioning from deterministic and prescriptive methods to statistically-based outcome-focused 

requirements for asphalt production and construction. 

The opportunity to update and modernise the specification was also taken.  Changes include 

allowing RAP to be optionally included in the mixture, use of calibrated density gauges for density 

verification and more realistic production tolerances that recognise the natural variability of materials, 

production processes and construction methods. 

 Further work is expected to review the reasonableness of the production and construction 

tolerances contained in the current specification.  The development of a performance test for ravelling 

resistance of asphalt mixtures will also allow a further transition to performance-based design of 

airport asphalt surfaces. 

Ungrooved Runway Surfaces 

As stated above, Australia has traditionally constructed dense graded asphalt mixtures for runway 

surfaces [12].  To increase aircraft skid resistance 6 mm by 6 mm grooves have been commonly 

sawn transversely across runways at 38 mm spacing, since the 1990s.  However, as noted above, 

the grooves sometimes closed and many airports would not choose to groove if they were not 

effectively forced to do so by regulation [15].  To achieve regulatory compliance, the alternate to 

grooving is ongoing friction testing, although dense graded asphalt does not always achieve the 

minimum levels of friction required, or a surface with natural surface texture exceeding 1 mm [16]. 

In contrast to Australia, many countries in Europe and Asia do not groove asphalt runway 

surfaces.  Rather they use alternate asphalt mixtures with natural surface texture exceeding 1 mm.  

Examples include open graded friction course (OGFC) and beton bitumeux aeronautique (BBA) 

(Figure 2) as well as ultra thin friction course [17] but by far the most common ungrooved asphalt 

runway surface material is stone mastic asphalt (SMA) [16]. 
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(a) (b) 

Ungrooved asphalt runway surfaces, including (a) OGFC and (b) BBA. 

In 2018, the process of introducing SMA as an ungrooved runway surface in Australia 

commenced.  The process included developing a draft specification, based on Australian road and 

international airport SMA use, a laboratory evaluation of trial mixtures to verify that SMA can meet 

the airport asphalt performance requirements [16] and a field validation to demonstrate field 

performance, as well as the as-constructed surface texture and friction characteristics, which can not 

be reliably measured in the laboratory. 

The draft specification was modelled on the performance-based airport asphalt specification for 

dense graded asphalt [14] with minimal critical changes [18]: 

Constituent materials.  Reduced flakiness index to ensure cubic coarse aggregate. 

Mixture design.  Incorporation of binder drain-down limits, a limit on hydrated lime content and 

adoption of SMA volumetrics, such as grading, binder content and air voids. 

Asphalt production.  Production based on Marshall properties, with the blows reduced to 50 per 

face to reduce the risk of crushing the aggregate. 

Asphalt construction.  Preclusion of pneumatic tyred rollers to avoid pick-up of the hot surface. 

Acceptance testing.  Addition of surface texture testing to confirm the 1 mm has been achieved. 

A cost-benefit analysis indicated that resurfacing a runway with SMA is estimated to cost 

approximately the same, or slightly less, than surfacing with a grooved dense graded asphalt, but is 

expected to last 4-6 years longer, providing significant whole of life benefit [19].  Importantly, an 

ungrooved SMA is not suited to every airport.  The ideal airport for an ungrooved SMA runway 

surface is located in a semi-arid region, where the runway length is relatively long compared to that 

required by the critical operating aircraft, and where high-quality aggregate is locally available.  A 

number of airports have been identified as being suitable and the first to be resurfaced with 

ungrooved SMA is expected later in 2019. 
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Proprietary Asphalt Binders 

A key element of the performance-based specification of airport asphalt was allowing the mixture 

designer to select any grade of binder or develop a bespoke or proprietary binder for the project to 

meet the asphalt performance requirements [13].  Prior to and since that specification was 

developed, asphalt contractors have developed a range of proprietary binders for improved asphalt 

performance [20].  Some of these are elastomeric, some are plastomeric and some are hybrids, and 

their different response to a single load application and recovery cycle in the dynamic shear 

rheometer is clear (Figure 3). 

 

Example response of different binder types to a shear stress and recovery cycle. 

At least 12 airports now have some pavement surfaced with one or more of these products.  In 

2018 a review of the performance of surfaces containing proprietary binders found that [21]: 

All products generally achieved the performance testing requirements contained in the 

specification across various aggregate sources. 

Surfaces produced with proprietary binders showed no sign of groove closure, which was the 

primary aim of their development. 

Some surfaces showed unusually early opening of paving joints (Figure 4) which likely reflects the 

reduced workability and high resistance to creep of the stiffer mixtures. 

Surfaces of similar age and produced with the same proprietary binder showed significantly 

different ageing profiles, indicated by mastic erosion, suggesting that factors other than the 

binder properties significantly affect the erosion of the fines and therefore the ravelling of 

coarse aggregate, and by association, surface life expectancy. 
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Example of early longitudinal construction joint opening.  

Future developments are expected to concentrate on an accelerated ageing and surface erosion 

test protocol to allow objective comparison of mixtures, binders and treatments, as well as developing 

better construction techniques to minimise the risk of cold joints opening.  Some contractors have 

already transitioned from plastomeric to hybrid, or elastomeric, proprietary products to avoid this 

issue. 

Gauge Based Asphalt Density Measurement 

The traditional approach to field density verification during airport asphalt surfacing is destructive 

coring.  For typical production rates, ten cores would be taken from the mat and four cores from the 

paving joints, each and every work period.  Over a typical runway overlay project, that would be 

around 250 cores, each of which introduces a weak-spot in the new surface.  Recent projects have 

used calibrated nuclear and non-nuclear gauges in lieu of destructive coring for density verification 

[11]. 

When using a density gauge, the reliability of the calibration is critical to having confidence in the 

gauge results.  The asphalt construction trial provides a formal opportunity to calibrate the gauge to 

the specific mixture being used and an example of the resulting calibration for a nuclear gauge is in 

Figure 5. 
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Example density gauge construction trial calibration. 

Nuclear gauges are well established and have a long history of use.  However, they are logistically 

challenging with formal user licencing requirements and transportation restrictions.  Consequently, 

non-nuclear gauges are gaining interest.  A non-nuclear gauge was trialled as part of a recent runway 

overlay.  An initial calibration was performed during the construction trial and then adjusted during 

the first few shifts.  The overall correlation was adequate (Figure 6) and provided a good basis for 

the discontinuation, or at least reduction, of destructive coring.  The project-based investigation also 

found that [11]: 

Asphalt temperature affected the gauge-measured density, so testing should be conducted one 

shift behind construction, to allow the surface to cool to a temperature consistent with the 

temperature during calibration. 

Surface moisture affected the gauge-measured density and surfaces should be tested when dry. 

Better correlation between the gauge and core density results was achieved when the gauge was 

placed directly over the location of the core, compared to the average of five results from a 

‘clover leaf’ pattern of gauge readings taken around the location of the core. 
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Example of non-nuclear density gauge air voids content compared to air voids content measured from 

intrusive cores. 

Future research is expected to consider extending the calibration to include temperature and 

moisture adjustment factors, which would allow the gauge to be used in a broader range of 

conditions, including during the compaction operation, when the surface is unavoidably wet and 

variably hot.  A comparison of a nuclear gauge to a non-nuclear gauge would also be beneficial. 

Laser based Texture Measurement 

With an increased focus on runway skid resistance management, there is an increase in direct 

measurement of pavement surface texture.  Traditionally, a volumetric approach was taken, with the 

sand-patch test most common.  However, the sand patch test is time consuming and its repeatability 

is dependent on the tester. 

Laser scanners for texture measurement are now commercially available and a hand-held device 

was trialled in 2018 [22].  The device scans a complete circle of 100 mm radius and uses the 

measured profile depth to estimate an average volumetric texture depth, equivalent to the volumetric 

sand patch texture measurement (Eq. 1) [23].  Across a range of asphalt surfaces, with generally 

0.5 mm to 1.5 mm surface texture, the standard conversion between measured and average texture 

depth was reliable (Figure 7).  However, when smooth concrete and flushed seals (texture depth 

less than 0.5 mm) and aged sprayed seals and textured concrete (texture depth exceeding 1.5 mm) 

were included, the standard relationship was less reliable (Figure 8) and an alternate (quadratic) 

conversion was recommended as being optimal (Eq. 2) [24]. 
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Correlation between laser texture meter and sand patch texture for typical asphalt surfaces. 

 

Alternate correlations for laser texture meter and sand patch texture for broad range of surfaces. 

Texture depth (mm) = 0.2 + 0.8 × measured texture depth (mm) .............................. Equation 1 
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Texture depth (mm) = 0.14 × (profile depth)2 + 0.78 × profile depth + 0.09 ............. Equation 2 

With regulators requiring airports to demonstrate compliance with standards relating to surface 

texture and friction measurement, it is expected that an increase in texture measurement will be 

required.  A laser-based device is well suited to any application where a high number of texture 

measurements is required.  It is also expected that an outcome based sprayed seal rolling effort 

could be based on the evolution of surface texture, as an indication of cover aggregate orientation in 

the future. 

Recycled asphalt pavement 

Reclaimed or recovered asphalt millings are the most recycled material in asphalt [25].  For many 

years, airport asphalt surfacing specifications precluded reclaimed asphalt (RA) with the existing 

surface millings, as well as the removed temporary construction ramps disposed as waste.  However, 

the performance-based asphalt specification [14] optionally allows RA, as long as a separate mixture 

design is prepared to demonstrate full compliance with the specification. 

In 2018, two runway resurfacing projects were completed using RA from the millings of a corrector 

layer and temporary ramps in a portion of the runway wearing course production.  This saved 

approximately 210 t of bitumen and 3,300 t of crushed rock and natural sand, worth around AU$500 k 

of raw materials across the two projects. 

Comparison of the asphalt RA testing, asphalt production results and surface construction results 

found [26]: 

RA from correction layer milling and temporary ramp removal was consistent. 

Incorporating up to 10% RA, which replaced approximately 9.5% aggregate and 0.5% binder, had 

minor, but inconsequential, effect on the mixture density and Marshall properties. 

Incorporating up to 10% RAP had inconsequential effect on asphalt paving, compaction and finish. 

Interestingly, a reduction in ungrooved runway surface friction was associated with sections of the 

runways containing RAP in the wearing course (Figure 9).  No reason for this was determined but it 

was hypothesised that some double coating of the aggregate particles with bituminous binder may 

inhibit surface friction without affecting surface texture, but further investigation is required to 

understand this phenomenon. 
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Example of effect of RAP on surface friction. 

Standardised Spray Sealing Specification 

As discussed above, the majority of Australia’s paved airports have a sprayed seal surfacing [1].  

This is surprising to many countries but there is a long track record of good performing seals on 

runways for up to B737/A320 sized aircraft [8].  However, sprayed seals for airports must be selected, 

designed and constructed differently to road seals to achieve outcomes that are suitable to aircraft 

operations.  Where these airport-specific requirements have been ignored, significant early-life seal 

distress has resulted, primarily either as gross wheel path flushing, or as excessive aggregate loss 

from the surface (Figure 10).  Wheel path flushing inhibits surface texture and friction and can 

contaminate aircraft tyres, while excessive aggregate loss reduces the life of the seal and the loose 

aggregate presents a hazard to aircraft, particularly those with low-slung jet engines. 

  
(a) (b) 

Examples of airport sprayed sealing (a) flushing and (b) stripping. 
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Aiming to address these issues, a standardised sprayed seal design and specification was 

developed in 2018 [27].  The specification deviates significantly from road seal design and 

specification, including: 

Larger aggregate sizes, typically 14 mm with a 10 mm or 7 mm surface layer. 

Higher binder application rates, for example 2.0 L/m2 for a 10 mm seal. 

Increased rolling effort, typically one roller hour per 800 L of sprayed binder. 

Steel drum rolling of the surface seal layer to reduce tyre wear on landing. 

Well designed and constructed sprayed seals provide up to ten years of service, such as the 

example in Figure 11.  The specification also provides guidance on the procurement and delivery of 

sprayed seals for airport pavements and the importance of weather conditions during construction.  

Airports that can not schedule sealing during the driest and hottest weather, or can not be closed for 

sealing during daylight hours, should not be sealed.  Rather, they should be provided with an asphalt 

surface. 

 

Example of well designed and constructed airport sprayed seal. 

RETURN ON THE INVESTMENT 

It is quite reasonable that the financial supporters of the APRP want to understand the return on 

their investment.  Independent financial modelling estimated the annualised financial value of the 

various outcomes to the industry and compared them to the cost of investment.  The benefits were 

extrapolated over all the airports in Australia, taking into account the different sizes and categories 

of airports and their different pavement assets, typical development plans and levels of APRP 

investment (Table I).  Interestingly, the smallest airports, with the least pavement assets per airport, 
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actually have the greatest combined pavement asset base, primarily due to their large number, which 

reflects the large and sparsely populated nature of Australia. 

AUSTRALIAN AIRPORT CATEGORIES 

Fig. 2. Category Fig. 3. Characteristics Fig. 4. Number 

Capital city Two asphalt runways and concrete aprons 10 

Major regional One asphalt runway with asphalt aprons 20 

Minor regional with asphalt One asphalt runway 90 

Minor regional with seal One sprayed seal runway 250 

Major Defence One asphalt runway with concrete aprons 10 

Medium Defence One asphalt runway 10 

Minor Defence One sprayed seal runway 10 

 

The rate and cost of pavement asset development and rehabilitation were estimated (Table II).  

Although not all pavement-related activities are detailed, the values are reasonable ‘on-average’ 

rates of investment in airport pavements. 

AUSTRALIAN AIRPORT PAVEMENT INVESTMENT 

Fig. 5. Category Fig. 6. Pavement works Fig. 7. Estimated cost 
(AU$) 

Capital city Asphalt runways resurfaced every ten 
years 

One concrete apron expended or 
replaced every three years 

$20 M 
$50 M 

Major regional Asphalt runways resurfaced every ten 
years 

Asphalt aprons resurfaced every ten 
years 

$10 M 
$2 M 

Minor regional with asphalt 
/ 

Medium Defence 

Asphalt runways resurfaced every ten 
years 

Asphalt runways upgaded every forty 
years 

$6 M / $10 M 
$20 M / $30 M 

Minor regional with seal / 
Minor Defence 

Sealed runways resurfaced every eight 
years 

Sealed runways upgraded every forty 
years 

$1 M / $2 M 
$8 M / $15 M 

Major Defence Asphalt runways resurfaced every ten 
years 

One concrete apron expended or 
replaced every five years 

$15 M 
$30 M 

 

The APRP initiatives detailed above, as well as rigid pavement related benefits, have tangible 

benefit to airport pavement developments and rehabilitations.  Some benefits relate to reduced risk 

of failure to perform, some benefits extend the life of the pavement or surface, while others provide 
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a direct cost saving.  However, for return on investment modelling, all were converted to an average 

financial value: 

Performance-based asphalt.  Avoidance of 10% of asphalt overlays lasting only 5 years on 

average. 

Ungrooved runway surfacing.  Average $500 k saving per Medium Defence, Major regional and 

Minor regional with asphalt overlays. 

Non-destructive asphalt testing.  0.1% improvement in all asphalt surfacing works. 

Recycling in airport asphalt.  1% saving associated with all asphalt surfacing works. 

More efficient concrete testing.  0.05% saving associated with all concrete pavement works. 

Concrete pavement design efficiency.  0.1% saving associated with all concrete pavement works. 

Asphalt preservation improvements.  Extends the life of Major Defence, Medium Defence, Major 

regional and Minor regional asphalt overlays by an average of 1 year. 

More reliable spray sealing design.  Avoidance of 50% of sprayed seals only lasting on average 

5 years. 

Expedient pavement construction and reuse technologies.  10% saving in asphalt pavement 

rebuilds. 

The benefit of the APRP was estimated for individual airports, the Department of Defence, each 

category of civil airport, as well as the entire airport industry, over a forty-year period.  The forty-year 

analysis was selected to capture the greatest period between assumed pavement upgrades.  The 

benefit was then annualised and compared to the level of investment provided or requested from the 

various airports and the Department of Defence: 

Department of Defence.  $360 k per annum. 

Capital city and some larger major regional airports.  Ranging from $30 k to $80 k per annum, 

depending on the size of the airport. 

Target total investment.  $1,080 k per annum. 

For every dollar that is spent on the APRP each year, the return to the industry was estimated to 

be equivalent to $19.50.  The average return on investment for a single airport, categories of airports 

and the Department of Defence ranged from $2.41 to $24.27, per dollar spent per annum (Figure 11).  

The return on investment for the medium and minor regional airports was infinite, as they do not 

provide direct financial support of the APRP.  However, these regional airports play a critical ‘in-kind’ 

role by providing a lower risk environment for field verification of APRP outcomes. 

These return on investment calculations are inherently conservative because the annual benefit 

was calculated only on APRP outcomes realised and/or expected to become available within the first 

five years of commencement of the APRP, but the annual cost of investing in the APRP was 

extended over the full forty-year analysis period.  That is, the cost of investing in the APRP was 

assumed to continue for forty years, but the future benefits, developed and implemented in year six 
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to year forty, were not considered.  Of course, the analysis relies on the assumption that all airports 

implement all outcomes on all of their airport pavement projects.  Consequently, the return on 

investment must be considered an ‘available’ or ‘potential’ return, subject to the industry adopting 

and implementing APRP outcomes. 

 

Estimated annualised benefit to airport paveemnts per dollar spent on the APRP by categories. 

SUMMARY AND CONCLUSIONS 

The Australian APRP provides an example of collaboration between asset owners, the pavement 

industry and academia, for the betterment of pavement design, construction and maintenance 

technology and practice.  In just three years, significant benefits have been developed and many of 

these are already being implemented by airports, assisted by the collaborative nature of the program.  

The available return on investment of the APRP varies for different sectors within the industry, but 

overall it was approximately $20 per dollar spent on the program, justifying ongoing support in order 

to realise increased benefits in the future. 
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Synopsis—Within the pavement engineering industry, various software packages for 

residual life calculations on occasion provide conflicting or varying results due to built-in 

mathematical assumptions and short-cuts. This causes controversy when fundamental 

principles are sidestepped owing to the ease of use of applicable software programs. The 

predominant use of Gaussian normal distributions for calculations of mean, average, 

ninetieth- or tenth percentile values are in some applications used incorrectly when the data 

cannot be modelled by the typical Bell-curve. The built-in functions for calculating these 

statistical parameters are mostly based on the assumption of normally distributed values. 

Ullidtz [1] showed as early as the 1980s that back-calculated effective elastic moduli for 

flexible pavement structures have a distinct lognormal probability density form. Recent in-

depth calculations of residual life on a flexible pavement was done in the same format where 

each Falling Weight Deflectometer (FWD) measuring point was back-calculated to derive 

effective elastic moduli for each pavement layer. The probability density functions derived 

for the data sets confirmed this lognormal distribution. Following this finding, this research 

is intended to demonstrate applications for analyses of residual life values based on 

lognormal distribution of effective layer moduli versus Gaussian normal distribution by 

multi-layered linear elastic (MLE) software where normal distribution assumptions were 

made. The research also demonstrates three distinct applications of the probability density 

function approach in quantifying deterioration, quality control during construction, and 

relative weak spot identification.  

Keywords—statistical analysis; deterioration; probability density functions; flexural 

response 
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TABLE I.  INTRODUCTION 

The use of statistical analyses in the engineering industry is by no means a new concept. It is, 

however, the application thereof and the understanding of the fundamental principles applied that 

determines the usefulness as an analysis tool.  

The objective of this paper is to re-affirm the reader with the known statistical concepts frequently 

applied to quality control and acceptance of results but further elaborating on its usefulness whilst 

quantifying, specifically, Falling Weight Deflectometer (FWD) test results during the calculation of the 

elastic response under loading. This directly impacts the possible results when determining the 

remaining life of a given pavement structure. In pavement engineering, it is relatively rare for data 

sets to have a perfectly symmetrical normal distribution. This is due to the nature of any material that 

degrades over time (or fails due to fatigue). Each FWD measured point represents a unique 

pavement system combination which in itself epitomises a unique pavement response. The 

uniqueness of a specific point is often camouflaged in blindly averaging results. Pavements tend to 

fail on specific points related to this unique variance in pavement strength combinations or response.  

The concept of Probability Density Functions (PDFns) is used to describe the probability 

distribution of a continuous random variable. The probability for a specific value to occur in a data 

set is denoted by the quantum of the probability density function. If the value is likely to occur, the 

probability is high and returns a large value for the probability density function.  

It is therefore useful when comparing different data sets over time to accurately view changes in 

properties. It can be used to explain the concept that a pavement will fail at a specific point due to 

specific values denoting distress. Averaged values will hide weaker spots over the length of a section. 

The statistical procedures used during quality control and quality acceptance frequently dismisses 

some values as outliers, when in reality it may be an indicator of localised weak points.  

The process of determining the probability density function is relatively simple. It entails the use 

of basic statistical mathematics, but with the correct application in, for example, Microsoft Excel. It is 

often forgotten that Excel’s built-in functions to calculate statistical parameters, like percentiles and 

standard deviations, assumes the data points in the sample is normally distributed. Ullidtz [1] showed 

as early as the 1980s that back-calculated effective elastic moduli for flexible pavement structures 

have a distinct lognormal probability density form. At best, most samples have a Weibull distribution, 

but it is generally the most accurate to transform the data to obtain the lognormal distribution. 

The variables in a system, specifically in large datasets pertaining to pavement engineering, 

frequently have an exponential relationship. This is seen when plotting data, for example, stress 

versus strain curves during fatigue testing. By increasing the applied strain during testing, the 

developed stress increases exponentially.  

The basic exponential relationship, x=ew , represents variables in a system. A random variable of 

the dataset, W, implies that X= eW is also a random variable. The observation of the data points is 

that W is normally distributed. Therefore, the transformation, ln(X) = W, will result in the natural 

logarithm of X to also be normally distributed. It must be noted that X can only be larger than zero.  
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Montgomery and Runger [2] explains the lognormal distribution as follows: 

 Equation 1 

TABLE II.  HANDLING OF DATA AND DEVELOPING A PROBABILITY DENSITY FUNCTION 

The following are certain definitions one should know to properly understand the Lognormal and 

Weibull distributions:  

• Mean: Summing all data points and dividing by the number of data points. In everyday terms 

one can say the mean is the average of your data.  

• Variance: The technical definition is the average squared differences from the mean. In simple 

terms the variance is a measure of how spread out the data is from the mean.  

• Standard deviation: The square root of the variance returns the standard deviation of a data 

set. Variance gives a rough idea of how the data is spread out, but the standard deviation 

gives the exact distances from the mean.  

A simple way to understand a probability density function is that the area below this function is the 

probability of finding data in between an arbitrary interval. The entire area below the function will be 

1, meaning that the probability of finding data from the start to end points is 100%. By taking the area 

under the graph between any two points the conclusion can be made of how often, or how likely, a 

specific value’s occurrence within a dataset is. In layman’s terms it can be stated that the 

corresponding probability gives an indication of how much of the data lies within a certain interval.  

A. Lognormal distribution  

A lognormal distribution is typically used when the logarithm of the data has a normal distribution. 

A normal distribution is when the data is nearly symmetrically distributed about the mean and the 

data forms a bell curve with majority of the data lying close to the mean. The mean and variance can 

then be determined and compared to the actual mean and variance to confirm that the data has a 

lognormal distribution. 

The steps to plot a probability density function for a lognormal distribution are as follows: 

 Apply the natural logarithm to your data per data entry. 

 Determine the mean and variance of the natural logarithm of the data. This should be 

calculated using the normal statistical formulas, e.g. for mean, use the sum of the data 

divided by the number of data points.  
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 Calculate the mean and variance by using the formulas stated above. Apply the natural 

logarithm to the mean and variance calculated from the formulas, the mean and variance 

should now be the same using both methods. This step is used to confirm that the data has 

a lognormal distribution.  

 Populate seed values (x-values) at any increment and use the built-in function in Excel to 

determine the specific corresponding probability for the relevant seed value. These will 

provide y-values of the probability density function. 

 Plot the values to obtain the probability density function graph.  

 The area under this graph can now be used to calculate the probabilities of data occurring 

in certain intervals by getting the area under the graph between any two points. 

 Through a numerical iterative process using Excel’s Goal Seek function the precise 

percentiles can be calculated. 

TABLE III.  USING PROBABILITY DENSITY FUNCTIONS TO QUANTIFY DETERIORATION 

Annual measurements relating to flexural response under loading on a heavily trafficked South 

African major route were captured and analysed. A better approach was needed to identify the extent 

of damage that has occurred based on a summary of the historic and more recent deflection test 

data. 

The deflection bowl parameters were determined over a span of equally spaced periods. FWD 

deflection bowl parameters are often used in a benchmark methodology [3]. The deflection bowl 

parameters most useful to indicate pavement structural conditions are summarised as follows: 

 Maximum deflection; Ymax: Total pavement response 

 Lower Layer Index; LLI: Subgrade and selected material response 

 Middle Layer Index; MLI: Subbase response 

 Base Layer Index; BLI: Base and surface layer response 

 Radius of Curvature; RoC: Upper 75mm of surface layer response 

Normally, deflection bowl parameter benchmark analyses are used to identify areas or zones in 

the pavement structure that is structurally relatively weak. The data showed the same relatively weak 

or structurally stronger sections, or areas, were consistently identified over time. However, to observe 

a trend in the scatter of the data points a better statistical approach needs to be employed to see the 

change over time in material stress response. It was therefore decided to analyse the probability 

density function for each deflection bowl parameter. These graphs give a good representation of the 

change in the data over time. 

The statistical parameters, like the mean and 90th percentiles, were also calculated to prove 

whether the data changes over time or not. This serves to isolate the depth of the pavement structure 

at which changes may have occurred. The analysis was repeated for all the deflection bowl 
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parameters starting from the bottom upwards. The BLI probability density functions for the four 

measurement occurrences over a span of more than three years is shown on the Figure 1 to follow.  

 

Fig. 1. Probability density function illustrating deterioration 

It is observed that the mean, median and 90th percentiles increase over time. This denoted 

deterioration of the surface and base layer combination over time. In light of the calculations of the 

MLI (not shown or discussed here) and not showing the same deterioration trend it can therefore be 

stated the deflection trend of the base and surfacing layers clearly was not due to the deterioration 

of the supporting layers. 

It is important to note that the deflection bowl parameters are tied to a specific position on the 

pavement in terms of chainage and over the width of the pavement structure. It can be misleading 

to attempt to base judgement on an average value for a population of a specific deflection bowl 

parameter. It is therefore correct, or better, to base such judgement on percentile values. The 

concept leans itself to accurately express that at the 90th percentile, therefore 10 percent of all the 

values are indicative of a “worse” value. 

The difference between assuming a normally distributed dataset, as opposed to a lognormal 

distribution is best illustrated with actual data. Table 1 highlights the danger of the assumption of 

normally distributed data and shows that the 90th percentile is consistently underestimated. 

Therefore, the engineer interpreting the data and results will overestimate the pavement’s structural 
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integrity. This has a direct impact on residual life calculations using multi-layered linear elastic (MLE) 

software packages. The returned compounded error will provide an inflated or extended remaining 

life. It can then be said that the use of lognormal distributions during analyses is a much more 

conservative approach in quantifying long-term pavement performance and its corresponding 

parameters. 

TABLE II.  IMPLICATION OF ASSUMED DISTRIBUTION ON STATISTICAL PARAMETERS 

 

90th Percentile of BLI Data 

Comparison Between Distribution 

Types 

Year 1 Year 2 Year 3 Year 4 

Normal 108 154 158 164 

Lognormal 130 140 168 171 

 

Through the probability density functions, it could be seen that a lognormal distribution best 

models the data points. The statistical parameters (such as mean, median, standard deviation, and 

90th percentiles) were in turn used to deduce trends over time. The 90th percentile was the only 

statistical parameter used for judgement to determine the condition of the pavement structural 

integrity. 

TABLE IV.  QUALITY CONTROL APPLICATIONS OF THE PROBABILITY DENSITY FUNCTION 

The application of this analysis process, using PDFns, is nearly limitless. During construction the 

shape of the PDFn can be used to compare and gauge whether good quality standards were upheld 

during construction. In this case the stock standard use of the normal distribution is used to illustrate 

the value of analysing the data with the help of PDFns. In the graph to follow on Figure 2, two asphalt 

mixes for different contracts on the same route are shown. The following factors, among others, were 

the same for the two sections: 

 traffic loading  

 environmental aspects 

 mix design specification of asphalt surfacing 

 the type of binder 

 the same contractor and paving team 

The differences that should be noted were: 

 Aggregate used in the asphalt mix 

 Plant (e.g. the premix plant) used to manufacture the mix 
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When assessing the variation in the asphalt mixes, the acceptance control film thickness values 

reported were close, but more detailed analysis proved that there are significant differences in the 

quality of the data itself. The first aspect of the PDFns observed is the peakedness or conversely, 

the flatness, of the PDFns. With a high peak, it implies the average or median values have relatively 

low standard deviation around that value and the results therefore do not have large outlier extremes 

on the ends of the normal curve. If flat with a low peak, it implies the average or median values have 

relatively large standard deviations with high percentages or probabilities for values to occur on the 

extremes of the PDFn. 

 

Fig. 25. Probability density function illustrating comparison for quality assurance 

In both these sections the specification prescribed film thicknesses were between 5.5 to 8 micron. 

Film thickness is highly dependent on the specific area of the aggregate grading. This implies the 

finer portion of the mix (inclusive of the filler portion) will influence the film thickness most due to its 

proportional higher specific film areas. On a relative basis, the lower range of film thicknesses 

represented by the 10th percentile values showed on Figure 2 that Section 2 was lower than the other 

data set for Section 1.   

This predicts Section 2’s tendency to exhibit more problems than Section 1. These problems are, 

among others, the propensity for permeability concerns [4], shorter life for the surfacing layer, faster 

binder aging, and lower fatigue resistance. Therefore, the probability of durability related failure on a 

random basis is higher for Section 2 than for Section 1. Actual field observation over time confirm 

this durability behaviour.   

The fact that the PDFn shape follows a normal curve for both sections but Section 2 is flattened, 

implying higher variability and more potential on the extremes of the low film thickness distribution, 
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to be more prone to associated problems. The film thickness of Section 1 is peaked implying low 

variability around acceptable film thickness mean values. The mean value for Section 2 is low and 

therefore, this data set would have higher propensity for potential problems, which has been 

observed in the field [4].  

TABLE V.  RELATIVE COMPARISONS OVER THE WIDTH OF A RUNWAY USING PROBABILITY DENSITY 

FUNCTIONS 

An airport in Southern Africa was surveyed using a Falling Weight Deflectometer (FWD) on the 

runway. The FWD survey was done along the centre line and at off-sets of 5m, 10m and 15m both 

sides of the centre line. The drop weights were varied from 40kN (contact pressure 566kPa) to 120kN 

(contact pressure 1700kPa). The latter contact pressure is in line with typical aircraft contact 

pressures while the 40kN (566kPa contact pressure) is in line with typical road pavement loading 

conditions. 

The back-calculated elastic moduli are represented by a lognormal distribution. The probability 

density functions are summarised on the graphs to follow. The summaries show the functions 

separated into the three layers (Surface; Base & Subbase; Subgrade). These graphs simplify all the 

data and make for better comparison over the width of the runway. 

Figure 3 depicts the probability density function for the surface layer. The y-axis shows the 

probability expressed as a fraction between 0 and 1. The X-axis show the E-values in MPa. It shows 

that 15m right of the CL, the surfacing has a lower probability to be less than 1500 MPa compared 

to elsewhere over the width of the runway. The higher peak of that specific function (15m Right of 

CL) also indicated higher probability for material to have an E-value of 5000 MPa, whereas the other 

probability density functions denotes median values of higher strengths.  
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Fig. 26. Probability density function for the surface layer 

A higher peak on the graph, as well as a narrower graph, generally denotes lower variance and 

lower standard deviations for the data (as seen above for 15m Right of CL on Figure 3). A higher 

peak is associated with higher probability for the peaked values to occur within the dataset. The peak 

of the graph does not indicate the average of the values. The average, or mean, is to the right of the 

peak. The probability density function for the base and subbase G6 combined layer is indicated on 

Figure 4.  
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Fig. 27. Probability density function for the base & subbase layer 

The probability density function for the subgrade (a G7 material according to TRH 14 

classification) [5] layer is indicated on Figure 5. It shows an indication that the subgrade of the runway 

at a 10m offset to the left of the centre line is stronger in terms of the elastic strength properties of 

the material. From both Figure 4 and Figure 5, it can be seen that the statistical parameters indicate 

that there are generally less variability in the E-values to the left of the CL. This is indicated by the 

higher peaked probability density function.  



 

120 | P a g e  
 

 

Fig. 28. Probability density function for the subgrade layer 

TABLE VI.  CONCLUSIONS AND RECOMMENDATIONS 

The relative simplicity of using statistical analysis tools creates an opportunity to report on trends 

and results in a visual manner that is easily understood. The PDFns developed and reported on in 

this technical paper has been shown to be immensely useful in quantifying either the trend in 

deterioration, the use during quality control during construction, and comparing adjacent sections in 

order to determine relative weak spots in a pavement structure.  

It was discussed in broad terms on how to develop lognormal probability density functions. It was 

then illustrated that the shape and relative size of the developed curve can provide good insight in 

terms of the quality of the data, as well as mapping the trends for failure mechanism identification.  

It was shown that the same section of road measured over time at different occasions may provide 

sufficient data to illustrate the quantum with which pavement materials degrade to eventually reach 

the pavement’s terminal condition. In industry FWD measurements are a fantastic tool to give 

benchmarked ranges in terms of a pavement’s flexural response under loading. By developing 

PDFns, a strong visual representation can be shown to explain the rate of deterioration increase over 

time. 

In applications relating to quality control during construction, the developed PDFn can easily be 

compared to data from similar projects. It was shown that two projects with similar variables kept 

constant, showed different propensities for potential problems. The shape of the resulting curves 

immediately shows the extent of variability in the dataset. The first aspect of the PDFns that were 

observed was the peakedness or flatness of the PDFns. If peaked it implies the average or median 
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values have relatively low standard deviation around that value and the results therefore do not have 

outlier type extremes on the ends of the normal curve. If flat it implies the average or median values 

have relatively large standard deviations with high percentages or probabilities for values to occur 

on the extremes of the PDFn. It also shows the amount or probability of variance for selected values.  

Airport pavements leans itself to the opportunity to draw comparisons relative to the chainage and 

width of the facility (in this case, runway) for the back-calculated material properties. It immediately 

highlights were relative weak spots occurs.  

It is therefore, not sufficient any longer to merely base judgement on a pavement’s performance 

only on averages, or prescribed statistical analyses. It is becoming imperative to construct at a high 

quality level and correcting as results highlight specific problem areas. It is too often that the law of 

averages hides localised weak areas and outliers are dismissed as anomalies. This developed 

analysis tool enables engineers to make better judgement calls and apply critical thinking in how data 

is handled. 
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Synopsis—Geosynthetic reinforcement has traditionally been used beneath asphalt 
overlays to prevent potential reflective cracking. Recently, there has been a move towards 
using asphalt reinforcement to improve the structural capacity of pavement. On a project 
executed in the Northern Cape, a 1.5-kilometre road had to be rehabilitated. A visual 
assessment indicated that the surfacing of the road was in a poor condition and would have 
to be replaced. Based on falling weight deflectometer data, the road was divided into three 
uniform pavement sections. The two outer sections had sufficient structural capacity to 
withstand the predicted traffic loading, but the middle section did not. For the middle section, 
three rehabilitation options were considered: (1) an asphalt overlay of 85 mm thick, (2) a steel 
asphalt reinforcement geogrid with an asphalt overlay of 60 mm thick, (3) and a recycled 
base/subbase of 300 mm thick with an asphalt overlay of 40 mm thick. The cost and the 
constructability of the various options were assessed, and the geogrid was selected for 
implementation, because it was found to be the most appropriate solution. After the geogrid 
had been installed, falling weight deflectometer tests were repeated to confirm the 
pavement’s structural capacity. The results indicated that the geogrid-reinforced asphalt 
overlay improved the structural capacity of the middle section of the road sufficiently for it 
to withstand the predicted traffic loading. 

Keywords—asphalt; case study; geogrid; overlay 
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INTRODUCTION 

Reinforcing grids have been used to improve the engineering properties of asphalt pavement 
layers since the early 1980s. Brown et al. [1] reported that grids could extend the fatigue life of an 
asphalt mixture by a factor of up to 10. The performance of grid-reinforced asphalt overlays is difficult 
to predict, however. [2] Consequently, there has been resistance to the implementation of such 
overlays. 

On a project that was recently executed in the Northern Cape, a steel mesh geogrid-reinforced 
asphalt overlay was successfully used to improve the structural capacity of a section of an urban 
collector road that had to be rehabilitated. The section of road was restored in such a way that current 
and future traffic demands could be accommodated, and that the road could be reopened to traffic 
in the shortest time possible with the least amount of traffic disruption. 

In this paper, the condition of the road that had to be rehabilitated, the rehabilitation options that 
were considered, the installation of the geogrid-reinforced asphalt overlay, and the performance of 
the pavement after the installation of the overlay are discussed. This case study proved the 
usefulness of asphalt reinforcement in improving the structural capacity of a pavement. 

ROAD CONDITION 

The site is located in the semi-arid region of the Karoo in the Northern Cape province of South 
Africa. Temperatures in this region vary between 7ºC in the winter and 33ºC in the summer, and the 
average annual rainfall ranges between 300 mm and 600 mm. The topography of this region is flat. 

To determine the functional and structural capacity of the road that had to be rehabilitated, a visual 
assessment was performed, several test pits were excavated, material was sampled and tested, and 
falling weight deflectometer (FWD) measurements of the pavement were taken. 

Visual assessment 

The road was characterised mostly by the following distresses that were encountered: 

dry and brittle surface with surface cracking 

poor patching 

longitudinal and crocodile type cracking 

isolated edge breaking. 

A visual condition index (VCI) analysis was used to calculate the condition of the pavement for 
every 10 m of road, because the VCI method combines the visually recorded data for individual types 
of distress into an index that represents the general condition of the pavement. The calculations were 
carried out in accordance with the method described in the TRH 22 [3]. The VCI for each section of 
road is depicted in Fig. 3. The figure provides an indication of the road’s riding quality and functional 
integrity, where a VCI of 100% depicts a perfect road and a VCI of 0% depicts an impassable road. 
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Fig. 3: Visual condition index for project road 

The road can be said to have been in a poor condition, with an average VCI of approximately 
39%, mainly due to the cracking of the surface and the poor condition of the patching. 

Pavement material investigation 

Once the visual assessment had been completed, several test pits were excavated, and materials 
were sampled to determine the properties of the layerworks. An effort was made to assess the in-
situ strength of the pavement with the use of a dynamic cone penetrometer (DCP), but due to the 
coarseness of the pavement materials the device struggled to penetrate the layers, and the test was 
abandoned. 

The centre line investigation results indicated that the surfacing was a 15 mm to 20 mm thick 
bituminous seal in a dry and brittle state. The base material consisted mostly of semi-rounded quartz 
particles with some calcrete and banded ironstone of average G6 quality, and the thickness of the 
layer varied between 100 mm and 250 mm. The subbase layer consisted mostly of medium, coarse, 
banded ironstone material of average G7 quality, with a thickness that varied between 75 mm and 
140 mm. The layer had previously been stabilised and was difficult to excavate. The selected layer 
consisted of a G7 quality calcrete material. 

Deflection testing 

FWD measurements were performed on the road pavement using a standard load of 40 kN, a 
load plate with a diameter of 300 mm, and deflection offsets of 0 mm, 200 mm, 300 mm, 400 mm, 
600 mm, 750 mm, 900 mm, and 1200 mm. From these measurements, the following deflection bowl 
parameters [4] were determined: 

YMAX    : D0 (whole pavement) 

Base layer index (BLI) : D0 minus D300 (upper pavement layers) 

Middle layer index (MLI) : D300 minus D600 (lower pavement layers) 

Lower layer index (LLI) : D600 minus D900 (subgrade) 

The FWD measurements were analysed in order to: 

identify pavement sections that were uniform in their response to the applied FWD load 
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obtain an understanding of the inherent bearing capacity of each uniform section through the 
analysis of back-calculated layer stiffnesses 

estimate the pavement’s remaining life by incorporating the findings of a detailed visual 
assessment and a test pit investigation. 

Uniform pavement sections 
The cumulative sum of the deviation of data from the mean method (CuSUM) [4] was used to 

assist with the identification of uniform sections. Three parameters, the BLI, the MLI, and the LLI, 
were normalised and added together to generate the CuSUM graph in Fig. 4. The maximum 
deflections (Ymax) and 90th percentile deflections are plotted on the secondary axis of Fig. 4. Three 
uniform sections were identified on the project road; they are indicated in Table 1. The data sets for 
sections 1 and 3 were similar and were consequently analysed as a single section. The second 
uniform section had several high-deflection points. 

Horak [5] published deflection bowl parameter benchmarks that indicate the structural soundness 
of pavements. The structural condition rating criteria for pavements with granular bases are given in 
Table 2. The calculated deflection bowel parameters were plotted against these criteria as indicated 
in Fig. 5. The areas where warning or severe structural conditions were observed are highlighted in 
red. The positions of the test pits are indicated by blue dots. From Fig. 5, it can be seen that most of 
the road was in a sound condition, while isolated spots were in a warning condition. The most critical 
positions were located in Section 2. 

 

Fig. 4: Normalised cumulative deflections, maximum deflections, and 90th percentile deflections 

TABLE 1: SUMMARY OF UNIFORM SECTIONS 

Section Start End CoV 90th percentile Ymax 

1 0.00 0.525 22% 353.4 μm 

Secti

on 1 

Secti

on 2 

Secti

on 3 
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2 0.525 1.025 44% 580.0 μm 

3 1.025 1.46 25% 414.8 μm 

 

TABLE 2: DEFLECTION BOWL PARAMETER STRUCTURAL CONDITION RATING CRITERIA [5] 

Structural condition rating 
Deflection bowl parameters 

Ymax (μm) BLI (μm) MLI (μm) LLI(μm) 

Sound <500 <200 <100 <50 

Warning 500–750 200–400 100–200 50–100 

Severe >750 >400 >200 >100 
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Fig. 5: Structural soundness based on deflection bowl parameters 

Estimated layer stiffnesses 
“Back-calculation” is a mechanistic evaluation of pavement surface deflection basins generated 

by the FWD’s applied loads [6]. A measured surface deflection is matched (within a tolerable margin 
of error) to a calculated surface deflection generated from an identical pavement structure using 
assumed layer stiffnesses (moduli). The assumed layer moduli in the calculated model are adjusted 
until they produce a surface deflection that closely matches the measured one. The combination of 
assumed layer stiffnesses that results in this match is then assumed to be near the actual in-situ 
moduli for the various pavement layers. 

This iterative process was performed on the measured deflection basins with the aid of the 
Rubicon software package. Deflection bowls that represent average responses were selected from 
each uniform section for this analysis. Back-calculated layer stiffnesses, together with the layer 
thicknesses used, are presented in Table 3. The surfacing was not considered in the analysis 
because it was only 20 mm thick. 

TABLE 3: BACK-CALCULATED LAYER STIFFNESSES FOR UNIFORM SECTIONS 

Uniform section Stiffness (MPa) 

Base Subbase Selected Subgrade 

1 1,500 300 250 200 

2 400 150 120 100 

3 900 500 450 250 

Thickness (mm) 150 mm 150 mm 300 mm  

 

The back-calculated stiffnesses given in Table 3 indicated that the pavement was generally in a 
sound condition in sections 1 and 3. The high base layer stiffnesses in these sections might be 
attributed to the natural self-cementing properties of the calcrete material identified during the 
materials investigation. It is evident that Section 2 was weaker than the other two sections. 

Remaining life 

The remaining life of the pavement was calculated using a mechanistic and an empirical approach. 

Mechanistic approach 
A mechanistic pavement analysis was performed to determine the remaining life of the road 

sections. A standard 80 kN axle with dual wheels spaced at 350 mm and tyre pressures of 750 kPa 
was applied to the pavement, and the resulting stresses and strains were calculated at different 
locations in the pavement structure. Material transfer functions that related the stress and strain 
levels to a number of load applications were then used to determine the remaining 80 kN axles that 
could be carried on the road. The transfer functions developed by Theyse et al. [7] were specifically 
developed for southern African conditions, and were used in the analysis. Because of the self-
cementing action of calcrete road-building material and the high back-calculated stiffnesses, the base 
layer was modelled as a cemented material. A 90% reliability and dry climatic conditions were applied 
throughout the analysis.  

Empirical approach  
The remaining structural life of the pavement was also determined using the AASHTO [8] and the 

pavement number (PN) [9] design methods. The AASHTO structural number (SN) method is an 
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empirical method based on results obtained by means of the AASHTO road test done in the late 
1950s to early 1960s. Each pavement layer contributes to the structural number according to a layer 
coefficient that depends on the material type, the thickness of the layer, and a drainage coefficient 
for the layer.  

The PN method was developed as part of the TG2 manual for the design of bitumen-stabilised 
materials in pavements. The method is used for Category A and B pavements where the design 
traffic is less than 30 million equivalent standard axles, and it is similar to the AASHTO SN method, 
but was developed using data collected from in-service pavements in southern Africa.  

Design traffic loading and remaining life 
Using available traffic information and expected growth patterns, a design traffic load over a 15-

year design period of 5.5 million equivalent 80 kN axle loads was calculated.  

The estimated remaining life of the three pavement sections, using the three methods previously 
discussed, is presented in Table 4. Remaining life calculations indicated that the pavement of 
sections 1 and 3 still seemed to be in a structurally sound condition, and to be able to endure the 
predicted future traffic over the design period. However, the structural integrity of Section 2 was a 
concern, and it was thus critical that the middle section of the road be rehabilitated.  

TABLE 4: REMAINING PAVEMENT LIFE FOR UNIFORM SECTIONS 

Uniform section Remaining life (million E80s) 

SAMDM AASHTO PN Estimate 

1 10 5–10 5–10 5–10 

2 <1 1–5 1–5 <5 

3 10 5–10 5–10 5–10 

 

PROPOSED REHABILITATION OPTIONS 

Rehabilitation strategies were developed for each of the uniform sections. Sections 1 and 3 were 
in a poor visual condition, but they showed sufficient pavement life. Consequently, it was proposed 
that the existing pavement surfacing be milled off and replaced with an asphalt overlay of 40 mm 
thick.  

The pavement structure of Section 2 would not be able to carry the predicted traffic loading. 
Considering that sections 1 and 3 required only a resurfacing, the proposed rehabilitation action for 
Section 2 was not to change the final road surface level significantly. The SAMDM, PN, and AASHTO 
methods were applied to determine possible overlay or recycling strategies that included the 
following: 

Option 1: Provide an asphalt overlay only. 

Option 2: Provide an asphalt overlay with a geogrid as reinforcement. 

Option 3: Recycle the existing base/subbase and apply an asphalt overlay.  

The calculated layer thicknesses are summarised in Table 5.  
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TABLE 5: REHABILITATION LAYER THICKNESS 

Method Option 1 Option 2 Option 3 

Overlay 

thickness 

Life Overlay 

thickness 

Life Recycled base 

thickness 

Life 

SAMDM 95 5.9 65 5.9 300 5.9 

AASHTO 80 6.2 55 6.2 150 6.7 

PN * * 300 6.2 

Selected 

thickness 

85 60 300 

* The PN method is limited to an asphalt thickness of 50 mm and is not used here. 

 

An indication of the relative cost per square metre (excluding preliminary, general, and other 
expenses) of each of the different options is as follows: 

Option 1: Asphalt overlay of 85 mm thick       - R430/m² 

Option 2: Asphalt overlay of 60 mm thick with asphalt reinforcement   - R360/m² 

Option 3: Recycled base/subbase of 300 mm thick with 40 mm asphalt overlay - R335/m² 

Based on the costs provided above, recycling the base was the cheapest option. Other important 
considerations when deciding on the most appropriate rehabilitation strategy were the 
accommodation of traffic and the construction period. Recycling and stabilising the base would 
increase the construction period and occupy a road lane for multiple weeks. Considering all the 
factors, it was proposed that Section 2 be rehabilitated with a geogrid-reinforced asphalt overlay of 
60 mm thick.  

IMPLEMENTATION 

The implementation of the rehabilitation strategy required the following aspects to be addressed: 

the selection of an appropriate asphalt reinforcing 

the selection of the asphalt mixture 

the development of an appropriate construction methodology. 

Asphalt reinforcement 

Various makes of grids are available on the market, including grids made of steel mesh, polyester, 
and fiber glass. Flexible pavements are characterised by small deflection (roughly 0.5 mm to 1 mm) 
and the reinforcement used in these pavements is thus required to work at very small deformations. 
Accordingly, the reinforcement must have a high stiffness to develop high tensile resistance within 
the pavement structure. As shown in Fig. 6, HDPE, polyester, and polypropylene geogrids are 
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characterised by low stiffnesses, while steel and polyaramids have high stiffnesses. Polyaramids are 
known to suffer from installation damage, however. 

 

Fig. 6:Tensile properties of reinforcement materials [10] 

 

Another important aspect that needs to be considered when an asphalt reinforcement is selected 
is the bonding between the grid and the asphalt, as it is paramount for an asphalt layer to be properly 
secured to the supporting layer. The inclusion of reinforcement reduces the bonding area at the 
interface between the base and the asphalt layer (due to the reinforcement strands), which could 
result in delamination of the asphalt layer. The University of Nottingham has done extensive research 
[14] on different asphalt reinforcement materials, and has found that steel geogrids offer the lowest 
shear deformation at the interface, resulting in very good bonding between the layers and the 
reinforcement, as shown in Fig. 7. 

  

Fig. 7: Shear box test on various geosynthetics to assess the bonding properties [10] 

Based on its superior bonding properties, high stiffness, and durability during installation, steel 
mesh was the preferred material to use as geogrid reinforcement for the asphalt layer. In order to 
include the geogrid in the design, it was decided that the equivalent layer theory would be used to 
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convert the reinforcement and asphalt to an equivalent layer characterised by the thickness, elastic 
moduli, and Poisson’s ratio as shown in Table 6 and Fig. 8. This approach indicated that a thickness 
reduction in the overlay of 36% could be achieved. This corresponds to the design approach 
suggested by the Asphalt Academy [11] that involves calculating the required asphalt overlay 
thickness without reinforcement, and then reducing it by up to 30%. 

TABLE 6: TYPICAL PROPERTIES OF THE REINFORCED ASPHALT OVERLAY 

Property Value 

E steel 200,000 MPa 

I steel 1,210 mm4 

E asphalt 2,600 MPa 

I asphalt 452,123 mm4 

Thickness asphalt 85 mm 

Eeq 3,127 MPa 

Ieq 453,333 mm4 

heq 60 mm 

 

 

Fig. 8: Equivalent layer for asphalt reinforcement 

 

Choice of asphalt overlay 

The selected asphalt mixture for the overlay consisted of a 14 mm continuously graded medium 
mixture, with A-E2 modified binder and 1% lime. A wetting agent was added to the mixture to improve 
bitumen-aggregate affinity. Plant mix trials and a construction trial were performed. The density 
requirements were accomplished, and the mix design was approved. The typical properties of the 
asphalt mix are shown in Table 7. 

TABLE 7: TYPICAL PROPERTIES OF THE ASPHALT OVERLAY 

Property Value 

Binder (%) 5.3 

TMRD (kg/m³) 2,467 

Voids in mix (%) 5.0 

Stability (kN) 17.2 

BASE 

AC 
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Flow (mm) 4.0 

ITS (kPa) 1524 

Voids in mineral aggregate (%) 16.5 

Voids filled with binder (%) 69.7 

Dynamic Creep (MPa) 21.1 

Air permeability (@7%) 0.51 

Modified Lottman (TSR) 0.81 

Filler/bitumen ratio 1.4 

 

Quick-drying prime (QDP) was used on milled sections at an application rate of 0.8 l/m². Once the 
prime was dry, the overlay was constructed. SS60 emulsion, diluted with 50% potable water, was 
applied at a rate of 0.5 l/m² as a tack coat before the asphalt was constructed. Where the mesh was 
later placed directly on top of the existing surfacing, the application rate of the tack coat for the asphalt 
overlay was increased to 1.0 l/m². 

Construction methodology 

During the design stage, it was envisaged that the existing surfacing would be milled off prior to 
the fixing of the geogrid and the placing of the asphalt. It was initially envisaged that the bonding of 
the grid to the surface could be problematic due to the nature of the surface defects on the pavement. 
The integrity of the base seemed to be good, based on the information obtained from the test pits 
and FWD analysis. However, during the construction of the asphalt overlay, it became evident that 
the removal of the existing surfacing would complicate, rather than improve, the bonding of the 
geogrid. Table 8 provides a sequence of events that describes the construction methodology of the 
geogrid reinforced overlay and the difficulties encountered. 

TABLE 8: CONSTRUCTION METHODOLOGY 

1 

 

Encountering loose material: An attempt was made to 

mill the lane to a depth of approximately 35 mm. Upon 

inspection, the surfacing (seal) seemed to be only 

between 15 mm and 20 mm thick. It was found that the 

milling had gone too deep into the base layer. During the 

milling operation, the somewhat rounded quarzitic base 

layer materials had become dislodged, which resulted in 

a generally loose (top) layer of 35 mm to 65 mm thick. 

The material itself was not conducive to sound 

mechanical interlock and was consequently easily 

disturbed during milling operations, which in itself was 

difficult to control. 
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2 

 

Brooming the milled section: All loose materials had to 

be removed from the base surface by means of hand 

brooms to expose a sound base surface. Relative 

densities were performed to determine whether the 

integrity of the base was affected. A scratch coat was 

constructed over the undulated trial section and 

compacted to specification. 

3 

 

Inspecting the adherence of the existing surfacing to the 

base layer: During inspection of the existing surfacing, it 

became evident that, although it had cracked, the 

surfacing remained well bonded to the base layer.  

4 

 

Inspecting the cracked and patched existing surfacing: It 

was initially envisaged that the bonding of the grid to the 

surface could be problematic due to the nature of the 

defects on the surface. However, upon close inspection, 

it was confirmed that the existing surfacing remained 

bonded to the base sufficiently, and that the geogrid 

could be securely placed directly on top of the existing 

surfacing. Potholes were to be filled and the surface was 

to be cleaned prior to the installation of the mesh. 

5 

 

Shifting the geogrid into position: The geogrid arrived 

on a truck. Various devices can be used to facilitate the 

deployment operation, including a truck, a loader, and a 

deployment tractor.  
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6 

 

Laying out and rolling the geogrid: Once the geogrid had 

been placed in its final position, it was rolled out by 

means of a pneumatic-tyred roller. The roller covered the 

entire width of the mesh roll, ensuring that the mesh 

followed the existing road surface. The milled section 

can be seen at the bottom of the photo. The milled section 

was primed using quick-drying prime (QDP) at an 

application rate of 0.8 l/m². 

7 

 

Installation of the geogrid directly on top of the existing 

surfacing using nail anchors: The mesh was stretched out 

to remove any undulations and curvature before it was 

fixed into position. The mesh was secured at one end to 

keep it in position. If necessary, the mesh was lightly 

tensioned by means of a clamping device combined with 

a small truck. Overlaps were 150 mm transversely and 

300 mm longitudinally. After being stretched out, the 

mesh was anchored through high-performance 47 mm 

nail anchors. 

8 

 

Fixing the mesh into position using a nail gun: The type 

and depth of anchors should be such that a grid does not 

move when equipment is operated on top of it. 

Accordingly, on the project, the grid was secured to the 

base through nails that were fired into the exiting 

surfacing by means of a power-actuated gun.  

9 

 

Securing the mesh to the cracked existing surfacing: The 

mesh can be seen to have been anchored with a high-

performance 47 mm nail. 
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1

0 

 

Laying out the geogrid and nailing it into position: The 

nail anchors were placed in intervals of 1.0 m², including 

overlaps. Once the mesh was secured on top of the 

existing surfacing, the tack coat for the asphalt overlay 

was applied at a rate of 1.0 l/m² using SS60 emulsion 

diluted with 50% potable water. It was critical that the 

overlay be applied immediately after the installation and 

securing of the mesh so as to guarantee the alignment of 

the mesh. To keep the mesh from lifting, bending, and 

curving during the asphalt construction operations, a 

blinding layer was placed in the wheel tracks of the 

paver. 

1

1 

 

Constructing the asphalt overlay: The 60 mm overlay 

was paved and constructed over the geogrid according to 

project specifications to fulfil the design requirements 

for the project. [12] 

 

PAVEMENT PERFORMANCE EVALUATION 

After the construction of the 60 mm geogrid-reinforced asphalt surfacing, a second set of 
deflection measurements was performed. The measurements were performed at the same locations 
as the first set. The remaining life calculation was repeated to confirm that the pavement had 
adequate structural capacity. 

Measured post-construction deflections 

The normalised maximum deflections (Ymax) and 90th percentile deflections for the previously 
identified uniform sections are presented in Fig. 9. The first deflection set is also shown for 
comparison purposes. 
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Fig. 9: Maximum deflections and 90th percentile deflections before and after geogrid-reinforced overlay 

From Fig. 9 it can be seen that the 90th percentile Ymax deflection of Section 2 decreased from 
580.0 μm to 411.2 μm. The deflection measurements are now similar to the deflections measured 
on Section 3. 

Recalculation of remaining life 

The estimated remaining life of the three pavement sections, based on the post-construction 
deflection measurements, is presented in Table 9. From the data presented in Table 9 and Fig. 9, it 
can be concluded that the geogrid-reinforced asphalt overlay was able to increase the structural life 
of the pavement as designed. 

TABLE 9: REMAINING PAVEMENT LIFE AFTER CONSTRUCTION OF GEOGRID REINFORCED ASPHALT 

Uniform section Chainage Remaining life (million E80s) 

From To SAMDM AASHTO PN Estimate 

1 0.000 0.525 10 5–10 5–10 5–10 

2 0.525 1.025 10 5–10 5–10 5–10 

3 1.025 1.460 10 5–10 5–10 5–10 
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CONCLUSION 

During the rehabilitation of a 1.5-kilometre section of road, a steel mesh geogrid-reinforced asphalt 
overlay was successfully used to resurface and strengthen the pavement structure. Despite having 
an existing surfacing in poor condition, the overlay could effectively be applied directly onto the road 
surface. Post-construction evaluation showed that the addition of the geogrid to the asphalt overlay 
was able to increase the structural capacity similar to a 30% thicker asphalt overlay. In addition, the 
geogrid solution did not require extensive construction works such as recycling of the base, and thus 
ensured a short construction period and minimal traffic disruption. 
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Synopsis - South Africa has an extensive road network with thin (<50 mm) bituminous 

surfacings and ever increasing traffic volumes. Thin bituminous surfacings are considered 

as non-structural layers when conducting mechanistic analyses. Base and subbase layers 

are therefore designed and constructed to have high strength or stiffness to support traffic 

loading and protect the subgrade from excessive deflection. Truck speed has varying and 

significant effects on the deflection of flexible pavement systems.  

This paper describes recent research conducted on five different flexible pavement 

structures (consisting of thin surfacing placed on granular, cemented and bitumen treated 

base layers) subjected to standard axle loads moving at a range of speeds and wander.  The 

paper discusses the measured responses and the sensitivity of each of the five flexible 

pavement systems to truck speeds. Bituminous base pavement systems were found to have 

high stiffness and were more sensitive to truck speeds than granular base pavement 

systems. This paper recommends use of Speed Adjustment Factors to normalise deflection 

data collected at different speeds. 

Keywords— pavement systems, deflections, speed, traffic loading, moving load 
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 INTRODUCTION 

The road network in South Africa, particularly in urban areas, is experiencing steady increase in 

traffic volumes and congestion. Most of the road network has flexible pavement systems with thin 

(<50 mm) bituminous surfacings [7] and ever increasing traffic volumes and loads.  Traffic 

congestion is characterised by slow travel speeds. Speed is one factor that has a significant effect 

on the response of flexible pavement systems to traffic loading. It is also known that traffic loading 

is one of the major determinant factor to deterioration and failure of pavement systems. It follows 

then that traffic loading is one of the important input parameter in mechanistic-empirical pavement 

design methods. Mechanistic-empirical pavement design methods apply elastic theories to calculate 

the stresses and strains in pavement layers under a given traffic wheel loading (pavement response 

to loading) and then use empirical relations to determine the number of load repetitions to failure 

(distress prediction) [9].  

Road pavement distress and condition deterioration caused by trucks is dependent on 

environmental, vehicle, tyre and pavement structure factors. The influence of these factors on 

pavement response is revealed in the analysis of truck-pavement interactions under static or 

dynamic loading conditions. A moving vehicle passing over a pavement impose transient loads on 

the pavement that have static weight and dynamic force components [8][4]. Modelling vehicle 

response under moving load is thus important in the development of mechanistic based pavement 

analysis and design methods.  

Pavement systems consist of various types of natural and engineered materials which react 

differently to vehicular moving loads. A moving tyre load is time-dependent and transient. Owing to 

lack of computational models and empirical data, pavements have traditionally been analysed in a 

static mode, where it is assumed that both the load input and the pavement response are static and 

time-independent.  

 BACKGROUND 

Influence of speed of moving load on pavement systems response  

In the early days of pavement engineering, researchers considered a moving wheel load in the 

form of duration of loading (or frequency or rate of loading). In early years of development of 

pavement engineering, simulation of field conditions and in-situ testing of pavement response was 

considered as very complex and expensive, and hence engineers relied on testing samples of 

materials in the laboratory with the hope that the tests simulated the in situ conditions [5]. At the 

time, the work of [15] presented the best approach to determination of stiffness of bitumen layers 

under given loading time or frequency, temperature difference and penetration index of the bitumen.  

Reference [6] investigated pavement response to moving loads (5 to 80 km/hr) by measuring 

pavement deflections using Multi-depth Deflectometer (MDD) and imbedded strain gauges. The 

study focused on heavy duty pavement structures comprising 50 to 70 mm asphalt surfacing placed 

on crushed stone base, cemented base or asphalt base types. The study showed the relative effect 
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of pavement temperature and vehicle speed on pavement response. It was concluded that 

pavement structural life was not a constant, but varies according to temperature and speed of 

moving load effects depending on the type of pavement structure. The study recommended further 

investigation into the effect of vehicle speed and dynamic characteristics (damping and inertia) on 

pavement systems response. 

A synthesis by [10] also reported, amongst many significant findings, that vehicle speed affected 

the primary response of flexible pavements through the duration of loading. It was argued that an 

increase in dynamic loads with speed is compensated for by the shorter duration of an applied axle 

load at increased speed. 

Reference [12] investigated the influence of vehicle speed on dynamic loads and pavement 

response using Weigh-In-Motion (WIM) technology. Pavement strains under moving vehicles were 

measured using strain gauges. The results showed that strains at the bottom of the asphalt layer 

decreased as the vehicle speed increased. It was found that increasing speed from 32 to 56 km/hr 

resulted in a reduction of tensile strains at the bottom of the asphalt layer of 50 per cent. It was 

concluded that significant effect of speed is evident between speeds of 32 and 56 km/hr. It was 

recommended that rational pavement analysis models that consider dynamic nature of traffic loads 

and viscoelastic properties of the asphalt material be investigated further. Similarly, [13] investigated 

a speed spectrum of 40 to 100 km/hr and showed that incorporating the effect of speed of moving 

load on pavement response could significantly affected the pavement life. 

Building on previous research, [2] incorporated vehicle operational speed into the pavement 

design procedure by including vehicle speed in selection of stiffness moduli of asphalt layers. This 

resulted in preparation of guideline figures that were included in the Mechanistic-Empirical 

Pavement Design Guideline (MEPDG) manual. 

Reference [1] found that analysis using the MEPDG approach erred by 40 to 140 per cent in 

frequency estimation, depending on vehicle speed and depth of calculation which become load input 

parameter for HMA laboratory tests.  

Traffic loading of pavement systems is also considered in the form of loading pulse time (the time 

that the tyre patch is in contact with the pavement surfacing) and gap time between successive tyre 

patches. Load pulse time is converted into load frequency and used as input into loading simulation 

of asphalt in laboratory tests and its application in Mechanistic-Empirical pavement design guide is 

explained in [1].  

Reference [9] evaluated performance of asphalt paving mixes using the Model Mobile Load 

Simulator (MML3) under different load frequencies as a test variable to simulate harsh trafficking 

conditions. A synthesis of national and international case studies was conducted. It was concluded 

that decrease in MMLS trafficking speed resulted in increase in rate of rutting, especially at 

temperate of 60oC. Reference [4] also investigated the temperature-dependent viscoelastic 

behaviour of asphalt pavements on response to load under varying temperature and traffic speed. 

The main objective was to develop a method to determine an Equivalent Asphalt Modulus (EAM) 
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for the asphalt layer which represents the effect of temperature and loading speed on the critical 

tensile strains. Results showed that the EAM increased with increasing traffic speed, and decreased 

with increasing temperature. 

Previous research used static loading and developed pavement response models based on 

specimens prepared in the laboratory which at the time are believed to simulate field behaviour 

pavement systems. In recent decades, researchers have developed instrumented full scale 

experimented sections to validate and improve these models. Recent findings from some of these 

experiments indicate that speed of traffic significantly affects response of pavement systems to 

traffic loading and therefore the need for truck speed sensitive models [1,6,12]. Secondly, speed 

sensitive models are likely to affect processing of deflection measurement data collected by 

deflection measuring equipment moving at different travel speeds as is the case with Traffic Speed 

Deflectometers (TSD). Thus, this study investigates on the sensitivity of flexible  pavement system 

response to truck speed using a full scale experimental section with instrumented pavement 

systems  

EXPERIMENTAL SECTION SET UP  

The experimental section was located along road R104 between Rayton and Bronkhorstspruit 

east of Pretoria. The experimental test section consisted of  ten sections constructed with different 

pavement structures, ranging from flexible, rigid and segmental pavement structures. However, this 

study only focused on the eight flexible pavement sections where the supporting structure consisted  

of natural and engineered pavement materials ranging from granular, cemented to bituminous 

layers. Fig. 1 summarises pavement structures on the eight sections. 

 

Fig.1 Flexible pavement systems on SANRAL R104 Experimental section 

The pavement material class acronyms in Fig. 1 are explained in Table 1. 

Table 1: Summarised description of pavement material classes used on R104 section 
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Class Acronym Description 

FTB Foam Treated Base (BSM1) 

ETB  Emulsion Treated Base (BSM1) 

CTB Cement Treated Base (C3) 

AC  Continuously graded Hot Mix Asphalt 

HiMA** (EME) igh Modulus AsphaltReference? Latest is EME? Sabita 
Manual 33! 

G1*  Crushed stone layer 

G4*  Gravel layer- CBR>80% 

G5*  Gravel layer- CBR>45% 

G7* Gravel layer -CBR >20 cannot be??? 

C3* Cement treated gravel layer-UCS 1.5-3 MPa 

*TRH 14 classification 

* EME(Enrobés à Module Elevé) was referred to as HiMA in South Africa during the early days 

of transferring of the EME technology  

Pavement instrumentation 

Pavement response is generally measured in terms of deflection, strain or stress. Measurement 

of temperature and moisture of the pavement system is also critical to pavement performance 

monitoring.  The eight sections were therefore instrumented with some of the following sensors: 

 eMU coils (Inductive Coils) for measuring vertical and horizontal strain (elastic and permanent); 

 Strain gauges for measuring vertical, longitudinal and transverse horizontal strains,; 

 Pressure cells for stresses; 

 Multi- Depth Deflectometers (MDD) for measuring vertical deflections in relation to the anchor 

located at the bottom of the test hole, and 

 Thermocouple and Time-Domain Reflectometers (TDR) for measuring pavement temperature 

and moisture.  

Fig. 2 shows a schematic presentation of the instrumentation of the pavement systems. This 

paper focuses on elastic deflection data measured using the MDD which is a valuable tool in the 

obtaining pavement system response with depth to moving vehicle load at various depths.  



 

144 | P a g e  
 

 

Fig. 2: Typical instrumentation of the pavement systems 

Traffic loading 

Traffic loading on the pavement system was applied by controlled runs of the South African 

National Road Agency Limited (SANRAL) owned Traffic Speed Deflectometer (TSD) vehicle. The 

TSD consists of a prime mover and an 8.2 t single axle semi-trailer fitted with dual wheels (Fig. 4). 

The 8.2 t axle load which translate to a 80 kN axle, corresponds to the South African standard 

design load. A tire inflation pressure of 700 kPa was maintained on all the tires at all times.  

The TSD has state-of-the-art technology in the form of an on-board data storage and retrieval 

system that mines data from sensors such as Doppler sensors, GPS receivers and 3D 

cameras/scanners. The TSD measures vertical surface velocity in response to the loaded semi-

trailer axle using Doppler sensors. Doppler laser sensors measure the vertical velocity of various 

points of the deflection bowl in the wheel path between a set of dual tyres and the pavement surface 

in front of the axle. The measured surface velocity is then integrated with respect to time to yield a 

deflection value [3,11].  

In this study the TSD was used to provide controlled traffic loading in terms of axle load, speed 

and wander. The TSD was run at speeds of 2, 5, 10, 20, 30, 40, 60, 80 and 100 km/h. Lateral 

Wander of 0, 192.5 and 500 mm offsets from the MDD was used. The MDD is used as the reference 

and target point with the centre of the left rear double wheels running at either 0 mm offset, 

±192.5 mm and ±500 mm. A dashboard laser guide was used to guide the driver towards the target 

wander lines. The TSD on-board data storage/retrieval system further provided speed and test run 

file logs. 
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Fig. 3: SANRAL Traffic Speed Deflectometer truck on test section 

 

Fig.4 Schematic views of the lateral wander  

Table 2 shows the test run matrix covering variation in speed and wander from the MDD. The 

number of runs at 500 mm offsets were envisaged to be for control purpose and of lesser importance 

in this study, hence the reduced test run numbers. Traffic loading and testing was conducted under 

ambient temperature and no environmental conditions were controlled. Most test runs were 

conducted during the day from 9:00 to 16:00.  

Table 2: Test run matrix showing speed profile and wander 

 Target Transverse Location (Offsets) of centre of the  Daul 

wheels TSD  
km/hr 

500 mm 
Left 

192.5 mm  
Left 

0 mm 192.5 mm 
Right 

500 mm   
Right 

2 2 3 5 3 2 

5 2 3 5 3 2 

10 2 3 5 3 2 

20 2 3 5 3 2 

30 2 3 5 3 2 

40 2 3 5 3 2 

60 2 3 5 3 2 

80 2 3 5 3 2 
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100 2 3 5 3 2 

Pavement response measurement 

The MDD measures the transient pavement response induced by the moving axle load. Unlike 

equipment such as deflectographs that measure actual deflection bowl at each instant, the MDD 

measures a time series deflection with depth as the axle load approaches and pass through the 

sensor location (5). The graph represents the time series transient response of the pavement at 

sensor location as the truck approaches and drives past the test point.  

 

Fig. 5: MDD deflection measurements of TSD single pass at zero offset from sensor 

RESULTS AND DISCUSSIONS 

Relationship between pavement deflection and speed  

In order to investigate the effect of speed on the deflection, an Excel based code was prepared 

to extract the rear axle maximum deflections from each test run. The processed data was grouped 

into data sets that averaged to an off-set of the centre of the rear dual wheel from the centre of the 

MDD. This was analysed and regression performed between speed and deflections. The findings 

of the analysis for each test section are detailed and presented in the following sections: 

Section 1 - Granular Base (G4) on Granular Subbase (G5) 

Test Section 1 has a flexible pavement system comprising a double chip seal, 150 mm Granular 

Base (G4) and 150 mm Granular Subbase (G5). Measured deflections plotted against truck speed 

(Fig. ) presents surface deflections ranging from 300 to 450 µm. These are relatively high deflections 

which are typical of a weaker granular base pavement system. On this section, the TSD could only 

achieve top speed of 40 km/hr due to lack of space for acceleration. 

Fig.  also shows a difference in deflection of approximately 200 to 300 µm for test runs conducted 

at average offsets of 0, 140 and 350 mm from the MDD.  
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Fig. 6 Deflection measurement vs Speed relationship for Section 1 Granular Base/Subbase 

flexible pavement system 

Section 3 – Foam Treated Base (FTB)  on Granular (G7) Subbase 

Section 3 comprises a flexible pavement system with double seal (19/9 mm) and 150 mm thick 

Foam Treated Base (FTB) placed on a 150 mm granular (G7) subbase. Fig.  shows deflections 

versus truck speed with elastic surface ranging from 350 to 400 µm. It further shows a difference in 

deflection of approximately 150 to 200 µm between the surface deflection at 0 mm offset and greater 

than 350 mm offset. This is a typical characteristic of a bituminous base placed on a weak granular 

subbase. At offset of 200 mm (which represent one of the double wheels running right on top of 

MDD) there is a gradual decrease of deflections of 90 µm from 380 µm at speed of 5 km/hr to 

290 µm at speed of 80 km/hr indicating the speed sensitivity of the pavement elastic response.  

 Figure Num 

Fig. 7 Deflection measurement vs Speed relationship for Section 3 FTB Base/Granular subbase 

flexible pavement system 

Section 6 – Bitumen Treated Base (BTB)  on Cement Treated (C3)Subbase 
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This section has a flexible pavement system comprising a 40 mm Asphalt (continuously Graded), 

150 mm Bitumen Treated Base (BTB) placed on a 150 mm Cement treated (C3) subbase. 8, 

indicates that the total elastic surface deflections are less than 350 µm. Over the full spectrum of 

test run speeds, the deflection ranges between 200 µm and 350 µm. This shows high sensitivity of 

BTB to change in traffic speeds.  

The deflections measured with the double wheel directly on top of MDD (±200 µm) and the 

deflections measured when the wheel is approximately 350 mm offset from the MDD owes to the 

high stiffness of BTB layer which has the capability of spreading the axle load  over its supporting 

layers. 

  

Fig. 8 Deflection measurement vs Speed relationship for Section 6 BTB Base flexible pavement 

system 

Section 7a – High Modulus Asphalt Base (HiMA) on Cemented subbase 

This section has a flexible pavement system comprising of a 40 mm Asphalt (continuously 

Graded) , 150 mm High Modulus Asphalt Base (HiMA, now termed EME) placed on a 150 mm 

Cement treated (C3) subbase.  

9 shows that this pavement system displays surface deflections ranging from 75 to 140 µm over 

the entire spectrum of test run speeds. The low deflections correlate with the fact that the HiMA has 

a high stiffness modulus. The flat slopes of the graphs shows that HiMA base pavements are less 

sensitive to changes in traffic speed. This characteristic favours the use of HiMA in highly congested 

and trafficked roads.   
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Fig. 9 Deflection measurement vs Speed relationship for HiMA Base pavement system 

Section 7b – High Modulus Asphalt Base  (HiMA)  on Cemented (C3) Subbase 

This section has a flexible pavement system comprising 40 mm Asphalt (continuously Graded), 

100 mm High Modulus Asphalt Base (HiMA) placed on a 150 mm Cement treated (C3) subbase.  

10 shows that this pavement system displays the surface deflections ranging from 100 to 220 µm 

over the entire spectrum of test run speeds. This is slightly greater than deflections from the 150 mm 

HiMA base section owing to the thinner pavement structure. The deflection range of 120 µm also 

reflect less sensitivity of the pavement system to change in traffic speed.  

   

Fig. 10 Deflection measurement vs Speed relationship for Section 7b Granular Base flexible 

pavement system 
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Effect of speed on deflection measurement of pavement systems  

The pavement structures investigated vary from low stiffness granular base and subbase to high 

stiffness cemented and bitumen treated bases and subbase. 11 shows the effect of speed on 

deflection of these different pavement structures conducted at 150 to 200mm offsets (Dual tire on 

top of the MDD). It shows that the HiMA base placed on cemented subbase pavement structures 

present the lowest elastic surface deflections and the granular base with double seal surfacing 

displays the highest elastic surface deflections. Looking at positions of the individual graphs relative 

to each other, it is noted that three groups emerge, namely; low stiffness granular base/subbase, 

medium stiffness Foam and Emulsion Treated base/granular base pavement systesm and high 

stiffness HiMA base on cemented subbase pavement systems.  

 

Fig. 11 Effect of speed on deflection of different pavement structures trafficked at 150-200 mm  

offsets 

Sensitivity of pavement system response to truck speed 

Figure 11 shows that elastic deflections reduce as the truck speed is increased. It is evident that 

this relationship between moving load speed and elastic surface deflections is dependent of the 

type of the flexible pavement system. In order to compare deflection measurements of different 

magnitude and place equal weighting on the processed deflection data, normalized values were 

obtained by dividing the measured values by the mean (x) of that sample.  

The normalized values are shown against speed in 12. The normalized values are referred to in 

this paper as Speed Adjustment Factors (SAF).  It is recommended that the factors may be used to 

adjust deflection measurements taken at different speeds to expected elastic surface deflection at 
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another speed. The SAF may also be used to normalize deflection measurements taken by 

deflectometers run at different speeds. Application of these SAFs on real situations falls outside the 

scope of this paper.  

 

Fig. 12: Speed adjustment factors for 200mm offset test runs 

Fig. 12 further confirms that bitumen treated base pavement systems are more sensitive to truck 

speed than granular base pavement systems. It is shown that the 150 mm HiMA base has lower 

measured deflections, but is more sensitive to load speed than the 100 mm HiMA base pavement 

system. This implies that the thicker bitumen treated base is more sensitive to truck speed than 

thinner bitumen treated base pavement systems.  

CONCLUSIONS  

The main objective of this paper was to investigate the sensitivity of selected flexible pavement 

systems’ response to load speed through full scale field tests on instrumented pavement sections. 

Test runs using TSD were conducted at controlled speeds and wander.  

From the results and discussions, although limited to the pavement systems investigated, it is 

found that bitumen treated base pavement systems offer higher stiffnesses, but are more sensitive 

to changes in load speed. This sensitivity is reflected in the high Speed Adjustment Factors (SAF). 

Granular materials which had low stiffness values were less sensitive to load speeds and hence 

have SAFs close to 1. asurement and interpretation of deflection data from existing roads is highly 

recommended.  
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Synopsis - Unbound granular material is used extensively in pavement construction in 
South and southern Africa.  Applications vary from natural gravel in the base and subbase 
of light pavement structures on low volume roads to the flagship of South African unbound 
material, the G1 crushed stone base.  Historically, the classification of unbound granular 
material relied largely on the Californian Bearing Ratio (CBR) in addition to the Atterberg 
indicators and to a lesser extend the particle size distribution or grading of the material. 

This paper presents a proposed classification system for unbound granular road-building 
material that is predominantly based on the grading and Atterberg indicators of the material.  
A relationship has been established between the grading and Atterberg indicators of 
unbound granular material and the shear strength, stiffness and permanent deformation 
characteristics of the material under repeated loading.  This relationship is based on 
extensive tri-axial laboratory testing of unbound granular material over the past 20 years and 
is supported by observations on in-service roads. 

The grading-based, performance-related classification system creates a link between the 
material properties that are routinely tested in standard laboratories and the input required 
for mechanistic-empirical analysis of unbound granular pavement layers.  The proposed 
classification system applies to the full spectrum of unbound granular road-building material 
from crushed stone to sand. 

Keywords — unbound granular material; grading; shear strength; performance, 
classification 
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I.  INTRODUCTION 

Unbound granular material (UGM) is commonly used for pavement construction in South and 

Southern Africa.  South Africa has been at the forefront of introducing shear strength design criteria 

for unbound granular pavement layers [1] and several international researchers followed this 

approach [2], [3] and [4].  Although the shear strength design criteria were incorporated in the South 

African Mechanistic-Empirical Design Method (SAMDM), material classification remained in terms of 

the Californian Bearing Ratio (CBR) in addition to Atterberg indicators.  Currently, the particle size 

distribution or grading of unbound material is only specified for G1 to G3 crushed stone as well as 

G4 material [5]. 

Although a minimum grading modulus is specified for G5 and G6 material [5], it is the authors’ 

opinion that the grading modulus requirement is insufficient to ensure adequate shear strength for 

these material classes.  A grading-based classification system that also considers the Atterberg 

indicators of the material is therefore proposed.  The relationship between the grading-based material 

classes, shear strength, resilient response properties as well as plastic strain characteristics of the 

material is illustrated.  This allows the input properties that are required by mechanistic-empirical 

design methods to be assigned to each grading-based material class.  Lastly, the effect of the grading 

and Atterberg indicators on the compaction potential of unbound granular material is also presented.  

II. UNBOUND GRANULAR MATERIAL INCLUDED IN THE RESEARCH 

The unbound granular materials used in the research that led to the information and models 

presented in this paper were collected over a period from 1995 to 2015.  TABLE I. provides a 

summary of the routine test results for these materials.  The grading results for these materials are 

plotted in Fig. 1 to Fig. 4. 

The CBR classification given in TABLE I. is the best material class that could be reached starting 

at the highest reference density of 98 % mod. AASHTO relative compaction with a G4 CBR 

requirement of 80 %.  If the material did not meet the G4 requirement, the G5 CBR requirement of 

45 % was evaluated at 95 % mod. AASHTO relative compaction. The process was finalized by 

assessing the G6 and G7 CBR requirements of 25 and 15 % respectively at 93 % mod. AASHTO 

relative compaction. 

 Certain of the anomalies of the CBR classification method is already highlighted by the 

information in TABLE I. , especially for the natural gravel material.  The dolerite base material from 

S191 and the R538 sandstone base material only manage to achieve a G6 classification at 93 % 

mod. AASHTO relative compaction while the decomposed granite base from D514 is classified as 

G4 at 98 % mod. AASHTO relative compaction.  The CBR results for the S191 dolerite base and 

D514 granite base are shown in Fig. 5 for comparison.  The only explanation for the difference in 

CBR of these materials is that the CBR classification appears to be very sensitive to the plasticity of 

the material with less effect from the grading as the S191 dolerite base material has a much coarse 

grading than the D514 granite base material.  The insensitivity of the CBR result to the grading of 

the material is likely to be exacerbated by the crushing of the material fraction that exceeds the 19 
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mm sieve size.  A material with a high content of aggregate exceeding 19 mm in size is therefore 

affected more than a material with lesser or no aggregate exceeding the 19 mm size. 

 

 

 

TABLE I.  ROUTINE TESTS RESULTS OF THE UNBOUND GRANULAR MATERIALS USED IN THE RESEARCH 
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Sand Aeolian 1.05 NP 0.0 1832 11.5 2623 G6 93 % 

Natural 
gravel 

D514 granite base 1.51 NP 0.9 1906 11.0 2675 G4  98 % 

D514 granite subbase 1.60 30 11 4.3 2044 7.9 2673 G4  98 % 

S191 dolerite base 2.25 35 14 7.7 2286 10.2 2836 G6  93 % 

S191 dolerite subbase 2.30 30 11 5.4 2248 8.2 2869 G6  93 % 

P10-2 shale base 2.00 29 11 6.6 2062 7.9 2619 < G6 93 % 

D804 calcrete base 1.74 28 10 6.0 2042 9.2 2702 G7 93 % 

R538 sandstone base 1.97 17 3 2.0 2212 5.7 2627 G6 93 % 

Crushed 
gravel 

Prima river gravel 2.32 NP 0.0 2170 5.8 2683 G4 98 % 

Donkerhoek Sandstone 2.35 18 1 1.0 2202 6.7 2635 G4 98 % 

Quicksand burnt shale 2.46 25 9 6.5 2202 6.6 2759 G6 93 % 

Recycled 
R35 dolerite base 2.41 33 4 2.0 2100 11.2 2917 G4 98 % 

N7 hornfels base 2.60 23 8 1.0 2318 5.8 2711 G4 98 % 

Crushed 
stone 

Brewerskloof eucrite 2.46 17 1 1.0 2350 5.5 2815 

Potential 
G1 – G3 
material 

Peninsula hornfels 2.53 17 3 1.0 2336 6.3 2722 

Ferro quartzite 2.70 16 4 0.0 2253 5.7 2637 

Coedmore tillite 2.39 20 5 1.0 2268 6.3 2695 

Sterkspruit sandstone 2.52 14 1 0.0 2276 5.3 2658 

N4 ext. norite base 2.58 NP 0.0 2446 6.0 2940 

Laezonia amphibolite 2.34 21 4 2.3 2314 5.4 2740 
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Fig. 1. Grading of the natural gravel material 

 

 

Fig. 2. Grading of the crushed gravel material 

 



 

158 | P a g e  
 

 

Fig. 3. Grading of the recycled material 

 

 

Fig. 4. Grading of the crushed stone material 
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Fig. 5. Comparison of the CBR results for the coarse S191 dolerite base material and the relatively 
fine D514 granite base material 

 

III. PROPOSED GRADING-BASED CLASSIFICATION 

 

A. Grading composition 

The proposed grading-based classification system relies on the separation of the particle size 

distribution of unbound material into three fractions as illustrated in Fig. 6.  These fractions are: 

 The gravel fraction – particles exceeding 4.75 mm in size, calculated by subtracting the 
percentage passing the 4.75 mm sieve from 100 %; 

 The sand fraction – particles between 0.075 and 4.75 mm in size, calculated by subtracting 
the percentage passing the 0.075 mm from the percentage passing the 4.75 mm sieve; and 

 The clay and silt fraction being the percentage passing the 0.075 mm sieve. 
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Fig. 6. Three components of the particle size distribution of unbound granular material 

Once these fractions are determined, the gravel to sand ratio is calculated from (1) and plotted 

against the clay and silt fraction as illustrated in Fig. 7 for all the materials listed in TABLE I.   The 

grading-based separation between the S191 dolerite base and D514 granite base material is evident 

from Fig. 7.  The current classification system for unbound granular material provides grading 

envelopes for G1 to G4 material.  The gravel – sand ratios were calculated for these envelopes and 

are plotted in Fig. 8.  The rectangle highlighted in dark blue represent the post-slushed grading 

requirement for G1 material with the 0.075 mm fraction between 7 and 9 %.  These existing grading 

criteria only cover a small number of all the materials that were tested and although the current 

classification system sets grading modulus (GM) requirements for G5 to G7 material, the GM only 

considers material up to 2 mm size and the GM criteria are too lenient. 

 
(1) 

 

Where   PP4.75 = percentage passing the 4.75 mm sieve by mass 

           PP0.075 = percentage passing the 0.075 mm sieve by mass 

 

100 4.75

4.75 0.075

Gravel PP

Sand PP PP
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Fig. 7. Grading composition plot of all the unbound granular material used in the research 

 

 

Fig. 8. Assessment of current grading criteria against the grading composition plot 

B. Failure strength of material samples 

The failure strength of each of the materials listed in TABLE I. was tested in the monotonic load 

tri-axial test. These results were used to calibrate a failure strength model with very high accuracy 

and precision per material.  The model was subsequently used to evaluate the failure strength of 

each material sample at consistent confinement pressure and degree of saturation.  The failure 

strength results are shown on the grading composition plot in Fig. 9. 
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Fig. 9. Tri-axial failure strength of the unbound material samples at 50 kPa confinement and 80 
percent degree of saturation 

 

 The following failure strength regions are identified on the grading composition plot: 

 An area with a gravel-sand ratio that exceeds one but containing less than 5 % fines (silt and 
clay) highlighted in yellow.  Materials that fall in this area include the Ferro quartzite, Sterkspruit 
sandstone and Prima river gravel.  The near saturation strength of these materials is below 
700 kPa; 

 An area with a gravel-sand ratio that exceeds one containing between 5 and 7.5 % fines.  This 
area is highlighted in blue.  Materials that fall in this area include the N4 extension norite, N7 
recycled hornfels, Peninsula hornfels and Brewerskloof eucrite.  The near saturation strength 
of these materials is the highest that was recorded and generally exceeds 800 kPa.  It should 
be noted that the current post-slushed grading requirement for G1 coincides with this area; 

 An area with a gravel-sand ratio between one and two and containing between 7.5 and 10 % 
fines (silt and clay) highlighted in green.  Materials that fall in this area include the Quicksand 
crushed burnt shale, Coedmore tillite, Donkerhoek sandstone and Laezonia crushed 
amphibolite.  The near saturation strength of these materials range between 675 and 775 kPa; 

 An area with a gravel-sand ratio between one and two containing between 12 and 20 % fines 
(silt and clay) highlighted in amber.  Materials that fall in this area include the S191 dolerite 
base and subbase material as well as the R538 sandstone gravel base material.  The near 
saturation strength of these materials range between about 400 and 550 kPa and is 
significantly affected by the plasticity of the material; 

 An area with a gravel-sand ratio between one and two and containing more than 20 % fines 
(silt and clay) highlighted in red.  Materials that fall in this area include the P10-2 shale and 
D904 calcrete base material.  The near saturation strength of these materials is less than 400 
kPa and is significantly affected by the plasticity of the material; 
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 An area with a gravel-sand ratio less than one. Material plotting in this region is predominantly 
sandy and the near saturation strength is highly affected by the grading modulus and plasticity 
of the material. 

 

C. Proposed classification   

Given the failure strength results presented in the preceding section, a grading-based 

classification is proposed for unbound granular material as shown in Fig. 10.  The current grading 

criteria for G1 to G3 material as well as the criteria for G4 crushed and uncrushed material allows a 

lower limit of 4% for the material passing the 0.075 mm sieve. Given the failure stress results for the 

material with less than 5 % fines (Ferro quartzite, Sterkspruit sandstone and Prima river gravel) 

compared to the failure stress of the materials with between 5 and 7.5 % fines, it is proposed that 

the minimum fines content be increased to 5 %.  Also note that there is overlap between the areas 

for high shear strength gravel and G1 to G3 crushed stone.  That does not imply that a gravel material 

such as the Donkerhoek sandstone (crushed overburden) that plots in the G1 to G3 area 

automatically classifies as a G1 to G3 crushed stone.  Additional criteria such as material source 

(unweathered rock) and aggregate strength still applies to crushed stone material and separate 

crushed stone from high shear strength gravel.  The gravel material group is subdivided depending 

on the fines content as being high, medium and low shear strength gravel. However, the grading-

based classification alone is not sufficient and the Atterberg indicators have to be considered in 

addition to the grading of the material, especially in the medium and low shear strength gravel 

classes. 

The proposed complete classification system for unbound granular material based on the grading 

and plasticity index of the material is summarised in Fig. 11.  The first step in the classification 

process is to distinguish between material that is predominantly gravel and sand.  This distinction is 

made at a gravel-to-sand ratio of one.  Sandy material is further classified based on the grading 

modulus and plasticity of the fines.  Gravel material is classified according to source, fines content 

and the plasticity of the fines.  The classification of the unbound granular materials from TABLE I. is 

shown in TABLE II.  This proposed classification system is supported in the remainder of this paper 

based on the resilient response and plastic strain behaviour of selected materials in addition to the 

shear strength on which the classification is based.   
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Fig. 10. Proposed grading-based classification for unbound granular material 

 

 

Fig. 11. Proposed classification system for unbound granular material 
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TABLE II.  GRADING-BASED CLASSIFICATION OF THE UNBOUND GRANULAR MATERIALS USED IN THE 

RESEARCH 

Material 
Routine test results 
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Sand Aeolian 0.01 1.05 10 NP 0.0 GF8 

Natural 
gravel 

D514 granite base 0.03 1.51 17 NP 0.9 GF7 

D514 granite 
subbase 

0.07 1.60 21 30 11 4.3 GF9 

S191 dolerite base 2.15 2.25 18 35 14 7.7 GC6 

S191 dolerite 
subbase 

1.85 2.30 14 30 11 5.4 GC6 

P10-2 shale base 1.48 2.00 25 29 11 6.6 GC7 

D804 calcrete base 0.97 1.74 28 28 10 6.0 GF9 

R538 sandstone 
base 

1.24 1.97 17 17 3 2.0 GC5 

Crushed 
gravel 

Prima river gravel 1.26 2.32 4.5 NP 0.0 Insufficient fines 

Donkerhoek 
Sandstone 

1.47 2.35 9 18 1 1.0 GC4 

Quicksand burnt 
shale 

2.43 2.46 10 25 9 6.5 GC5 

Recycled 
R35 dolerite base 0.62 2.41 5.4 33 4 2.0 GF6 

N7 hornfels base 2.61 2.60 7.5 23 8 1.0 GC4 

Crushed 
stone 

Brewerskloof 
eucrite 

1.21 2.46 6.7 17 1 1.0 GC2 

Peninsula hornfels 1.57 2.53 7.3 17 3 1.0 GC2 

Ferro quartzite 3.25 2.70 4.4 16 4 0.0 Insufficient fines 

Coedmore tillite 1.66 2.39 10 20 5 1.0 GC2 

Sterkspruit 
sandstone 

1.57 2.52 4.4 14 1 0.0 Insufficient fines 

N4 ext. norite base 2.46 2.58 5.0 NP 0.0 GC3 

Laezonia 
amphibolite 

1.20 2.34 10 21 4 2.3 GC2 

IV. BEHAVIOUR OF UGM MATERIAL CLASSES 

A. Resilient response behaviour 

Mechanistic-empirical pavement design attempts to calculate the stress and strain induced in a 

layered pavement system when subjected to external loading.  Most often the pavement response 

model is based on the integral transformation solution of a multi-layer, linear elastic (MLLE) system 
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but with increasing computing capacity, finite-element (FE) analysis may become a viable analysis 

tool for routine pavement design in the near future.  Even though finite-element analysis allows for 

the introduction of material non-linearity in terms of plasticity, some information on the resilient 

response characteristics of pavement materials is still required.  Given that both the MLLE and FE 

solutions are based on continuum mechanics, Hooke’s law in terms of either an isotropic or 

anisotropic formulation governs the elastic material response with the elastic properties of the 

material expressed by a pair of constants such as Young’s modulus and Poisson’s ratio, bulk and 

shear moduli or Lame’s constants. 

Most pavement engineers are familiar with Young’s modulus and Poisson’s ratio.  These two 

theoretical concepts of linear-elasticity can at best be approximated by experimental results of actual 

material elastic response.  In their basic linear elastic form, Young’s modulus and Poisson’s ratio are 

rather poor approximations of actual material behaviour as the behaviour of unbound granular 

material is: 

 Stress-dependent i.e. the stiffness of the material depends on the level of confinement of the 
material and the shear stress imposed on the material; 

 Non-linear i.e. there is not a linear relationship between the imposed stress and strain 
response of the material; 

 Inelastic (plastic) i.e. the material does not completely return to its original un-deformed shape 
when the imposed stress is removed; and 

 Highly dependent on the moisture content of the material. 

The non-linear, stress-dependent behaviour of unbound granular material can, however, be 

simulated using the linear elastic model as a basis but with a proper constitutive material model that 

adheres to the observed material behaviour.  The resilient modulus is normally used for unbound 

granular material but is an unloading modulus calculated from the unloading portion of the stress-

strain hysteresis loop.  Fig. 12 shows an example of observed stress-strain hysteresis loops for 

unbound granular material under cyclic loading as well as a conceptual representation indicating the 

formulation of the chord modulus on the loading portion of the hysteresis loop.  Using this formulation, 

the chord modulus results from the loading phase of a repeated load tri-axial test is shown in Fig. 13 

plotted against the deviator stress ratio.  The deviator stress ratio is the ratio of the instantaneous 

deviator stress over the deviator failure stress at a corresponding confinement pressure level. 

The initial very high value of the chord modulus below deviator stress ratios of about 20 % is 

believed to be related to machine compliance problems.  This assumption is supported by results on 

synthetic specimens that are properly linear-elastic.  Ignoring the very high initial chord modulus 

results a significant increase in chord modulus is observed with increasing confinement pressure as 

indicated by the different series on the plot.  A further secondary slight increase in chord modulus is 

noted with increasing deviator stress ratio. 
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(a) Observed stress-strain hysteresis 
loops 

(b) Conceptual stress-strain model 

Fig. 12. Stress-Strain response of unbound granular material under cyclic loading 

 

 

Fig. 13. Chord modulus results for an unbound 
granular material under loading 

 

Although the chord modulus model represents the stress-dependent behaviour of unbound 

granular material well at a given density and saturation level, the stiffness of unbound granular 

material largely depends on the degree of saturation of the material.  The general saturation and 

density dependency of the chord modulus is illustrated in Fig. 14 for the Donkerhoek crushed 

sandstone and P10-2 shale base material.  The vertical stringing of the results at a given degree of 

saturation is caused by confinement pressure and deviator stress ratio changes.  Both these 

materials have a gravel-to-sand ratio of 1.5 but the Donkerhoek sandstone plots in the high-shear 

strength gravel block while the P10-2 shale plots in the low shear strength gravel block.  The chord 

modulus of the Donkerhoek sandstone levels out at about 400 MPa above saturation levels of 50 % 

while the chord modulus of the P10-2 shale decreases consistently from the low to the high saturation 

levels. 
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(a) Donkerhoek crushed sandstone (c) P10-2 shale base material 

Fig. 14. Saturation and density dependency of the chord modulus for a selection of unbound 
granular material 

 

Not only is the magnitude of the chord modulus at high saturation levels different for the different 

UGM classes, but the resilient response behaviour of the material also changes depending on the 

material class.  The statement is also often made in literature that the resilient response of base and 

subbase quality unbound granular material is stress-stiffening while subgrade material behaves in a 

stress-softening manner.  This statement is not true in general as all unbound granular material may 

exhibit stress-stiffening or stress-softening behaviour depending on the degree of saturation of the 

material.   

Fig. 15 illustrates the effect of increasing saturation on the chord modulus behaviour of a selection 

of unbound granular material.  The selection of materials covers the coarse spectrum of the grading 

composition plot from the high to the medium and low shear strength areas.  The resilient response 

of the N4 norite which plots in the high shear strength gravel area (GC3 class) is stress-stiffening at 

both low and high saturation levels.  The resilient response of the S191 dolerite base material from 

the medium shear strength gravel block (GC6) is stress-stiffening at the low saturation level and is 

predominantly constant at the high saturation level.  The resilient response behaviour of the P10-2 

shale from the low shear strength gravel area (GC7) is slightly stress-stiffening at the low saturation 

level but more importantly. stress-softening at the high saturation level.  The stress dependency of 

unbound granular material therefore depends on the saturation level of the material and a particular 

type of behaviour cannot be uniquely assigned to any material type as is often done. 
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(b) N4 norite base material at 14 % 
saturation 

(d) N4 norite base material at 70 % 
saturation 

(c) S191 dolerite base at 9 % saturation (e) S191 dolerite base at 70 % saturation 

(d) P10-2 shale at 20 % saturation (f) P10-2 shale at 80 % saturation 

Fig. 15. Saturation and density dependency of the chord modulus for a selection of unbound 
granular material 

 

B. Permanent deformation behaviour 

Shakedown Theory is well-established [1], [6], [7] as a general description of the plastic strain 

behaviour of unbound granular material. Theyse [8] extended the shakedown theory by defining the 
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lower and upper limits of the theory.  The extended shakedown theory is illustrated in Fig. 16.  Three 

regions of plastic strain behaviour are shown in this figure in terms of plastic strain accumulation with 

increasing number of load repetitions: 

 The shakedown region that is bound by a lower limit of “zero stress” loading where no plastic 
strain develops and an upper bound at the shakedown limit.  Repeated loading at levels below 
the shakedown limit results in an initial bedding-in deformation followed by an ever-decreasing 
rate of deformation to such an extent that the plastic strain eventually remains constant in the 
long-term; 

 A region of incremental creep between the shakedown and creep limits.  Repeated loading at 
levels between the shakedown and creep limits results in an initial bedding-in, followed by a 
constant long-term rate of plastic strain and a linear increase in plastic strain with increasing 
load repetitions; 

 A region of incremental collapse at loading levels above the creep limit.  Repeated loading in 
this region results in an ever-increasing rate of plastic strain that leads to an unstable 
accumulation of plastic strain with increasing number of load repetitions.  Infinite plastic strain 
is reached with a single load repetition at the failure strength of the material thereby creating 
an upper limit for the shakedown theory.  Although the accumulation of plastic strain is 
exponential in the region of incremental collapse, the behaviour can still be approximated 
relatively accurately with a very steep linear, long-term plastic strain rate. 

 

 

Fig. 16. Illustration of the extended shakedown theory 

 

Fig. 17 shows two examples of tri-axial plastic strain test results for crushed sandstone.  Both 

tests were done at relatively high volumetric density (VD) and saturation (S) levels but the one test 

was only done at a deviator stress level of 18 % of the deviator failure strength of the material, the 

other test was done at 86 % of the deviator failure strength.  The test at the high stress ratio has 
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entered the incremental collapse region for all practical purposes and the long-term plastic strain rate 

for this test is very high resulting in excessive plastic strain in a very short period.   

The long-term plastic strain rate is a critical aspect of the long-term performance of an unbound 

granular layer.  The long-term plastic strain rate is therefore important to consider in the development 

of a performance related classification system for unbound granular material and the objective is to 

avoid such behavior or to minimize the risk of such behavior during the pavement design stage.  The 

long-term plastic strain rate is therefore investigated for a number of materials at the hand of the 

grading-based classification. As both the degree of saturation (S) as well as the deviator stress ratio 

(SR) were found to affect the long-term plastic strain rate under repeated loading, these two variables 

were combined in the product of the two variables (SSR).  It has to be noted that a given SSR value 

does not imply the same applied stress for different materials as the deviator failure strength of 

material differ.  The SSR does however appear to be a normalizing parameter for the plastic strain 

behavior of unbound granular material.  

 

 

Fig. 17. Example of repeated load tri-axial plastic strain test results for a 
crushed sandstone material 

 

1) Long-term plastic strain rate behavior of high shear strength coarse gravel 
The tri-axial long-term plastic strain rate of high shear strength, coarse materials is shown in Fig. 

18.  In both cases the long-term plastic strain rate shows a gradual increase with increasing SSR 

and no step-wise increase is observed.  The long-term plastic strain rate for SSR values exceeding 

0.4 are still relatively low.  
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(e) N7 recycled hornfels (a) Quicksands burnt shale 

Fig. 18. Long-term plastic strain rate results for high shear strength coarse 
material 

 

2) Crushed stone and crushed gravel 
The tri-axial long-term plastic strain rate of a number of crushed stone and crushed gravels is 

shown in Fig. 19.  The plots are arranged in the same relative position that the materials plot on the 

grading composition plot.  The gravel-to-sand ratio of the Sterkspruit sandstone and Coedmore tillite 

exceeds 1.5 but the Sterkspruit sandstone lack fines while the Coedmore tillite has a slight excess 

of fines.  Both materials show a gradual increase in long-term plastic strain rate with increasing SSR.  

Volumetric density appears to have a slight effect on the long-term plastic strain rate at SSR levels 

above 0.4. 

The Coedmore tillite, Donkerhoek sandstone and Laezonia amphibolite all contains a slight 

excess of fines but the main difference between these materials is that the gravel to sand ratio 

decreases from above 1.5 for the tillite, to about 1.5 for the sandstone and 1.2 for the amphibolite.  

A step-wise increase is observed in the long-term plastic strain rate of both the Donkerhoek 

sandstone and Laezonia amphibolite above an SSR threshold of 0.4. 

Although the Brewerskloof eucrite only has a gravel to sand ratio of about 1.2, this material has 

an optimal fines content.   The long-term plastic strain rate shows a gradual increase with increasing 

SSR and no step-wise increase is observed.  The volumetric density appears to have a minimal 

effect on the long-term plastic strain rate for SSR values exceeding 0.4. 
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Fig. 19. Long-term plastic strain rate results for crushed stone and crushed gravel 

 

3) Medium shear strength gravel 
The tri-axial long-term plastic strain rate of a number of medium shear strength gravels is shown 

in Fig. 20.  The two dolerite gravels with high PI values appear to have an SSR threshold at 0.4 

beyond which the plastic strain rate accelerates significantly.  The sandstone material of the R538 

on the other hand with a PI of only 3 only exhibits the SSR threshold with an associated step-wise 

increase in the long-term plastic strain rate for low-density specimens, not high-density specimens. 

 



 

174 | P a g e  
 

(g) S191 dolerite base (PI = 11) (a) S191 dolerite subbase (PI = 
14) 

(b) R538 sandstone (PI = 3) 

Fig. 20. Long-term plastic strain rate results for medium shear strength gravel 

 

4) Low shear strength gravel 
The tri-axial long-term plastic strain rate of two low shear strength gravels is shown in Fig. 21.  

Although the D804 is classified as predominantly sandy, it falls close to the borderline between gravel 

and sandy material at a gravel-to-sand ratio of 0.97.  Both materials exhibit a very steep, step-wise 

increase in the long-term plastic strain rate at the SSR threshold at 0.4 regardless of the density of 

the material. 
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(h) P10-2 shale (a) D804 calcrete 

Fig. 21. Long-term plastic strain rate results for low shear strength gravel 

 

5) Sandy-gravel 
The tri-axial long-term plastic strain rate of three sandy gravels is shown in Fig. 22.  The SSR 

threshold for the R35 dolerite with a gravel-sand ratio of 0.6 and only 5.2 % fines appears to be 

slightly higher than 0.4.  Both the granite base and subbase material from Road D514 show a distinct 

threshold at an SSR of 0.4 with the subbase material having a higher long-term plastic strain rate 

above the threshold given the higher plasticity of the subbase material with a PI = 11 against the PI 

= 0 for the base material. The gravel-sand ratio for both the granite base and subbase material is 

less than 0.1. 
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(a) R35 recycled dolerite 

(b) D514 granite base (c) D514 granite subbase 

Fig. 22. Long-term plastic strain rate results for sandy gravel 

 

C. Compaction potential 

Not only the shear strength, resilient response and plastic strain of unbound granular material are 

dictated by the grading and Atterberg limits of the material but the compaction potential as well.  The 

concept of the ideal grading was established by Fuller and Thompson [9] and refined by Talbot and 

Richart [10].  Semmelink [11] supported the concept of an ideal grading for South African road 

building material but did not incorporate the ideal grading in his compaction models.  Talbot and 

Richart [10] formulated (2) to describe the ideal grading for concrete aggregate.   

 
(2) 

Where Pd = percentage material by mass passing the sieve size with opening d 

           D = maximum particle size 

 n = a constant (0.45 to 0.5) 

 

 Although defined for concrete aggregate, the concept of an ideal grading can also be applied to 

unbound granular material.  Fig. 23 plots the location of ideal gradings of different maximum particle 

size with solid gray squares on the grading composition plot.  The 95th percentile value of the vibratory 
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table volumetric density that was achieved for each of the materials that were tested is also plotted 

in Fig. 23.  In general, there is a decrease in the volumetric density that is achieved the further a 

material plots from the line representing the ideal gradings.  Material with a gravel-to-sand ratio below 

one also tends to achieve a lower density than material with a gravel-to-sand ratio exceeding one. 

 

Fig. 23. Vibratory table volumetric density results 

 

The current field density specification for unbound granular layers is briefly summarized below: 

  G1 and G2 crushed stone layers; 

o Reference density – apparent or bulk relative density; 

o Density specification – percentage of apparent or bulk density depending on material 
class; 

 G3 to G10 unbound granular layers; 

o Reference density – modified AASHTO maximum dry density; 

o Density specification – percentage of modified AASHTO maximum dry density 
depending on layer application. 

Unfortunately, modified AASHTO maximum dry density in some cases underestimates the 

compaction potential of unbound granular material when heavy vibratory compaction is used.  This 

aspect is highlighted by the results from a full-depth granular pavement section on the R104 near 

Rayton which was constructed using crushed sandstone from the Donkerhoek quarry.  The basic 

material properties of this material are listed in TABLE I.  and the material would typically be classified 

as G4.  The modified AASHTO maximum dry density of the material is 2202 kg/m3 and the apparent 

density 2635 kg/m3.  The volumetric density at modified AASHTO maximum dry density is therefore 

83.6 %.  Given the conventional G4 classification of the material, the density specification for the 

base layer of the full-depth granular pavement on the R104 would have been 98 % of the modified 

AASHTO maximum dry density resulting in a volumetric density of only 81.9 %. 
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The average dry density achieved during construction was, however, 2276 kg/m3 resulting in a 

volumetric density 86.4 %, 4.5 % higher than the modified AASHTO density specification for the 

layer.  Keeping in mind that the behavior and performance of unbound granular material are affected 

by the volumetric density, especially the failure stress and plastic strain of the material, the 

performance of the base layer of the full-depth granular pavement on R104 would have been 

compromised if the layer was only compacted to the modified AASHTO density specification. 

The matter is further complicated by the fact that the optimal compaction method is dictated by 

the properties of unbound granular material.  Fig. 24 plots the difference between the vibratory (VDvib) 

and modified AASHTO volumetric density (VDmod) as a percentage of the vibratory volumetric density 

against the product of the Plasticity Index and fraction passing the 0.425 mm sieve.  A positive density 

difference implies that the vibratory volumetric density exceeds the modified AASHTO volumetric 

density while a negative density difference indicates that the modified AASHTO volumetric density 

exceeds the vibratory volumetric density.  There is a relatively good correlation between the product 

of the Plasticity Index and fraction passing the 0.425 mm sieve and the density difference with the 

density difference being zero where the product reaches a value of about 2.2.  This indicates that 

material with a combined low Plasticity Index and percentage passing the 0.425 mm sieve achieves 

higher densities when compacted with vibratory compaction while material with a combined high 

Plasticity Index and percentage passing the 0.425 mm sieve achieves higher densities when 

compacted with modified AAHTO compaction.  Unfortunately, there is no direct field equivalent of 

modified AASHTO compaction but materials of which the product of the Plasticity Index and 

percentage passing the 0.425 mm sieve exceeds a value 2.2 will probably achieve better density 

results when compacted with a static steel drum roller followed by a pneumatic tyre roller compared 

to compaction with a vibratory steel drum roller. 

 

Fig. 24. The effect of material properties on the volumetric density of unbound 
granular material using modified AASHTO and vibratory compaction 

Given the above, the following is therefore recommended for the field density specification of 

unbound granular pavement layers: 
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 Material of which the product of the Plasticity Index and percentage passing the 0.425 mm 
sieve is less than 2.0; 

o All crushed stone material as well as certain crushed and natural gravels fall in this 
group; 

o Use the vibratory compaction volumetric density as a reference density for field 
compaction; 

 Material of which the product of the Plasticity Index and percentage passing the 0.425 mm 
sieve exceeds a value 2.0; 

o Most natural gravels fall in this group; 

o Use the modified AASHTO compaction volumetric density as a reference density for 
field compaction. 

 

V. APPLICATION AND APPLICATION LIMITS 

Many of the material samples included in the research were sourced from the base and subbase 

layers of in-service roads.  Certain of these samples, such as the P10-2 shale base, D514 

decomposed granite base and D804 calcrete base are classified as GC7, GF7 and GF9 respectively 

but functioned well in the base layers of low volume roads.  Given these observations, TABLE III. 

lists the proposed application of the performance-related, grading based unbound granular material 

classes as a guideline. 

It should be noted that material with a GC1 classification is not equivalent to a conventional G1 

base layer.  However, GC1 material has the potential to become a G1 base layer if compacted and 

slushed correctly.  Contrary to general believe, achieving 88 % of apparent density is not a sufficient 

requirement to ensure a G1 base layer is achieved.  The fines of a G1 may only be obtained from 

the unweathered rock from which the G1 is crushed.  The pre-compaction grading of G1 contains 

surplus fines to improve the workability, avoid segregation and assist in the initial compaction of the 

layer.  These fines have an apparent density close to that of the coarse aggregate fractions and 88 

% apparent density is achieved while surplus fines are still trapped in the layer.  Many of the crushed 

stone samples included in the research were compacted to 88 – 90 % of apparent density in the 

laboratory but still contained excess fines.  It is not possible to slush the material effectively in the 

laboratory.  The purpose of the field slushing process is to remove the excess fines so that the post-

slush grading approaches the ideal grading thus ensuring optimal aggregate packing, perfect 

interlock and maximum failure strength.  Fig. 25 shows the post-slush grading of a properly 

compacted and slushed G1 base layer from a successful construction project relative to the ideal 

grading from (2). 

 

 

TABLE III.  PROPOSED APPLICATION OF THE GRADING-BASED UNBOUND GRANULAR MATERIAL CLASSES 



 

180 | P a g e  
 

U
G

M
 c

la
s
s
 

High traffic volume – Heavy 
duty inverted pavement  

Medium traffic volume – 
Intermediate full-depth 

granular pavement 

Low traffic volume 
– Light granular 

pavement 
B

a
s

e
 

S
u

b
b

a
s

e
 

S
u

b
g

ra
d

e
 

B
a
s

e
 

S
u

b
b

a
s

e
 

S
u

b
g

ra
d

e
 

B
a
s

e
 

S
u

b
b

a
s

e
 

S
u

b
g

ra
d

e
 

GC1 
– 

GC2 
 Not economical Not economical 

Not economical 
GC3 

Inadequ
ate 

Stabilise 
for 

subbase 

Not 
economi

cal 

 
Not economical 

GC4  

GC5 

Inadequ
ate 

 Not 
economi

cal 

 
Not 

economic
al 

GC6    

GF7 
Inadequ

ate 

 
Inadequ

ate 

  

GF8   Inadequ
ate 

  

GF9     

GF1
0 

Remove from engineered material depth or modify 

 

 

Fig. 25. Grading of  a properly constructed G1 base layer relative to the ideal 
grading 

 

Often the design engineer does not have a choice in terms of the natural material that is available 

for road construction, especially in remote areas.  Fig. 26 shows the grading composition plot of 

material samples collected from a road in central Africa.  A few of the gravel samples contains fines 

in excess of 30 % as do the bulk of the predominantly sandy material.  Materials with a GF10 

classification are not suitable for road construction and should be removed or covered to such an 
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extent that they fall below the engineered material depth.  Material with a classification better than 

GF10 but with a fines content exceeding 30 % may be improved by mechanical or chemical 

stabilization or a combination of both stabilization methods. 

 

 

Fig. 26. Grading composition plot of materials from a road in central Africa 

 

VI. CONCLUSIONS AND RECOMMENDATIONS 

The paper presents a grading-based, performance-related classification system for unbound 

granular material.  The relationship between the proposed material classes, failure strength, resilient 

response and long-term permanent deformation behavior of unbound granular material is well 

illustrated.  Although the proposed grading-based classification system is not directly correlated with 

the AASHTO unbound material classification system [12], the two classification systems share 

certain characteristics.  The AASHTO system is also based solely on grading and Atterberg 

indicators, similar to the proposed classification system but allows for a silt and clay fraction up to 35 

% in gravel material, instead of the maximum of 30 % allowed by the proposed classification system. 

Application guidelines are provided for the UGM material classes and it is recommended that the 

proposed classification system be considered for incorporation into formal material specifications for 

South Africa.  It is the authors’ opinion that the grading-based classification system provides a better 
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alternative than the current predominantly CBR classification. A combination of the two methods may 

be considered initially until confidence is established in the grading-based classification. 

The material samples tested in the fine material classes (GF6 to GF10) were limited and it is 

recommended that this area should be further investigated with additional testing.  It is also 

recommended that the classification system be validated further against the performance of in-

service pavement layers. 
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Synopsis— In 2009, the National Route 1 Section 1 between km 56.1 and km 61.5, located 

North East of Paarl in the Western Cape Province of South Africa was rehabilitated and 

widened. As part of the rehabilitation and widening contract, the downhill truck crawler lane 

was constructed as an experimental pavement section. This experimental pavement section 

was constructed with a 50 mm thick Ultra-Thin Continuously Reinforced Concrete Pavement 

(UTCRCP). Early in 2010 sections of the experimental UTCRCP started to fail and 

consequently necessitated repair.  

In October 2014 a service provider was appointed for the special maintenance of the truck 

crawler lane on the National Route 1 Section 1. The project called for the reinstatement of 

the failed experimental UTCRCP with a conventional Continuously Reinforced Concrete 

Pavement (CRCP), a new generation UTCRCP and a Enrobé à Module Élevé (EME) asphalt 

base layer with an Ultra-Thin Friction Course (UTFC), at various locations along southbound 

(downhill) truck crawler lane.  

The project objective was specifically formulated to enable a long-term performance 

comparison of both the new generation UTCRCP and the EME with UTFC under repeated 

traffic loading, using the conventional CRCP as a performance control. 
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The focus of this paper is the documentation and discussion of the structural and material 

design process followed as well as the construction of the Enrobé à Module Élevé (EME) 

asphalt base layer. 

Keywords— Ultra-thin Continuously Reinforced Concrete, UTCRCP, Continuously 

Reinforcd Concrete, CRC, Enrobé à Module Élevé (EME), Fatigue, Permanent Deformation. 



 

 

 

 

I.  PROJECT BACKGROUND 

The route between Paarl and Worcester historically traverses through the Du Toits Kloof Pass. 

Inadequate capacity and poor road safety conditions necessitated the realignment of a portion of the 

National Route 1 Section 1 and the construction of a tunnel through the Klein Drakenstein Mountains. 

The new route was officially opened to traffic in 1988. 

In 2009 the National Route 1 Section 1 between km 56.1 and km 61.5 was rehabilitated and 

widened. As part of the rehabilitation and widening contract, the downhill truck crawler lane was 

constructed as an experimental pavement section. This experimental pavement section was 

constructed with a 50 mm thick Ultra-Thin Continuously Reinforced Concrete Pavement (UTCRCP).  

Early in 2010 sections of the experimental UTCRCP started to fail and consequently necessitated 

repair. In October 2014, SANRAL appointed Royal HaskoningDHV (Pty) Ltd as the service provider 

for the special maintenance of the truck crawler lane on the National Route 1 Section 1. It was 

recommended to replace the existing surfacing with new asphalt surfacing and Ultra-Thin Friction 

Course (UTFC), which will be bound to the concrete surface and in doing so even increase the 

structural capacity of the concrete pavement. The construction of the different sections are again 

treated as an experimental pavements and the performance of the different sections will be 

monitored. 

II. PROJECT LOCALITY 

The project is located north east of Paarl in the Western Cape, between Huguenot Toll Plaza and 

the western portal of the Huguenot Tunnel as shown in Fig. 1. The project was limited to the 

southbound (downhill) truck crawler lane.  

III. PROJECT OBJECTIVE  

The project called for the reinstatement of the failed experimental UTCRCP with a new generation 

UTCRCP and a Enrobé à Module Élevé (EME) asphalt base layer with an Ultra-Thin Friction Course 

(UTFC), at various locations along southbound (downhill) truck crawler lane.  

The project objective was specifically formulated to enable a long-term performance comparison 

of both the new generation UTCRCP and the EME with UTFC under repeated traffic loading, using 

the conventional CRCP as a performance control. 

IV. ENROBÉ À MODULE ÉLEVÉ (EME) THE PRODUCT AND ITS APPLICATION 

EME combines good mechanical performance with impermeability and durability. The product’s 

key performance characteristics are high elastic stiffness, high resistance to permanent (plastic) 

deformation and fatigue failure, while also offering good moisture resistance and workability [6]. 



 

 

 

Pavements comprising EME as the principle structural (base) layer can be employed for design 

traffic loading well in excess of 50 million ESALs, with due consideration and/or selection of 

supporting pavement layers [6]. 

 

 

Fig. 1. Contract NRA-010-2014: National Route 1 Section 1: Project Layout. 

V. STRUCTURAL ANALYSIS AND DESIGN OF THE ENROBÉ À MODULE ÉLEVÉ (EME) PAVEMENT 

After the failed experimental UTCRCP was removed, Falling Weight Deflectometer (FWD) 

measurements were conducted on the existing pavement structure at twenty (20) meter intervals. 

The FWD measurements were conducted to facilitate the characterisation of the supporting 

pavement layers. The existing pavement structure comprised a 170 mm Bitumen Stabilised Material 

(BSM) overlaying a 300 mm stabilised (C3) subbase layer, founded on good quality selected 

subgrade material.  

Layer stiffness’s that were back-calculated included, 1750 MPa for the 170 mm Bitumen Stabilised 

Material (BSM), 400 MPa for the 300 mm stabilised (C3) subbase layer and 180 MPa for the good 

quality selected subgrade material. The back calculated layer stiffness’s indicated that the subbase 

layer may be partially in an equivalent granular state. 

A mechanistic-empirical model was thereafter used as the primary pavement response model to 

calculate the critical response parameters for each material layer within the existing pavement 

structure under loading [10].  

The evaluation of the laboratory flexural stiffness results of the EME, tested with the Four Point 

Bending Beam, involved generating master curves. The EME master curves as shown in Fig. 2 



 

 

 

allowed for the comparison of flexural stiffness to be made over extended ranges of test temperatures 

and load frequencies. The flexural sweeps used to set up the master curves were done on two 

separate beams, that were extracted from two different slabs.  

 
Fig. 29. Master Curve for Flexural Stiffness (Reference temperature = 20°C) [3] 

The master curve development coupled with ambient and in-service pavement temperatures, 

calculated using the CSIR 2007 Thermal-PADS Software as shown in Table I facilitated the 

consideration of seasonal temperature variations during the structural analysis and design of the 

EME base layer, by adjusting the design stiffness modulus of the EME asphalt base layer to 

accommodate the seasonal conditions. 

TABLE IV.  NATIONAL ROUTE 1 (PAARL WEATHER STATION): AMBIENT & IN-SERVICE PAVEMENT 
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A 120 mm EME base layer constructed over the existing pavement structure overlaid with a           

20 mm Ultra-Thin Friction Course (UTFC) was recommended as the rehabilitation design solution. 

Stiffness modulus used for the EME asphalt base layer were derived by considering the average 

of the two master curves developed in Fig. 2. These EME Stiffness’s ranged from 20 500 MPa at an 

in-service temperature of 14°C and loading Frequency of 10 Hz to 1 500 MPa at an in-service 

temperature of 45°C and loading Frequency of 10 Hz, calculated at a sub layer depth of 45 mm. 

Rubicon Software was thereafter used to calculate the critical response parameters for each 

material layer within the existing pavement structure under loading [10]. 

The critical maximum horizontal tensile strain response parameter at the bottom of the EME 

asphalt base layer for the various EME stiffness modulii used to allow for seasonal temperature 

variations were calculated at below a 158 micro-strain for a 120 mm EME asphalt base layer. A 

provisional S-N type fatigue damage prediction model was developed by Steyn in 2014 [9]. This 

provisional EME fatigue failure transfer function was developed at a reference temperature of 10°C 

[6]. 

𝑵𝒇 = (𝟏𝟎𝟏𝟗.𝟔𝟓𝟔𝟓(𝟏−𝐥𝐨𝐠(
𝜺𝒕

𝟑.𝟓𝟎𝟐𝟖
)) 

where,  

 

 𝑵𝒇  =  Predicted Fatigue Life 

 𝜺𝒕  =  Horizontal Tensile Strain at Bottom of Layer 

 

Month

Min Max Min Max 15 45 75 105 15 45 75 105

January 17.9 31.5 21.1 54.8 22 23 24 25 53 48 44 42

February 18.5 32.3 21.7 53.6 23 24 25 25 52 46 43 41

March 16.3 30.4 19.7 48.0 21 22 23 23 46 41 39 37

April 13.4 26.6 17.1 39.3 18 19 20 21 37 33 31 29

May 10.3 21.5 14.4 30.4 15 16 17 18 28 26 24 23

June 7.5 18.8 11.9 25.9 13 14 15 15 24 22 20 19

July 6.8 18.5 11.3 26.4 12 13 14 15 24 22 20 20

August 7.7 18.6 12.1 29.6 13 14 15 16 27 25 23 22

September 9.2 20.9 13.4 36.6 14 15 16 17 34 31 29 27

October 12.4 24.8 16.2 44.8 17 18 19 20 42 38 35 34

November 14.2 27 17.8 49.8 19 20 21 21 47 42 39 37

December 16.9 30 20.2 53.7 21 22 23 24 52 47 44 42

In-Service Pavement 
Temperature

Sub Layer Depth [mm] Sub Layer Depth [mm]
(˚C)(˚C)

Temperature
In-Service Pavement 

Morning Afternoon

(˚C) (˚C)

Average Ambient 
Temperature

Average Surface
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This provisional S-N type fatigue damage prediction model was used with the Rubicon Software 

to determine the bearing capacities of the EME asphalt base layer pavement, for each of the 

stiffness’s calculated to accommodate for the climatic seasons in one year. Miner’s Law was then 

applied to calculate the effective pavement life for the selected pavement system.   

The recommended rehabilitation design solution comprising a 120 mm EME base layer 

constructed over the existing pavement structure overlaid with a 20 mm Ultra-Thin Friction Course 

(UTFC), proved to be more than adequate to accommodate the anticipated future design traffic 

loading of 44 million ESALs for a 30-year analysis period.  

The EME base layer thickness could theoretically be reduced to below a 100 mm thickness. 

However, EME laboratory fatigue test results on the design mix reported by the Stellenbosch 

University’s Institute of Integrated Engineering and Technology indicated that the above predicted 

design life could not be achieved with this mix.  It was decided to also verify the bearing capacity of 

the EME asphalt base layer by considering the thick Bitumen Treated Base (BTB) transfer function 

(3000 MPa). (TRH4, 1996). 

Considering the very limited experience with EME in South Africa, the results from the provisional 

S-N type fatigue damage prediction model developed by Steyn in 2014 for EME base layers, the 

Stellenbosch fatigue results and the thick Bitumen Treated Base (BTB) transfer function (3000 MPa), 

coupled with the design and construction experience from France, where the EME base layers were 

constructed in thickness in excess of a 150 mm, it was ultimately decided to design and construct 

the EME base layer to a total thickness of a 120 mm.  

MATERIAL DESIGN OF THE EME ASPHALT BASE LAYER 

Sabita Manual 33 [6] provides guidelines for performance requirements for EME layers. These 

requirements are based on standard mechanistic analysis using a dynamic EME modulus at 10 Hz 

at three representative temperatures.  

The laboratory mix design of the EME Class 2 asphalt base with a Nominal Maximum Particle 

Size (NMPS) of 14 mm was conducted in accordance with the performance related method shown 

in Fig. 4, recommended by Sabita Manual 33 [6]. No recovered asphalt (RA) was added as the EME 

was constructed as an experimental section. Adding RA would mean an extra variable to take into 

account during the design and monitoring process. 

The target and design grading for both the upper and lower lifts are shown in Table II.  



 

 

 

 

Fig. 27. National Route 1 Section 1: Remedial Action: EME Pavement Type 

  

20 mm UTFC

SUBGRADE

170 mm BSM

300 mm C3

SUBGRADE

300 mm

170 mm BSM

UTCRCP

AC

C3

Designed and Constructed 

Pavement Structure

Pavement Structure after 

the failed experimental 

UTCRCP was removed

Pavement Structure before 

the failed experimental 

UTCRCP was removed

50 mm

30 mm

300 mm C3

SUBGRADE

BSM

EME

110 mm

120 mm



 

 

 

TABLE V.  GRADING LIMITS AND SELECTED DESIGN GRADING 

Sieve Size 
(mm) 

Contract 
Specification for 
NMPS = 14 mm 

Lower Lift 
Design 
Grading 

Upper Lift 
Design 
Grading 

20 100 100 100 

14 90 – 100 99 98 

10 70 – 90 70 70 

7.1 53 – 73 57 57 

5.0 44 - 64 49 50 

2.0 25 – 38 31 31 

1.0 20 – 30 20 20 

0.600 15 – 25 15 16 

0.300 11 – 20 11 12 

0.150 7 – 16 8 9 

0.075 5.5 – 7.9 6.8 7.2 

 

The richness modulus K was then calculated for the design using the formula: 

𝑲 =
𝑩𝒑𝒑𝒄

𝜶 × √∑
𝟓

 

 

where,  

 

 𝑩𝒑𝒑𝒄  =  Mass of the binder expressed as a percentage of total dry mass of aggregate 

𝜶  =  2.65 / r (a correction of the coefficient taking into account the density of the 

   aggregate with r being the relative density of the aggregate used in the 

mix design) 

 ∑   =  Specific surface area of aggregate given by: 

 

∑ = 𝟎. 𝟐𝟓𝑮 + 𝟐. 𝟑𝑺 + 𝟏𝟐𝒔 + 𝟏𝟓𝟎𝒇 

 

where,  

 

 𝑮  =  Proportion * by mass of aggregate over 7.1 mm 

 𝑺  =  Proportion * by mass of aggregate between 7.1 mm and 0.300 mm 

 𝒔  =  Proportion * by mass of aggregate between 0.300 mm and 0.075 mm 

 𝒇  =  Proportion * by mass of aggregate smaller than 0.075 mm 

 𝑮  =  Proportion * by mass of aggregate over 7.1 mm 

TABLE VI.  RICHNESS MODULUS 



 

 

 

Property Class 2 [6] 
Lower Lift 

Design 
Upper Lift 

Design 

Richness modulus K ≥ 3.4 3.76 3.54 

 

 After confirmation that the laboratory mix design complied with the relevant project specifications, 

the subsequent phases of the design process followed. During the production and testing of the plant 

EME mix, the performance tests, including resistance to permanent deformation, dynamic modulus 

and fatigue testing were repeated to ensure compliance of the plant mix. The dynamic modulus and 

fatigue test results of the plant mix compared reasonably well with the initial laboratory test results.  

The resistance to permanent deformation on the plant mix performed in accordance with test 

method AASHTO T320, Repeated Simple Shear Test at Constant Height (RSST-CH) [1] did, 

however, not compare with the initial laboratory test results. The variation in the laboratory and plant 

RSST-CH test results was attributed to the inconsistency in the preparation and conditioning of EME 

slabs between the various laboratories prior to testing. 

No formal protocol existed at the time that clarified the required preparation and conditioning of 

asphalt slabs prior to the evaluation of permanent deformation in accordance with test method [1]. It 

was therefore decided to evaluate the permanent deformation in accordance with the Model Mobile 

Load Simulator (MMLS) and the Hamburg Wheel Tracking protocol.    

 



 

 

 

 

Fig. 28. Enrobé à Module Élevé (EME) Class 2: Material Design Process [6] 

The underlying structural support to the envisaged EME base layer on the N1 project was not a 

major concern. The risk of premature fatigue failure of the EME base layer was considered to be 

relatively minor.  

The EME base was finally designed and constructed in two 60 mm lifts:  

 The lower 60 mm lift, constructed with a 5.7 percent binder content (10/20 penetration), to 

enhance the materials fatigue resistance. The summary of the performance requirements, at 

the time of construction, as set out in [6] as well as the adjusted requirements for the contract 

and results hereof can be seen in Table IV. 

 The upper 60 mm lift, constructed with a reduced 5.4 per cent binder content (10/20 

penetration), to enhance the materials resistance to permanent deformation. The summary of 

the performance requirements, at the time of construction, as set out in [6] as well as the 

adjusted requirements for the contract and results hereof can be seen in Table IV. The 

Select appropriate mix components in terms of

01. Component Selection Aggregate; Filler and Binder (10/20; 15/25)

Develop a suitable grading from the different 

02. Developing a Suitable Grading aggregate fractions

(NMPS 10; 14; 20 mm)

Select Target Binder Content (BC)

03. Binder Content Selection to achieve a min richness modulus K

(similar to film thickness conventionally used in SA)

Using a trial mix design, specimens are compacted 

04. Compaction of Gyratory Specimens in a gyratory compactor

Firs t of the performance cri teria  a imed at creating a  workable mix A maximum allowable air void content after 

05. Assessment of Workability Criteria NO 45 gyrations has to be met

(No. of Specimens  = 3) Yes Once workability criteria have been met

Specimens are Subjected to a Durability Testing

06. Assessment of Durability Criteria NO Modified Lottman (Indirect Tensile Strength ratio)

(No. of Specimens  = 6) Yes Min Tensile Strength Ratio (TSR) of 0.80 is required

RSST-CH

07. Assessment of Rut Resistance Criteria NO Repeated Simple Shear Test at Constant Height

(No. of Specimens  = 3) Yes Max strain of 1.1 % at 55°C after 5 000 reps

Dynamic Modulus

08. Assessment of Dynamic Modulus Criteria NO (loading frequency of 10 Hz and temperature 15°C)

(No. of Specimens  = 3) Yes Min Dynamic Modulus of 16 Gpa

09. Compaction of Slabs

Yes

Four Point Bending Beam Fatigue to 50% stiffness reduction

10. Assessment of Fatigue Criteria NO (loading frequency of 10 Hz and temperature 10°C)

(No. of Specimens  = 9) Yes Min ≥ 106 reps @ 210µƐ for Class 1 and 260 for Class 2

11. Project Implementation Construction Stage

Local Asphalt Supplier

Local Asphalt Supplier

Local Asphalt Supplier

Local Asphalt Supplier

Local Asphalt Supplier

Local Asphalt Supplier

Specialised Testing

Specialised Testing

Specialised Testing

Contractor

Specialised Testing

Following Satisfactory Durability, the Following Structural Performance Criteria are Assessed:



 

 

 

additional permanent deformation tests result from the Hamburg Wheel Tracking and MMLS 

were also included. 

TABLE VII.  PERFORMANCE REQUIREMENTS AND RESULTS 

Performance Requirements EME Base Course 

Property Test Method Units 

Binder 
Content 

Specification 

5.7
% 

5.4
% 

Contrac
t 

Class 2 
[6] 

Workability 
Gyratory Compactor, air 
voids after 45 gyrations 

ASTM 
D6925 

% 4.80 5.3 ≤ 6 ≤ 6 

Moisture 
Sensitivity 

Modified Lottman 
ASTM 

D4867M 
- 0.90 0.9 ≥ 0.75 ≥ 0.8 

Permanent 
Deformatio

n 

RSST-CH, 55°C, 5000 
reps 

AASHTO 
T320 

% 
strai

n 
0.95 2.10 ≤ 1.1 ≤ 1.1 

MMLS (dry) 1) DPG1 mm - 0.87 - - 

Hamburg Wheel Tracking  mm - 3.4 - - 

Dynamic 
Modulus 

Dynamic modulus at 10Hz, 
15°C 

AASHTO 
TP62 

GPa 23.5 24.2 ≥ 14 ≥ 14 

Fatigue 
106 reps at 10 Hz, 10°C, to 
50% stiffness reduction 

AASHTO 
T321 

µƐ 253 243 ≥ 250 ≥ 390 

MMLS (Dry) @ 50°C, 100 000 load repetitions, 3600 load rep/hr, 750 kPa tyre pressure, 2.7kN 
Wheel Load, No Lateral Wander 

VI. CONSTRUCTION OF THE EME ASPHALT BASE LAYER 

Best practice at the time of construction [6] called for EME mixing temperature of between 160˚C 

and 180˚C with a compaction temperature of above 140˚C. The industry was however, warned about 

the typical stiffening up behaviour of EME during compaction, whereby the mat locks and any further 

rolling has very little impact on the required density.  

The mixing temperature was therefore adjusted (increased to beyond 180˚C) to compensate for 

project specific conditions that included: 

 Long haul distance; and 

 Uncertainty pertaining to the potential stiffening up behaviour. 

This unfortunately resulted in a slow setting and tender asphalt mix that proved difficult to compact 

even at relatively low temperatures.  

Furthermore, at mix design stage, only an Interim design procedure for high modulus asphalt [6] 

existed. In this document the requirements for hard pavement grade binders, conforming to the 



 

 

 

European (EN 13924) standards, are listed. Noticeably in the European standard, the Dynamic 

Viscosity at 135°C was not listed as one of the requirements for hard pavement grade binders. During 

construction the updated Design procedure for high modulus asphalt [7] was published.  

 

 

Fig. 29. National Route 1 Section 1: EME Pavement Construction. 

The updated requirements for hard pavement grade binders adapted SANS 4001-BT1:2014, in 
which the minimum Viscosity at 135°C for a 10/20 penetration grade binder was 750 mPa.s. The 
average Dynamic Viscosity results at 135°C, tested over the entire construction period, was only 
715 mPa.s. The low viscosity of the binder at the elevated temperatures could have also attributed 
to the compaction difficulties experienced on site. 

At the time it was suspected that the slow setting and tender asphalt was a direct result of mix 
segregation (binder drainage) during transportation. Consequently, the mixing temperature was 
reduced to 170˚C and compaction commenced at 145˚C. 

The required density specification was thereafter achieved with ease and no stiffening up behaviour 
of EME was experienced during the compaction process. The reinstatement of the failed UTCRCP 



 

 

 

along the southbound (downhill) truck crawler lane on the National Route 1 Section 1 with the EME 
asphalt base and UTFC was successfully executed as shown in Fig. 5.  

VII. COMPARISON OF CONSTRUCTION COST 

Analysing the final payment certificate along with the construction timeline, it was possible to 

calculate the overall construction costs associated with the respective strategic implementations.  

The calculated costs also made provision for all time-related, health and safety as well as 

environmental obligations, based on the construction duration (number of days) related to the 

respective strategic implementations. The construction cost estimate, for the EME and both the 

UTCRCP pavements, made provision for all related costs up until the base layer, as it forms part of 

the structural integrity of the pavement structures.  

It should be noted that the rate of construction as well as the cost comparison only reflects the 

overall rate and cost of construction relating to this specific project, and do not take into account 

possible future costs in the form of maintenance or any other related costs. The rate of construction 

and overall cost of construction per unit length are given in Table V: 

TABLE VIII.  RATE OF CONSTRUCTION AND OVERALL COST OF CONSTRUCTION PER UNIT LENGTH 

Strategic Implementations 
Rate of 

Construction 
Overall Cost of 
Construction 

Enrobé à Module Élevé Asphalt with UTFC 

120 mm EME with 20 mm UTFC 
168 m/day R 3.5 m/km 

Continuously Reinforced Concrete 

160 mm CRCP 
84 m/day R 5.1 m/km 

Ultra-Thin Continuously Reinforced 

Concrete 

70 mm UTCRCP with edge beams 

35 m/day R 5.2 m/km 

Ultra-Thin Continuously Reinforced 

Concrete 

100 mm UTCRCP no edge beams 

28 m/day R 7.1 m/km 

 

The construction cost of the EME layer was considerably less than the concrete options. However, 

the cost cannot be compared directly as the EME was paver laid while all three concrete sections 

were constructed in a labour-intensive method.  

It is not foreseen that the concrete layers will be constructed by pavers in future therefore the 

costs shown in Table V should be considered representative of South African conditions, especially 

considering the small scale of the experimental section. Larger scale projects may have lower unit 

costs but cannot be verified in this paper. 



 

 

 

VIII. PERFORMANCE OF THE EME TO DATE 

A visual assessment was conducted in June 2017 and again in April 2018 (18 and 28 months 

after construction) to evaluate the current in-service performance of the EME.  

The site conditions in which the EME was constructed may be considered as extreme - due to the 

combination of steep grades, high ambient temperatures and slow-moving heavy vehicles it is 

subjected to. However, during the visual assessment, the only observable defect recorded was 

bleeding at minor isolated sections along the left-sided wheel path. This defect was confined to the 

UTFC and did not originate in the EME. Minor mechanical deformation was also observed at isolated 

sections along the UTFC; however, this was not related to the performance of the EME. 

 

Fig. 30. National Route 1 Section 1: EME Pavement 28 months after construction   



 

 

 

IX. FUTURE RESEARCH   

Firstly, the long-term performance comparison of both the reengineered UTCRCP and EME with 

UTFC under repeated traffic loading will ultimately provide valuable input information, towards the 

evaluation of the Life Cycle Cost of the three alternative remedial actions.  Secondly, further 

development of the currently available fatigue and permanent deformation EME transfer functions 

with a specific focus on the locally produced 10/20 unmodified penetration grade bitumen. 

X. LESSONS LEARNT 

From the design and lay process undertaken for the contract the following lessons have been 

learnt and have been instrumental to the changing of the Sabita Manual 33 to make it more relevant 

to South African conditions: 

1.  Revision of the test method to determine the resistance to permanent deformation from the 

RSST-CH to the HWTT. This change is largely due to the availability of the test equipment at 

various testing houses, with the latter been more readily available. 

2. The Dynamic Modulus target specification can be increased from 14 GPa to a minimum of 16 

GPa 

3. The Fatigue Strain at 106 Cycles can be reduced for a Class 2 EME from 390 µɛ to 260 µɛ. 

The fatigue relation is in need for a complete overhaul and should be based on South African 

materials and what can be achieved here. 

4. Protocols are needed for the curing of the beams for the fatigue tests to limit the variability in 

the results. These protocols are in the development process at present. 

5. The objective of the project must be well defined, e.g. is the main objective resistance against 

fatigue or permanent deformation. This project has a very stiff pavement with low deflections 

(horizontal strains) so that permanent deformation should have a higher priority. 

Specifications must take this into account. 

CONCLUSIONS 

The EME, CRC and UTCRC were constructed as experimental sections and the EME performed 

excellent so far. Although economic analyses were not done and long-term costs were not 

considered it can be deduced that the EME asphalt base pavement structure is a viable and 

economical alternative to the conventional CRCP and new generation UTCRCP structures in 

heavy traffic conditions. 
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Synopsis—The proposed South African bituminous binder performance grade 

specification makes provision for data capturing. The data consists of one DSR isotherm 

and BBR data. This paper demonstrates that it is possible to develop accurate master curve 

models from these data sets. In addition, the master curve models were successfully used 

in assessing the risk of ductility failure related to the Glover-Rowe parameter, for six different 

bituminous binders.    
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I INTRODUCTION 

The current South African bituminous binder specifications for road construction are published 

within two distinct documents. Penetration grade bitumen and emulsion specifications can be found 

in the South African National Standard (SANS) 4001 series ( [1] [2] [3] [4] [5]). This series consists 

of five parts, ranging from BT1 to BT5. Bitumen and emulsion modification specifications are 

published by the South African Bitumen Association (SABITA) in TG1 [6]. 

The philosophy of the current specifications is based on empirical testing acting as a surrogate for 

material properties. The needle penetration tests became synonymous with the specification and 

coined its name, penetration grade specification. Other empirical tests, such as the ring-and-ball 

softening point, apparent-viscosity measurements, flash point values and material changes after 

rolling thin film oven (RTFO) tests complete the South African specification.  Although this approach 

was sufficient for unmodified bitumen in the past, current modifications of bitumen and increases in 

traffic volumes necessitate durability and performance characterisation of bitumen for 

comprehensive engineering decision making.  

  A performance grade (PG) system, known as the Superpave Method, was introduced during the 

mid-1990s in the United States of America for road construction. Superpave uses a PG classification 

for bitumen. This means that bitumen is classified based on fundamental material properties i.e. 

material parameters that are measured from representative load simulations and fundamentally 

linked to performance. Specification testing was expanded to include tests conducted with the 

dynamic shear rheometer (DSR) and the bending beam rheometer (BBR) in order to derive 

fundamental material properties, thereby, providing material response characteristics for a load 

frequency and temperature spectra.  This type of material response representation lends itself to 

subsequent interpretations towards phenomena of interest such as low temperature fracturing, 

durability and fatigue cracking at intermediate temperatures.  

The South African industry adopted the PG approach in its interim PG specification for bituminous 

binders [7], making provision for data reporting. Among the data reported is a single DSR isotherm 

at intermediate temperature and a set of BBR isotherms. The objective of this paper is to quantify 

the viability of consolidating isotherms within a master curve and use the master curve for 

subsequent interpretations of material characteristics. The final PG specification was published as 

Technical Specification, SATS 3208 [8]. 

II. BACKGROUND INFORMATION 

During the mid-1950s and 1960s, prominent scholars such as van der Poel [8] and Heukelom [9] 

published their works on bitumen rheology. Different methods of rheological testing were used in the 

decades to follow and in an attempt to clarify rheological data analysis and interpretation, 

Christensen and Anderson [11] published a report with the emphasis on dynamic mechanical testing 

of bitumen. In [11] Christensen and Anderson stated that the viscoelastic nature of bitumen must be 

analysed in the light of sound rheological theory and with appropriate mathematical models. 



 

 

A. Basic aspects of linear viscoelastic theory 

Viscosity describes the resistance to deformation of a liquid material. An elastic modulus describes 

the resistance to elastic deformation of a solid material. Bituminous binder exhibit behaviour that 

includes both properties and is thus defined as a viscoelastic material. Therefore, viscoelastic 

materials exhibit behaviour somewhere between that of an ideal liquid (viscous) and an ideal solid 

(elastic).      

a) Stiffness modulus and creep compliance 

A creep test is commonly used in determining the viscoelastic properties of bitumen. During a 

creep test, a constant tensile load is applied to the test specimen, while the resulting deflection is 

measured as a function of time. To analyse the data of a creep test, scholars make use of the 

stiffness modulus [11] defined in Equation 1. 

 S(t) = σo / ε(t) (1) 

Where: 

S(t) =  time dependent stiffness modulus, Pa. 

t = loading time, s. 

σo = applied uniaxial stress, Pa.  

ε(t) = resulting uniaxial strain at time t, m/m. 

 

Stiffness is a uniaxial property, relating uniaxial strain and stress. The stiffness modulus is simply 

the inverse of the uniaxial creep compliance, D(t), which describes the extension of the specimen, 

subject to a constant tensile load with time. The term, creep compliance, was coined by van der Poel 

[9] in publishing his famous nomograph. A typical creep stiffness plot is presented in Figure 1, where 

the stiffness modulus approaches a limiting value at very short loading times. This value is called the 

glassy modulus, Sg, which is reached at approximately 3 GPa. The glassy modulus is due to the 

carbon-carbon backbone of which bitumen molecules are largely formed [11].     



 

 

 

Fig. 1. Fig 10. (a) Schematic creep stiffness master curve as a function of loading time [11]; 

(b) Schematic BBR [12].   

 

As the loading time increases, the stiffness modulus decreases at an increasing rate, until the 

slope reaches a value of -1. At this point the bitumen behaves like a Newtonian fluid and for this 

reason a line is drawn through this section of the creep stiffness curve called the viscous asymptote. 

A horizontal asymptote is drawn through the glassy modulus intersecting the viscous asymptote. 

This point of intersection is called the cross-over time, tc, where the stiffness modulus exhibits a slope 

very close to -0.5. The BBR device works on this principle and determines the creep stiffness of 

bitumen with Equation 2 [12].  

 S(t) = PL3 / 4bh3Δ(t) (2) 

Where: 

S(t) =  time dependent stiffness modulus, Pa. 

t = loading time, s. 

P = applied constant load, N. 

L = distance between beam supports, mm. 

b = beam width, mm. 

h = beam thickness, mm. 

Δ(t) = time dependent deflection, mm. 



 

 

b) Dynamic mechanical analysis 

In a dynamic mechanical analysis, such as a DSR test, a sinusoidal strain with a constant peak 

value can be applied to the specimen, resulting in complex shear stress as a function of frequency 

(Equation 3). This is termed strain controlled testing and is more commonly used than stress 

controlled DSR testing. The dynamic mechanical properties are mathematically related to the creep 

properties. Both properties, G*(ω) and S(t), are indicators of bitumen’s resistance to flow under 

specific loading conditions.    

 G*(ω) = |τ(ω)| / |γ(ω)| (3) 

Where: 

G*(ω) =  complex shear modulus at frequency ω, Pa. 

|τ(ω)| = absolute shear stress response, Pa. 

|γ(ω)| = absolute applied shear strain, m/m. 

ω = frequency, rad/s. 

 

The delay between the applied shear strain phase and shear stress response phase is called the 

phase angle and denoted by the symbol, δ. For purely elastic material the phase angle would be 0°, 

while for purely viscous material the phase angle would be 90°. Four main parameters make up the 

relationships among dynamic mechanical testing as presented in Figure 2:  

(1) Complex modulus, G*.  

(2) Storage modulus, G′.  

(3) Loss modulus, G″.  

(4) Phase angle, δ.  



 

 

 

Fig. 30. Fig 2. (a) Pythagoras relationships of dynamic moduli; (b) Typical complex modulus and phase 

angle master curve plot  [11]. 

 

The storage modulus (Equation 4) represents the in phase component of the complex modulus, 

while the loss modulus (Equation 5) represents the out of phase component with the complex 

modulus. These terms are sometimes misinterpreted as the elastic and viscous moduli; in reality, the 

elastic component of response only represents part of the storage modulus and the viscous response 

only part of the loss modulus. Interpretation of the storage and loss modulus should be done with the 

foreknowledge that both parameters reflect a portion of the delayed elastic response. The storage 

and loss moduli cannot be strictly interpreted as either elastic or viscous moduli  [11].     

 G′(ω) = G*(ω) × cos(δ) (4) 

 G″(ω) = G*(ω) × sin(δ) (5) 

 tan(δ) = G″(ω) / G′(ω) (6) 

Within a master curve, the complex modulus and phase angle are usually plotted against 

frequency as illustrated in Figure 2. At very high radial frequencies the complex modulus reaches a 

limit known as the glassy shear modulus, Gg. It is approximately a third of the glassy stiffness 

modulus, Sg, therefore, Gg approaches 1 GPa. At low radial frequencies, the slope of the complex 

modulus reaches 1 (unity), which signifies that viscous flow has been reached and that the bitumen 

is behaving like a Newtonian fluid. Similar asymptotes as displayed in Figure 1 are assigned to the 

master curve, but for the frequency domain. The cross-over frequency, ωc, is generally very close to 

δ = 45° i.e. tan(δ) = 1.  



 

 

c) Interconversion of viscoelastic functions 

Different mechanical tests are required to describe the behaviour at various regions of the 

viscoelastic spectra.  Exact closed form equations for interconversion of viscoelastic functions do 

exist, but are extremely difficult to solve. The general approach is to either make use of numerical 

methods or approximate equations. By taking an approximate approach and assuming a Poisson’s 

ratio, ν, of 0.5, Equation 7 is simplified to form Equation 8, relating uniaxial (elastic) modulus to shear 

modulus. 

 G = E / 2(1+ν) (7) 

 E*(ω) = 3G*(ω) (8) 

Where: 

G*(ω) =  complex shear modulus at frequency ω, Pa. 

E*(ω) =  complex uniaxial modulus at frequency ω, Pa. 

 

Therefore, the uniaxial creep compliance, D(t), can be calculated from the shear creep 

compliance, J(t), by multiplying J(t) with a factor of three. Based on this principle, the stiffness 

modulus, S(t), is directly converted to the complex shear modulus, G*(ω), as presented in Equation 

9. 

   G*(ω) ≈ S(t) / 3 (9) 

Where: 

t =  1/ ω, s. 

ω =  frequency, rad/s. 

 

Although Christensen and Anderson in [11] state that this type of conversion result in an 

overall error of less than 15%, other scholars argue that Hopkins and Hamming’s approach [13] is 

more accurate and result in even less error (see Rowe in [12]). Hopkins and Hamming in [13] use a 

numerical method to solve the convolution integral as presented in Equation 10. The numerical 

method takes a cumulative trapezoidal summation approach (Equation 11) in solving the integral, 

thereby, converting the creep compliance, D(t), to the uniaxial modulus, E(t). 

 



 

 

   ∫E(ξ)D(t- ξ)dξ = t (10) 

   E(tn+½) = 
tn+1- ∑ En-1

i=0 (ti+½)[f(tn+1-ti) - f(tn+1-ti+1) ]

f(tn+1-tn)
 (11) 

Where:  

   f(tn+1) = f(tn) + ½[D(tn+1) + D(tn)][tn+1-tn] (12) 

Where: 

tn =  discrete times, s. 

n = number of measured experimental points. 

B. Time dependence and the master curve 

The parameters selected by Christensen and Anderson I [11] to construct a master curve are 

clearly definable characteristic parameters, as opposed to statistically determined factors which may 

or may not truly reflect the mechanical properties of bitumen. There are four characteristic linear 

viscoelastic parameters.    

d) Characteristic linear viscoelastic parameters 

 The glassy modulus, Gg: This is the stiffness value that the moduli strive towards at high 

frequency loading and cold conditions. Gg is normally between 0.6 GPa and 1.5 GPa. A value 

of 1 GPa is generally assumed for bitumen binders.   

 The steady state viscosity, ηss: This is the viscosity value of bitumen when it resembles a 

Newtonian fluid. In dynamic testing, ηss is approximated as the limit of the complex viscosity, 

η*(ω), as the phase angle, δ, approaches 90°. The viscous asymptote in Figure 2, is 

indicative of steady state viscosity for bitumen.  

 The cross-over frequency, ωc: This is the frequency where tan(δ) = 1 and where the storage 

and loss moduli are equal. The cross-over frequency is close to the point at which the viscous 

asymptote intersects the glassy modulus. This is just an approximation and the cross-over 

frequency should be interpreted as a hardness parameter, indicating the general consistency 

of bitumen (Christensen and Anderson in [11]). 

  The rheological index, R: This parameter is defined as the difference between the glassy 

modulus, Gg, and complex shear modulus at the cross-over frequency, G*(ωc). The 

rheological index is directly proportional to the width of the relaxation spectrum and indicates 

the rheologic type. The rheologic type has traditionally been characterised by a temperature 

susceptibility parameter, such as the penetration index (P.I.), emanating from the ring and 



 

 

ball softening point test and the bitumen penetration test. Therefore, the rheological index 

provides the same information as the penetration index i.e. shear rate dependency.     

e) Mathematical model describing the master curve 

The complex response of viscoelastic bitumen is a result of its time and temperature 

dependency. In mathematical modelling, these effects should be considered separately. Saal and 

Labout in [14], were of the first to recognise this and indicated that time dependency is reflected in 

the location and shape of the master curve. Christensen and Anderson I [11] proposed the 

mathematical functions as described in Equation 13 and Equation 14 for master curves representing 

the complex shear modulus and phase angle respectively. These functions became known as the 

CA model. 

   G*(ω) = Gg[1 + (ωc/ω)(log2)/R]-R/(log2) (13) 

   δ(ω) = 90 / [1 + ( ω/ωc)(log2)/R] (14) 

Where: 

G*(ω) =  complex shear modulus, Pa. 

Gg = glassy modulus, Pa. 

ωc = cross-over frequency, rad/s. 

R = rheological index. 

δ(ω) = phase angle, degrees. 

f) Variations of the CA model 

Variations of the CA model followed in an attempt to increase the accuracy of the model below 

δ = 10° and above δ = 70°. The CAM model, named after Christensen-Anderson-Marasteanu 

(Marasteanu and Anderson in [15]), has a parameter, κ, which controls the rate of convergence 

between the glassy modulus and viscous asymptote (Equation 15).       

   G*(ω) = Gg[1 + (ωc/ω) β]-κ/β (15) 

   δ(ω) = 90 κ / [1 + ( ω/ωc) β] (16) 

Where: 



 

 

Gg = glassy modulus, assumed to be 1 GPa. 

β =  shape parameter, calculated from regression. 

κ =  model control parameter, calculated from regression. 

 

Another version of the CA model is the CAS model, after Christensen-Anderson-Sharrock 

[12], where β is a shape parameter determined by a regression analysis (Equation 17).      

   G*(ω) = Gg[1 + (ωc/ω) β]-1/β (17) 

   δ(ω) = 90 / [1 + ( ω/ωc) β] (18) 

Where: 

Gg = glassy modulus, calculated from regression, Pa. 

ωc = cross-over frequency, calculated from regression,  rad/s. 

β =  shape parameter, calculated from regression. 

 

Other functional models resulting in lower goodness of fit error exist, yet, detract from 

Christensen and Anderson in [11] original idea of developing a master curve with clearly definable 

characteristic parameters, as opposed to statistically determined factors. 

g) Other functional models  

When it comes to highly modified bitumen binders, Rowe [16] recommends the usage of a 

generalised logistic sigmoidal (GLS) model. The lambda parameter, λ, (Equation 19) introduces 

asymmetry, allowing the master curve to replicate the data tail i.e. the reduction in slope at low radial 

frequencies and stiffness values, exhibited by highly modified bituminous binders.       

   logG
*
= δ + 

α

[1 + λe(β + γ(logω))]
1/λ (19) 

   δ(ω) = -90αγ
e[β + γ(logω)]

[1 + λe[β + γ(logω)]]
(1 + 1/λ) (20) 

Where: 



 

 

G* = complex shear modulus, Pa. 

ω = reduced frequency, rad/s. 

δ = lower asymptote, Pa (not to be confused with the phase angle). 

α = difference between the lower and upper asymptote. Pa. 

λ, β, γ = shape parameters, calculated from regression. 

δ(ω) = phase angle, degrees. 

C. Temperature dependence and shift factors 

 

Bitumen’s temperature dependency is indicated by a horizontal shift factor as illustrated in 

Figure 3. Temperature dependency, should not be confused with temperature susceptibility. 

Temperature susceptibility is an empirical concept, based on the change of the bitumen’s 

consistency or hardness with temperature. Temperature dependency is a fundamental concept, 

indicating how the relaxation process within the bitumen changes with temperature (Christensen and 

Anderson in [11]). Various methods of horizontal shifting are utilised to observe this change with 

temperature. 

 

 

Fig. 31. Fig 3. Schematic of the free-shift method with corresponding shift factor relationship. 

h) Free-shift method 

The free-shift method as discussed by Gordon and Shaw in [16], is probably the most widely 

used method due to its simplicity.  Shifts are determined from successive isotherm pairs to form one 



 

 

smooth master curve at a reference temperature. The logarithmic distance that each isotherm shifts, 

log(αT), indicates the bitumen’s temperature dependency as illustrated in Figure 3.   

Vertical shifting of isotherms is not considered, though Rouse [18] indicates that a density 

correction should be applied according to Equation 21. The shear modulus data is normalised to 

account for the difference in density at the reference temperature compared to the temperature at 

measurement. The adjustment results in a slight vertical shift.  

   G(Tr, t) = [Tr / T] × [ρ(Tr) / ρ(T)] × G(T, t/αT)  (21) 

Where: 

G(Tr, t) = shear modulus at reference temperature and time, Pa. 

Tr = reference temperature, °K. 

t = loading time, s, where ω = 1/t. 

T = isotherm temperature, °K. 

ρ(Tr) = density at reference temperature, g/cm3. 

ρ(T) = density of isotherm, g/cm3. 

G(T, t/αT) = shear modulus at isotherm temperature and time, Pa. 

i) Arrhenius function 

In order to extrapolate time-temperature relationships beyond the region of data collection, 

shift factor functions such as Arrhenius’ function are communally used. A linearized version of the 

Arrhenius function was developed by Rowe and Sharrock in [17], which resulted in a reduction in the 

mean error due to the addition of the regression constant a0 as presented in Equation 22.  

   Log(αT) = a0 + a1(1/T – 1/Tr)  (22) 

Where: 

a0  = vertical offset parameter from regression. 

a1 = model parameter from regression. 

T = temperature, °K. 

Tr = reference temperature, °K. 



 

 

 

Arrhenius’ function is used in bitumen rheology mainly to describe the shift factors below the 

defining temperature, Td. The defining temperature is the temperature at which the shift factor data 

i.e. log(αT) over temperature, display an inflection point. A popular shift factor function used above 

the defining temperature, Td, is the Williams-Landel-Ferry (WLF) equation [18].      

j) Williams-Landel-Ferry equation 

The WLF equation is hyperbolic and requires three constants to be determined: C1, C2 and 

Tr. Williams, Landel and Ferry [20] proposed that if Tr is selected as the glassy transition 

temperature, Tg, the constants C1 = 17.4 and C2 = 51.6 would be sufficient for most bitumens. This, 

however, is not the case for temperatures below -20°C, since the predicted shift factors are too great. 

   Log(αT) = -C1(T - Tr) / (C2 + T - Tr)  (23) 

Where: 

C1, C2  = model constants from regression. 

T = temperature, °K. 

Tr = reference temperature, °K. 

k) Kaelble equation  

Kaelble in [19] modified the WLF equation by including an absolute magnitude as presented 

in Equation 24. This adjustment introduced an inflection point in the function at the defining 

temperature, Td, changing the overall shape from hyperbolic to sigmoidal (Figure 4). Equation 24 

was further modified by adding a constant term, separating the defining temperature, Td, from the 

reference temperature, Tr, as shown in Equation 25.   

   Log(αT) = -C1(T - Tr) / (C2 + |T - Tr|)  (24) 

   Log(αT) = -C1[(T – Td) / (C2 + |T – Td|) - (T – Td) / (C2 + |Tr – Td|)] (25) 

Where: 

C1, C2  = model constants from regression. 

T = temperature, °K. 



 

 

Tr = reference temperature, °K. 

Td = defining temperature, °K. 

According to Rowe and Sharrock (2011), the modified Kaelble function reduced the root mean 

square error by a factor of four. Error reduction is important, since these models are used to calculate 

distress parameters outside the data acquisition region.      

 

 

Fig. 32. Fig 4. Schematic of the WLF, Arrhenius and Kaelble shift factor functions. 

D. Glover-Rowe distress parameter 

The Glover-Rowe (G-R) parameter is an indicator of bitumen durability based on ductility 

failure. It makes use of fundamental material properties, as presented in Equation 26, and linear 

viscoelastic principles to establish frontiers of intermediate temperature cracking that are based on 

ductility limits, linked to field observations. The G-R parameter is obtained at a reference temperature 

of 15°C with a corresponding frequency of 0.005 rad/s on the master curve and is a very suitable 

parameter to track the probability of cracking due to bitumen ageing. 

   G-R = G* × cos2(δ) / sin(δ)  (26) 

Where: 

G*  = complex shear modulus at 15°C and 0.005 rad/s, Pa. 

δ = phase angle at 15°C and 0.005 rad/s, degrees. 

G-R = 180 kPa, lower limit, onset of cracking. 

G-R = 600 kPa, upper limit, severe cracking. 

 



 

 

FHWA [20] established ductility limits for the G-R parameter at 180 kPa and 600 kPa, which 

indicate crack initiation and severe cracking. These limits describe the stiffness range on a Black-

Space plot i.e. complex shear modulus over phase angle plot, at which failure is likely to occur. Thus, 

if G-R plots above the 180 kPa frontier, non-load associated intermediate temperature cracking can 

be expected in the bitumen.    

E. Master curve formulation 

In order to differentiate between the master curve model emanating from one DSR isotherm 

and a master curve model emanating from a set of DSR isotherms, the terms forced master curve 

and full master curve, are used in this report. The measures taken to process laboratory data to 

construct forced master curves are discussed in this section. Data was obtained from the BBR and 

DSR devices according to the provisional PG specification in [7] [8]. 

F. BBR data conversion 

The development of accurate master curves requires data points at various stiffness values. 

BBR data serves as anchor points at cold temperatures that result in high bitumen stiffness at rapid 

loading times for intermediate reference temperatures. The South African PG Binder working group 

made provision for data collection during the development of the PG Binder Specification. This 

resulted in BBR data from multiple sources with a varying number of isotherms per data set ranging 

from two to six.  

The aim of this paper is to explain how to prepare the master curves, not on the quality of 

data.  However, the quality of data is very important and especially BBR data can be problematic if 

the conditioning is done properly. Preparation of the beams must be done meticulously and 

conditioning of at least one hour at each temperature is required. Some sources recommend 2 ½ 

hours conditioning or even a new beam for each temperature. 

In the new PG Specifications in [8] it is required that BBR isotherms for at least 4 temperatures 

at each PG-grade is reported, the temperature ranges are shown in SATS 3208 (Table 5) [8]. It will 

not always be possible to measure at these temperatures (0 °C for soft bitumens will be problematic) 

in which case as many as possible isotherms should be reported to increase the accuracy of 

modelling. 

The isotherms were converted from stiffness moduli, S(t), to complex shear moduli, G*(ω), 

according to Equations 7 to 9 as illustrated in Figure 5. 

Conversion by means of Hopkins and Hamming’s (1957) approach as presented in Equations 

10 to 12 and Figure 6 was applied but yielded no significant increase in accuracy and was not 

considered in subsequent calculations.     

 



 

 

 

Fig. 33. Fig 5. Schematic of the stiffness moduli conversion to complex shear modulus. 

 

 

 

Fig. 34. Fig 6. Comparisons of the shear complex modulus calculations according to the techniques 

discussed in this paper for the bituminous binders as presented in Table 1. 



 

 

G. Combining converted BBR and DSR data 

A single DSR isotherm at intermediate temperature, TIT, is added to the BBR isotherms 

(Figure 7). TIT is calculated according to Equation 27 as stipulated by the interim South African PG 

specification (Bredenhann et al., 2017). All isotherms are adjusted for density according to Equation 

21 with a temperature-density relationship from Argüelles-Vivas et al. in [21] as presented in Equation 

28.   

   TIT = [(Tmax + Tmin) / 2 + 4] (27) 

Where: 

Tmax = 64 for PG64-16 or 58 for PG58-22, °C. 

Tmin = -16 for PG64-16 or -22 for PG58-22, °C. 

   ρ = mT + c (28) 

Where: 

ρ = density, g/cm3. 

T = temperature, °K. 

m, c = regression parameters, -6.487E-04 and 1.025 respectively. 

The BBR data is free shifted to form a mini master curve. The shift factors are optimised, and 

a power function is developed for that section of the data, ensuring that the lower end of the power 

function overlaps with the DSR isotherm. Hereafter, a power function is developed for the DSR 

isotherm, ensuring that the upper end of the power function overlaps with the BBR mini master curve. 

The two power functions are incorporated in an optimisation sequence that produces a forced master 

curve data set at a reference temperature, with corresponding shift factors as illustrated in Figure 7. 

 



 

 

 

Fig. 35. Fig 7. Forced master curve (MC) development from a single DSR isotherm and BBR data, with 

corresponding shift factors at Tr equal to intermediate temperature, TIT. 

H. Formulating master curve models 

Considering the variables in the CA, CAM, and CAS models, three steps are required to 

develop each forced master curve model: 

(1) Determine the cross-over frequency, ωc, from the DSR isotherm. 

(2) Determine the glassy modulus, Gg, from the mini BBR master curve. 

(3) Determine the remaining variables, R, β, and κ with a least squares algorithm. 

Step 1: Since a single DSR isotherm does not necessarily include the cross-over frequency, 

ωc is estimated from the DSR isotherm by fitting a CA model with a least-squares algorithm. The 

glassy modulus, Gg, is assumed to be 1GPa. This technique improves the lower bound error i.e. 

accuracy of low end frequency, of the forced master curve models. 

Step 2: With the cross-over frequency, ωc, secured, the glassy modulus, Gg, is back 

calculated from the mini BBR master curve by fitting a CA model with a least squares algorithm. 

This technique improves the upper bound error of the forced master curve models.  

Step 3: With the cross-over frequency, ωc, and the glassy modulus, Gg, secured, the 

remaining variables of each master curve model are determined from the forced master curve data 

set by fitting the respected model with a least squares algorithm. An example of the CAM model is 

illustrated in Figure 7, where the intermediate temperature, TIT, is equal to a reference temperature, 

Tr, of 22°C. 

III. RESULTS 

Six different bituminous binders (Table 1) were used to validate and compare forced master 

curve models with full master curve models. The root mean square errors (RMSE) of the forced 



 

 

master curve models and the corresponding full master curve data sets are compared with the RMSE 

of the full master curve models and data sets as illustrated in Figure 8. For convenience the RMSE 

is normalised according Equation 29 and expressed as a percentage.     

   % RMSE = 100×
√∑(

𝑦�̂�−𝑦𝑖

yi
)

2

n
 (29) 

Where: 

yî = ith predicted value. 

yi = ith observed value. 

n = number of observations. 

Fig. 36. Table 1. Bituminous binder experimental matrix. 

Type 

PG64-16 
TIT = 28°C 

PG58-22 
TIT = 22°C 

unage
d 

RTFO PAV unage
d 

RTFO PAV 

70/100 pen grade       

S-E1 (70/100 pen 
base) 

      

S-E2 (70/100 pen 
base) 

      

50/70 pen grade       

A-P1 (50/70 pen base)       

A-E2 (50/70 pen base)       

  

Rolling thin film oven (RTFO) samples were prepared according to ASTM D2872-04  [22] for 

unmodified bitumen and TG1 (2015) for modified bitumen. Thereafter, the RTFO samples were 

conditioned with the pressure ageing vessel (PAV) according to ASTM D6521-08 [22]. The full 

master curve data sets and models were developed with RHEA®  [23]. RHEA automatically selects 

the best fit master curve. When a variation of the CA models is inadequate, RHEA fits a Generalised 

Logistic Sigmoidal (GLS) model.    



 

 

 

Fig. 37. Fig 8. Comparisons of forced and full master curve (MC) models with corresponding forced and 

full WLF shift factor (SF) models. 

I. Model comparisons 

The errors obtained with the forced master curve models are generally higher compared to 

the full master curve models as presented in Table 2. For instance, an error of 100%, indicates a 

predicted value of double the measured value, therefore, the forced master curves yield stiffness 

values similar to the order of magnitude obtained with the full master curve models. Due to the three 

step approach in obtaining the model parameters, the CA model and CAS model become one and 

the same model, thus, yielding similar results. 

The forced WLF error has two components. In the case of 50/70 RTFO, the WLF model has 

a smaller error in the temperature of -30 to 35°C. This is the temperature range of interest and also 

the reason for the small master curve error differences. The error increases rapidly from 35°C 

upward, which is not a great concern for this paper, since it is outside the region of interest. In the 

cases of S-E2 unaged, A-E2 RTFO and A-P1 unaged, greater than expected amounts of forced WLF 

error exist in the temperature region of interest. The error effect is reflected in the forced master 

curve models that were developed from these shift factors and it points to bad quality BBR data.   

When it comes to modified bituminous binders and especially the unaged samples, the GLS 

model results in a better fit, since it is able to track the master curve tail. The tail begins to manifest 

itself at 1×105 Pa to 1×104 Pa. This range represents the lower boundary for the stiffness region of 

interest. The tail continues downward, away from stiffness region of interest. Useful binder 

information can still be obtained with regular CA model types which exhibit better fits within the 

stiffness region of interest, which is between 1×104 Pa and 1×109 Pa.        

 

Fig. 38. Table 2. RMSE percentages for forced and full master curve models with respect to full 

master curve and shift factor data sets at intermediate temperature, TIT. 



 

 

Type 

% Error forced MC models % Error full MC models 

CA CAM CAS WLF CAS GLS WLF 

70/100 
unaged 

24.10 83.00 24.10 5.22 8.85 - 5.63 

70/100 RTFO 21.80 48.80 21.80 5.63 9.85 - 5.31 

70/100 PAV 18.00 79.90 18.00 2.39 8.30 - 3.67 

S-E1 unaged 27.60 25.60 27.60 6.64 - 7.04 10.10 

S-E1 RTFO 17.10 20.20 17.10 11.80 - 9.95 18.00 

S-E1 PAV 9.16 28.10 9.16 6.77 6.69 - 11.60 

S-E2 unaged 
 
 

69.30 48.00 69.30 10.70 - 5.21 16.50 

S-E2 RTFO 26.10 20.10 26.10 1.64 - 4.59 1.80 

S-E2 PAV 18.20 20.10 18.20 4.19 2.39 - 6.80 

50/70 unaged 12.40 27.00 12.40 5.35 4.85 - 2.59 

50/70 RTFO 6.55 10.80 6.55 8.45 4.86 - 7.14 

50/70 PAV 20.40 31.70 20.40 3.45 6.52 - 3.24 

A-E2 unaged 
 
 

36.60 26.60 36.60 8.96 - 3.72 4.06 

A-E2 RTFO 41.90 65.70 41.90 7.58 - 4.52 7.37 

A-E2 PAV 12.30 19.00 12.30 8.81 - 5.57 3.72 

A-P1 unaged 
 
 

29.10 19.90 29.10 13.30 - 4.21 4.98 

A- P1 RTFO 24.60 23.30 24.60 15.80 8.74 - 17.30 

A- P1 PAV 10.00 8.82 10.00 4.47 2.46 - 5.57 
 

J. Model parameters 

The parameters of the various forced master models are presented in Table 3 at a reference 

temperature equal to the intermediate temperature with corresponding WLF shift factors.  

The glassy modulus, Gg, ranges between 0.6 GPa and 1.2 GPa in all cases and does not 

display a definite trend with regard to magnitude and ageing. The cross-over frequency, ωc, exhibits 

a general decrease with an increase in binder age, indicating an increase in hardness. An exception 

is the S-E2 case, where the unaged cross-over frequency is slightly below the RTFO cross-over 

frequency.   

An increase in the rheological index, R, indicates a reduction in binder temperature sensitivity. 

The PG64-16 binders exhibit a reduction in temperature sensitivity as modification is applied and 

increased. The same phenomenon is observed for the PG58-22 binders in order of: 50/70, A-E2, 

and A-P1. The remainder of the model parameters define the shape of the respective curves.    

 

Fig. 39.  

Fig. 40.  



 

 

Fig. 41. Table 3. Forced master curve model and WLF shift factor parameters at intermediate 

temperature, TIT.  

Type 
All models CA CAM CAS WLF 

Gg ωc R β κ β C1 C2 

70/100 
unaged 

7.88E+
8 

1076
0 

1.34 0.217 0.928 0.224 31.4 119.5 

70/100 
RTFO 

1.06E+
9 

1426 1.72 0.172 0.957 0.175 29.5 113.1 

70/100 PAV 8.17E+
8 

439.3 1.72 0.171 0.938 0.175 37.1 165.9 

S-E1 
unaged 

7.67E+
8 

5911 1.5 0.197 0.949 0.201 39.2 172 

S-E1 RTFO 8.03E+
8 

1297 1.64 0.183 0.992 0.184 41.4 200 

S-E1 PAV 8.53E+
8 

388.5 1.79 0.166 0.967 0.168 40.3 200 

S-E2 
unaged 
 
 

7.57E+
8 

530.5 2.09 0.146 1.03 0.144 41 200 

S-E2 RTFO 9.92E+
8 

812.7 2.08 0.144 0.988 0.145 22.4 81.3 

S-E2 PAV 9.76E+
8 

55.22 2.28 0.132 0.997 0.132 41 200 

50/70 
unaged 

8.06E+
8 

562.6 1.37 0.217 0.97 0.22 27.3 125.7 

50/70 RTFO 8.82E+
8 

531.9 1.37 0.218 0.992 0.219 19.7 70.56 

50/70 PAV 8.68E+
8 

47.38 1.68 0.178 0.988 0.179 24.4 97.37 

A-E2 
unaged 
 
 

6.86E+
8 

265.1 1.45 0.205 0.972 0.208 36.9 199.2 

A-E2 RTFO 6.37E+
8 

181.6 1.6 0.179 0.879 0.189 45.1 200 

A-E2 PAV 1.12E+
9 

37.85 1.82 0.165 0.986 0.166 22 77.83 

A-P1 
unaged 
 
 

9.15E+
8 

121 1.69 0.175 0.962 0.178 20.7 63.46 

A- P1 RTFO 1.08E+
9 

30.95 1.9 0.159 1.01 0.158 41 200 

A- P1 PAV 1.16E+
9 

3.889 2.25 0.133 0.981 0.134 45.6 200 

        

K. G-R durability estimations 

The G-R parameters of the PG58-22 binders in Table 4 are illustrated in Figure 9 and indicate 

an increased risk of cracking with age. According to Table 4, A-P1 PAV has a greater ageing rate in 

comparison to A-E1 PAV and 50/70 PAV and would, therefore, be first to reach a crack initiation 

state given the march of death principle.     

None of the binders reached the crack initiation frontier and the line of equality in Figure 9 

indicates that the forced master curve is quite capable of predicting similar magnitudes for G-R 

compared to a full master curve model. The method is dependent on good quality BBR data and in 

cases of bad quality BBR data the method results in under estimations of G-R.   

 

Fig. 42.  

Fig. 43.  

Fig. 44.  



 

 

Fig. 45. Table 4. G-R parameters calculated from forced and full master curve models. 

Type 
Forced best fit model Full master curve model 

G* δ G-R G* δ G-R 

70/100 unaged  1.10E+
4 

82.69 1.79E+
2 

2.08E+
4 

81.58 4.50E+
2 70/100 RTFO  4.70E+

4 
74.4 3.53E+

3 
8.47E+

4 
75.57 5.44E+

3 70/100 PAV  1.34E+
5 

70.47 1.58E+
4 

1.61E+
5 

72.24 1.58E+
4 S-E1 unaged  1.92E+

4 
79.2 6.86E+

2 
2.28E+

4 
77.69 1.06E+

3 S-E1 RTFO  5.31E+
4 

74.68 3.84E+
3 

4.71E+
4 

73.68 3.87E+
3 S-E1 PAV  1.58E+

5 
66.97 2.63E+

4 
1.36E+

5 
67.51 2.16E+

4 S-E2 unaged  
 
 

3.54E+
4 

70.28 4.28E+
3 

2.04E+
4 

62.19 5.01E+
3 S-E2 RTFO  3.33E+

4 
69.08 4.55E+

3 
5.16E+

4 
66.57 8.89E+

3 S-E2 PAV 2.05E+
5 

60.59 5.66E+
4 

1.78E+
5 

59.92 5.16E+
4 50/70 unaged  2.94E+

4 
80.51 8.10E+

2 
3.99E+

4 
81.1 9.67E+

2 50/70 RTFO  3.04E+
4 

79.99 9.33E+
2 

4.20E+
4 

80.4 1.18E+
3 50/70 PAV  1.62E+

5 
70.54 1.91E+

4 
1.98E+

5 
73.02 1.77E+

4 A-E2 unaged  
 
 

6.01E+
4 

75.26 4.03E+
3 

7.31E+
4 

70.84 8.34E+
3 A-E2 RTFO  6.41E+

4 
74.1 5.00E+

3 
8.93E+

4 
70.65 1.04E+

4 A-E2 PAV  1.65E+
5 

69.11 2.24E+
4 

1.94E+
5 

70.54 2.28E+
4 A-P1 unaged  

 
 
 

8.87E+
4 

70.49 1.05E+
4 

1.31E+
5 

66.02 2.36E+
4 A- P1 RTFO  2.15E+

5 
66.59 3.70E+

4 
2.15E+

5 
62.76 5.05E+

4 A- P1 PAV  6.25E+
5 

56.34 2.31E+
5 

6.47E+
5 

57.48 2.22E+
5  

 

Fig. 46. Fig 9. Glover-Rowe (G-R) parameters of the PG58-22 forced master curve bituminous binders 

and the line of equality for the forced and full master curve G-R parameters. 



 

 

 

IV. CONCLUSIONS 

The objective of this paper was to investigate the possibility of developing master curves from 

a single DSR isotherm and BBR data. The following conclusions can be drawn based on the research 

findings: 

(1) It is possible to develop reliable master curve models from one DSR isotherm at the 

intermediate temperature and BBR data that is comparable with master curve models 

developed from full isotherm data sets. 

(2) The quality of the BBR data determines the success of this approach. Good quality BBR data 

will fall on the linear Arrhenius shift factor results, spaced at intervals of 1/T -1/Tr on horizontal 

axis and log(αT) on the vertical axis. 

(3) The most accurate master curve model parameters were obtained with a three-step principle, 

where the cross-over frequency was first determined from the single DSR isotherm, followed 

by the glassy modulus from the BBR mini master curve and thereafter the remaining shape 

parameters. 

(4) The CAM and the CAS model both yielded adequate results, but the CAS model is preferred, 

since it requires one less parameter to solve. In cases where the GLS model yields less error 

than the CA-type models, the CAM and CAS models are still able to provide usable 

information in the stiffness region of interest.  

(5) It is possible to calculate G-R parameters with the forced master curve models that compare 

closely to G-R parameters determined from full master curve models. The error of the shift 

factor equation determines the accuracy of the G-R parameter, while the error of the shift 

factor equation is determined by the quality of the BBR data set.  
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Synopsis— The evaluation of bitumen ageing is always challenging due to the different 

effects of time, temperature and pressure on different materials. Although the simulation of 

ageing is possible, the accurate representation of specific field conditions appear difficult 

due to the high number of variables. A better field-ageing simulation should represent long-

term ageing in a relative short testing time and should take into account the field micro-

climate. In recent years, research has indicated that the long term ageing methods currently 

in use appear to underestimate the actual field ageing. 

The purpose of this paper is to present the ageing process and results using the Xenon 

arc chamber weatherometer. The Xenon arc chamber is able to perform bitumen ageing and 

has an advantage to simulate climatic conditions such as rain and UV light. The Xenon arc 

chamber operates in a relative long time period (1 000 hours) compared to the standard long-

term ageing. 

The measurement of aged bitumen’s stiffness (complex modulus) using the Dynamic 

Shear Rheometer (DSR) suggested that the Xenon arc chamber weatherometer method 

simulates ageing occurring after a longer period than that which is simulated using the 

standard long-term ageing method. The Xenon arc chamber method could potentially be 

used to calibrate the ageing model of bitumen binder. In this paper this process and some 

early results are discussed.  
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INTRODUCTION  

The evaluation of bitumen ageing is always challenging due to the different effects of time, 

temperature and pressure on different materials. Although the simulation of the ageing is possible, 

the accurate representation of specific field condition appears difficult due to the high number of 

variables. A better field-ageing simulation should represent long-term ageing in a relative short 



 

 

testing time and should take into account the field micro-climate. In recent years, research has 

indicated that laboratory ageing methods are not as severe as long-term field ageing and laboratory 

ageing could not simulate the complex nature of field ageing [1]. Currently the most frequently used 

bitumen binder long term ageing test with relative short testing time is the Pressure Ageing Vessel 

(PAV). PAV methods allow faster diffusion of air/oxygen in bitumen film [2, 3]. However, the current 

long term ageing methods appear to underestimate the actual field ageing. It have been reported 

that PAV simulates roughly one year of aging of bitumen tested, which doesn’t accurately predict 

intermediate and long-term binder failure [4]. 

The purpose of this paper is to present the ageing process and results using the Xenon arc 

chamber weatherometer. The Xenon arc chamber is able to perform bitumen ageing test and has an 

advantage to simulate climatic conditions such as rain and UV light. The Xenon arc chamber 

operates in a relative long time period (1 000 hours) compared to the standard long-term ageing. 

The measurement of aged bitumen’s stiffness (complex modulus) using the Dynamic Shear 

Rheometer (DSR) suggested that the Xenon arc chamber weatherometer method simulates ageing 

occurring after a longer period than that which is simulated using the standard long-term ageing 

method. The Xenon arc chamber method could potentially be used to calibrate the ageing model of 

bitumen binder. In this paper this process and some early results are discussed. 

BITUMEN AGEING PRINCIPLES 

Bitumen, like any other material, is subject to the influence of environmental factors during its 

lifetime. These factors include (but are not limited to) temperature, ultraviolet (UV) exposure, rainfall 

and humidity. The absorption of UV radiation results in the degradation of materials, which changes 

their chemical composition. Changes in the chemical characteristics of a material are also reflected 

in changes in its physical properties, such as its strength and deformability. Bitumen exposed to 

environmental conditions hardens continually. The terms "age hardening” and “ageing" are regularly 

used to describe this phenomenon. The ageing of bitumen occurs in essentially two phases, short 

term and long term. Short-term ageing is due primarily to loss of the volatile components of bitumen 

during construction, whereas long-term ageing is due to progressive oxidation and steric hardening 

in the field. Both ageing phases cause an increase in viscosity and stiffness of the bitumen. This may 

lead to brittle condition, disintegration of stone-bitumen bonds and cracking failures because the 

material is unable to bend and flex when exposed to traffic and temperature changes [1, 5, 6, 7, 8, 9]. 

Most promising methods for simulating short-term ageing of bituminous mixtures are extended 

heating and extended mixing. Microwave heating should also be considered. The most promising 

methods for long-term ageing of mixtures are pressure oxidation, extended oven ageing, UV 

treatment, and alternate ageing and moisture treatment [9]. Related bitumen ageing test methods 

can be split into two categories [10]: 

 Short-term ageing (including methods such as the Rolling Thin Film Oven (RTFO), thin film 

oven and rotating flask tests), and 

 Long-term ageing (which consists of methods such as PAV, rotating cylinder ageing test and 

long-term rotating flask test). 



 

 

Almost all of these ageing methods do not capture the effect of UV or moisture condition due to a 

limited testing time. An investigation of a test method that could include these weather conditions 

appears necessary for further understanding of the ageing process of bitumen. Xenon arc chamber 

is one suggested type of such ageing methods. 

AGEING BY WEATHEROMETER 

 

A. Background 

An ageing method that is often used for bituminous roofing and waterproofing materials is the 

accelerated weathering test using the Xenon-Arc method as described in ASTM D 4798-01 [11]. 

Based on this method, a weatherometer was specified to simulate the ageing of road bitumen. This 

weatherometer used an artificial light source (Xenon-Arc lights) that closely simulates the UV and 

visible part of solar radiation. In setting up an accelerated weathering procedure, not only 

temperature, but all factors of weathering in real life need to be taken into account to simulate “natural 

ageing”. In order to accelerate the ageing process, the weathering test should be conducted at an 

elevated temperature. Care should be taken to conduct the tests at realistic temperatures to avoid 

deviation from the chemical reactions that take place in practice. To determine the realistic conditions 

of weathering, it is imperative to analyse prevailing weather conditions. A suggestion of 1000 hours 

of UV exposure in a weathering chamber was reported to simulate the effect of UV radiation [1].  

To simulate the ageing, the weatherometer is fitted with features such as [1]: 

 Rain and humidity functions for weathering testing; 

 Measurement and control of Chamber Air Temperature (CHT) (max. 70 °C during light phase); 

 Air-cooled Xenon lamps with adjustable power (range between 1.7 and 2.1 kW); 

 Measurement and control of irradiance, broad band in the UV range (300 to 400 nm) in W/m2, 

or narrow band at 340 nm or at 420 nm in W/(m2nm);  

 Measurement and control of Black Standard Temperature (BST, max. 100ºC during light 

phase) or Black Panel Temperature (BPT) at sample level; 

 Selectable temperature control: CHT or dual control of CHT and BST/BPT; 

 Measurement and control of relative humidity, and  

 Ultrasonic humidification and specimen spray system. 

B. Xenon arc chamber weatherometer: Apparatus and setup  

The weatherometer was used in a project of modelling the ageing of seal binder [5, 11]. 

This weatherometer was a Xenon arc chamber (type Q-SUN) apparatus from the Council for 

Scientific and Industrial Research (CSIR), Pretoria, South Africa. The apparatus and the 

setup for bitumen ageing are shown in Figure 1 to Figure 6.  



 

 

The Xenon arc chamber ageing testing protocol in this project was established based on 

ASTM standard D 4798-01 [11], and the weatherometer ageing protocol [1]. The following 

were the main parameters values: 

 Temperature: 50°C; 

 UV light (340 nm): 0.35 W/m2, and 

 Ageing time: 1 000 hours (analysis time 1 000 hours) in the following hourly cycle: 51 minutes 

of light exposure, 9 minutes of light and water spray. 

 

ANALYSIS OF BINDER AGEING BY XENON ARC CHAMBER METHOD COMPARED TO TRADITIONAL AGEING 

METHOD 

 

In this project, the Xenon arc chamber ageing outcome was compared to a traditional ageing 

method, in this case, the PAV method. This comparison was based on a bitumen ageing model 

development [5, 12]. 

C. Ageing model presentation 

The ageing model was based on the characterisation of a viscoelastic parameter of aged bitumen, 

the complex modulus (𝐺∗).  

Bitumens were recovered from different field-aged seals across South Africa. The recovering 

process followed was a combination of ASTM D1856 and TMH Method C7 (b) which uses AR 

benzene as solvent, and a centrifuging process for fines mineral separation [5, 12-18]. These field 

aged bitumens were tested using the Dynamic Shear Rheometer (DSR). Data obtained from the 

DSR were modelled based on linear viscoelastic rheological master curves. The complex modulus 

(𝐺∗) master curve based on Prony series was used to develop the model. Original bitumens with 

corresponding grade and type to the field aged bitumens, were also analysed in the development of 

the ageing modelling.  

Each original bitumen were prepared in three samples. Two of the three samples were 

respectively subjected to PAV ageing and Xenon arc chamber ageing. The bitumen samples were, 

subsequently classified in four classes: 

 Original unaged (“fresh-Unaged”) bitumen; 

 PAV aged bitumen; 

 Xenon arc chamber (Q-SUN) aged bitumen, and  

 Field-aged recovered bitumen. 

All four classes of bitumen samples were tested using the DSR and the resulting 𝐺∗ at given 

frequency was used in the ageing model. The ageing in this study was considered to be the stiffening 

of bitumen with time (stiffness represented by the increase of 𝐺∗) [5, 12]. 



 

 

The 70/100 penetration grade bitumen (70/100) was used as example to present the ageing model 

in this study. 28 samples of 70/100 Field-aged recovered bitumen are presented as ageing model 

(relationship between Prony series 𝐺∗. and age of bitumen) in Figure 7. This model was expressed 

mathematically as a “power” type function as presented in (1). This model is detailed elsewhere [5, 

12]. 

𝐺∗ = 𝐺∗
𝑡0 + 𝑏𝑡𝑐     (1) 

Where: 

𝒕: is the age (time) of the seal’s bitumen 

𝑮∗
𝒕𝟎: is the initial complex modulus of a seal’s bitumen (complex modulus of the fresh 

bitumen). In this case, 𝑮∗
𝒕𝟎= 183 106 

𝑮∗: is the complex modulus of a seal’s bitumen at time 𝒕 

𝑏 and 𝑐 are constants. In this case, 

- 𝑏 = 2.47 106 

- 𝑐 = 0.711 

𝐺∗
𝑡0 is assumed to be constant for the purpose of simplification. In reality, all binders do not have 

the same initial modulus. 

 

   

Fig. 1. External view of the 

weatherometer 

Fig. 31. Internal view of the weatherometer 

  

Fig. 32. Loading of bitumen samples Fig. 33. Samples after weatherometer test 



 

 

  
Fig. 34. weatherometer testing parameters Fig. 35. weatherometer commend buttons 

 

 

Fig. 36. Relationship between G* and ageing time (ageing model) for 70/100 bitumen 

 

 

Fig. 37. Assessment of respective age of PAV aged bitumen and weatherometer aged bitumen 



 

 

 

D. Interpretation of ageing results and recommendation 

The ageing model offered an opportunity of assessing respectively the simulated age of PAV 

ageing method compared to Xenon arc chamber ageing method. In the development of ageing 

model, data from PAV aged bitumen and sample Xenon arc chamber aged bitumen were not 

included as their aged time were not known contrary to the field-aged recovered bitumen for which 

the related seal construction date were available. The “fresh-Unaged” was assumed to have an age 

of zero year.  

𝐺∗ resulting respectively from ages of PAV aged bitumen and sample Xenon arch chamber (Q-

SUN aged) bitumen sample were plotted in the ageing model graph to assess their ages as 

represented in Figure 8. 

From Figure 8, it can be seen that the estimated age of the PAV aged sample is just below 3 years 

(2.8 years) while the estimated age provided by Xenon arc chamber method is just over 5 years (5.3 

years). 

The Xenon arc chamber clearly estimated much longer ageing compare to PAV. But the operating 

time of Xenon arc chamber is relatively longer (1000 hours) which render this method unpractical for 

routine testing required. However, the Xenon arc chamber could be considered as a tool for long 

term ageing calibration of bituminous binder using the ageing model. Thus, a routine ageing could 

be performed using ageing method such PAV or RTFOT which can be calibrated with a “once-off” 

Xenon arc chamber ageing test. 

The calibration of ageing model can be developed as follow: 

Let:  

- 𝐺∗
𝑝: complex modulus derived from PAV aged bitumen 

- 𝐺∗
𝑄:complex modulus derived from Xenon arc chamber aged bitumen 

- 𝑡𝑝 : Estimated aged of bitumen derived from PAV method 

- 𝑡𝑄 : Estimated aged of bitumen derived from Xenon arc chamber method 

 

For PAV aged bitumen, ageing model is expressed as (2)  

𝐺∗
𝑃 = 𝐺∗

𝑡0 + 𝑏𝑡𝑝
𝑐    (2) 

 

For Xenon arc chamber aged bitumen, ageing model is expressed as (3)  

𝐺∗
𝑄 = 𝐺∗

𝑡0 + 𝑏𝑡𝑄
𝑐   (3) 

From Combination of (2) and (3), (4) is derived 

𝐺∗
𝑄 = 𝐺∗

𝑃 + 𝑏(𝑡𝑄
𝑐 − 𝑡𝑃

𝑐)  (4) 



 

 

In (4), the term “𝑏(𝑡𝑄
𝑐 − 𝑡𝑃

𝑐)” is a calibration constant that allow to adjust the complex modulus of 

PAV aged bitumen ( 𝐺∗
𝑃) to a Xenon arc chamber complex modulus ( 𝐺∗

𝑄) that represented a more 

realistic long-term age. 

Let: 

𝑏(𝑡𝑄
𝑐 − 𝑡𝑃

𝑐) = 𝐴    (5) 

With 𝐴: calibration constant.  

The calibration constant “𝐴” is a characteristic of each type of bitumen. This constant should be 

developed for each type of bitumen. 

By substituting (5) in (4), expression (6) is obtained. 

𝐺∗
𝑄 = 𝐺∗

𝑃 + 𝐴    (6) 

The current mechanistic-empirical design method developed in South Africa promote the use of 

recursive simulation. This recursive simulation is based on the “memory-less” principle.  In the 

memory-less simulation, the performance of the road can be modelled as the incremental damage 

that occurs within recursive periods. The traffic loading, environmental conditions and pavement 

characteristics remain consistent within each recursive period but vary from one recursive period to 

the next. Given the changing conditions from one recursive increment to the next, the damage 

incurred in successive recursive increments is not the same. The total damage is accumulated by 

the addition of the incremental damage from each recursive increment. Mechanistic-empirical design 

methods based on this approach are referred to as “recursive” mechanistic-empirical design methods 

[5, 18, 19, 20]. 

The implementation of the recursive simulation models requires knowledge of the characteristics 

of modelling parameters such as the stiffness of the material during the life period. The value of 

stiffness of bitumen representing one recursive period during the life period could be provided by 

𝐺∗
𝑃 as per (2). This value of complex modulus is subsequently adjusted using (6) to obtain a more 

realistic complex modulus 𝐺∗
𝑄.  

In this regard, the Xenon arc chamber appears as a potential tool, in the modelling of bitumen 

characterisation during the pavement life, especially when using recursive simulation such as the 

memory-less principle. Therefore, it might be necessary to refine the test method and testing 

procedure to fit the bitumen ageing purpose. Some elements of the equipment and the test procedure 

need to be revised (e.g. light exposure cycle, water spray cycle, sample tray type and position) to 

take in account local environmental factors such as microclimate. This “refine Xenon arc chamber 

ageing method for bitumen” could optimised the simulation of the long term ageing of bitumen. 

In addition, it is recommended to further investigate the effectiveness of the “refine Xenon arc 

chamber ageing method or bitumen” by comparison with method such as PAV performed for longer 

times and thinner films of bitumen. 



 

 

CONCLUSION 

In recent years, research has indicated that laboratory ageing methods such as Pressure Ageing 

Vessel (PAV) are not as severe as long-term field ageing. Laboratory ageing could not simulate the 

complex nature of field ageing. The weatherometer provides close simulation of field ageing by 

capturing climatic conditions (e.g. effect due to UV and moisture). 

A bitumen ageing model was developed base on recovered bitumen from field-aged seal and 

fresh original bitumen. The ageing was considered to be the stiffening of bitumen with time (stiffness 

represented by the increase of 𝐺∗). The age of two bitumen samples, respectively aged by the PAV 

method and by the weatherometer method, was assessed using the ageing model. The estimated 

age of PAV aged sample is just below 3 years (2.8 years) while the estimated age provided by Xenon 

arc chamber method is just over 5 years (5.3 years). 

The Xenon arc chamber clearly estimate a much longer age compared to PAV. A drawback of the 

Xenon arc chamber is the relative long time period (1 000 hours) compared to the standard long-

term ageing, however, it can be used as a tool for long term ageing calibration of bituminous binder.  

The Xenon arc chamber appears as a potential tool in the modelling of bitumen characterisation 

during the pavement life. The ageing plays an important role in the characterisation of bitumen during 

the pavement life, especially when using recursive simulation, which has been promoted in the 

current mechanistic-empirical design method, developed in South Africa. 
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Synopsis— Increase in traffic demands and environmental considerations make the use 

of rubber-modified bitumen attractive and economically viable.  Continuous research is 
required to stay updated with latest materials available and methods of manufacturing.  
Currently the bitumen specification in South Africa is being revised to align with the 
performance-grade specification in the United States of America.  Bitumen rubber poses its 
own challenges as far as the performance-grade specification is concerned and research is 
required to determine the requirement limits to be included in the envisaged specifications.   
Over and above the research required to establish requirement limits for the new 
specifications it is also necessary to describe the material behaviour of the bitumen rubber.  
In this respect the viscoelastic behaviour is investigated.  Rheological properties were 
investigated using both a Bending Beam Rheometer (BBR) and a Dynamic Shear Rheometer 
(DSR) in multiple stress creep and recovery (MSCR) and creep/creep recovery tests before 
and after short-term aging in a rolling thin film oven (RTFO) and Pressure Vessel (PAV) 
ageing. The improved performance of the bitumen rubber as compared to a base bitumen is 
compared in terms of the models developed.  Practical aspects such as the maximum size 
of the rubber granules in terms of digestion during manufacturing and the minimum gap in 
the DSR will be addressed in this research. 
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I.  INTRODUCTION 

The Bitumen rubber technology adopted in South Africa was obtained from Arizona in the early 
1980’s and has not evolved since its introduction.  The technology typically entails the use of either 
a 50/70 or 70/100 penetration grade binder (80%) at 190°C – 200°C and adding ground tyre crumbs 
(<1mm crumb size) 20% in a high sheer mixer before transferring the product to a digestion tank.  
The temperature of the non-homogenous binder has then dropped due to the ambient temperature 
of the crumbs and is then heated to a reaction temperature of at least 190°C to enable the swelling 
of the rubber crumbs.  During the reaction process the binder is agitated to ensure the total blend is 
properly reacted.  The viscosity of the blend is taken at regular intervals as to determine when the 
viscosity has reached a peak and started to flatten off.  The blend is then judged to be properly 
reacted and ready for use.  The reaction will continue as long as the binder is kept at temperatures 
above 170°C and the viscosity will decrease with time.  The rate of viscosity decrease will increase 
with increased temperature.  Once the viscosity at 190°C has dropped below 2500 centipoise for 
asphalt and 2000 centipoise for chip seals the binder is deemed to be over reacted and not fit for 
use. 

Viscosity is used to judge the stage of the reaction process and is used in conjunction with 
softening point as quality control tool to ensure that the reaction has taken place, but also to ensure 
the binder is not over-reacted. Conventional specifications rely on properties such as softening point, 
viscosity, resilience and compression recovery. 

In South Africa a performance-grade specification for binders has recently been introduced where 
extensive use is made of fundamental rheological properties determined with the dynamic shear 
rheometer (DSR) and bending beam rheometer (BBR). The rheological testing of crumb rubber 
modified (CRM) bitumen is challenging due to its heterogeneous nature. Parallel plate geometry is 
most often used in DSR testing and often CRM testing requires an adjustment in plate gap settings 
to accommodate the rubber crumbs. An alternative is to use indirect rheological measurements in 
the DSR by rather using the cup and bob configuration. As it is an indirect measurement correction 
factors need to be applied.  

The aim of this study is to investigate the appropriate implementation of the CRM bitumen into the 
new performance-grade specification. 

II. OBJECTIVES OF THE STUDY 

The primary objective of this study was to verify the limits specified in the different specification 
requirements and to establish that the maximum size of the rubber granules in terms of the minimum 
gap in the DSR does not influence test results. This will include a comparison of parallel plate and 
concentric cylinder (cup and bob) configurations in the DSR. 

In addition to the research required to establish requirement limits for the new specifications it is 
also necessary to describe the material behaviour of the bitumen rubber.  In this respect the 
viscoelastic behaviour is investigated.  Rheological properties were investigated using both a 
Bending Beam Rheometer (BBR) and a DSR in multiple stress creep and recovery (MSCR) and 
creep/creep recovery tests before and after short-term aging in a rolling thin film oven (RTFO) and 
Pressure Vessel (PAV) ageing. The improved performance of the bitumen rubber in comparison to 
the base bitumen is evaluated in terms of the viscoelastic models developed. 



 

 

III.  LITERATURE STUDY 

An increase in traffic demands and environmental considerations make the use of rubber-modified 
bitumen more attractive and economically viable.  Continuous research is required to stay updated 
with latest materials available and methods of manufacturing.  Currently the bitumen specification in 
South Africa is being revised to align with the performance-grade specification in the United States 
of America.  Bitumen rubber poses its own challenges as far as the performance-grade specification 
is concerned and research is required to determine the requirement limits to be included in the 
envisaged specifications. 

Lo Presti [12] researched the curing of tyre rubber modified bitumens. With his research a 
comprehensive study was done regarding the gap setting in the DSR. The binder film thickness (gap 
between plates) is very important and was found to be strictly correlated to the rubber particle size. 
Lo Presti recommends a gap of three times the rubber particle size. The importance of gap size 
cannot be over emphasized, while Jones, Liang and Harvey [9] recommend a gap of four times the 
rubber particle size. It is the opinion this paper’s authors that the grading of the rubber crumbs must 
be taken into account and (say) the 70th percentile of the grading must be considered as the guideline 
when the rule of thumb is applied. 

Lo Presti [13] gives an excellent literature review of the recycled tyre rubber modified bitumen 
used in asphalt mixtures. The reader is referred to this publication as the detail discussion is beyond 
the scope of this paper. 

Subhy, lo Presti and Harvey [22] researched the characterisation and development of rubberised 
bitumen and asphalt mixture based on performance-related requirements. Bitumen and rubber 
interaction are described. The interaction process between rubber particles and bitumen is divided 
between two simultaneous mechanisms; the swelling phenomenon and 
devulcanisation/depolymerisation. In order to understand the behaviour of CRM bitumen these 
mechanisms should be understood. Firstly, the rubber crumbs swell through absorption of the 
aromatic oil in the bitumen that may lead to an increase in the size of the rubber crumbs and a 
reduction in the oily fraction of the bitumen forming a gel-like matrix. Devulcanisation is the cleavage 
of cross-linked sulphur-sulphur or carbon-sulphur bonds formed by the vulcanisation process during 
tyre production. Depolymerisation is the cleavage of polymer chain bonds. These two mechanisms 
occur at extended interaction time and high temperature (and also depends on shear rate) and if the 
interaction time is prolonged the rubber crumbs can be totally dispersed in the bitumen, also referred 
to as digested into the bitumen. However, experience showed that depolymerisation occurs, in the 
absence of catalysts, thermally above 300°C. If this occurred, then the rubber digestion would have 
negative performance consequences i.e. the binder would become very soft. Even the bitumen would 
degrade under such circumstances. As blending is rarely done at temperatures higher than 220°C it 
cannot be agreed that depolymerisation plays a role.   

In South Africa the practice is to limit the interaction time to maximise viscosity, thus the rubber 
crumbs are still in the swollen phase and it is assumed that adequate provision must be made in the 
test procedure to accommodate the rubber crumbs. It should be noted that the CRM binder now has 
a bulk matrix, i.e. bitumen plus swollen rubber crumbs, and only a small portion of the liquid phase 
is modified. As extender oil, usually 2%, is added to the bitumen the loss in the bitumen’s aromatic 
oil is limited. 

Subhy, lo Presti and Harvey [22] used maximum 1.2 mm rubber crumb size and a 2 mm gap was 
used for the 25 mm diameter parallel plate configuration in the DSR. An investigation was undertaken 
to check the effect of gap size and using the 2 mm was proved to give repeatable and reliable results. 
The gap size was 1 mm for the (unmodified) base bitumens. 



 

 

Tayebali, Vyas and Malpass [23] reported on a study with the objective to examine the applicability 
of the proposed SHRP Dynamic Shear Rheometer (DSR) testing protocols developed for unmodified 
binders to crumb rubber modified asphalt binders and to study the effect of crumb rubber gradings 
with a focus on the high temperature performance grading of the binders. Two binders commonly 
used in North Carolina were blended with crumb rubber of two different sizes, an 80-mesh (175 μm) 
fine graded and a 40-mesh (400 μm) coarse graded rubber in concentrations of 7% and 14%. Both 
gradings compare well to South African gradings with maximum particle size limited to less than 1 
mm. Rutting distress at the high temperature was determined in the terms of the specification 
requirements for G*/sinδ. Fatigue distress at the intermediate temperature was determined in the 
terms of the specification requirements for G*sinδ. Both G* and δ are measured in the DSR at an 
oscillatory frequency of 10 radians per second (1.59 Hz). Tests were done on normal specified binder 
film thickness (ASSHTO TP5) of 2 mm and 1mm for low (8mm spindle) and high (25 mm spindle) 
temperatures respectively. Based on the hypothesis that rubber particle size and concentration may 
interfere with the G/sinδ and G*sinδ measurements additional binder film thicknesses of 4 mm for 
low temperatures and 2 mm for high temperatures were included in the experiment. Tayebali, Vyas 
and Malpass [23] concluded that, because the variance reported for the different binder film 
thicknesses is similar the differences in observed measurements are ascribed to normal specimen 
setup variability and not as a result of interference due to crumb rubber particle size or concentration. 
The ASSHTO TP5 test protocol is therefore applicable for the crumb rubber modifiers used in the 
study. 

Plemons [19] in his research evaluated the effect of crumb rubber properties on the performance 
of asphalt binder and reported that a 2 mm gap was used. Increasing the binder film thickness (gap 
between parallel plates) is thus an acceptable practice. 

Putman and Amirkhanian [20] discussed the interaction (liquid phase modification) and particle 
effects on crumb rubber modification. It is reported that crumb particle size in the United States of 
America (USA) is generally less than 2 mm and the maximum size of 0.425 mm is preferred. The 
study was done on maximum particle size of 1.18 mm. In terms of this paper it should be noted that 
again a 2 mm gap was used on the 25 mm plate. 

Xiang, Putman and Amirkhanian [28] completed a laboratory investigation on the dimensional 
changes of crumb rubber reacting with a bitumen. Crumb rubber absorbs the aromatics in the 
bitumen and swells during the blending process. Here crumb sizes were investigated with maximum 
particle size 1.4 mm, 0.425 mm and 0.18 mm respectively. It was found that particle breakdown 
occurs and that the mass of the rubber crumb decreases, with the magnitude of the decrease related 
to particle size, e.g. the mass of the crumb rubber decreases as the crumb rubber size decreases. 

Further aspects that influence the properties, e.g. the bitumen source (high aromatic content 
enhances devulcanisation and high asphaltenes enhance depolymerisation) are not discussed as it 
is beyond the scope of this paper. 

Nill and Golalipour [18] discuss the practical and rheological challenges concerning the 
measurement of rubber modified asphalt binder with a dynamic shear rheometer and compared 
parallel plate and concentric-cylinder (cup and bob) geometry with rheological background 
information. They described the difference between absolute measuring systems, the parallel plate 
with suitable small gap size, versus indirect measuring systems, mainly systems with large gap size 
such as the cup and bob configuration. With absolute systems rheological results can be compared 
directly, while with relative measuring systems rheological parameters can be calculated but should 
not be compared to measurements performed with different measuring systems, as the shear 
conditions are not defined. The ratio 2R / H for parallel plate should be in the range of 10 to 50, so 
with the PP25 and 1 mm gap the ratio is 25 and with a 2 mm gap the ratio is 12.5, still within the 



 

 

acceptable limits. For the PP8 and the standard 2 mm gap the ratio is already out of the acceptable 
limit, but this is a discussion for another day.  

Nill and Golalipour [18] discuss various issues with testing CRM bitumen in a parallel plate 
geometry; a big issue is the trimming behaviour of rubber modified asphalt binder with particles larger 
than 1 mm, sample sagging and leaking effects, leading to undesired time effects and incorrect 
rheological values, a great number of rubber particles may be directly in touch with the plates 
surfaces, possibly leading to increased direct friction forces and there is no representative sample 
amount, sample inhomogeneity may have big influence. The concentric-cylinder configuration, on 
the other hand, does not have the trimming and edge issues, but it may not be an absolute measuring 
system, thus requiring calibration procedures. The fluid used for the calibration is very important and 
should be chosen in close relation to the viscoelastic behaviour of the material considered to be 
measured with the selected geometry. The principles described by Nilsen and Golalipour were tested 
in this study, but not with the same positive outcome, it will be reported on later. 

Baumgardner and D’Angelo [2] reported on the development of a CRM Performance-grade binder 
specification with the initial research done on a DSR with both parallel plate and cup and bob 
configurations and the bending beam rheometer (BBR). Initial results from their research showed 
that the cup and bob geometry can provide similar results for different binders, but that the single 
operator variability for the CRM was higher than neat and polymer modified binders, however, they 
reported that it could also be ascribed to material variability. BBR results are very similar for all 
binders and results for CRM from BBR that should relate well to typical PG low temperature testing. 

Jones, Liang and Harvey [9] reported that the studies on crumb rubber size generally show that 
digestion times, phase angle, and fatigue cracking resistance decreased with decreasing particle 
size, while stability, viscosity, stiffness, and rutting resistance all increased with decreasing particle 
size. Low-temperature creep stiffness (S) did not appear to be significantly influenced by rubber 
particle size while smaller particle size lead to less binder in the asphalt mix. Baumgardner and 
D’Angelo [2] showed, from BBR testing, that S is significantly influenced but that relaxation property 
(m) varies less. 

Wang et al [27] showed that the BBR can be successfully applied to determine the low 
temperature properties of CRM. 

IV. THE SOUTH AFRICAN EXPERIENCE 

Mturi et al [16] and [17] undertook a study to establish the requirements for the gap between the 
parallel plates in the DSR in order to determine the rheological properties of bitumen rubber for typical 
South African conditions. They used the principle that under optimum testing conditions, the variation 
in repeatability would be reduced to a minimum.   

The crumb rubber particles were typical of that used in South Africa (at the time – the specification 
has since changed to < 1 mm) and essentially passed the 1.18mm sieve, with the majority retained 
on the 0.6mm sieve. The grading curve for the crumb rubber is presented in Figure 11. The bitumen 
rubber consisted of 80/100 penetration-grade bitumen (72-82%), rubber crumbs (18-24%) and 
extender oil (0-4%) was blended by a commercial asphalt mix manufacturer and the blend conformed 
to national TG1 (2007) specifications. 

The crumb rubber particle size in relation to the gap changes over time during the digestion 
process as illustrated in Figure 2. This implies that experimental data obtained to indicate the ideal 
gap setting may change depending on the stage of digestion at which the bitumen rubber sample 
was taken for analysis. Stage 1 is characterised by an increase in viscosity initially upon blending 
and the rubber particle dimensions increase as the oil and/or lighter components of the bitumen 
diffuse into the rubber and swells the rubber particles. Thereafter, an additional viscosity increase 



 

 

occurs from further incorporation of the diffusing matter into the rubber particles as the sulphur-
sulphur bonds thermally dissociate.  

 

 

Figure 11: Crumb rubber grading (Mturi et al [16],[17]) 

The thermal dissociation process continues until a maximum viscosity point is reached referred to 
as Stage 2. The viscosity then decreases with digestion time in Stage 3 as the rubber 3-dimensional 
network disintegrates due to the loss of the sulphur linkages. Once the decrease in viscosity reaches 
a point of constant viscosity, the CRM bitumen blend is referred to as terminal. This has been 
depicted as Stage 4 in the digestion viscosity curve. 

 

Figure 12: Digestion curve for bitumen rubber (Mturi et al [16],[17]) 

The shape of the digestion curve (which is indicative of the maximum rubber particle size in the 
blend) is dependent on temperature, rubber composition and grading, bitumen composition, etc. 
Figure 3 illustrates the effect of temperature on the digestion curve for the blend under investigation. 



 

 

For the repeatability studies, various gap settings were evaluated, and repeatability was evaluated 
for frequency sweeps at 55° on bitumen rubber taken from stage 1 and measured within the linear 
visco-elastic (LVE) range using a 25-mm diameter parallel plate configuration. 

 

Figure 13: Effect of temperature on the digestion curve (Increasing the temperature of the same 
from 190°C to 210°C after 5.5 hours (Mturi et al [16],[17]) 

The results for the bitumen rubber blend show poor repeatability of both G* and δ values at the 1-
mm gap setting and towards lower frequencies. As the gap thickness was increased the 
reproducibility improved until a gap range is reached where the frequency sweeps became 
repeatability, as observed for the results at 2-mm gap. The improved repeatability implies that there 
was adequate adhesion of the binder sample to the two DSR plates as well as homogenous 
deformation of the sample throughout the gap distance, with minimal interference by the rubber 
particles. When the gap between the parallel plates is increased by too much then the repeatability 
starts deteriorating again. Figure 14 illustrates the concept of optimum gap setting using the 
repeatability of analysis.  

 

a) Gap settings between 1.6 – 1.9mm 

 

b) Gap settings between 2.0 - 2.7mm 

Figure 14: Repeatability of frequency sweeps at 55°C for different gap settings (Mturi et al, 2011b) 

Mturi et al [16] and [17] discussed the testing of CRM bitumen in detail and specifically reported 
on the gap settings with regards to gap size in relation to rubber crumb size. Van Heerden et al [24] 
and [25] also discussed the testing of CRM binders and although both parallel plate and cup and bob 
geometries were employed, no recommendation is made on the specific use of either.  

190°C 
210°C 



 

 

Comparing the South African grading specification with the research report of Jones, Liang and 
Harvey [9] with about 70 % passing the 0.7 mm sieve, can be considered to be on the finer side of 
the grading spectrum. Considering the 3 to 4 times crumb rubber particle size, and apply this to the 
70 % size in the grading, the gap setting for the DSR parallel plate geometry would be 2 mm to 3 
mm. 

V. SOUTH AFRICAN PERFORMANCE-GRADE SPECIFICATION 

The South African Performance-grade Specification (SA-PG) is published as a technical 
specification by the South African Bureau of Standards (SABS) and the specification is described in 
[3] and [4]. A template for a specific temperature is shown in Annexure A and the full specification is 
published as SATS 3208 (2019) in [5].  

VI. DESCRIPTION OF MATERIALS 

Conventional bitumen rubber is manufactured by adding rubber crumbs in bitumen with extender 
oil at typical ratios of 78% bitumen, 2% extender oil and 20% rubber crumbs (maximum size 1 mm) 
and intensely mixed at elevated temperatures of around 200°C. The rubber crumbs swell in the hot 
bitumen with finer particles that may become fully digested in the bitumen. However, the storage life 
of the product is compromised by the high temperatures, usually above 200°C, as the rubber crumbs 
continue to dissolve in the bitumen as the rubber crumbs are “digested” (depolymerized) by the 
bitumen. This conventional bitumen rubber is blended on site due to the very short storage life and 
is commonly known as A-R1. 

A new technology was recently introduced, known as New Crumb Rubber Technology (NCRT). It 
adopts a combination of mechanical and chemical treatment processes for the pre-reacted rubber 
crumbs with Fischer Tropsch wax. This modifies the behaviour of the rubber crumbs in the reaction 
with bitumen. The NCRT has a reduced viscosity in relation to conventional bitumen rubber and can 
be handled at reduced temperatures with a longer shelve life. This new binder is known as A-R2. 

Four main binders were tested with binder properties as per conventional South African 
specification shown in Table VI-1. The 70/100 base bitumen (CL558) was used for the manufacture 
of the A-R1 CRM bitumens, the base bitumen for the A-R2 is unknown. A second 70/100 sample 
(CL412) is added that was used as the base bitumen for the E-E2 that is also reported. Two samples 
of the A-R1 was tested, the A-R1 (CL613) is the standard binder manufactured with 1 mm maximum 
crumb size and 20% crumb rubber, while A-R1 (CL1643) was blended with 15% of 0.3 maximum 
size crumb rubber. A second standard A-R1 (CL1170) was added for comparison purposes. A-R2 
(CL559) is a proprietary blend and the quantities used in the blend are not known. 

Note, not all binders are consistently reported, inclusion was dictated by availability of data at the 
time. 

Table VI-1: Binder properties of  binders tested 

Binder property 

  SANS 4001:BT1 and TG1 

Unit Standard 

70/100 

CL412 

70/100 

CL558 

A-R2 

CL559 

A-R1 

CL613 

A-R1 

CL117

0 

A-R1 

CL164

3 

SANS 4001:BT1 

Max.crumb rubber size 

Pen at 25°C 

mm 

dmm 

TG1 - - 1.0 1.0 1.0 0.3 



 

 

Binder property 

  SANS 4001:BT1 and TG1 

Unit Standard 

70/100 

CL412 

70/100 

CL558 

A-R2 

CL559 

A-R1 

CL613 

A-R1 

CL117

0 

A-R1 

CL164

3 

Softening point 

Brookefield viscosity at 

60°C 

Brookefield viscosity at 

135°C 

°C 

Pa.s 

mPa.

s 

EN 1426 

ASTM 

D36 

ASTM 

4402 

ASTM 

4402 

89.0 

45.3 

163.9 

315.0 

76.0 

46.8 

161.0 

295.0 

- 

73.7 

- 

- 

- 

66.0 

- 

- 

- 

58.3 

- 

- 

- 

58.3 

- 

- 

TG1 

Dynamic viscosity at 

190°C 

Resilience at 25°C 

Flow test at 60°C 

Compression recovery - 

5 min 

Compression recovery - 

1 h 

Compression recovery - 

4 h 

Compression recovery - 

24 h 

Compression recovery - 

4 d 

dPa.

s 

% 

mm 

% 

% 

% 

% 

% 

MB-13 

MB-10 

MB-12 

MB-11 

MB-11 

MB-11 

MB-11 

MB-11 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

33.0 

2.0 

86.6 

86.6 

- 

- 

92.5 

39.0 

35.0 

13.5 

82.7 

90.6 

90.6 

88.6 

- 

- 

26.0 

37.0 

84.6 

82.7 

- 

- 

- 

22.0 

28.0 

21.0 

89.6 

88.6 

82.7 

- 

- 

 

The base binder is on the lower end of the penetration specification, thus a hard binder. The two 
A-R1 samples were specifically manufactured with different crumb rubber size to investigate the 
influence of crumb size on the test results. The softening point values for the two binders are similar, 
however an additional sample was blended with 12% of the 0.3 mm maximum crumb rubber size 
that would have a softening very close to the conventional A-R1 with 1 mm rubber crumbs. At the 
time of the publication of this paper the laboratory results were not yet available. 



 

 

VII. THE STUDY 

With this study a few of the typical South African CRM binders were tested with the main to test 
compliance with the new SA PG Grade Binder Specification. The emphasis was not on comparing 
different binders or to investigate the performance of the binders. 

The first step in this investigation was to investigate the influence on binder film thickness using a 
parallel plate configuration. Figure 15 shows a comparison of the CRM bitumen complex modulus, 
G*, measured at the intermediate pavement temperature of 25°C changing the binder film thickness 
with a 25 mm parallel plate configuration. Changing the gap setting from 2 mm to 3 mm has virtually 
no influence on the measured complex modulus, considering the natural variance in DSR 
measurements. The 2 mm gap setting showed about 4% higher complex shear modulus in 
comparison to the 3 mm gap setting. The findings by the Mturi et al study [16] and [17] were therefore 
confirmed. 

 

 

Figure 15: Comparison of 25 mm parallel plate (PP25) film thickness (gap setting) at 25 °C 

The next step was to compare measurements between parallel plate and cup and bob 
configuration (concentric cylinder (CC) in Anton Paar DSR). Comparative measurements were taken 
at PP8/PP25 with parallel plate configuration and 17 mm cup size with CC. The laboratory had very 
little experience with CC configuration, so some experiments had to be repeated. The first series of 
test were to compare the high temperature, as depicted with the G*/sinδ, behaviour of the base 
bitumen with the CRM modified binders in the DSR with the PP 2 mm configuration. 

Table VII-1: Comparison of G*/sinδ for unaged binders 

Binder type 
G*/sinδ [kPa] at temperature [°C] 

58 64 70 

70/100 (A0916) 

70/100 (A0920) 

1.74 

1.37 

0.761 

0.642 
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Binder type 
G*/sinδ [kPa] at temperature [°C] 

58 64 70 

A-E2 (A0918) SBS modified 

A-E2 (A0922) SBS modified 

4.30 

3.95 

2.35 

2.12 

1.36 

1.17 

A-R1 (CL0613) Bitumen rubber 

(1.0 mm) 

A-R1 (CL1170) Bitumen rubber 

(1.0 mm) 

A-R1 (CL1643) Bitumen rubber 

(0.3 mm) 

- 

5.57 

5.93 

- 

3.57 

3.20 

- 

- 

1.81 

A-R2 (CL0559) NCRT (1.0 mm) 

A-R2 (TOSAS) NCRT (1.0 mm) 

- 

4.86 

6.22 

3.04 

3.69 

1.88 

 

All results compare reasonably well considering inter-laboratory and single operator variation. The 
only obvious outlier was the NCRT A-R2 (CL0559). It is expected that future test results from CRM 
binders can be achieved with reliable repeatability as expertise is developed. The G*/sinδ values are 
also compared graphically in Figure 16. 

 

Figure 16: Comparison of G/sinδ at different temperatures for PP configuration 

Figure 16 shows the benefits obtained from modifications and show that realistic results are 
obtained with the PP 2 mm configuration. The A-R1 (0.3 mm) shows higher modification compared 
to the A-R1 (1 mm), as was also shown with conventional testing. 

Table VII-2: Comparison non-recoverable compliance JNR from MSCR test 
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Binder type 
JNR [kPa-1] at temperature [°C] 

58 64 70 

50/70 (CL433) 

50/70 (CL432) 

70/100 (CL558) 

70/100 (A0916) 

70/100 (A0920) 

3.1502 

3.6092 

3.0560 

3.1936 

3.6317 

7.0866 

8.2453 

7.1505 

- 

- 

15.2151 

17.6541 

15.5839 

- 

- 

A-E2 (CL1068) SBS 70/100 

A-E2 (CL1085) SBS 50/70 

A-E2 (CL1067) SBS 70/100 

A-E2 (A0918) SBS modified 

A-E2 (A0922) SBS modified 

0.8489 

0.7893 

0.6625 

0.3595 

0.2184 

2.1461 

1.9716 

1.6485 

0.8590 

0.4158 

5.1849 

1.9094 

2.8888 

1.8386 

1.2897 

Parallel plate (PP) 

A-R1 (CL1170) Bitumen rubber 

(1.0 mm) 

A-R1 (CL0613) Bitumen rubber 

(1.0 mm) 

A-R1 (TOSAS) Bitumen rubber 

(1.0 mm) 

A-R1 (CL1643) Bitumen rubber 

(0.3 mm) 

A-R2 (CL0559) NCRT (1.0 mm) 

A-R2 (TOSAS) NCRT (1.0 mm) 

0.5351 

0.0523 

0.6316 

0.8621 

0.2678 

0.4436 

1.2712 

0.1423 

1.9058 

2.0646 

0.7711 

1.0981 

2.6654 

0.3865 

4.8148 

4.3914 

2.0057 

2.5520 

Concentric cylinder (CC) 

A-R1 (CL1643) Bitumen rubber 

(0.3 mm) 

A-R2 (CL0559) NCRT (1.0 mm) 

0.2077 

0.1746 

0.2680 

1.0045 

0.6078 

2.6105 

 

In Table VII-2 the high temperature behaviour is again compared for the base bitumen and the 
CRM binders, but this time the MSCR test is performed. Again comparable results are obtained and 



 

 

interestingly, the previous outlier CL0559 now show comparable results in the PP configuration, it is 
a new test so the same mistake was not made.  What is disappointing is that the test results from 
the CC configuration are not comparable with the PP. The JNR results are shown in  

 

Figure 17: Comparison of JNR at different temperatures for PP configuration 

The improved resistance against rutting is clearly demonstrated in Figure 17. Although it is not the 
purpose of this paper to compare binders, it is shown in Figure 17 that at a lower temperature (58°C) 
all the binders show similar results, but that clear differentiations can be seen at high temperatures 
(70°C). The %Recovery from the MSCR is reported in Table VII-3. 

Table VII-3:  Comparison of elastic recovery (%R) compliance (from MSCR test) 

Binder type 
%R at temperature [°C] 

58 64 70 

A-E2 (CL1068) SBS modified (70/100) 

A-E2 (CL1085) SBS modified (50/70) 

A-E2 (CL1067) SBS modified (70/100) 

A-E2 (A0918) SBS modified 

A-E2 (A0922) SBS modified 

36 

21 

39 

68 

83 

24 

12 

27 

59 

82 

10 

24 

19 

- 

- 

Parallel plate (PP) 

A-R1 (CL1170) Bitumen rubber (PP) 

(1.0 mm) 

A-R1 (CL0613) Bitumen rubber (PP) 

(1.0 mm) 

39 

74 

22 

22 

60 

8 

11 

41 

1 

0.0

1.0

2.0

3.0

4.0

5.0

6.0

A-E2 (CL1068)
70/100

A-E2 (CL1085)
50/70

A-R1 (CL1170)
1 mm max

A-R1 (CL1643)
0.3 mm max

A-R2 (CL0559)

J N
R

(k
P

a-1
)

58 64 70



 

 

Binder type 
%R at temperature [°C] 

58 64 70 

A-R1 (TOSAS) Bitumen rubber (PP) 

(1.0 mm) 

A-R1 (CL1643) Bitumen rubber (PP) 

(0.3 mm) 

A-R1 (TOSAS) Bitumen rubber (PP) 

(1.0 mm) 

A-R2 NCRT (PP) (1.0 mm) 

19 

37 

43 

9 

22 

22 

3 

10 

10 

Concentric cylinder (CC) 

A-R1 (CL1643) Bitumen rubber (C&B) 

(0.3 mm) 

A-R2 (CL0559) NCRT (C&B) (1.0 mm) 

77 

76 

74 

50 

65 

31 

 

%Recovery reported from the CC-configuration in Table VII-3 is much higher than with the PP 
configuration, this is contrary to good results reported for the MSCR test in literature. 

It should be noted that variance in property measurements for CRM bitumen is not uncommon. 
Processing time in the manufacture of CRM bitumen is a very sensitive variable and large viscosity 
changes can occur with small changes in processing time. Variance in reported values in Table VII-1, 
Table VII-2 and Table VII-3 can thus be expected. 

Finally, creep stiffness (S) and relaxation (m) from the BBR test is compared in Table VII-4 and 
Table VII-5. Very limited experimentation was done with the BBR as the size of the BBR specimen 
is large enough to accommodate the maximum 1 mm crumb sizes. 

It is not always possible to measure the S and m values at the high (70°C) temperature, in which 
case the values are calculated, where possible, with the CA-model. 

Table VII-4: Comparison of creep stiffness, S(60) [MPa] 

Binder type 
S(60) [MPa] at temperature [°C] 

-12 -6 0 

70/100 (A0916) 

70/100 (A0920) 

247 

195 

109 

95.7 

-  

- 

A-E2 (A0918) SBS modified 

A-E2 (A0922) SBS modified 

191 

195 

92.7 

85.8 

- 

- 



 

 

Binder type 
S(60) [MPa] at temperature [°C] 

-12 -6 0 

A-R1 (CL0613) Bitumen rubber 

(1.0 mm) 

A-R1 (CL1643) Bitumen rubber 

(0.3 mm) 

A-R2 (CL0559) NCRT (1.0 mm) 

53.3 

102.0 

93.5 

20.3a 

33.0 

43.3 

6.7a 

- 

17.9a 

aEstimate from BBR master curve 

 

It is gleaned from Table VII-4 that the creep stiffness is considerably influenced by the addition of 
crumb rubber and this agree with the research reported by Baumgardner and D’Angelo [2]. The 
reported results seem to be realistic, but a more exhaustive experiment should be designed to 
confirm any trends observed in Table VII-4. 

 

 

 

Table VII-5: Comparison of m-value, m(60) 

Binder type 
m(60) at temperature [°C] 

-12 -6 0 

70/100 (A0916) 

70/100 (A0920) 

0.300 

0.341 

0.393 

0.408 

 

A-E2 (A0918) SBS modified 

A-E2 (A0922) SBS modified 

0.311 

0.335 

0.384 

0.414 

 

A-R1 (CL0613) Bitumen rubber 

(1.0 mm) 

A-R1 (CL1643) Bitumen rubber 

(0.3 mm) 

A-R2 (CL0559) NCRT (1.0 mm) 

0.427 

0.376 

0.349 

0.483a 

0.451 

0.397 

0.543a 

 

0.434a 

aEstimate from BBR master curve 

 



 

 

In contrast to the improvement in creep stiffness shown in Table VII-4 rather little improvement is 
shown in relaxation as measured with the m-value, as shown in Table VII-5. This is also in line with 
the research reported by Baumgardner and D’Angelo [2]. 

VIII. RHEOLOGICAL INVESTIGATION 

The materials below represent the 70/100 PEN (CL558) binder and the A-R2 (CL559).  The 
parallel plate (PP) data for the 70/100 is reasonably consistent with what would be expected for this 
type of binder.  The high stiffness more spaced data is from the Bending Beam Rheometer (BBR) 
converted to a PP format.  This data is reasonably consistent with the PP data and shows a typical 
behaviour with an asymptotic stiffness value approach 1e9 Pa.  The different aging conditions in the 
Black Space plot shows a flattening of the curve typically associated with aging.  The data from the 
concentric cylinders (CC) shows very different behaviour.  The asymptotic high stiffness value 
appears to approach 1e7 Pa rather than the expected 1e9 value. 

When inspecting the data for the asphalt rubber A-R2 (CL559) the PP data again shows the 
expected limiting stiffness.  The lowest temperature DSR data set (10°C) had to be removed to 
achieve an adequate shift.  This is not unusual and is most likely associated with machine compliance 
for the stiffness DSR isotherm.  The PP data shows typical as expected curves for a material with a 
close to solid type behaviour with non-thermo rheological simple behaviour.  Again, the CC data 
gives a lower asymptotic stiffness value which is not consistent with the expected behaviour.   

 

(a) 70/100 base bitumen 



 

 

 

(b) A-R2 (NCRT) CRM binder 

Figure 18: Comparison of 70/100 base bitumen with A-R2 NCRT binder 

A very similar trend is noted for the A-R1 materials (A-R1 (1 mm) CL613 and A-R1 (0.3 mm) 
CL1643).  The cup and bob RTFOT data is particularly poor for the lowest temperatures tested. 

The analysis suggests that the method for testing that gives the most realistic results is by parallel 
plate testing.  It may be advantageous to test at a lower strain level to produce less or lower non-
linear effects, which may exist in the data.  The shapes of the curves for PP testing are consistent 
with that expected for rubber modified materials.  The last plot in this set is the testing with the -30 
BBR data set repeated for CL1643, A-R1 with 0.3 mm maximum crumb size. 

 
(a) A-R1 CRM binder (1.0 mm maximum crumb size) 



 

 

 
(b) A-R1 CRM binder (0.3 mm maximum crumb size) 

Figure 19: Results for CRM binders 

Similar results are shown for CRM with 1 mm and 0.3 mm maximum crumb size. For the purpose 
of this study it is thus shown the PP configuration with a 2 mm gap gives realistic results. 

IX. IMPLEMENTATION IN SOUTH AFRICAN PERFORMANCE-GRADE SPECIFICATION 

The response on the rubber binder is what one would expect, while the rubber works well the 
reason it works is slightly different than what is measured in the performance tests.  The rubber 
particles don’t set up a network in the binder as with polymer modified binders. It acts as rubbery 
particles interacting and floating in the binder, in the DSR the binder is actually a bulk test. 

It is generally accepted that the parallel plate gap size must be three times the maximum particle 
size, thus for South African CRM bitumen with crumbs size less than 1 mm, a gap size of 3 mm 
should be considered. South African research by Mturi et al [17] and [17] showed that acceptable 
and realistic results are obtained with a 2 mm gap in the PP. 

In the South African performance-grade specification it is required that a 2 mm binder film 
thickness with an 8 mm parallel plate configuration is used for low temperature (high stiffness of G* 
> 100 kPa) and 25 mm (low stiffness of G* < 100 kPa) spindles with a 1 mm gap for high temperature. 
As it currently stands the SA-PG only requires that the gap setting for the 25 mm parallel plate be 
increased from 1 mm to 2 mm when CRM binder is tested. This implementation was based on the 
research by Mturi et al as described in [16] and [17] and international experience discussed in this 
paper. 

It should be noted that all DSR tests must be performed within the linear-elastic limit of the material 
being tested. 

X. CONCLUSION 

It has been shown regularly in the literature survey that the international experience and best 
practice is to use the DSR when testing CRM binders and that the gap for the 25 mm PP should be 
increased to 2 mm. Subhy, Lo Presti and Airey [22] demonstrated that rubberised bitumen can be 
manufactured successfully with the aid of rheological measurements. It was also shown that the BBR 
can successfully be used to determine PG Binder properties. In the South African implementation of 
the PG Binder specifications, SATS 3208, the specification is applied as for neat and polymer 
modified binders except that for the CRM high temperature DSR testing is done with the 2 mm PP 



 

 

configuration. This implementation was based on international research discussed above and the 
South African research further on in this paper. 
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Annexure A 

South African Performance-grade Specification 

 

Test Property 
Traffic class 

Test Method 

S H V E 

Max pavement design 

temperature (°C) 
Tmax 

Minimum grading temperature 

(°C) 
Tmin 

G* and δ at [(Tmax + Tmin)/2+4]°C Compulsory report only ASTM D7175 

G*/sinδ @10rad/s (kPa) @ T = 

Tmax 

Report G* and δ separately 

≥ 1.0 ASTM D7175 

Viscosity at 165°C (Pa.s) ≥ 30 

sec-1 
 0.9 ASTM D4402 

Storage Stability at 180°C  

(% diff in G* at Tmax) 
≤ 10 ASTM D7175 

Flash Point (°C) ≥ 230 ASTM D92b 

 After RTFO Ageing ASTM D2872 / TG1 

MB3 

G* and δ at [(Tmax + 

Tmin)/2+4]°C, 
Compulsory report only ASTM D7175 

Mass Change (% m/m)   0.3  1.0 
ASTM D2872 / TG1 

MB3 

Jnr at Tmax (kPa-1)   4.5   2.0   1.0 

  

0.

5 

ASTM D7405 

Ageing ratio [G*RTFO / G*Original]   3.0 ASTM D7175 

 After RTFO plus PAV Ageing ASTM D6521 

G* and δ at [(Tmax + 

Tmin)/2+4]°C, 
Compulsory report only ASTM D7175 

Maximum creep stiffness tested at 

temperature 

[S (60s)   300 MPa] 

Tmin + 10
o
C ASTM D6648 



 

 

 

 

  

Minimum m-value tested at 

temperature 

[m (60s) ≥ 0.300] 

Tmin + 10
o
C 

∆Tc (°C) = Tc,S – Tc,m ≥ -5 ASTM D7643 

Ageing ratio [G*PAV / G*Original]   6.0 ASTM D7175 
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Synopsis-In South Africa, the area of surfacing seals on roads is four times that of asphalt.  
For this reason, a focussed research effort has been dedicated to seal binders.  Seven seal 
binders were evaluated at various ages to analyse the change in their rheological behaviour.  
Bituminous binder ageing, which leads to hardening, occurs primarily in the presence of 
oxygen, ultraviolet radiation and temperature variation. Such ageing may catalyse surface 
cracking due to an increase in binder stiffness and brittleness. This research project 
included several degrees of laboratory simulated ageing. The binders were tested at the 
following age conditions: Unaged, Rolling Thin Film Oven (RTFO) and with the Pressure 
Ageing Vessel (PAV) at 20 hr, 40 hr and 80 hr, which include short-term and long-term age 
conditions.  The unaged and aged binders were tested with the Bending Beam Rheometer 
(BBR) and Dynamic Shear Rheometer (DSR) at temperatures ranging from (-30˚C - 70˚C) to 
analyse the rheological performance properties for seal applications.  In particular, an 
evaluation was done on the influence (w0) of ageing on the binders’ Complex Modulus (G*), 
Phase Angle (δ), Cross-over Frequency and relaxation properties.  The impact of binder 
ageing on response and damage parameters was analysed based on the fundamental 
rheological theory.  Results show a significant difference in the rheological performance of 
both modified and unmodified seal binders with an increase in binder ageing.  The study 
yielded a good correlation between the low and high temperature performance parameters 
of the various binders. 
 
Keywords - low temperature cracking, low temperature performance, seal binders, RTFO, 
PAV, BBR, DSR, RHEA    
 

INTRODUCTION 

Surfacing seals are used in South Africa for the resealing of existing bituminous pavements as well 
as for new constructed roads.  Seals are used widely due to the fact that they are more cost effective 
and very effective on highways, rural roads and urban roads for light to heavy traffic loads [1].  
Bituminous roads are known to be influenced by environmental factors such as the temperature, 
UV, water and traffic loadings, which are uncontrollable variables. 

 



 

 

The physical properties of bituminous binders are known as the rheology of the binder.  Rheology 
is defined as the science of “deformation and flow” of a material which entails elastic, viscous and 
plastic behaviour of materials.  By analysing the rheological behaviour of bituminous materials at 
various ageing conditions useful insights are obtained regarding the current and future performance 
issues in surfacing seals.  The analyses entail laboratory tests on bituminous seal binders at short-
term and long-term age conditions.  

 
Bituminous binder ageing, also referred to as the resultant hardening of the binder by the 
environment, occurs primarily with the presence of oxygen, ultraviolet radiation and temperature 
variation.  These factors cause an increase in the material stiffness and load spreading capabilities 
of the structure while reducing the relaxation properties of the material [2].  The hardening of bitumen 
causes the surfacing layer to deteriorate over time.  Cracking may occur on the surface due to an 
increase in material stiffness. 

 
Several ageing test methods were proposed over the years, primarily for asphalt binders, and the 
most utilised tests are as follows [3]: 

• Rolling Thin Film Oven Test (RTFOT, ASTM D2872 / TG1 MB3), and 
• Pressure Ageing Vessel (PAV, ASTM D6521). 

 
A decision was made by the RPF Bituminous Materials Committee to investigate and correlate the 
rheological seal binder results, before and after ageing, with the current Draft Performance Grade 
Specification for asphalt binders. Based on this decision the RTFO and PAV simulated ageing 
methods were used to evaluate the effect of ageing on seal binder rheology.    
 
The RTFO device simulates the in-service short-term ageing of a bituminous binder.  The short-
term ageing process simulates oxidation during the mixing, spraying and construction phase of the 
binder [4].  The simulation of the construction of seal binders could exclude the plant ageing phase 
that occurs with asphalt.  However, in the interest of efficiency and uniformity of testing, a policy 
decision was made by the RPF group and standard procedures were followed, i.e. all the binders 
(for asphalt and seals) were subjected to short-term ageing process to evaluate the rheological 
behaviour as the binders age. 

 
The long-term ageing process (using PAV device) simulates the ageing of the binder, mostly asphalt 
binders, during its service life where mostly oxidation of the binder occurs [4]. Research have shown 
that there are two processes that lead to ageing/hardening of seal binders, which is oxidative ageing, 
using the PAV device, and long-term co-mingling of material in two adjacent layers. However, this 
research focussed on long-term ageing of seal binders, using the PAV device, in the same way as 
long-term ageing prediction for asphalt binders.  
 
The rheological performance properties for seal applications were analysed with the results 
obtained from the Bending Beam Rheometer (BBR) and Dynamic Shear Rheometer (DSR) on the 
Abatech RHEA® software.  Rheological parameters such as the Complex modulus, cross-over 
frequency, phase angle, ∆Tc and Glover-Rowe (G-R) were used to provide a comprehensive 
evaluation of seal binder ageing. 
 

EXPERIMENTAL PROGRAMME 

The materials and devices used for this study is outlined below. 



 

 

 

Materials 

Seven seal binders were analysed and evaluated for this study.  These binders consist of 
unmodified and modified binder compositions.  The seal binders are sourced from various refineries 
in South Africa to evaluate the effect of ageing of the most used seal binders in South Africa.  Table 
X.1 summarises the seal binders used.     
 
 
 
 
 
 
 

 
Table X.1: Typical seal binders in South Africa 

Code Type 
Modification 

type and 
percentage 

Region 

FT111 70/100  None 
Western-Cape 

(WP) 

FT131 70/100  None 
KwaZulu-Natal 

(KZN) 

FT211 S-E1  SBS (3%) 
Western-Cape 

(WP) 

FT221 S-E1  SBS (3%) Gauteng (GP) 

FT222 S-E1  SBS (3%) Gauteng (GP) 

FT322 S-E2  SBS (5%) Gauteng (GP) 

FT333 S-E2  SBS (5%) 
KwaZulu-Natal 

(KZN) 

 
The binders summarised in Table X.1 experienced five different ageing conditions.  The fourth and 
final numeral of the binder code indicates the age of the binder.  The FT111 binder is used as an 
example: 

• FT1111 indicates the unaged binder; 
• FT1112 indicates the RTFO binder; 
• FT1113 indicates the PAV1 (20 hr) binder; 
• FT1114 indicates the PAV2 (40 hr) binder, and 
• FT1115 indicates the PAV4 (80 hr) binder. 

 
Five of the binders are modified with Styrene-Butadiene-Styrene (SBS).  The thermoplastic 
elastomer Styrene-Butadiene-Styrene is used due to its popularity in South Africa for surfacing 
seals.  Styrene-Butadiene-Styrene results in much higher viscosities and softening points in 
comparison to other elastomers.  The block copolymer (Styrene-Butadiene-Styrene) consists of 
mainly saturates and aromatics which ensure interaction with bitumen.  The addition of Styrene-
Butadiene-Styrene increases the flexibility properties of bitumen which decreases the probability of 
cracking and increases the binders’ resistance to cracking [5]. 



 

 

 

Ageing apparatus 

The RTFO ageing procedure adheres to ASTM D 2872-04 (2004).  Glass and brass containers are 
used for the short-term ageing process of unmodified and modified binders respectively.  Sample 
sizes of 50 g and 35 g are poured into the containers for unmodified and modified binders 
respectively.  The ageing procedure for the glass and brass containers varies slightly but the 
containers are aged for 85 min at 163˚C.  During this period an airflow of 4000 ± 200 ml/min should 
be maintained within the RTFO device. 
 
The PAV ageing procedure of the ASTM D 6521 - 08 (2008) was followed.  The PAV device consists 
of the pressurising unit and the degassing unit.  The PAV device holds up to 10 steel plates that are 
filled with 50 g of bituminous binder, such that the binder film thickness is practically uniform.  The 
PAV device operates at 2.1 ± 0.1 MPa between 90 ˚C and 110˚C. The target temperature for this 
study was 100˚C.  Each of the seven seal binders yielded specimens with 20 hr, 40 hr and 80 hr 
PAV age conditioning.  The protocol requires that after the ageing phase completed, the specimens 
are placed into the degassing unit at 168˚C for 30 min [6]. 

 
Dynamic Shear Rheometer (DSR) 

Traditionally, empirical specifications have been used in South Africa based on measurements of 
viscosity, penetration, ductility and softening point temperature.  These measurements are generally 
inadequate to define the linear visco-elastic (LVE) range and rheological properties of bitumen 
needed to relate binder properties to pavement performance.  To correlate binder properties to 
pavement performance it is necessary to undertake more fundamental testing of bitumen [7]. 

 
In recent years South Africa has recognised the benefits of using more versatile method to analyse 
fundamental rheological properties in oscillatory-type testing, with a view to improving the binder 
specifications.  The Dynamic Shear Rheometer (DSR) has been identified to fulfil this role.  DSR 
testing is conducted within binder LVE range and adheres to the RTFO ageing procedure to ASTM 
D 7175-08 (2013).  The LVE range is binder specific and cannot be seen as a constant value.  The 
DSR device apply oscillating shear stresses and strains to bituminous binder samples which is 
placed between two parallel plates at different loading times and temperatures.  

  
Frequency sweeps were conducted, and the rheological results were measured in terms of their 
complex (shear) modulus, G*, and phase angle (visco-elastic balance of rheological behaviour), δ.  
The testing reported in this paper were performed under the following test conditions: 

 
Table X.2: Frequency sweep testing conditions 

Frequency Sweeps 

Parallel Plate (mm) 8 8 &25 25 

Temperature (˚C) 10 15 25 35 45 60 70 

Frequency (rad/s) 
0.251; 0.316; 0.398; 0.501; 0.63; 0.794; 
0.999; 1.26; 1.58; 1.99; 2.51; 3.16; 3.98; 

5.01; 6.3; 7.94; 9.99; 12.6; 15.8; 19.9; 25.1 

Strain (%) 1 

 



 

 

The strain value of 1% was selected as this limit is within the LVE range for all binders and both the 
8mm and 25mm parallel plates.   

 
Bending Beam Rheometer (BBR) 

The bending beam rheometer is used for rheological testing at low temperatures ranging from -30˚C 
to 0˚C.  The results obtained from the BBR test are used to analyse the susceptibility of bituminous 
binders to cracking at low temperatures. The standard test procedure and binder preparation is 
outlined in ASTM D 6648-08 (2012).  
       
The BBR tests evaluate the flexural creep stiffness (S) and the logarithmic creep velocity (m-value) 
of the bituminous binders in terms of the sample size and deflection.  The m-value represents the 
slope of the stiffness-time curve in a logarithmic plot and is an indication of the binder’s ability to 
relax stresses.  Both the S- and m values are calculated at 60 seconds.  The mean values of S (60 
s) and m (60 s) are used to determine the critical low temperature of the binder corresponding to S 
(60 s) = 300MPa and m (60 s) = 0.3 MPa/s.  The low temperature cracking specifications indicate 
that the flexural creep stiffness must be smaller than 300 MPa and m has to be greater than 0.3 to 
prevent low temperature cracking [8], [9]. 
 

ANALYSES 

The analysis of the effect that ageing has on the rheological properties of seal binders is 
summarised below. 
 

The ∆Tc Parameter 

∆Tc is developed from the difference between the critical temperature where S (60 s) = 300 MPa 
(Tc, S) and the critical temperature where m (60 s) = 0.3 (Tc, m).  
  
The result of the ∆Tc parameter indicates if the binder is S-controlled or m-controlled.  S-controlled 
behaviour occurs when Tc, S result is larger than the Tc, m result and vice-versa for m-controlled 
behaviour.  S-controlled behaviour result in a positive ∆Tc value which generally indicate better 
performance.  A past study showed that as ∆Tc increases the ductility of a binder decreases [10]. 

 

Master curves 

Master curves are compiled during the analysis of rheological data.  Master curves can be 
developed due to the thermo-rheologically simple behaviour of bituminous binders which comply to 
the time-temperature superposition principle (TTSP).  However, modified binders do not always 
show unique curves in Black Space, but it is still possible to build complex modulus master curves 
for them. Therefore, modified binders are said to comply with the partial time-temperature principle 
(PTTSP).   
 
Master Curves indicate a binder’s response in terms of shear modulus relative to the loading 
frequency in a controlled temperature range.  The visco-elastic behaviour of bituminous binders 
causes the shear stiffness to increase as the temperature is reduced. 
 
In this study, the BBR data needed to be converted so that it could be superimposed on DSR results.  
The BBR provides the low temperature data whilst the DSR yields the intermediate and high 
temperature results for the master curves.  The conversion of the BBR data to the complex shear 



 

 

modulus is based on the method of Hopkins and Hamming.  A free-shift method is implemented for 
each isotherm to a required reference temperature [11], is applied using the software. 
 
With the combination of BBR and DSR master curves all master curves converge at the same point 
i.e. the Glassy modulus (Gg), which will range from 0.6 GPa to 1.5 GPa [12]. 

 

Black Space Diagram 

The Black Space diagram is a plot of the Complex Modulus against the Phase Angle of a binder.  
The Black Space diagram indicates the viscous and elastic behaviour of binders and is a hand tool 
as data are presented unrefined.  The type and amount of modifier as well as binder age, are only 
two of numerous mechanisms that effects the rheological behaviour of bituminous binders. 

 

Cross-over frequency 

The crossover frequency (w0) is the frequency at the point where the loss and storage moduli are 
equal and tan δ = 1.  The crossover frequency can be associated with a stiffness parameter where 
the consistency of a binder is measured at a selected temperature and is binder specific. 
 

Glover-Rowe Parameter 

The G-R parameter is formulated in Equation 1 [13]: 
 

𝑮 − 𝑹 = 𝑮∗((𝒄𝒐𝒔(𝜹))^𝟐/𝒔𝒊𝒏(𝜹))       (1) 
 
In the G-R formulation, the Complex Shear Modulus and Phase Angle are determined at a frequency 
of 0.005 rad/sec and a temperature of 15˚C using a Dynamic Shear Rheometer (DSR).  Several 
researchers experienced that the slow loading rate influence the simplicity of the testing procedure 
[10]. Therefore, a mathematical model was used to evaluate the rheological properties of the binder 
at these settings. The Christensen, Anderson and Marasteanu (CAM) model was used within the 
RHEA software to shift the temperature isotherms of each binder to a reference temperature of 15˚C 
[14]. The G-R parameter were determined, for all the ages of the binders, from the Master Curves 
which include both DSR and BBR data [13]. 
   
The boundary values of the G-R parameter in Black Space (Complex Modulus versus Phase angle) 
for asphalt are defined as follows [13]: 

• A G-R parameter of 180 kPa indicates (cracking) damage onset, and 
• A G-R parameter of 600 kPa indicates significant cracking.  

 
These limits are based on results from previous research [13] with ductility tests on bituminous 
binders in asphalt mixes that were correlated with in-service cracking of the mixes.  Specification 
limits for seal binders have not yet been defined.  Therefore, the aim of the research was to 
investigate how the rheological seal binder properties compare to the typical asphalt binder 
behaviour.  It should be noted that the limits may differ for in-service performance on seal binders 
versus asphalt. 

RESULTS 

Firstly, evaluation of the value of slope (m) and stiffness (S) values at 60 seconds of loading time, 
tested at low temperatures, enables the ΔTc parameter to be determined for each of the seven seal 



 

 

binders and their age-conditioning, see Table X.3.  Figure X.1 shows the summarised ΔTc values 
with the low temperature limit of the (draft) South African Performance Grade specification.  
Although the limiting value of the draft South African Performance Grade specification of ΔTc > -50C 
is based on asphalt binders, their validity for seal binders is currently being evaluated based on in-
service performance of seal binders. 
 
 
 
 
 
 

Table X.3: ΔTc values for all the ages of the seven seal binders 

 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure X.1: The ΔTc values for all the aged of the seven seal binders with the limiting value of -5˚C 

The unmodified binders i.e. FT111 and FT131 and modified FT221 binder yield a ΔTc parameter of 
more than 0˚C in their unaged and RTFO aged conditions.  These binders have a ΔTc of 

                                  
2 Note: Conditioning times: PAV1 = 20 hrs, PAV2 = 40 hrs and PAV4 = 80 hrs 
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ΔTc (˚C) 

Binder Type 
Age2 

Unaged RTFO PAV1 PAV2 PAV4 

FT111 Unmodified 1.719 1.284 -0.933 -2.734 -5.180 

FT131 Unmodified 2.429 2.071 0.235 -2.734 -6.457 

FT211 Modified (3% SBS) -0.415 -0.802 -2.212 -4.565 -5.238 

FT221 Modified (3% SBS) 2.423 1.981 -0.693 -1.491 -3.189 

FT222 Modified (3% SBS) -1.264 -2.159 -4.869 -5.934 -8.316 

FT322 Modified (5% SBS) -3.445 -3.125 -4.738 -6.580 -8.003 

FT333 Modified (5% SBS) -0.852 -1.115 -2.673 -4.457 -5.475 



 

 

approximately 0˚C after their PAV1 age condition.  These binders indicate S-controlled behaviour, 
which shows that the relaxation properties of the binders at this stage are still in a good condition.  
Except for FT221, both unmodified binders show more resistance to thermal cracking compared to 
the rest of the modified binders in the Unaged, RTFO and PAV1 age region.  These results show 
that with the presence of a modifier in the binder yields slight reduction in susceptibility to thermal 
cracking at low temperatures, specifically at the Unaged, RTFO, PAV1 and PAV2 age conditions.  
This may be due to the modifier that cause the binder to become elastic.  

 
Table X.3 shows that FT211, FT222, FT322 and FT333 do not have S-controlled behaviour at any 
stage of ageing.  There is no exact indication that these binders will experience thermal cracking at 
any stage in their service life. The specification is just an indication of susceptibility to thermal 
cracking.  The (draft) South African Performance Grade Specification states that an asphalt binder 
must have a ΔTc above -5˚C after its PAV1 age conditioning.  The results in Table X.3 show that all 
the binders satisfy the specification from their Unaged to PAV1 age condition. 
 
Binders FT222 and FT322 are the only two that exceeds the specification boundary at their PAV4 
age condition.  It appears that the amount of Styrene-Butadiene-Styrene modification does not 
change the behaviour of the binders at very low temperatures.  At this stage these binders have 
minimal relaxation characteristics. 
 
Binder FT221 showed the best results for this study in terms of low temperature susceptibility.  With 
a ΔTc of -3.189˚C at its PAV4 age condition it shows the most resistance to cracking at low 
temperatures compared to the results of the other six binders.   
 
With the converted BBR data and DSR data full master curves can be constructed. Master curves 
were constructed with the free-shifting theory of Gordon and Shaw (1994) to a reference 
temperature of 15˚C. The low and high temperature isotherms, ranging between -30˚C and 70˚C, 
were shifted with the guidance of free-shifting theory.  Figure X.2 shows an example of a master 
curve constructed from the FT111 binder data.  The FT111 binder was used as an example to 
illustrate the effect of ageing on a modified and unmodified binder. The other 6 binders have similar 
master curve trends.  The comparison of the binders’ master curve results is discussed below. 

 
Figure X.2: The master curves of all the ages of the 70/100 WP binder 
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Figure X.2 indicates the way in which oxidation and temperature variation influence the 70/100 WP 
binder.  As the binder ages, the stiffness (Complex Modulus G*) of each master curve increases, 
and the slope becomes flatter.  The slope of each master curve becomes flatter due to the binder 
becoming stiffer, which results in a loss in the relaxation properties of the binder. 
 
As the binders age the stiffness of the binder’s increase.  Table X.4 indicates the complex modulus 
values at an arbitrary frequency on the master curve at 0.00001 rad/sec, which include the 70˚C 
isotherm results for all the ages of all seven binders.  The results shown in Table X.4 are plotted in 
Figure X.3 to emphasise the significant increase in the complex modulus values as the binders age.  
Figure X.3 show the comparison of the complex modulus values of all the binders with their ages 
as summarised in Table X.4. 
 
 

Table X.4: The influence of ageing on the Complex Shear Modulus at Tref = 15˚C 

  

G*(Pa) @ 0.00001rad/sec 

Unaged RTFO PAV1 PAV2 PAV4 

FT111 46.652 270.697 623.833 2317.837 5559.635 

FT131 20.929 41.362 299.621 1301.452 4363.723 

FT211 150.914 354.833 802.900 2386.334 9400.012 

FT221 50.694 57.949 866.006 1196.070 1324.304 

FT222 159.394 313.430 1817.253 4546.353 5232.012 

FT322 470.287 465.589 1783.909 4126.684 4922.065 

FT333 496.814 583.240 3102.069 3572.757 7334.146 

 

 
Figure X.3: Complex Shear Modulus data from Table X.4 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

FT111 FT131 FT211 FT221 FT222 FT322 FT333

G
*
(P

a)
 @

 0
.0

0
0
0
1
ra

d
/s

ec

Binder ID

Unaged

RTFO

PAV1

PAV2

PAV4



 

 

The FT111, FT131 and FT221 binders have the lowest complex modulus of all the binders which is 
less than 100 Pa.  The other four binders have a complex modulus greater than 100 Pa.  The FT221 
shows unexpected results as it would be expected that a modified binder would have a higher 
stiffness than an unaged binder.  It could be the case that the modified binder is less susceptible to 
the ageing process or that the modifier did not dissolve properly during mixing. 
 
The substantial increase in the complex modulus of the two unmodified binders show their 
susceptibility to ageing.  The susceptibility of binder FT111 and FT131 to ageing caused the binders 
to result in a high complex modulus at their PAV4 state.  This result conclude that the binders lose 
their relaxation properties more rapid as they age compared to the modified binders.  
 
The FT211 binder had the best results compared to the other binders in terms of susceptibility to 
ageing in this scenario.  The 3% SBS modified binder shows an exponential increase in stiffness as 
the binder ages, as is to be expected.  However, the increase in stiffness from PAV2 to PAV4 is four 
times greater.  The high stiffness at the binders’ PAV4 age condition results in brittle behaviour.   At 
this stage the relaxation properties of the binder are probably close to zero.  
 
The cross-over frequency is an important factor to consider when evaluating the susceptibility of a 
bituminous binder to ageing.   The cross-over frequency was determined with the raw BBR data 
and DSR data by taking the point of intersection between the storage and loss modulus.  Gc is the 
complex modulus value at the calculated cross-over frequency.   
 

Table X.5: The influence of ageing on the cross-over frequency and G* at the cross-over 
frequency for Tref = 15˚C 

  Unaged RTFO PAV1 PAV2 PAV4 

FT111 
wo (rad/sec) 106.0 16.5 6.6 1.3 0.4 

Gc (kPa) 32404 21998 18223 11760 8695 

FT131 
wo (rad/sec) 260.2 123.6 15.5 3.3 0.7 

Gc (kPa) 35880 30106 19984 13940 9151 

FT211 
wo (rad/sec) 43.3 17.4 5.2 1.2 0.1 

Gc (kPa) 18429 14864 11675 8116 4696 

FT221 
wo (rad/sec) 268.9 186.1 5.6 3.5 3.1 

Gc (kPa) 33283 28216 12377 11415 10106 

FT222 
wo (rad/sec) 25.7 19.9 1.4 0.4 0.3 

Gc (kPa) 12447 9768 6028 4873 4635 

FT322 
wo (rad/sec) 67.1 15.9 1.1 0.3 0.2 

Gc (kPa) 8832 8673 4299 3003 2268 

FT333 
wo (rad/sec) 15.8 12.1 0.9 0.7 0.2 

Gc (kPa) 11856 11187 7747 7125 5660 

 
As the age of a bituminous binder increases the binder oxidizes and hardens.  During the oxidation 
process the cross-over frequency of the binder decreases [15].  Table X.5 shows how the cross-
over frequency of each binder decreases as the age of the binder increases.  The rate at which the 
cross-over frequency decreases is binder specific.  The complex modulus and the cross-over 
frequency decreases as the binders age.  This is due to the rapid rate in which the cross-over 



 

 

frequency decreases.  The binders experience a decrease in their relaxation properties and become 
more susceptible to fatigue and thermal cracking. 
 
The FT111, FT131 and FT221 binders have the highest cross-over frequency at their unaged 
condition in comparison with the rest of the binders.  The FT111 binder was mostly susceptible to 
the short-term ageing process as the cross-over frequency between the unaged and RTFO state 
decreased dramatically.  The FT131 and FT221 binders were more susceptible to the long-term 
ageing process as their cross-over frequency had a rapid decrease between the RTFO and PAV1 
state.   
 
The FT221 binder yields a rapid decrease in the cross-over frequency between the unaged and 
long-term aged conditions.  Furthermore, the cross-over frequency experienced a slight decrease 
as the binder progressed from PAV2 to PAV4 ageing.  This behaviour indicates that this binder 
might be less susceptible to the ageing procedure in comparison with the rest of the binders.  
  
The FT333 binder had the smallest cross-over frequency at the unaged state in comparison with 
the other six binders.  The rate at which the cross-over frequency decreased as the age of the binder 
increased is significantly lower than the rest of the binders.  The high percentage of modification 
could possibly decrease the susceptibility of the binder to ageing.   
 
The relaxation properties of a binder depend on the viscous and elastic component of a binder.  The 
phase angle can be analysed on a Black Space Diagram to evaluate the rheological behaviour of a 
binder.  The change in the phase angle of one unmodified, 3% modified and 5% modified binder is 
analysed for this study.  The behaviour of unmodified and modified binders is more or less the same 
in black space, for this reason the black space (G* vs δ) behaviour of binders FT131, FT211 and 
FT322 are evaluated.  Figure X.4, Figure X.5 and Figure X.6 illustrate the viscous and elastic 
behaviour as the binders age. 

 
Figure X.4: The Black Space diagram for all the ages of the FT131 (70/100) binder, Tref = 15˚C. 
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Figure X.5: The Black Space diagram for all the ages of the FT211 binder, Tref = 15˚C. 

 
Figure X.6: The Black Space diagram for all the ages of the FT322 binder, Tref = 15˚C. 

The temperature range for each Black Space diagram is between -30˚C and 70˚C.  The Black Space 
diagrams for the FT131 binder (Figure X.4) in the colder region appear to converge at the completely 
glassy point Gg between 0.6 GPa and 1.5 GPa, as expected for bituminous materials.  Binder FT131 
has a convergence point in the warmer region at a phase angle of 90˚, as expected for unmodified 
binders.  At 70˚C and for all ageing conditions, the FT131 binder experiences completely viscous 
behaviour (i.e. a phase angle of 90˚).  Figure X.4 shows the influence that the oxidation process has 
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as on an unmodified binder as it ages.  The phase angle for each isotherm decreases as the binder 
ages.  As the binder ages it becomes stiffer and accumulates a larger elastic component and smaller 
viscous component. 
 
Figure X.5 illustrates the behaviour of a 3% modified S-E1 binder with crosslinking agents and 
70/100 as the base binder.  The ages of binder FT211 converge well at the high viscosity and low 
phase region i.e. low temperature range.  At the high temperature and high phase angle region the 
Black Space diagram does not converge at a Phase Angle of 90˚ in comparison with the results of 
binder FT131 due to the presence of the modifier in binder FT211.  The shape of the unaged Black 
Space diagram for the FT211 binder changes at a Phase Angle of 75˚, which indicates the position 
where the modifier improves the elastic component of the binder.  As the age of the binder increases 
the shape of the Black Space diagrams for the FT211 binder becomes comparable to those of an 
unmodified binder.  By analysing the shape of the Black Space diagram for the RTFO and PAV1 
state of the FT211 binder, it appears that the rate at which the modification improves the elastic 
component of the binder decreases.  The PAV2 and PAV4 Black Space diagrams of the FT211 
binder strive to the completely viscous state at a phase angle of 90˚, which is similar behaviour to 
an unmodified binder.  
 
It appears that the modification of the FT211 binder becomes less effective as the binder ages.  It 
is noticeable that something changes within the particle bonds of the modifier as the oxidation 
process continues.  This behaviour is observed in the higher temperature region where the binder 
is more viscous.  As the binder ages the elastic network of the modifier may experience some 
deterioration and the higher temperatures may cause the network of the aged binders to detach.   
  
The shape of the Black Space diagram plot of the unaged FT322 binder changes as a Phase Angle 
shifts from 63˚ to 75˚, for FT211 binder.  The difference in the percentage of modification between 
these two binders is only 2% and the phase angle curvature point decreases by 13%.  The higher 
percentage of modification is the reason for this behaviour.  The rate at which the modification 
improves the elastic component is much earlier compared to the result of binder FT211.  The PAV1 
state of binder FT322 shows that there is negligible influence of the modification remaining that 
could increase the elastic component within the binder i.e. the curve flattens.  
 
The behaviour of bituminous binders in black space can also be evaluated with the G-R parameter.  
The G-R parameter provides a good indication of the susceptibility of a binder to thermal cracking.  
Table X.6 contains a summary of the G-R parameter results at a temperature of 15˚C and a 
frequency of 0.005rad/s for all the binders with their ages. 
 
 
 
 
 
 
 
 
 
 
 



 

 

Table X.6: G-R results for all the binders with their ages at a temperature of 15˚C and a frequency 
of 0.005 rad/sec 

 Unaged RTFO PAV1 PAV2 PAV4 

FT111 

Complex modulus, G* 
[kPa] 20.483 97.146 183.073 448.007 754.654 

Phase angle, δ [˚] 85.0 77.4 72.2 64.7 58.7 

G-R parameter [kPa] 0.156 4.748 18.031 90.195 237.828 

FT131 

Complex modulus, G* 
[kPa] 9.299 18.076 100.826 281.862 605.600 

Phase angle, δ [˚] 85.8 84.2 75.1 66.6 58.9 

G-R parameter [kPa] 0.050 0.189 6.945 48.498 189.200 

FT211 

Complex modulus, G* 
[kPa] 22.481 51.259 124.731 306.784 746.672 

Phase angle, δ [˚] 74.4 73.0 70.3 63.3 54.4 

G-R parameter [kPa] 1.682 4.604 15.000 69.107 310.802 

FT221 

Complex modulus, G* 
[kPa] 11.108 12.759 138.399 182.667 196.602 

Phase angle, δ [˚] 76.7 76.4 67.6 65.9 65.5 

G-R parameter [kPa] 0.602 0.726 21.756 33.281 37.177 

FT222 

Complex modulus, G* 
[kPa] 45.485 53.840 213.304 422.959 450.541 

Phase angle, δ [˚] 68.9 69.4 61.2 56.6 56.4 

G-R parameter [kPa] 6.306 7.106 56.478 153.685 165.795 

FT322 

Complex modulus, G* 
[kPa] 21.135 50.768 171.600 284.433 312.807 

Phase angle, δ [˚] 60.2 63.5 60.3 56.4 55.7 

G-R parameter [kPa] 6.034 11.271 48.532 104.327 120.310 

FT333 

Complex modulus, G* 
[kPa] 52.972 63.648 333.109 370.171 657.631 

Phase angle, δ [˚] 67.4 67.0 63.5 62.3 57.1 

G-R parameter [kPa] 8.445 10.538 74.094 90.156 230.631 

 
Table X.6 shows how the complex shear modulus of each binder increases as the age of the binder 
increases.  This behaviour is due to the oxidation process that hardens the binders which increase 
the susceptibility of the binders to thermal cracking.  This is true for both modified and unmodified 
binders.  On the other hand, the phase angle decreases.  As the stiffness of the binder increases 
the binders become more elastic with the phase angle that decreases.  The phase angle of the two 
unmodified binders decrease at a much faster rate with ageing compared to the modified binders.  
Table X.6 shows that a higher percentage of modification decreases the rate at which the binder 
becomes elastic.  The higher modified binders show much lower susceptibility to ageing at 15˚C 
compared to the unmodified binders.  As seen in the Black Space diagrams the modification 
becomes negligible as the binder enters the long-term age period. 
 
Figure X.7 provides a plot of the magnitude of the G-R parameter for each binder and ageing 
condition. This provides insight into the binders’ proximity to the G-R cracking limits.  Only the G-R 



 

 

crack initiation limit is plotted as none of the binders provides a G-R value anywhere close to the 
advanced cracking G-R limit. 

 
Figure X.7: G-R results for all the binders with their ages 

Four of the seven binders i.e. FT111, FT131, FT211 and FT333 exceeded the G-R crack initiation 
limit of 180 kPa at their PAV4 age condition.  Binders FT221, FT222 and FT322 are just inside the 
crack initiation limit at their PAV 4 age condition.  These binders show less susceptibility to long-
term ageing compared to the other four binders.  It is unexpected that these results include both 
unmodified and modified binders.  These results depend on numerous factors that may be the cause 
of this outcome at 15˚C, which is a relatively low temperature for bituminous binders.  As seen in 
the low temperature analysis, the influence of the modification is not as perceptible as in the high 
temperatures. 
 

CONCLUDING SUMMARY 

Fundamental rheological testing has been used in this paper to quantify the changes in a binder 
associated with laboratory simulated ageing. These methods have demonstrated their usefulness 
in showing the considerable changes that can occur in the rheological properties of seal binders as 
they age.  The complex modulus, phase angle, cross-over frequency and G-R parameter have 
indicated the susceptibility of the binders to short-term and long-term ageing.   
 
The low temperature results showed that the presence of a modifier in a binder tend to be slightly 
less susceptible to thermal cracking as the binders age.  This may be due to the modifier that cause 
the binder to become perfectly elastic over time, which leads to brittle behaviour. 
 
At higher temperatures the influence of modification was clearer.  In the high temperature region of 
the master curve analyses the results concluded that the unmodified binders experience a decrease 
in their relaxation properties more rapidly as they age compared to the modified binders.   
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The black space analysis showed that the higher the modified of the binders the earlier are the 
“point of curvature” in the higher temperature region.  The modification increases the rate at which 
the elastic component of the binder improves and withhold the binder to become fully viscous at 
higher temperatures.    
 
The low temperature limiting value of the draft South African Performance Grade specification of 
ΔTc > -50C as well as the G-R cracking limits are based on asphalt binders. The limits, however, still 
provide reasonably accurate results when applied to seal binder data.  The implementation of G-R 
cracking limits in the South African Performance Grade specification for both asphalt and seal 
binders could therefore be considered.  When the validity of these parameters has been evaluated 
for seal binders based on in-service performance of seal binders, a detailed conclusion can be 
provided. 
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Synopsis— Various standards for the extraction and recovery of bituminous binder exists. 

However, these procedures are developed with the aim to determine binder contents of 

asphalt cores. In cases where properties of chip seal binders have to be investigated, these 

methods are not fit-for-purpose. Differences in sample geometry and volumetric 

composition further lower the suitability of most standard procedures. As part of wider 

research to evaluate ageing of chip seal binders, the need arose to develop a workable 

extraction and recovery procedure for chip seals. The extraction and recovery of 70/100 and 

S-E1 binders in Single and Double seals is investigated.  

With EN-12697-3 (2013) as a departure point, trial recoveries with neat binders are done to 

determine variance of the procedure. Hereafter, chip seal samples retrieved from existing 

road surfaces are extracted and recovered in order to establish the procedural requirements 

for such samples. Subsequently, considering extraction and recovery produce no test 

results, rheological properties from Dynamic Shear Rheometer (DSR) testing (ASTM D 7175 

2008) of the recovered binders are analysed.  

Some variance in binder stiffness of trial samples are observed. Rheological properties of 

binders recovered from existing road surfaces showed correlation with expected ageing 

tendencies. The study thus proposes a modified procedure for chip seal binder extraction 

and recovery. 

Keywords— extraction and recovery; chip seals; performance grades; field performance  



 

 

 

I.  INTRODUCTION 

Bituminous materials are widely used as binders in surfacing layers. In South Africa, the use of 

bituminous seals for road surfacing exceeds the use of asphalt due to economic considerations. As 

a result, this mode of application has been widely developed and vastly refined locally for the use in 

both new constructions as well as reseals.  

When investigating the in-field ageing of these seals, a process to extract and recover the binder 

from surfacing samples is required. Various standards for the extraction and recovery of bituminous 

binder exist. In cases where properties of chip seal binders have to be investigated, these methods 

are not entirely fit-for-purpose. Mostly procedures are developed with the aim to determine binder 

contents of asphalt cores. The difference in requirements arises mostly from:  

1. Larger chip seal samples that are required to recover sufficient binder;  

2. The subsequent manner in which solvent is used and specified; and 

3. Suitable procedure time.  

For instance, SANS 3001 specifies a maximum binder concentration in the solution, solvent 

volume, and estimated recovered binder mass. These proportions are workable for asphalt cores, 

but not for chip seal samples. Chip seals have a significantly higher aggregate component, and 

require additional solvent to sufficiently submerge the sample during soaking. In addition to this it 

would be impractical to recover binder from smaller samples, as this would lead to an insufficient 

quantity of recovered binder.  

Adding more solvent directly influences the recovery time. This is further aggravated by the 

washing of the aggregate. As the samples are larger, more solvent is used for washing. A balance 

in thus required between extracting a representative binder sample and washing the aggregate until 

the solvent runs clear. This is especially relevant as some research supports the notion that a portion 

of the binder can never completely be removed from the aggregate.  

It is also important to note that extraction and recovery does not yield a test result, but a binder 

that has to undergo further testing to establish the quality thereof. Currently, acceptable variability is 

specified in terms of softening point. For this research the shear properties of the binder using the 

Dynamic Shear Rheometer (DSR) are determined. In an industry which is moving towards 

performance grade specifications for binders, repeatability and reproducibility should be established 

in terms of performance parameters. 

In summary, as part of wider research to evaluate ageing of chip seal binders, the need arose to 

develop a workable extraction and recovery procedure for chip seals. Important characteristics and 

therefore outcomes of this procedure include: 

 The binder that is the final product of the process should be representative and have a similar 

chemical and mechanical structure to the binder prior to the process. 



 

 

 Repeatability and reproducibility should be reasonable and established in terms of 

performance grade properties.  

 The procedure should be based on existing standards to minimise disruption of prevailing 

practise.  

The above is addressed by the following: 

 A review of current standards and accompanying methods. 

 Establishing variance by conducting preliminary tests on fresh binder. 

 Extracting and recovering binder from samples from existing roads that produce sufficient 

binder for subsequent tests. 

 Evaluating the rationality of the results by comparing performance properties to expected field 

ageing. 

 Conducting simple quality control measures to evaluate residue in the binder. 

 

II. BACKGROUND 

A. Use of Chip Seals in the South African Environment 

Although only 20 % of South Africa's road network is surfaced [1], it accounts for 80 % of the 

R 1 trillion estimated asset-value of roads [2]. Understanding the environmental conditions in which 

these roads have to function is critical in avoiding unnecessary spending. 

Seals comprise approximately 80 % of South Africa's surfaced roads [1]. They are primarily 

applied to rural roads as first applications, and to all surfaced roads as reseals. Heavily trafficked 

urban roads and intersections are generally avoided. 

 



 

 

 

Fig. 1: Common Chip Seal Structures in South Africa [1] 

 

The function of chip seal layers are dual-fold as it must protect the underlying structural layers of 

the road as well as provide a safe driving surface for the road user. Fig. 1 shows the basic seal 

applications, the most common being the single, double and Cape Seals. 

Chip seals are not expected to contribute to the structural capacity of the layerworks, but they are 

required to perform acceptably for the duration of the design life. Therefore they must be durable and 

able to withstand deterioration due to the traffic and environmental conditions they are exposed to.  

To perform satisfactorily under the expected circumstances, straight run bitumen might not have 

the required properties. In these cases modifiers are added to bitumen to enhance the required 

performance characteristics. 

In South Africa, the most commonly used modifiers are polymers, emulsifiers and evaporates. 

Binders with added polymers are called polymer modified binders (PMBs).The most commonly used 

in seals are Styrene-Butadiene-Rubber (SBR), Styrene-Butadiene-Styrene (SBS), and crumbs 

recycled from rubber tyres.  

 



 

 

B. Visual Indicators of Chip Seal Failure 

The main function of a binder is to support the function of a seal, i.e. to protect structural road 

layers from abrasion and water ingress, while at the same time providing a safe road surface for the 

user to travel on. A binder is thus required to maintain its durability and flexibility under traffic and 

environmental conditions, as well as retain surfacing aggregate [1]. 

Failure in seals is a two-stage process. Seals are expected to have a life of more or less ten years 

before a reseal is warranted [3]. In this time, failures start to manifest, but the structural soundness 

of underlying layers are still protected. If at this stage the surface is not resealed, the failures will 

develop in terms of degree, possibly leading to complete failure of the surface and its functions. If 

this point is reached, more costly measures are expected to redeem the pavement structure. 

It is important to note that the failure of a binder is only one component of failure of a surfacing 

layer. When quantifying the performance of a seal by means of a visual assessment it is thus critical 

to distinguish between failures caused by other components of the seal, or even the underlying 

layers, and failure due to the chosen binder.  

Gerber [4], Van Zyl [5] and Milne [6] identified the main failure mechanisms of a surfacing seal as 

cracking or loss of skid resistance. Cracks can form due to increased stiffness with age, fatigue with 

load repetitions or even as a reflection of cracks in underlying layers. Inherent properties of the binder 

that are critical to the performance of the seal include type, grade and viscosity at application. Also 

not to be ignored is the application rate and quality of application [1].  

Binder type and grade govern certain properties of the binder, such as stiffness, elasticity, 

adhesion and cohesion and temperature susceptibility [1]. When a binder is too stiff and lacks 

elasticity, it will be more prone to cracking at lower temperatures and repeated loading, whereas 

binder that is too soft and lacks elasticity will be prone to bleeding and shoving at higher 

temperatures. A binder that lacks adhesion or cohesion strength will be prone to aggregate loss or 

reduced ductility respectively. With age these properties also deteriorate. Excessive ageing can 

reduce durability and cause premature fatigue cracking. 

 

C. Performance Grade Specificaitons 

In South Africa, SANRAL and SABITA drive a working group to compile performance grade 

specifications for local conditions. Their intent for the specification is a binder blind specification that 

accounts for climate, traffic and durability for both binders for asphalt and seals, has a limited need 

for new testing equipment and covers all operational stages and conditions. Table 1 shows 

specifications as submitted by the working group for implementation in South Africa [7].  

Here binder blind  implies that there are no separate specifications for modified and unmodified 

or asphalt and chip seal binders. 

 

Table 1: SIMPLIFIED SOUTH AFRICAN PERFORMANCE GRADE BITUMEN SPECIFICATION (ADAPTED FROM 

[7]) 



 

 

Test Property 
South African Performance 

Grades 

Test Method 
Traffic Classification S H V E 

Max pavement design temperature 

(°C) 
Tmax 

Minimum grading temperature (°C) Tmin 

G* and δ at [(Tmax + Tmin)/2+4]°C Report only ASTM D7175 

G*/sinδ @10rad/s (kPa) @ T = Tmax ≥ 1.0 ASTM D7175 

Viscosity at 165°C (Pa.s) ≥ 30 sec-1 ≤ 0.9 ASTM D4402 

Storage Stability at 180°C (% diff in 

G* at Tmax) 
≤ 10 ASTM D7175 

Flash Point (°C) ≥ 230 ASTM D92b 

 After RTFO Ageing 
ASTM D2872 / TG1 

MB3 

G* and δ at [(Tmax + Tmin)/2+4]°C, Report only ASTM D7175 

Mass Change (% m/m) ≤ 0.3 ≤ 1.0 
ASTM D2872 / TG1 

MB3 

Jnr at Tmax (kPa-1) ≤4.5 ≤ 2.0 ≤1.0 ≤ 0.5 ASTM D7405 

Ageing ratio [G*RTFO / G*Original] ≤ 3.0 ASTM D7175 

 After RTFO plus PAV Ageing ASTM D6521 

G* and δ at [(Tmax + Tmin)/2+4]°C, Report only ASTM D7175 

Tc,S  [S (60s) ≤ 300 MPa] Tmin + 10°C 
ASTM D6648 

Tc,m [m (60s) ≥ 0.300] Tmin + 10°C 

∆Tc (°C) = Tc,S – Tc,m ≥ -5 ASTM D7643 

Ageing ratio [G*PAV / G*Original] ≤ 6.0 ASTM D7175 

 

D. Assessing Binder Ageing with Durability Parameters 

Durability relates to the ability of a binder to maintain its performance, and therefore its ability to 

resist the effect ageing has on beneficial properties [8]. King [9] notes that although ageing can lead 

to increased risk of fatigue cracking, damage due to thermal, non-load associated cracking is also 

induced. 



 

 

Durability parameters thus aim to evaluate the evolution of rheological properties over time in in-

service road conditions. Fig. 2 shows the expected change in beneficial properties over time. 

Prevalent durability parameters include: 

 Glover-Rowe (G-R, kPa) parameter;  

 Difference in critical low temperatures (ΔTc, °C); and 

 Ageing Ratios. 

 

 

Fig. 2: Age hardening of binders over time 

 

Glover [10] investigated the use of a combination of ductility work done by Kandhal [11] and a 

Maxwell mechanical model to describe the extensional flow a binder undergoes during a force-

ductility test. Displacement described by the Maxwell model is dependent on stiffness, G, and the 

ratio between G and viscosity, η. Since the in-phase components are more sensitive to changes as 

the binder ages, [10] examined the correlation between ductility, G' and η'/G', and defined the Glover 

parameter as: 

𝐺′

𝑛′/𝐺′
 (1) 

 

When G' and η' are measured with a DSR at 15 °C and 0.005 rad/s, this parameter has a nearly 

linear relationship with Kandhal’s [11] ductility measurements for unmodified binders. 

For modified binders, this relationship is less defined. The measure to which a modifier improves 

ductility is dependent on the modifier and the interaction between the modifier and the binder. 

However, polymers degrade with age, decreasing the benefit to ductility. Glover [10]  notes that 

polymer degradation could in fact even contribute to a loss of ductility of the binder. When comparing 

the Glover parameter with ductility the general correlation improves when grouped according to 

similar. The differences between the unmodified binders however converge with age. 

Rowe [12] applied simplifications to define the Glover-Rowe parameter (G-R): 



 

 

G − R =
𝐺∗ · cos2 𝛿

sin 𝛿
 (2) 

 

This parameter is useful to monitor the combined effect ageing has on both the stiffness and 

relaxation properties of binders at in-service temperatures.  

Another surrogate for ductility is the difference in critical low temperatures (ΔTc). This parameter 

in generally included in the PG Specification and quantifies the low-temperature cracking resistance 

of a binder. It is defined as: 

∆𝑇𝑐 =𝑇𝑐,𝑆(60) −𝑇𝑐,𝑚(60) (3) 

 

Where Tc,S(60) and Tc,m(60) are the critical temperatures at which the bending stiffness (S) and slope 

of bending stiffness (m) reach limiting values, measured after 60 seconds loading, as defined by 

Anderson [13]. 

Ageing ratios aim to provide an indication of the rate at which binder properties will deteriorate 

from its original state. It is often expressed in terms of the stiffness measured with increasing binder 

ages. The South African Performance Grade Specification requires ageing ratios as determined at 

the intermediate temperature (IT) and 10 radians/second: 

𝐴𝑔𝑒𝑖𝑛𝑔𝑅𝑎𝑡𝑖𝑜 = 
𝐺∗

𝑎𝑔𝑒𝑑

𝐺∗
𝑢𝑛𝑎𝑔𝑒𝑑

 (4) 

 

E. Extraction and Recovery 

Extraction and recovery is a three step process: the extraction of bitumen from a seal/overlay 

sample by the addition of a solvent, removal of aggregate and filler by centrifugation or filtration, and 

recovery/distillation of the solution to remove the solvent from the binder (Fig. 3) [14].  

Binder is extracted from the seal/overlay by adding solvent to the sample, thereby dissolving the 

binder from the aggregate. SANS 3001 [15] specifies the solvent required based on asphalt 

volumetrics, to ensure a binder concentration of less than 3 %: 

𝑉𝑠 ≥
𝑀 · 𝑆𝐸

3
 (5) 

with 

VS = volume of solvent (ml); 

M = mass o fthe sample (g); and 

SE = estimated binder in the sample (%). 

 

EN-12697-3 [16] specifies 1500 ml solvent for every 120 - 150 g estimated recoverable binder.  



 

 

 

Fig. 3: Simplified Extraction and Recovery Procedure 

 

The solution is then soaked and agitated for a specified time. SANS 3001 [15] prescribes 20 - 

60 minutes of shaking, whereas EN-12697-3 [16] allows for prolonged soaking of up to 24 hours. 

Mturi [14] recommends (for asphalt samples) that complete binder extraction and recovery be 

completed within 8 hours. 

The binder-solvent solution is poured through a 63 μm sieve into the funnel of the centrifuge, 

followed by the washing of the remaining aggregate until the wash solvent runs effectively colourless. 

The binder-solvent solution is re-centrifuged if the mass of the filler collected in the cup exceeds 50 g. 

[15] 

Two distillation methods have been identified and investigated by the CSIR [14], i.e. the Abson 

(Fig. 4) and Rotary Evaporator (Fig. 5) methods.  

The CSIR [14] evaluated different solvents and recovery methods based on accuracy and 

repeatability of results. Their findings include that method performance was related to the degree of 

binder removed from the aggregate, fines separated from the solution, hardening of binder caused 

by the solvent, and effective removal of solvent from the solution. 

Although the binder can never be completely removed, there are some that argue the residue is 

so closely associated with the aggregate that it can be regarded as a part thereof in terms of function. 

This is either because of strong polar association with the aggregate due to high oxidation or 

absorption into porous aggregate due to low viscosity. [14] 

A higher fines residue in the binder result in stiffer properties. Centrifugation addresses fines in 

the solution, however it should be noted that a higher density solvent would retain more fines. An 

ash content analysis can be done to determine the degree of fines in the recovered binder. [14] 



 

 

Exposing the binder to solvents has an inherent hardening effect on the binder due to chemical 

interaction that leads to oxidation and an increase in molecular weight. Hardening can range from a 

5 % to 300 % increase in binder stiffness. The extent of hardening is influenced by the [14]: 

 Solvent type: Chlorinated solvents have a higher solvency power, but greater hardening effect 

on the binder than other solvents such as toluene and benzene. Ethanol can be added to the 

latter to increase the solvency power. 

 Time exposed to the solvent: Hardening effects of the solvent increases with increased 

contact time with the binder. Maximum exposure time varies with specification from 8 hours  

[17] to 24 hours [16], to no limit [18]. 

 Temperature at exposure to the solvent: Increased contact temperature, increases the 

hardening effect of the solvent. During the extraction process, the distillation temperature is 

dependent on the boiling point of the solvent used. 

 Light and partial oxygen pressure during exposure: Lowering the presence of both, reduces 

the hardening effect of the solvent.  

 Binder and aggregate types: Similar extraction and recovery methods can have different 

hardening effects depending on the binder and/or aggregate type.  

Solvent residue in the binder can decrease the stiffness after recovery. Mturi [14] noted that while 

some experience similar results with both methods, others note lower residue percentages with the 

rotary evaporator than the Abson method.  

 

 

Fig. 4: Schematic of the Abson Method (ASTM 

D 1856 2009) 

 

Fig. 5:  Schematics of a Rotary Evaporator 

(EN-12697-3 2013) 

 



 

 

III. LABORATORY TESTING 

A. Experimental Design 

The experimental design is shown in Fig. 6. EN-12697-3 [16] is followed as it allows most flexibility 

in terms of total extraction and recovery time. This is critical as chip seal samples have a higher 

aggregate content (by volume) than asphalt samples and require more than the standard 1500 ml 

solvent to submerge and soak the sample. The volume of the solution has a direct correlation to the 

total test time. For chip seal sample, a balance must thus be found between sample size (chosen 

volume of chip seal and added volume of solvent) and the subsequent test duration. 

 

 

Fig. 6:  Experimental Design for Extraction and Recovery 

 

Too small a sample size for chip seals are considered impractical as it will lead to insufficient 

recovered binder. 

Trial recovery and extraction are done to simulate ideal proportions: i.e. 150 g binder, 1500 ml 

solvent, as well as 150 g crusher dust to account for the possibility of residual fines. Fresh, 

unmodified binders are tested according to the standard methods (i.e. extraction according to SANS 

3001 [15] and recoveries according to EN-12697-3 [16]). Hereafter both the recovered and extracted, 



 

 

and fresh binder are tester with the DSR to evaluate the reliability and repeatability of the procedure 

in terms of performance-based binder properties. 

Accepting the above variance as inherent to the procedure, binders from in-field samples are 

extracted and recovered. After DSR testing, performance-based binder properties are compared with 

expected ageing. Although influenced by various factors, the change in performance properties 

should reflect the natural ageing the binder has experienced. Comparing binder rheology with road 

age, should give an indication whether the extraction and recovery process has significantly 

influenced the elastic and/or viscous response of the binder. Visual assessments are available to 

consult should a binder show more/less ageing than expected. 

 

B. Material Selection 

Table 2 shows a summary of the sections that are available for extraction and recovery. Samples 

retrieved in 2012 (300 x 300 mm slabs) and 2017 (dimensions vary) are part of on-going PhD 

research [5]. Some base course is still visible as it could not be removed without removing tack coat. 

Prior to recovery, they had not been exposed to additional traffic, extreme weather or testing that 

could damage the integrity of the binder.  

 

Table 7: EXISTING ROAD SURFACES SELECTED FOR INVESTIGATION 

No. Road Km Seal type 
Binder 
type 

Age Location 

1 MR265 12 S1 (13) S-E1 1 WC 

2 MR265 39 S4 (9) 70/100 1 WC 

3 N2/32 37 S2 (13/7) S-E1 2 KZN 

4 DR02175 6 S2 (13/7) 70/100 3 WC 

 5 DR02175 3 S2 (13/7) 70/100 6 WC 

6 N2/32 21 S2 (13/7) S-E1 6 KZN 

7 N2/31 41 S2 (13/7) S-E1 7 KZN 

8 N8/8 6 S2 (19/9) S-E1 7 NC 

9 R63 6 S2 (13/7) S-E1 7 WC 

10 DR02216 1 S1 (13) 70/100 10 WC 

11 DR01681 5 S1 (13) SC-E1 11 WC 

12 DR01452 14 S1 (13) 70/100 12 WC 

13 N2/31 4 S2 (13/7) S-E1 12 KZN 

14 MR00269 3 S2 (13/7) 70/100 13 WC 

15 DR01123 23 S2 (13/7) 70/100 17 WC 

16 MR00536 4 S1 (9) 70/100 19 WC 

17 DR01398 2 S2 (13/7) 70/100 22 WC 

 



 

 

C. Trial Extraction and Recovery  

Trials are done by conducting simulated extraction and recovery tests of 70/100 binder mixed with 

filler. Variance is established by comparing the results of frequency sweep on both the original and 

recovered binder. 

EN-12697-3 [16] is followed as a basis procedure. It prescribes sample sizes that ensure an 

estimated recoverable binder of between 120 and 150 g, to which approximately 1500 ml solvent is 

added. Fig. 7 gives an outline of the procedure.  

 

 

Fig. 7:  Trial Extraction and Recovery Procedure 

 

D. Extraction and Recovery of Road Samples 

The materials and equipment selected and used in each process, as well as their specifications: 

 Extraction solvent: Trichloroethylene (C2HCl3) Class 6.1, imported from China. 

 Removal of aggregate: Filtration (2.36, 0.075 and 0.063 mm sieves) and centrifugation 

(Pridetest). 

 Recovery apparatus: Rotary evaporator (Heidolph Laborota 4003). 

Accordingly, based on the above materials and equipment, the corresponding test variables, as 

well as variations of the specification, are as follows: 

 Recovery temperatures: T1, 2, 3 = 90, 160 and 185 (± 5) °C. 

 Recovery pressures:  p1, 2 = 40 (-5) and 2.0 (± 0.5) kPa.  



 

 

 Volume of solvent added to the retrieved seal sample: due to the large proportion of aggregate 

in sample, 1500 ml solvent is not sufficient to submerge the seal samples. In most cases 

± 3000 ml is used (this excludes additional solvent used to wash the aggregate).  

 Sieves: due to the nature of the aggregate, additional sieves are used in combination with 

centrifugation. 

 Procedure time: the determining factor for total procedure time is the extraction time required. 

Washing of the aggregate requires 30 – 60 minutes, and the recovery of the binder 3 – 

4 hours. Generally procedure time is limited to 24 hours. 

 Extraction time: The time required to dissolve binders varies between samples. Generally 

younger binders (0 - 3 years) can be extracted within 3 – 4 hours, and thus extraction and 

recovery is completed within an 8 hour work day. Older binder (6+ years) requires longer 

soaking, and is left over-night and recovered the next day. 

 Limitations: Maximum temperature of the rotary evaporator is limited to 180 °C (which is within 

tolerance); silica gel and nitrogen gas are not introduced; nor are ash content tests executed. 

 Quality control: To monitor solvent residue in the recovered binder, the binders are placed in 

a 110 °C oven for an hour, and mass change noted to the nearest 0.1 g. 

Recovered binders are tested for solvent residue by mass change. Change in mass is determined 

by weighing a 20 grams binder sample before and after placing it in a 110 °C oven for an hour.  

 

E. Dynamic Shear Rheometer 

The DSR is used to conduct strain and frequency sweeps. ASTMD7175-08 [18] is followed with 

equipment and test set-up as follows: 

 DSR make and model: Anton Paar Modular Compactor Rheometer 302 (Software: 

RheoCompass v 1.20.471). 

 Plate geometry: Parallel 8 mm with 2 mm gap, and 25 mm with 1 mm gap. 

 Sample preparation: Silicone moulds. 

The corresponding test variables, as well as variations of the specification, are as follows: 

 Applied strain: For aged binders, strain sweeps are conducted between 0.01 and 10 % strain. 

When the stiffness reaches 95 % of its initial value, the LVE limit is reach. If the LVE limit is 

less than 1 %, that percentage strain is applied during frequency sweeps, otherwise 1 % is 

used. 

 Test temperatures: The 8 mm geometry is used to test the specimen at 35, 25, 15 and 5 °C, 

and the 25 mm geometry at 35, 45, 60 and 70 °C. Strain sweeps are conducted at the lowest 

temperature for each geometry. 



 

 

 Test frequencies: Strain sweeps are conducted at 10 radians/second, and frequency sweeps 

between 0.251 and 25.1 radians/second at each temperature. 

 Sample preparation: Prior to testing, aged binders are heated at 165 °C and poured into DSR 

moulds. Extracted and recovered binders are directly poured into moulds after the recovery 

procedure. 

 Apparatus preparation: For the 8 mm geometry, the zero gap is set at 20 °C, and for the 

25 mm at 50 °C. The DSR is then heated to 60 °C in order to anneal the binder sample and 

ensure sufficient bond between the specimen and the test plates. 

Master curves are determined from the frequency sweeps. The master curves are subsequently 

used to calculate G-R at 15 °C and 0.005 rad/s. 

 

IV. RESULTS 

A. Trial Extaction and Recovery 

For the purposes of this study, trials have been conducted by mixing fines into original binder 

(unmodified, unaged) and executing simulated recoveries. The binder-fines-mix is left to soak in the 

solvent for 3 hours prior to recovery. In Fig. 8 below the 8 mm DSR frequency sweep are shown. 

From this it appears that stiffness of the recovered binders are slightly lower that the original, whereas 

the phase angle is slightly higher. This implies that the recovered binders are slightly softer but also 

slightly more elastic.  

 

Fig. 8:  Frequency Sweep Data from Trial Recoveries for the 8 mm Parallel Plate Configuration 

 

Coefficient of variance (COV) for stiffness and phase angle are calculated. The average, 95th 

percentile and maximum variances for δ are 1.1 %, 4.1 % and 7.7 %. The variances for G* are higher 
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at 16.3 %, 20.5 % and 20.8 % respectively. Despite the lower stiffness, no change in mass was 

observed in any sample after an hour (or even 2) in the oven. This could possibly imply that the 

binders undergo structural changes.  

For repeatability, EN-12697-3 [16] prescribes a variance of 1.9 °C in softening point. For this 

research variance is measured in terms of performance DSR testing and subsequent performance 

parameters. An allowable variance in softening point is however not easily translated to one for shear 

properties.  

As a rule of thumb, however, it is estimated that stiffness doubles or halves with every 6 °C change 

in binder temperature. Assuming a relationship between stiffness and temperature as discussed 

above, and the prescribed variance for softening point, an equivalent repeatability for stiffness up to 

23 % could be argued. If this is the case, the trials were conducted within the current allowable 

tolerances. To establish acceptable variance in terms of performance properties, a greater number 

of tests from various labs would be required.  

 

B. Extaction and Recovery of Road Samples 

During the Extraction and Recovery of the binder from road samples, some practical changes to 

the standard procedure [16] had to be made: 

1. The specified amount of solvent is not sufficient to cover the sample.  

2. Nor is it practical to wash the aggregate until the solvent runs completely clean – adding 

too much solvent extends testing time significantly (easily doubling the required 

evaporation time and making it unlikely to complete a test in a single day).  

The first was addressed by adding enough solvent to cover the sample. This is not seen as 

detrimental as it would only lead to a solution concentration less than the prescribed maximum.   

It is more difficult to define a solution for the second. Leaving some binder is not seen as 

detrimental to the procedure, as research suggests that some binder residue is so closely associated 

with the aggregate that it acts as a part thereof. Therefore the retained binder would not have to be 

included for a representative binder sample. However, leaving too much binder could influence the 

representativeness of the sample. For this research, washing was discontinued when the solvent 

became translucent and a change in solvent colour became minimal.  

The final procedure followed is shown in Fig. 9. Generally younger binders (0 - 3 years) could be 

extracted and recovered within an 8 hour work day. Older binder (6+ years) requires longer soaking, 

and could not be completed within a work day. All samples could processed within the maximum 

24 hours. 

The chosen sample sizes (i.e. approximately 300 x 300 mm slabs) produced between 120 g and 

160 g. For chip seals, it is advisable to establish sample sizes based on seal type and aggregate 

size. This would be indicative of the binder application rate at construction and therefore the 

recoverable binder.  



 

 

 

Fig. 9:  Proposed Extraction an Recovery Procedure (based on [16]) 



 

 

 

Results of internal quality control is shown in Table 8. Binders were heated for 1 hour at 110 °C. 

It can be observed that most binder did not show any change in mass. For these binders it is accepted 

that no solvent residue is present. However further investigation is required. For instance Binder 9 

shows one of the higher signs of residue, but when tested further, it appears to be an exceptionally 

hard binder (which is in line with results from visual assessments).  

 

Table 8: OBSERVED CHANGE IN MASS FOR RECOVERED BINDER SAMPLES 

No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 

% Mass 

Change 
0.0 0.8 0.0 0.4 0.0 0.0 0.0 0.5 0.5 0.0 0.0 0.0 0.0 0.5 0.0 0.0 0.5 

 

C. Resulting Evaluation of Binder Ageing with Durability Parameters 

Figures Error! Reference source not found. to 13 show the durability parameter progression for 

the recovered binders. From these results a clear difference between the 70/100 and S-E1 can be 

observed, where the modified binders ages at higher rate than the unmodified binders. The modified 

binders are also more scattered, where unmodified binders age in a narrower band. This could raise 

a question as to whether the solvent interacts with modifiers. Visual assessments however support 

that view that the modified binder surfaces exhibit more instances of cracking, despite being younger 

than the unmodified binder surfaces. 

Evolution of the G-R parameter (Fig. 10) follows the expected route and generally increases with 

surfacing age.  Tc (Fig. 11) also follows the expected evolution with time, and exhibits less scattering 

than the G-R parameter.  When comparing G-R and Tc (Fig. 12), the difference in standard deviation 

between modified and unmodified binders become even clearer.  

 

 



 

 

Fig. 10:  Evolution of the Glover-Rowe Parameter vs Surfacing Age 

 

Fig. 11:  Change in Critical Temperature vs Surfacing Age 

 

 

Fig. 12.  Glover-Rowe vs Change in Critical Temperature 

 



 

 

 

Fig. 13:  Ageing Ratios vs Surfacing Age 

 

The ageing ratios (Fig. 13) again confirm both the considerable difference in rate of ageing and 

data scatter between the two binder types.  

 

V. CONCLUSIONS AND RECOMMENDATIONS 

As part of wider research pertaining to the ageing of chip seal binder ageing, an extraction and 

recovery method for these binders has been investigated. Conclusions and recommendations are 

summarised as follows: 

 It is possible to apply EN-12697-3 [16] as a base procedure for chip seal binder extraction, 

however adjustments are required. 

 Recovering a younger binder (0 – 3 years) in a work day is achievable, however older binders 

require longer soaking time. All binder recoveries could be completed within the maximum 

allowable time (24 hours). 

 Chip seal sample sizes of 300 x 300 mm lead to sufficient recovered binder. It would be 

advisable to specify sample size based on chip seal type and aggregate size. This correlates 

directly with the amount of recoverable binder. 

 Some variance in binder stiffness of trial samples is observed. This should be investigated as 

a separate study to establish acceptable industry norms in terms of performance grade binder 

specifications.   

 Modified binders age at a higher rate than unmodified binders and exhibit a higher degree of 

data scatter.  

 At this stage, the results of the chemical analysis of the recovered binders are not available. 

This will be included in future research.  



 

 

 Currently quality control measures for binder recovery and extraction are not widely applied 

in industry. This is mostly due to the fact that the recovered and extracted binders are used 

to calculate binder content. Thus the binder properties are mostly of no consequence. As a 

result the manner in which to interpret them is not clearly addressed.  This requires clarification 

and enforcement. 

In summary, the study proposes a modified procedure for chip seal binder extraction and recovery 

as defined in Fig. 9. 
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Synopsis— The process used to manufacture Polymer Modified Binder (PMB) products 

includes the blending of a polymer modifier to bitumen at elevated temperature. This results 

in the formation of a biphasic material comprised of a polymer-rich and bitumen-rich phases. 

The tendency of the polymer-rich phase to separate from the bitumen-rich phase during 

transportation and storage at elevated temperature is a known limitation inherent in PMB 

products.  

This study evaluates high temperature storage stability behaviour of South African 

manufactured homogenous Polymer Modified Binders (PMBs) within the practical range of 

polymer modification. The influence of polymer content and storage time on PMB storage 

stability, and the implication this has on the rheological properties of PMBs at the high 

pavement design temperature (64ºC) is assessed. 

A total of 4 Styrene Butadiene Styrene (SBS) and 5 Ethylene Vinyl Acetate (EVA) blends 

were subject to an experimental laboratory evaluation, which included storage stability 

testing and rheological testing using a Dynamic Shear Rheometer (DSR). The complex shear 

modulus (G*) and phase angle (δ) are the critical rheological properties that were assessed. 

South Africa is currently transitioning from the empirical based specification towards 

implementation of a Performance Grade (PG) specification for bituminous binders. The 

outcome of this study assists in affirming the appropriateness of the maximum 10% storage 

stability compliance limit as initially proposed in the provisional PG specifications 

framework, to homogenous PMBs manufactured in South Africa.   

Keywords—Storage Stability; Polymer Modification; Polymer Modified Binders; SBS; EVA 



 

 

I. INTRODUCTION 

The application of modified bituminous binders to achieve improved performance and extended 

service life of spray seals and asphalt pavement layers is rising due to increased tyre pressures, 

increased axle loads, and higher traffic volumes. The modification of bituminous binders by the 

addition of polymers has found widespread application over the past three decades as a proven 

method of improving binder characteristics and ultimately pavement performance [1,2]. Polymer 

modified binders (PMBs) exhibit characteristics such as reduced temperature susceptibility, 

increased durability, cohesion, and elasticity, improved binder-aggregate adhesion, and greater 

resistance to permanent deformation, fatigue failure, and thermal cracking [2,3]. 

The process used to manufacture PMB products can be broadly summarised as the addition and 

mechanical mixing of a polymer modifier to bitumen at elevated temperature. The polymer modifier 

is dispersed in the bitumen during the mixing process, where after the polymer swells by absorbing 

certain components of the bitumen. This results in the formation of a biphasic material comprised of 

a polymer-rich and bitumen-rich phases. Strong enhancement in the neat binder properties is 

possible when phase inversion and an appropriate morphology of the PMB blend is obtained [4]. The 

polymer-rich and bitumen-rich phases are chemically incompatible and thermodynamically unstable. 

These phases consequently have an inherent tendency to separate at elevated temperatures. 

Subsequent to blending, PMB products must be capable of maintaining the intended improvement 

in binder properties at elevated temperatures in excess of 150°C during handling, transportation and 

storage. The storage stability, defined as the resistance to phase separation of the polymer and 

bitumen when stored at elevated temperature [3], is mainly governed by the compatibility and 

morphology of the final PMB blend, with the density difference between the constituent materials and 

gravitational influence also a contributing factor. Compatibility between the polymer modifier and 

bitumen is required in order to achieve optimal storage stability and improvement of the PMB 

properties. 

Compatibility can be defined as the state of dispersion between the polymer-rich and bitumen-rich 

phases [5]. Polymer-bitumen interaction and compatibility is influenced by various interdependent 

factors such as bitumen composition, polymer composition, polymer content, molecular weight, and 

related factors such as the mixing process [4-6]. The degree of phase separation is influenced by 

storage conditions, with temperature and time being critical parameters [5]. Increasing polymer 

content results in enhanced influence of the polymer with regards to improvement in the neat binder 

rheological properties, with the drawback of an increased tendency to phase separate due to 

morphological instability. At low polymer content levels the polymer-rich phase is dispersed within a 

continuous bitumen-rich phase, while the polymer-rich phase becomes continuous with the bitumen-

rich phase dispersed at higher levels of polymer modification [5,7].  

An understanding of the high temperature storage stability behaviour of South African 

manufactured PMBs within the practical range of polymer modification is of research interest. The 

present study evaluates the influence of polymer content and storage time on PMB storage stability, 

and the resulting effect this has on the rheological properties of PMBs at the high pavement design 

temperature (64°C). Known factors, which influence polymer-bitumen compatibility such as bitumen 



 

 

composition, polymer composition, and the blending process, were kept constant in the study to limit 

the storage stability evaluation to the parameters of interest.  

The study scope is limited to base binders and polymer modifiers that are in common use for road 

construction and maintenance projects in South Africa. Homogenous PMB blends with the 

elastomeric polymer modifier Styrene Butadiene Styrene (SBS) and the plastomeric polymer modifier 

Ethylene Vinyl Acetate (EVA) were investigated, focusing on the storage stability behaviour in the 

low to moderate polymer content range (2 – 6% by weight). SBS blends were studied in the polymer 

content range of 2.5 – 4.0%, and EVA blends in the polymer content range of 4.0 – 6.0%, with a total 

of 9 PMB blends investigated. The PMB blends were prepared and subjected to an experimental 

laboratory evaluation, which included storage stability testing, and rheological testing using a 

Dynamic Shear Rheometer (DSR). The complex shear modulus (G*) and phase angle (δ) are the 

rheological properties that were measured and assessed. 

South Africa is currently transitioning from an empirical based specification towards the 

implementation of a Performance Grade (PG) specification for bituminous binders. The testing 

protocol as incorporated in the proposed PG specification was adopted in this study. The outcome 

of this study therefore assists in affirming the appropriateness of the maximum 10% storage stability 

compliance limit as initially proposed in the provisional PG specification framework, to homogenous 

PMBs manufactured in South Africa. The 10% limit has subsequently been increased to 15% due to 

repeatability limits with the DSR testing.  

II. MATERIALS AND TEST PROGRAMME 

A. Materials 

A 70/100 penetration grade bitumen sourced from Engen Refinery (ENREF) in Durban, South 

Africa, was used as a base binder for all PMB blends investigated in this study. The empirical and 

rheological properties of the unaged base binder are summarised in TABLE I.  The polymer modifiers 

used were radial SBS in powder form and EVA in pellet form. 

TABLE I.  BASE BINDER PROPERTIES (70/100 EX. ENREF) 

Property Unit 

70/100 

(ex. 

ENREF) 

Test 

Method 

Penetration at 25°C 1/10 mm 79 EN 1426 

Softening Point (TR&B) °C 45.9 ASTM D36 

Viscosity at 60°C Pa.s 122.5 
ASTM 

D4402 

Viscosity at 135°C mPa.s 290 
ASTM 

D4402 



 

 

Property Unit 

70/100 

(ex. 

ENREF) 

Test 

Method 

Complex Shear Modulus (G*) at 

64°C 
kPa 0.747 

ASTM 

D7175 

Phase Angle (δ) at 64°C ° 89.10 
ASTM 

D7175 

 

For each PMB blend, a sample volume of 2 litres was prepared and decanted into 4 x 500 ml tins 

for later testing. All PMB blends were prepared at 180°C and blended for 3 hours using a low shear 

mixer (Vortex Lab Mixer, model 785). The polymer content for the SBS blends were varied from 2.5% 

to 4.0% by weight, and the EVA blends were varied from 4.0% to 6.0% by weight, in increments of 

0.5%, resulting in a total of 9 PMB blends (4 SBS blends, and 5 EVA blends). The test matrix of the 

PMB blends investigated in this study is summarised in 0 No sulphur cross-linking agents or additives 

were added to any of the PMB blends. 

PMB TEST MATRIX SUMMARY 

Polymer 

Modifier 

Base 

Binder 

Polymer 

Content 
Reference 

SBS 70/100 

2.5% 2.5%-SBS 

3.0% 3.0%-SBS 

3.5% 3.5%-SBS 

4.0% 4.0%-SBS 

EVA 70/100 

4.0% 4.0%-EVA 

4.5% 4.5%-EVA 

5.0% 5.0%-EVA 

5.5% 5.5%-EVA 

6.0% 6.0%-EVA 

 

B. Storage Stability Testing 

Testing was undertaken in accordance with TG1 [3], which represents the current best practice 

guide for the specification, use, and testing of modified binders in South Africa. PMB samples were 

prepared for storage stability testing in accordance with method MB-2 as detailed in [3]. A 500 ml tin 

of the PMB blend was placed in an oven at 180°C for 2 hours, where after the sample was 

homogenised to ensure uniform polymer dispersion. SBS blends were homogenised using an 



 

 

electric stirrer over a controlled heat source at 180°C for 30 minutes, while EVA blends were 

homogenised using a spatula over a controlled heat source at 180°C for 5 minutes.  

Storage stability testing was undertaken in accordance with method MB-6 as detailed in [3], which 

was modified by replacing the determination of softening point (TR&B) with the determination of the 

PMBs rheological properties. This is in line with the South African provisional PG specification 

framework.   

The heated and homogenised sample was immediately poured into 4 preheated glass test tubes 

and tested over a 72 hour test period in increments of 24 hours. One of the test tubes were tested 

immediately (0 hours of storage at elevated temperature), while the remaining 3 test tubes were 

placed vertically in an oven at 180°C. Each test tube sample was cooled over a period of 1 hour, 

comprised of 30 minutes of cooling at ambient temperature, followed by 30 minutes of cooling in a 

fridge to bring to sample to a temperature of 0°C. The sample was then cut transversely into 3 

sections using a glass cutter. Rheological testing using a Dynamic Shear Rheometer (DSR) was 

undertaken on the top and bottom test tube sections to measure the binder rheological properties, in 

order to evaluate the PMB storage stability behaviour. 

 

C. Rheological Testing using a Dynamic Shear Rheometer 

Rheological testing was undertaken in accordance with test method ASTM D7175-15 [8]. The 

Anton Paar, Modular Compact Rheometer SmartPave 102 apparatus, which is compliant with the 

apparatus specifications as stipulated in ASTM D7175-15 [8] was used for all rheological testing.  

DSR samples of the top and bottom test tube sections were prepared for rheological testing by 

annealing each sample in an uncontaminated glass beaker at 180°C for 30 minutes. The DSR binder 

samples were then poured into 25 mm diameter silicone moulds and allowed to cool to ambient 

temperature for 30 minutes, and tested within 4 hours as stipulated in ASTM D7175-15 [8].  

The DSR binder samples were subject to specification testing at a temperature of 64°C, using a 

25 mm diameter plate geometry. Oscillatory shear loading using strain controlled conditions were 

applied. The oscillatory parameters were set at a constant strain value of 12% and a frequency of 10 

rad/s for all rheological testing, which is in accordance with ASTM D7175-15 [8], and in line with the 

South African PG specification framework. A total of 20 load cycles were applied, with the output test 

results measuring the Complex Shear Modulus (G*) and Phase Angle (δ). The DSR test parameters 

are summarised in 0 

DSR TEST PARAMETERS 

Test Parameter Value 

Plate Geometry 25 mm Ø 

Test Temperature 64°C 

Strain 12% 



 

 

Test Parameter Value 

Frequency 10 rad/s 

Load Cycles 20 

Output G* and δ 

III. RESULTS AND DISCUSSION 

A. Storage Stability Test Results 

The storage stability of the investigated PMBs was assessed using the parameter Δ, which was 

calculated as the percentage difference in the average measured rheological property for samples 

prepared from the top and bottom test tube sections. The relation in equation (1) was used to 

calculate the storage stability parameter. 0and 0summarises the measured test results as well as 

the calculated storage stability for the investigated SBS and EVA PMBs respectively. 

 

 (1) 

 

Where, G*Max =  Maximum (highest) of G*Top and G*Bottom 

  G*Min =  Minimum (lowest) of G*Top and G*Bottom 

  Δ = Storage Stability Parameter (%), differential in G*Top and G*Bottom 

Note: when ∆ is calculated with δ as reference, G* in (1) is replaced with δ. 

RHEOLOGICAL PROPERTIES AND STORAGE STABILITY PARAMETER – SBS 

PMB 

Blend 

Storage 

Time (Hrs 

at 180°C) 

G* (kPa) δ (°) 

Top 
Botto

m 
Δ (%) Top 

Botto

m 
Δ (%) 

2.5%-SBS 

0 1.475 1.470 0.3 72.90 73.25 0.5 

24 1.470 1.510 2.6 72.20 72.68 0.7 

48 1.497 1.548 3.3 72.50 73.02 0.7 

72 1.427 1.517 5.9 72.91 73.56 0.9 

3.0%-SBS 

0 1.670 1.669 0.1 71.35 71.53 0.2 

24 1.691 1.723 1.9 70.92 70.98 0.1 

48 1.652 1.729 4.5 70.33 70.99 0.9 

72 1.642 1.716 4.3 70.68 71.51 1.2 



 

 

PMB 

Blend 

Storage 

Time (Hrs 

at 180°C) 

G* (kPa) δ (°) 

Top 
Botto

m 
Δ (%) Top 

Botto

m 
Δ (%) 

3.5%-SBS 

0 1.904 1.888 0.8 65.12 65.11 0.0 

24 1.917 1.956 2.0 64.91 65.45 0.8 

48 1.913 2.002 4.4 64.29 64.33 0.0 

72 1.942 2.059 5.7 64.08 63.76 0.5 

4.0%-SBS 

0 2.576 2.547 1.1 60.98 60.51 0.8 

24 2.512 2.570 2.2 59.73 60.95 2.0 

48 2.466 2.590 4.8 58.70 60.08 2.3 

72 2.400 2.560 6.2 60.35 59.87 0.8 

 

RHEOLOGICAL PROPERTIES AND STORAGE STABILITY PARAMETER – EVA 

PMB 

Blend 

Storage 

Time (Hrs 

at 180°C) 

G* (kPa) δ (°) 

Top 
Botto

m 
Δ (%) Top 

Botto

m 
Δ (%) 

4.0%-EVA 

0 1.375 1.374 0.1 78.83 78.81 0.0 

24 1.433 1.425 0.5 78.53 78.46 0.1 

48 1.475 1.461 0.9 78.22 78.92 0.9 

72 1.506 1.495 0.8 78.44 78.72 0.4 

4.5%-EVA 

0 1.486 1.486 0.0 76.87 77.12 0.3 

24 1.568 1.577 0.5 76.86 76.77 0.1 

48 1.593 1.574 1.2 76.83 76.45 0.5 

72 1.613 1.596 1.1 76.48 76.85 0.5 

5.0%-EVA 

0 1.518 1.516 0.2 76.19 75.57 0.8 

24 1.717 1.697 1.2 74.15 73.99 0.2 

48 1.645 1.614 1.9 75.14 75.61 0.6 

72 1.673 1.641 1.9 75.27 75.55 0.4 



 

 

PMB 

Blend 

Storage 

Time (Hrs 

at 180°C) 

G* (kPa) δ (°) 

Top 
Botto

m 
Δ (%) Top 

Botto

m 
Δ (%) 

5.5%-EVA 

0 1.574 1.578 0.2 75.56 75.70 0.2 

24 1.657 1.620 2.2 75.30 75.54 0.3 

48 1.672 1.645 1.6 75.13 75.65 0.7 

72 1.713 1.674 2.3 75.05 75.64 0.8 

6.0%-EVA 

0 1.837 1.836 0.1 72.17 72.00 0.2 

24 1.894 1.852 2.3 71.84 72.53 1.0 

48 1.914 1.873 2.2 71.99 72.43 0.6 

72 1.940 1.883 3.0 71.65 72.73 1.5 

 

B. Polymer Content and Storage Stability – SBS 

Fig. 1 shows G* and Δ plotted against SBS polymer content. The results show that as the SBS 

content is increased, the parameter G* increases, indicating an improvement in the PMB rheological 

properties. This indicates that the SBS has formed a sufficient continuous network within the PMB 

morphology, with the polymer likely not dispersed within the bitumen-rich phase as this would result 

in limited influence of the polymer on improvements in the PMB rheological properties. A difference 

in G* between the samples measured from the top and bottom test tube sections (measured through 

the storage stability parameter Δ) after storage at 180°C for 72 hours is evident, indicating a tendency 

for phase separation. The test result at 3.0% SBS content indicates Δ = 4.3%, which deviates from 

the general relation observed for a SBS content of 2.5%, 3.5% and 4.0%. This is considered within 

the accuracy limits of the experiment based on the single operator precision limits as stipulated in 

ASTM-D7175-15 [8] (coefficient of variation of 2.3% for unaged binders). The observed relation 

generally shows a consistent differential in G* which is in the region of approximately 6% for the 

investigated SBS content range. This indicates that an increase in SBS content does not significantly 

increase the PMB tendency to phase separate. This is attributed to a stable continuous SBS network 

(polymer-rich phase) with stability that is less sensitive to polymer content. 



 

 

 

Fig. 1. G* and storage stability (72 hrs at 180°C) vs polymer content - SBS 

Fig. 47 shows δ and Δ plotted against SBS polymer content. The results show that as the SBS 

content is increased, δ decreases, indicating an improvement in the PMB elastic response properties. 

This is consistent with the observed improvement in G*, indicating that the SBS has formed a 

sufficient continuous network within the PMB morphology which results in the improvement in the 

PMB rheological properties. The observed relation generally shows a variable differential in δ which 

is in the region of approximately 1% for the investigated SBS content range. This is consistent with 

the relation observed for G* which indicates that an increase in SBS content does not significantly 

increase the PMB tendency to phase separate. 



 

 

 

Fig. 47. δ and storage stability (72 hrs at 180°C) vs polymer content - SBS 

It is observed that G* is lower in the top section of the sample in comparison to the bottom section 

(upward shift in the G*Bottom curve in Fig. 1). This is attributed to polymer-bitumen interaction. The 

polymer absorbs the lighter fractions of the bitumen, with the polymer swollen by the lighter fractions 

rising to the top of the test tube, and the heavier asphaltene component of the bitumen concentrating 

at the bottom of the test tube [4]. The bottom section of the binder consequently becomes stiffer, with 

the top sections showing greater elastic response properties due to greater influence of the SBS. It 

is expected that the top section of the sample would show improved elastic properties with a lower δ 

for the top section in comparison to the bottom. This is observed for SBS content of 2.5% and 3.0%. 

However, at SBS content of 3.5% and 4.0%, the top section shows higher δ than the bottom which 

is contrary to what would be expected. The overall effect on the PMB is insignificant as δ is within 

1% between the top and bottom sections. 

Overall, SBS PMBs in the polymer content range of 2.5 – 4.0% show storage stable behaviour 

with deterioration in the rheological properties (G* and δ) contained within acceptable limits. 

Deterioration in G* at the high pavement design temperature (64°C) is constant at approximately 6% 

for the investigated SBS content range. Considering the PG compliance limit of 10%, this is within 

the proposed specification limits. Deterioration in δ is constant at approximately 1% for the 

investigated SBS content range, which is even less significant in comparison to G*. Deterioration in 

the PMB rheological properties is generally constant, which indicates that storage stability and the 

tendency for phase separation in the SBS content range of 2.5 – 4.0% is not sensitive to an increase 

in polymer content. 



 

 

A similar evaluation was done for the dissipated energy parameter G*/sinδ. 0shows the calculated 

energy parameter for the SBS dataset stored for 72 hours at 180°C. The results indicate no 

significant deviation from the trend observed for G*, and this is attributed to the low deterioration and 

sensitivity of δ. The storage stability is also generally in the same order of magnitude, ranging from 

3.8 – 6.7% for G*/sinδ. 

DISSIPATED ENGERGY PARAMETER AND STORAGE STABILITY PARAMETER – SBS 

PMB Blend  

(72 hrs at 

180°C) 

G*/sinδ 

Top 
Botto

m 
Δ (%) 

2.5%-SBS 1.493 1.582 5.6 

3.0%-SBS 1.740 1.810 3.8 

3.5%-SBS 2.159 2.295 5.9 

4.0%-SBS 2.761 2.959 6.7 

 

C. Polymer Content and Storage Stability – EVA 

Fig. 48 shows G* and Δ plotted against EVA polymer content. The results show that as the EVA 

content is increased, the parameter G* increases, indicating an improvement in the PMB rheological 

properties. This indicates that the EVA has formed a sufficient continuous network within the PMB 

morphology, with the polymer likely not dispersed within the bitumen-rich phase as this would result 

in limited influence of the polymer on improvements in the PMB rheological properties. A difference 

in G* between the samples measured from the top and bottom test tube sections (measured through 

the storage stability parameter Δ) after storage at 180°C for 72 hours is evident, which shows an 

increasing relation with increasing EVA content. This indicates an increased tendency to phase 

separate with increasing polymer content. This is attributed to an increased domination of the 

polymer-rich phase with increasing polymer content, which results in an increase in the 

thermodynamic and morphological instability of the PMB. The differential in G* ranges from 0.8% at 

4.0% EVA content, increasing up to 3.0% at 6.0% EVA content.  



 

 

 

Fig. 48. G* and storage stability (72 hrs at 180°C) vs polymer content - EVA 

Fig. 49 shows δ and Δ plotted against EVA polymer content. The results show that as the EVA 

content is increased, δ decreases, indicating an improvement in the PMB elastic response properties. 

This is consistent with the observed improvement in G*, indicating that the EVA has formed a 

sufficient continuous network within the PMB morphology which results in the improvement in the 

PMB rheological properties. The observed relation generally shows a constant deterioration in δ 

which is in the region of approximately 0.5% for the EVA content range of 4.0 – 5.0%, which increases 

up to 1.5% at an EVA content of 6.0%. This indicates that deterioration of δ in the EVA content range 

of 4 – 5% is not sensitive to polymer content, where after increasing EVA content results in an 

increased influence of phase separation on the deterioration of δ. 



 

 

 

Fig. 49. δ and storage stability (72 hrs at 180°C) vs polymer content - EVA 

Based on polymer-bitumen interaction, it is expected that the polymer absorbs the lighter fractions 

of the bitumen, with the swollen polymer rising to the top of the test tube, and the heavier asphaltene 

components of the bitumen concentrating at the bottom of the test tube. The results show that δ is 

lower in the top section of the sample in comparison to the bottom. This implies an increase in the 

elastic response of the PMB, which as expected, indicates an increased influence of the EVA in the 

top section of the sample. It is observed that G* of the top section of the sample is higher than G* of 

the bottom section (upward shift in G*Top curve in Fig. 48). The stiffening of G* in the top section 

when compared to the bottom is contrary to what is expected, and this is attributed to a coalescence 

effect of the EVA polymer within the PMB morphology.  

A similar evaluation was done for the dissipated energy parameter G*/sinδ. 0shows the calculated 

energy parameter for the EVA dataset stored for 72 hours at 180°C. The results indicate no 

significant deviation from the trend observed for G*, and this is attributed to the low deterioration and 

sensitivity of δ. The storage stability is also generally in the same order of magnitude, ranging from 

0.9 – 3.6% for G*/sinδ. 

DISSIPATED ENGERGY PARAMETER AND STORAGE STABILITY PARAMETER – EVA 

PMB Blend  

(72 hrs at 

180°C) 

G*/sinδ 

Top 
Botto

m 
Δ (%) 

4.0%-EVA 1.538 1.524 0.9 



 

 

PMB Blend  

(72 hrs at 

180°C) 

G*/sinδ 

Top 
Botto

m 
Δ (%) 

4.5%-EVA 1.659 1.639 1.2 

5.0%-EVA 1.730 1.694 2.1 

5.5%-EVA 1.773 1.728 2.6 

6.0%-EVA 2.045 1.972 3.6 

 

D. Storage Time and Storage Stability – SBS 

Fig. 50 and Fig. 51 shows Δ (based on G*) over the 72 hour test period plotted against polymer 

content and storage time respectively for the SBS PMBs. The results show that after 0 hours of 

storage, SBS PMBs in the polymer content range of 2.5 – 3.0% exhibit uniform and homogenous 

stiffness properties (Δ close to 0%). This is expected as the sample has not been stored at elevated 

temperature, and the onset of phase separation has not occurred. In contrast, the SBS PMBs in the 

polymer content range of 3.5 – 4.0% show Δ in the region of 1% at 0 hours of storage, which can be 

attributed to a domination of the polymer-rich phase within the PMB morphology, and the resulting 

increase in the biphasic nature of the PMB on a microscopic scale.  

A uniform trend in the deterioration of G* is generally observed with increasing SBS content 

(evident by the near horizontal asymptotes in Fig. 51). This relation indicates that phase separation 

and deterioration in G* is not sensitive to an increase in SBS content. It is evident that majority of the 

deterioration in G* occurs between 24 hours and 48 hours of storage (evident by the large gap 

between the 24 hour and 48 hours asymptotes in Fig. 50), with a reduced rate of deterioration 

observed within the first 24 hours, and after 48 hours of storage. 

In summary, the observed trends indicate that most of the deterioration in the SBS PMB stiffness 

properties generally occurs between 24 hours and 48 hours of storage. Deterioration in G* occurs at 

a reduced rate in the first 24 hours and after 48 hours of storage. A constant rate of deterioration in 

G* with time is observed with increasing SBS content, which indicates that deterioration in the 

stiffness properties of SBS PMBs within the modification range of 2.5 – 4.0% is not sensitive to and 

accelerated by an increase in polymer content. 



 

 

 

Fig. 50. Storage stability (based on G*) vs polymer content - SBS 

 

Fig. 51. Storage stability (based on G*) vs storage time - SBS 

 



 

 

Fig. 52 and Fig. 53 shows Δ (based on δ) over the 72 hour test period plotted against polymer 

content and storage time respectively for the investigated SBS PMBs. The results show a variable 

distribution of deterioration in δ, which fluctuates with storage time and polymer content. No obvious 

trends are evident, and no conclusive findings can be reported for the δ dataset. 

 

Fig. 52. Storage stability (based on δ) vs polymer content – SBS 



 

 

 

Fig. 53. Storage stability (based on δ) vs storage time – SBS 

E. Storage Time and Storage Stability – EVA 

Fig. 54 and Fig. 55 shows Δ (based on G*) over the 72 hour test period plotted against polymer 

content and storage time respectively for the EVA PMBs. The results show that after 0 hours of 

storage, the EVA PMBs exhibit uniform and homogenous stiffness properties (Δ close to 0%). This 

is expected as the sample has not been stored at elevated temperature, and the onset of phase 

separation has not occurred. It is evident that majority of the deterioration in G* occurs within the first 

24 hours of storage (evident by the large gap between the 0 hour and 24 hour asymptotes in Fig. 

55), with an increasing rate of deterioration in G* observed with increasing EVA content.  A lower 

rate of deterioration is evident between 24 hours and 48 hours of storage. Stabilisation in the 

deterioration of G* is observed after 48 hours of storage for the EVA content range of 4.0 – 5.0% 

with no further deterioration evident after 48 hours (48 hour and 72 hour asymptote overlapping in 

Fig. 54, and the polymer content asymptotes show a constant slope in Fig. 55). For the higher EVA 

content range (5.5 – 6.0%), deterioration in G* is observed between 48 hours and 72 hours of 

storage, but at a lower rate than the initial 24 hours of storage. 

In summary, the observed trends indicate that most of the deterioration in the EVA PMB stiffness 

properties occurs within the first 24 hours of storage. Thereafter, deterioration in G* stabilises and 

ceases after 48 hours for low EVA modification rates (4.0 – 5.0%), and increases at a reduced rate 

up to 72 hours for higher levels of EVA modification (5.5 – 6.0%). 

 



 

 

 

Fig. 54. Storage stability (based on G*) vs polymer content – EVA 

 

Fig. 55. Storage stability (based on G*) vs storage time – EVA 



 

 

Fig. 56 and Fig. 57 shows Δ (based on δ) over the 72 hour test period plotted against polymer 

content and storage time respectively for the EVA PMBs. The results for the EVA content rage of 4.0 

– 5.5% generally show a retention in δ within the first 24 hours of storage (Δ close to 0%), where 

after a fluctuating relation is observed between 48 hours and 72 hours of storage. Deterioration in δ 

is limited to within 1%, indicating no significant effect of storage time on the overall elastic response 

properties of the PMB. At an EVA content of 6.0%, uniform conditions are observed at 0 hours of 

storage as expected, where after a fluctuating relation is evident between 24 hours and 72 hours of 

storage. Despite the observed relations as discussed, no obvious trend is evident for the δ dataset. 

 

Fig. 56. Storage stability (based on δ) vs polymer content – EVA 



 

 

 

Fig. 57. Storage stability (based on δ) vs storage time – EVA 

Fig. 58.  

IV. CONCLUSIONS 

I. Polymer Content and Storage Stability 

Bitumen modification by the addition of SBS or EVA results in an improvement in the neat binder 

rheological properties (G* and δ), which is proportional to an increase in polymer content. The 

investigated PMBs show storage stability behaviour that is more sensitive to G* than δ. EVA PMBs 

show greater storage stability behaviour and lower levels of deterioration in rheological properties in 

comparison to SBS PMBs, though both are contained within acceptable limits (less than 10%). 

The storage stability of SBS PMBs within the investigated polymer content range of 2.5 – 4.0% is 

not sensitive to an increase in polymer content. Deterioration in G* is constant at approximately 6% 

after prolonged storage at 180°C, while deterioration in δ is less significant, and is constant at 

approximately 1%. 

The storage stability of EVA PMBs within the investigated polymer content range of 4.0 – 6.0% 

shows a proportional relation with increasing polymer content. Deterioration in G* increases from 

approximately 1% at 4.0% EVA content, up to 3% at 6.0% EVA content after prolonged storage at 

180°C. Deterioration in δ is less significant, and is constant at approximately 0.5% at 4.0 – 5.0% EVA 

content, where after a proportional increase up to 1.5% at 6.0% EVA content is observed.  



 

 

J. Storage Time and Storage Stability 

Deterioration in G* for the investigated SBS PMBs occurs predominantly between 24 – 48 hours 

of storage at 180°C. Storage stability is more stable within the first 24 hours, and after 48 hours of 

storage, where deterioration in G* occurs at a reduced rate. A constant rate of deterioration in G* 

with time is observed with increasing SBS content, which indicates that deterioration in the stiffness 

properties of SBS PMBs is not accelerated or sensitive to an increase in polymer content.  

Deterioration in G* for the investigated EVA PMBs occurs predominantly within the first 24 hours 

of storage at 180°C. Thereafter, deterioration in G* stabilises and ceases after 48 hours for low levels 

of EVA modification (4.0 – 5.0%), and increases at a reduced rate up to 72 hours for higher levels of 

EVA modification (5.5 – 6.0%). 

The investigated SBS and EVA PMBs show trends for δ that are sporadic and variable, with no 

clear correlation between storage stability and storage time. No conclusive findings can thus be 

reported for this parameter using the dataset obtained from this study.  

K. South African PG Specification 

The investigated SBS and EVA PMBs show storage stability behaviour that is more sensitive to 

G* than δ. Evaluation of the dissipated energy parameter G*/sinδ, which is a combination of the 

rheological properties, show no significant deviation from the storage stability trends observed for 

G*. Furthermore, the investigated SBS and EVA PMBs within the practical range of polymer content 

show storage stable behaviour at the high pavement design temperature (64°C) with deterioration in 

G* contained within 10%.  

It is therefore recommended that the proposed storage stability compliance limit of 10% be 

retained in the South African PG specification as this has been affirmed as suitable for South African 

manufactured homogenous PMBs, and that the parameter G* as proposed be used for compliance 

assessment. Overall, the findings of this study indicate that the inherent storage stability behaviour 

of South Africa manufactured homogenous PMBs are within the proposed specification limits, and 

that compliance can be realistically achieved. 
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Synopsis — The dual nature of bituminous binders (elastic and viscous) can be 

characterised using a Dynamic Shear Rheometer (DSR). Testing is most frequently 

carried out within the linear visco-elastic (LVE) region, which is that strain range where 

the complex modulus is independent of strain. Frequency sweeps at discrete 

temperatures, are one example of such characterization carried out within the LVE 

range. There are currently no national protocols for frequency sweeps (including the 

determination of LVE limits). The standing practice at the CSIR is aligned with best 

international practice, and requires that the LVE limits be determined at each discrete 

temperature, followed by the performing of frequency sweeps using freshly cast 

samples for each temperature using LVE limits determined for that specific 

temperature. This standing protocol is costly and time consuming, and reduces the 

repeatability of the test every time a fresh sample is introduced at each discrete 

temperature.  

Alternative methodologies were evaluated and the results analysed. The resultant 

complex moduli for the methods were evaluated within the context of the repeatability 

of the test, and a new, more efficient and more economical protocol is proposed for 

industry.   

Keywords — complex modulus; Dynamic Shear Rheometer (DSR); frequency 

sweeps; linear visco-elastic (LVE) 

 

I.  BACKGROUND 

A. Introduction 

Frequency sweeps are used to characterize the binder and for the construction of master 

curves (Safaei and Castorena, 2018). The current practice at the Council for Scientific and 

Industrial Research (CSIR) involve the determination of linear visco-elastic (LVE) limits at 



 

 

discrete temperatures using a Dynamic Shear Rheometer (DSR). Frequency sweeps are then 

performed on freshly cast samples at each temperature using the determined limits. This 

current protocol is costly, time consuming and reduces the repeatability of the test as there is 

operator variability each time a sample is loaded.  

The stiffness of an asphalt layer is an important characteristic affecting the performance of 

the layer. This stiffness is affected by temperature and time, as the bituminous component of 

the asphalt layer ages. As the stiffness increases, the distribution of traffic loads will be 

affected, as described in multi-layered linear elastic theory (O’Connell, 2017). 

 

B. The Dynamic Shear Rheometer (DSR) 

The Dynamic Shear Rheometer (DSR) (Figure I) is used to characterize the viscous and 

elastic behaviour of asphalt binders at intermediate to high temperatures. The basic DSR test 

uses a thin asphalt binder sample sandwiched between two circular plates. The lower plate 

is fixed while the upper plate oscillates back and forth across the sample at a predetermined 

frequency to create a shearing action (Pavement Interactive, 2019). 

 

The DSR determines a specimen’s complex shear modulus (G*) and phase angle (δ). The 

complex shear modulus (G*) represents the ratio of maximum stress to maximum strain, while 

the phase angle (δ), is the lag between the applied shear stress and the resulting shear strain. 

The larger the phase angle (δ), the more viscous the material (Pavement Interactive, 2019). 

Phase angle (δ) limiting values are: 

 

 Purely elastic material: δ = 0 degrees 

 Purely viscous material: δ = 90 degrees 
 

The storage or elastic modulus, G’, and the loss or viscous modulus (G’’) can be calculated 

according to the following equations 

 

G’ = G*. cos δ       (1) 

G’’ = G*. sin δ      (2) 

 



 

 

 

FIGURE I: DYNAMIC SHEAR RHEOMETER WITH 8MM AND 25MM SPINDLES 

 

II. LITERATURE SURVEY 

 

A. Linear visco-elastic (LVE) region 

The characteristics of bitumen are confined to its linear visco–elastic (LVE) region for ease 

of modelling. The relationship between stress and strain is influenced by temperature and 

loading time under LVE conditions.  

The LVE strain and stress limits were determined as the point beyond which the measured 

shear complex modulus reduces to 95% of its initial value for bitumen-filler mastics (Liao et 

al., 2015).  

Petersen et al (1994) analysed the LVE shear stress and strain limits for forty aged and 

unaged penetration grade bitumens at a frequency of 10 rad/s and determined their functions 

of G* as defined below: 

γ = 12.0 / (G*)0.29      (4) 

τ = 0.12 (G*)0.71      (5) 

Where γ is the shear strain (%), τ is the shear stress (kPa) and G* is the complex modulus 

(kPa). 

 

 Calculating the critical stresses and strains in the various layers of a pavement is one of 

the most important components of asphalt pavement design as this ensures that stresses and 

strains do not exceed permissible values for the material being used. Asphalt pavements have 

traditionally been designed using elastic theories of pavement behaviour as this is the simplest 



 

 

and easiest form of analysis. However, it is desirable to use viscoelastic methods of analysis 

to assist in the design of asphalt pavements (Rahimzadeh, 2002). 

There are three important reasons why the linear viscoelastic regions of bitumen and 

asphalt mixtures need to be defined (Rahimzadeh, 2002):  

 Firstly, in keeping with the desire for simplicity, it would seem appropriate to define 

the limits of applicability of linear viscoelastic theory to the design of asphalt mixtures 

before adding the complications of a nonlinear theory.  

 Secondly, in order to find correlations between bitumen and asphalt mixture rheology 

it is necessary to study both bitumen and asphalt mixtures in the same domain.  

 Finally, as the viscoelastic parameters of complex modulus, phase angle, storage 

modulus and loss modulus are all defined under linear viscoelastic (LVE) conditions, 

it is vital that rheological measurements are undertaken within the LVE region of 

response.  

Within the LVE region, the relationship between stress and strain is influenced only by 

temperature and loading time (frequency) and not by the magnitude of the stress or strain. In 

addition, methods of characterisation and analysis, such as the generation of master curves 

by means of the time-temperature superposition principle (TTSP), rely on the linearity of the 

rheological viscoelastic data (Rahimzadeh, 2002). 

B. Material testing procedures 

Table I depicts various material testing programmes in the literature used for data collection 

for the purposes of master curve construction. The variations in strain and frequency sweeps 

required to determine the LVE of binders can result in a time consuming and inefficient 

exercise. The aim of this paper is to produce a more efficient testing protocol using the 

repeatability of the results to guide the process.  

 

 

 

 

 

 

 

 

 

 

 



 

 

TABLE I.  REVIEW OF MATERIAL TESTING PROGRAMMES FOR STRAIN, FREQUENCY SWEEPS AND 

LINEAR VISCO-ELASTIC REGIONS 

Liao et al. (2015) 

Material Bitumen filler mastic 

Strain sweeps 

Temperature: 30, 45 and 60 ⁰C  

Frequency: 1.6, 10 and 25 Hz 

Frequency 

sweeps 

17 temperatures between 5 and 85 ⁰C 

20 frequencies between 0.1 and 10 Hz 

Rowe (2015) 

Strain range 0.005 to 0.02 (± 5%) 

Frequency 

sweeps 

Temperature: 5, 15, 25, 35, 45, 60, 70, 80, 95 ⁰C 

Frequency: 11 frequencies between -1.0 to 1.0 (log basis) [ at 0.2 

interval] 

Olard et al. (2003) 

Material 
0/10, 10/20, 20/30, 35/50, 50/70 penetration grade bitumen as well as 

four polymer modified binders 

Frequency 

sweeps 

Temperature: -30 to 30 ⁰C 

Frequency: 6.3 to 250 Hz 

Elseifi et al. (2002) 

Material 

SBS and SEBS mixed with PG 64-22 at 3, 4 and 5% concentration. 

Straight run binder PG64-22 and PG 70-22. 

Strain sweeps 

Temperatures: 5 to 75 ⁰C 

Frequency: 0.01, 0.15, 1.5 and 10 Hz 

Frequency 

sweeps 

Temperatures: 5 to 75 ⁰C 

Frequency: 34 frequencies between 0.01 to 30 Hz 

AASHTO T315 (2005) 

Linear region 

Defined as small strains where the modulus is relatively 

independent of shear strain, This region will vary with the magnitude 

of the complex modulus. The linear region is defined as the range in 

strains where the complex modulus is 95% or more of the zero-

strain value. 



 

 

 

III. METHODOLOGY 

A. Binder preparation 

The binder samples were split into 1 litre samples to prevent repeated heating. The sample 

preparation procedure follows: 

 Prior to testing, a container was placed in a forced draught oven set at 200 ⁰C. 

 The temperature was regularly checked whilst heating and stirring, until the sample 

temperature reached 160 ⁰C.  

 The samples were homogenised by stirring for 15 minutes with a paddle mixer, whilst 

maintaining the temperature at 160 ⁰C. 

B. Binders Tested 

BINDERS TESTED 

Retained binder Sampling year Aging State 

SBS 2013 40 hrs PAV aging 

60/70 1999  

SBS: Stryene-Butadiene-Stryene modified binder 

 

The current protocol required that the DSR frequency sweeps be done at 6 °C, 14 °C, 22 

°C, 28 °C, 34 °C, 46 °C, 58 °C and 64 °C using a frequency between 0.251 and 25.1 radians 

per second. The frequency sweeps were done in duplicate. Table III depicts the frequency 

values in radians and Hertz. 

The limits of the test temperature and frequency ranges are a function of the binder stiffness 

(which is affected by the binder grade, type of modification and extent of aging) and the 

capacity of the DSR.  

The following guidelines were used for selecting the plate diameters and sample thickness: 

 8 mm parallel plates with a 2 mm gap were recommended when the absolute value 

of Complex Shear Modulus (G*) ranges from 0.1 MPa to 30 MPa. For unaged and 

unmodified bitumen, this typically applies over a temperature range from 5 ⁰C to 

35⁰C. 

 25 mm parallel plates with a 1 mm gap were recommended when the G* ranges 

from 1.0 kPa to 100 kPa. For unaged and unmodified bitumen, this typically applies 

for temperatures exceeding 35 ⁰C.  

TEST SECTION AND MATERIAL PROPERTIES  



 

 

Frequency 

Radian / second 
Log  

(Radians / second) 
Hertz 

0.251  - 0.6  0.0400 

0.398  - 0.4 0.0634 

0.631  - 0.2 0.1000 

1.000    0.0 0.1590 

1.580 + 0.2 0.2520 

2.510 + 0.4 0.4000 

3.980 + 0.6 0.6340 

6.310 + 0.8 1.0000 

10.000 + 1.0 1.5900 

15.800 + 1.2 2.5200 

25.100 + 1.4 4.0000 

 Two alternative methods (Table IV) were evaluated in the search for an accurate, but more 

rapid process of determining LVE. These methods were compared to the results obtained 

from the current research protocol. Differences between results were used to evaluate the 

new methods, so the exercise was preceded by a determination of the repeatability of the 

frequency sweep method.   

FREQUENCY SWEEP TESTING PROTOCOL 

Method Sample loading LVE / Temperature Strain Determination 

Method 1: 

Current 

Research 

Protocol at 

CSIR 

New sample for 

each frequency 

sweep 

temperature 

Determine LVE limit for each 

temperature at the highest 

frequency and test at that 

temperature using the 

determined LVE strain 

As determined by the 

equipment and using 

the equipment-

recommended value 

Method 2: 

Alternative 

protocol 

Same sample 

for all 

temperatures 

per spindle 

Determine LVE limit at the 

lowest temperature and highest 

frequency for each spindle and 

use only that strain for each 

spindle at all temperatures 

As determined by the 

equipment and using 

the equipment-

recommended value 

Method 3: 

Alternative 

protocol 

Same sample 

for all 

temperatures 

per spindle 

No LVE limit determined   Use fixed 

recommended values 

of 1% for the 8mm 

spindle and 2% for 25 

mm spindle 



 

 

 

IV. RESULTS 

A. Repeatability testing 

Repeatability testing was conducted on SBS modified binder (2013) material using 4 

repetitions, with each repeat being carried out on a new sample. The testing was done after 

40 hours of PAV ageing. The 8 mm spindle was used for temperatures 6 to 28 ⁰C and the 25 

mm spindle was used for 34 to 70 ⁰C. Table V and Figure II depicts coefficient of variation 

(COV) with temperature. The COV will be used to evaluate the difference in results between 

the different method protocols. 

COEFFICIENT OF VARIATION (AVERAGE) OF COMPLEX MODULUS WITH TEMPERATURE 

(REPEATABILITY) 

Spindle (mm) 8 25 

Temperature (⁰C) 6 14 22 28 34 46 58 64 70 

Average CoV (%) 

(Over all frequencies) 
2.6 3.0 3.6 4.4 4.9 4.7 4.5 4.8 4.8 

 

 

FIGURE II: VARIATIONS IN COMPLEX MODULUS WITH TEMPERATURE 
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Method 2 vs Method 1: Same sample per spindle for all frequency sweep temperatures 

with varying LVE strains for temperature vs current protocol. The 60/70 grade bitumen 

(1999) was evaluated after RTFOT for differences in results obtained. The results are 

depicted in Table VI. The difference between the two sets of results compare well in 

relation to the CoV established for the repeatability of the test. 

TEST SECTION AND MATERIAL PROPERTIES  

Temp. 

(⁰C) 

Average Complex Modulus (Pa) @ 25.1 rad/s 
Difference 

between 

averages 

(%) 

 

 

 

COV 

Method 2: Same 

Sample per 

spindle, same 

LVE per spindle  

Strain 

(%) 

Current 

protocol: Fresh 

sample for each 

temperature 

Strain 

(%) 

6 6.19 * 107 0.5 6.17 * 107 0.5 0.3 2.6 

14 2.00 * 107  0.5 2.06 * 107 0.5 2.7 3.0 

22 5.57 * 106 0.5 5.28 * 106 0.5 5.4 3.6 

28 1.88 * 106 0.5 1.78 * 106 1.0 5.8 4.4 

34  5.68 * 105 0.5 5.50 * 105 1.0 3.2 4.9 

46 8.31 * 104 1.0 7.90 * 104 1.0 2.1 4.7 

58 1.36 * 104 1.0 1.35 * 104 5.0 0.4 4.4 

64 6.02 * 103 1.0 6.07 * 103 7.2 0.8 4.8 

70 2.80 * 103 1.0 2.81 * 103 8.9 0.5 4.8 

 

B. Method 2: Evaluating the effect of different strains only using the same sample per 

spindle 

60/70 grade bitumen (1999) after 40 hrs PAV aging was used to determine the differences 

in  complex moduli obtained with the same sample per spindle, but using different strains 

for the analysis. 

Tables VII depicts the frequency sweep at 70 ⁰C. The full results are depicted in Figure III 

along with the coefficient of variation from the repeatability testing. The difference 

between the two sets of results compare well in relation to the CoV established for the 

repeatability of the test. 

Table VIII depicts the calculated strain limits and recommended strain values output from 

the DSR. Recommended strain values were used. 

FREQUENCY SWEEPS – LVE DIFFERENCE (70 DEGREES) 



 

 

Angular 

Frequency 

[rad/s] 

Different LVE 

strains per 

frequency 

Same LVE 

strain used 

per spindle 

Difference  

(%) 

COV per 

frequency 

for 70°C 

0,251 165 168 0.45 6.1 

0,398 259 264 0.48 5.8 

0,630 406 414 0.49 5.6 

0,999 637 651 0.54 5.3 

1,58 994 1010 0.40 4.8 

2,51 1540 1570 0.48 4.6 

3,98 2390 2430 0.41 4.4 

6,30 3670 3730 0.41 4.4 

9,99 5610 5700 0.40 4.2 

15,8 8500 8640 0.41 4.1 

25.1 12800 13000 0.39 3.8 
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FIGURE III: VARIATIONS IN COMPLEX MODULUS WITH TARGETS  
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GIVEN AND RECOMMENDED STRAIN VALUE OUTPUT FROM THE DSR 

Temperature (⁰C) Actual LVE limit strain (%) DSR-Recommended strain 

(%) 

6 1.14 0.5 

14 0.76 0.5 

22 0.82 0.5 

28 0.92 0.5 

34 1.17 0.5 

46 (8 mm) 2.19 1.0 

46 (25 mm) 2.20 1.0 

58 5.09 1.0 

64 7.98 5.0 

70 10.2 5.0 

 

C. Method 2: No LVE determined, use fixed recommended values 

Method 2, which involves analyses using the fixed recommended values was not necessary 

to complete, as the 1% strain values were beyond the strain limit indicated in Table VIII for 

14°C to 28°C. Figure IV depicts the amplitude sweep at 14 ⁰C of 60/70 grade bitumen, which 

was used to determine the calculated limits and recommended strain values. 

 

 



 

 

 

FIGURE IV: AMPLITUDE SWEEP - 14 DEGREES

 



 

 

 

V. DISCUSSION 

The repeatability testing using 4 sets of result from 40 hour PAV-aged SBS-modified binder 

showed that the average coefficient of variation ranged from 2.6 to 4.9% for temperatures 

between 6 and 70 ⁰C, with the average coefficient of variation increasing with increasing 

temperature.  

Two sets of results comparing Method 2 (using the same sample and strain per spindle) 

with Method 1 (current protocol) illustrated that the differences between the two methods 

compare well in relation to the coefficient of variation established for the repeatability of the 

test.  

VI. CONCLUSION AND RECOMMENDATIONS 

 

The results have demonstrated that the protocol to determine LVE limits can be significantly 

shortened by using the same sample for each spindle and using only one strain value for 

each spindle, which is determined at the lowest temperature and highest frequency for that 

spindle. 

 

Based on the results and in conjunction with advice from international expert Geoff Rowe, 

the following Research protocol is recommended for National implementation: 

 

 Determine the LVE for each spindle at the lowest temperature and highest frequency 

for that spindle 

 Use the same sample for each spindle when performing frequency sweeps 

 For the 8 mm spindle, the frequency sweeps were done from highest to lowest 

temperature 

 For the 25 mm spindle, the frequency sweeps were done from lowest to highest 

temperature 

 Ensure that there is at least one temperature overlap for the 8 mm and 25 mm spindles. 

 Recommended testing temperatures (as per variations in complex modulus testing): 6 

⁰C, 14 ⁰C, 22 ⁰C, 28 ⁰C, 34 ⁰C, 46 ⁰C, 58 ⁰C, 64 ⁰C and 70⁰C 

 Proposed testing frequencies are 11 frequencies between – 0.6 to 1.4 (log basis) at 

0.2 intervals, as illustrated in Table III 
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The change in the physical properties of asphalt binders with conditioning 

 

Geoffrey M. Rowe 
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Synopsis— As a binder is conditioned in the laboratory procedures of Rolling Thin Film 

Oven (RTFOT) and Pressure Aging Vessel (PAV) the stiffness characteristics of the change.  

In a series of studies, an extended PAV condition of 40 hours has been used with data sets 

that represent binders used in Africa, Asia and the USA including those graded by 

Penetration, Viscosity and Performance Graded (PG) specifications.  In all conditions of 

aging Bending Beam Rheometer (BBR) tests have been conducted to carefully define the 

low temperature rheology whereas isotherms of stiffness collected with a Dynamic Shear 

Rheometer (DSR) has been used to define the high temperature properties.  The parameters 

calculated from the BBR data include the glassy modulus and the shape parameters of the 

master curve including the Tc.  The BBR data is combined, via an interconversion process, 

with the DSR and the complete master curve is obtained.  Various parameters have been 

determined such as the R-value (rheological index), glassy modulus, Glover-Rowe parameter 

and the cross over modulus.  It was observed that parameters are strongly correlated for 

data sets.  For example, the R-value relates well to the Tc value.  The changes observed in 

Glassy Modulus also correlates to the R-value.  This suggests that the oxidation products 

effect the value of glassy modulus as well as the overall shape of the master curve.  It is 

concluded that the differing chemical types in the asphalt binders and the molecular 

packing/movement at cold temperature impacts the rheology including the glassy modulus 

value. 

Keywords—glassy modulus, rheological index, cross-over modulus 

 

INTRODUCTION 

 

Over the past few years several studies of asphalt binders have been conducted by the author at 
which different aging conditions have been used to evaluate rheology using identical testing 
procedures in order that observed differences in behaviour can be evaluated.  This is different to the 
standard rheological testing used for evaluation of binder grades to the Superpave specifications.  
For example, AASHTO M320 and M332 use different tests with different aging conditions.  Bending 
beam rheometer (BBR) test are, in these standards, conducted only on PAV aged binder and 
dynamic shear rheometer (DSR) measurements are limited to only point evaluations at temperatures 
representing intermediate and high pavement temperatures.  In the recent studies, we have 



 

 

conducted we have conducted BBR and DSR testing to capture the stiffness characteristics in the 
approximate range 1e1 Pa to 1e8Pa for each condition considered.  Three or four aging conditions 
have been considered with each binder; namely 1) orginal (ORG), 2) after rolling thin film oven 
(RFTOT), 3) after pressure aging vessel (PAV) conditioning for 20 hours (PAV20), and 4) after PAV 
for 40 hours. (PAV40). 

In the analysis of data we have made use of various models to describe the shape of the master 
curve.  In the fitting process the glassy modulus is estimated as the upper asymptote of stiffness 
corresponding to very low temperatures or fast frequencies.  One of the significant problems with 
reporting this stiffness value is that measurements are very difficult to conduct at very low 
temperatures.  Consequently, values reported for the glassy modulus have been determined by 
extrapolation techniques. 

 

BACKGROUND ON THE USE OF GLASSY MODULUS 

 

Saal (1951) noted that the maximum value for shear modulus was 5 x 108 Pa for bitumens and 

commented that the same value applied to pitches.  The value is somewhat lower that suggested by 

van der Poel (1954) who stated that “all bitumens approaches asymptotically to a limit of about 3 x 

109 Pa.”  In this work he quoted the use of a stiffness which is analogous to the extensional modulus 

and can be considered as three times the shear modulus.  Thus, in terms of shear modulus his value 

would equate to 1 x 109 Pa.  In the development of master curve models Jongepier and Kuilman 

(1969) used the same value as originally suggested by Saal (1951) of 5 x 108 Pa.  Dobson (1969) 

noted that in his analysis the greatest accuracy is achieved by keeping the glassy modulus as an 

adjustable parameter but for most purposes taking a constant value of 1 x 109 Pa is sufficiently 

accurate.  In his paper he showed a plot of log G* versus log (1-tan ) which suggested that the 

glassy modulus varied with Penetration Index (PI).  Higher values of PI generally appeared to have 

higher values of glassy modulus, see Figure 8.  Later Dobson (1972) noted that use of a value 1 x 

109 for a glassy modulus in shear was a “good approximation.”   

Dickinson and Witt (1974) published a set of equation for describing the shape of a master curve 

using a hyperbolic model which involved a variable value of glassy modulus.  They defined the 

curvature of the master curve using a  term.  They reported that master curve curvature and the 

glassy modulus are strongly related.  The range in values developed in this work is significantly 

greater than that reported by earlier workers.  Pink et al., (1980) performed some limited work, testing 

at only three frequencies (0.1, 1 and 10 rads/sec), and noted that the values of modulus superimpose 

and asymptote to a common limiting value of 1 x 109 Pa.   MacCarrone (1987) reported data on an 

extensive range of weathered asphalts.  In this work he also demonstrated a strong dependency 

between the master curve curvature and the value of glassy modulus.  MacCarrone used the same 

model as developed by Dickerson and Witt (1974) but the relationship between the curvature 

parameter and the glassy modulus is offset as shown in Figure 9, when compared to the data initially 

reported by Dickerson and Witt.  While the equation is the same, it is likely that the data is being 

fitted is collected with different experimental conditions and/or the analysis is conducted with different 



 

 

optimization methods.  These reasons have most likely influenced the offset between the 1974 and 

1987 analysis. 

 

 

Figure 8:  Plots of G* (dyne/cm2) versus (1+tan ) that infers different values of glassy 
modulus (after Dobson, 1969) 

 

 

Figure 9:  Log Gg versus b, Table 1 and 2 data (after Dickerson and Witt, 1974; and 
MacCarrone, 1987) 

 

In the late 1980s/early 1990s the Strategic Highway Research Program (SHRP) was conducted 
and as part of this work Christensen (1992) developed a model which has become known as the 
Christensen-Anderson (CA) model (Christensen and Anderson, 1992).  In the standard use of this 



 

 

equation as noted by (Christensen and Anderson, 1992) a fixed value of glassy modulus of 1 x 109 

Pa is used.  Christensen (1992) notes that a dependency of Gg on  is undesirable in the construction 
of empirical or statistical models and relied upon the data of Pink et al. (1980) and Van Der Poel 
(1954) to justify the use of a single value.  However, Christensen conducted an analysis of the CA 
model and compared this to the Dickerson and Witt model.  In this analysis a variable glassy modulus 
is used with both equations.  The data used in this analysis was limited to G* values greater than 105 
Pa since Christensen had noted that this is the limit of the CA model.  The values of glassy modulus 
obtained with the SHRP binders using the Dickenson and Witt method were similar to those reported 

in 1974 and 1987 and are shown in Figure 10.  The best fit line correlation with the  parameter was 
different to the earlier analyses and this is most likely attributable to different methods applied, such 
as the use of density corrections for temperature on modulus values, resulting in small vertical shifts 
and other techniques not known or disclosed by the authors referenced.  Using the CA model 
(Christensen, 1992) smaller but significant variation in the glassy modulus exists with when 
correlated with the R-value. 

 

Figure 10:  Analysis of SHRP core asphalts (AAA-1, AAB-1, AAC-1, AAD-1, AAF-1, AAG-1, 

AAK-1, AAM-1) (Tank, TFOT and PAV) binder grades for Gg dependency on  or R (after 
Christensen, 1992)  

 

While all the data collected shows differing dependencies between the curvature of the master 
curve and the glassy asymptote (glassy modulus) it can be noted that a constant value of Gg does 
not exist.  The analysis produced with the CA model and limited data (only data with G*>105 pa) and 
fixed temperature susceptibility parameters shows the smallest range in the results.  Furthermore, it 
is clear from this initial review that the analysis method selected makes a significant difference on 
the calculated glassy modulus.  The Dickenson and Witt method clearly results in larger variations 
in this parameter from the application of the CA model (with fixed temperature susceptibility 
parameters).  This is due to the divergence that occurs with the use of a hyperbola model compared 
to the exponential shape of the CA model.  The higher values of glassy modulus in all cases tend to 
be associated with flatter master curves or lower frequency dependency, characteristic of more 



 

 

oxidized or aged products.  This is also observed when inspecting the data developed by Dobson 
(1969) presented in Figure 8.  The lines representing higher PI values tend to have a greater intercept 
with the G* axis for a phase angle of zero degrees.  This overall trend with the flattening of curves 
with increasing oxidation has been reported elsewhere, for example Jongepier and Kuilman (1969). 

In all the results reported from literature, no actual measurements have been made of the glassy 
modulus.  The various authors have attempted to get close to this point and then fit a model thus 
determining that value by extrapolation. 

 

USE OF THE CHRISTENSEN-ANDERSON MODEL 

 

The CA model introduced in 1992 (Christensen an Anderson, 1992) has been implemented in 
analysis using the RHEA software (Rowe and Sharrock, 2000).  The CA model defines the complex 
dynamic shear modulus, as follows: 

 

 𝑮∗() = 𝑮𝒈 [𝟏 + (
𝝎𝒐


)
(𝐥𝐨𝐠 𝟐)/𝑹

]
−𝑹/(𝐥𝐨𝐠𝟐)

  

where: 
G*( ) = Complex shear modulus at frequency ( ) 
Gg = Glassy modulus 

o = cross over frequency 
 = frequency of interest 

R = Rheological index - a constant calculated by the analysis 
 
A similar formulation is developed for the model for time-based data such as the bending beam 

rheometer.  In the paper developed in 1992 (Christensen and Anderson, 1992) a constant value of 
Gg of 1 x 109 Pa was suggested as adequate (or 3 x 109 Pa for flexure).  In the orginal application of 
this model a fixed shifting method was implemented using fixed constants for the WLF and Arrhenius 
equation, above and below a defining temperature, Td, which is close in value to the glass transition 
temperature.  The method of splitting the temperature susceptibility function is complex in that the 
data has to be divided in order to construct a continuous master curve.  Furthermore, the use of 
constant parameters for temperature susceptibility is clearly not a true representation of bitumens 
which have different temperature susceptibilities.  This problem is overcome with the implementation 
of Kealble (1985) modification to the WLF shift factor and Rowe and Sharrock’s (2011) 
implementation of the “modified Kealble method” to asphalt materials.  This has been used with a 
“free shifting” technique as described by Gordon and Shaw (1994) to independently calculate 
temperature effects from time of frequency effects. 

In specification development the use of the R value is being explored to help to define the 
performance of asphalt binders and modifiers.  We have previously noted that when values Gg has 
been fixed at 1E9 Pa versus allowed to be variable, then different results exist for the R-value (Rowe, 
2017).  The R-value versus cross-over frequency has been used by Rowe (2012) and Bennert et al 
(2016) to assess aging and rejuvenation in asphalt binders.  However, since the R-value is calculated 
using different methods, the possibilities exist for different authors to produce different values.  
Critical to the determination of R is the method used to define the glassy modulus since R = log Gg 
– log Gc.  Gc is the cross-over modulus, which is the modulus when the phase angle is forty-five 



 

 

degrees (where G’ = G” or tan  = 1).  If the Gg is assumed as 1e9Pa then R = 9 – Gc.  Since the 
variation in R is fairly small the assumptions made regarding the Gg become important.  Furthermore, 
it maybe that the value of Gc modulus is experimentally more reliable than R since it is typically a 
measured (or interpolated) value rather than being obtained by extrapolation. 

We have recently analysed data collected from various sources and produced an analysis of Gg, 
Gc and R value in a similar manner to that discussed by Christensen (1992) but with analysis 
differences of using the Gordon and Shaw (1994) (G&S) “free shifting” method and with the 
application of the Rouse (1953) density correction method, as discussed by Ferry (1980) and Gordon 
and Shaw (1994). 

 

ANALYSIS OF SHRP CORE ASPHALTS AND OTHER MATERIALS 

 

In 2012 the Asphalt Institute retested the SHRP core asphalts (Rowe, 2014) using both DSR and 
BBR testing for orginal, RTFOT and PAV aging conditions.  With this data set the BBR testing has 
been performed on all the three aging conditions.  A typical example of the data collected and shifted 
for form a master curve is shown in Figure 11 and Figure 12.  The BBR data can be clearly seen in 
the analysis and a small gap in the overlap exists between the BBR and DSR data sets.  The shifting 
of data with gaps is made possible by using the methods described by Gordon and Shaw (1994).  
The advantage of combining the BBR data with that collected in the DSR is that a greater range can 
be established for the master curve thus enabling more robust determination of master curve and 
specification parameters. 

In our analysis we have considered parameters such as the Tc, R-value, Gg, Gc and the G-R 
parameter.  These are defined as follows: 

 

Tc A parameter defined as the failing temperature for stiffness minus the failing 
temperature for m-value as determined from BBR testing. 

R-value The rheological index is a constant in the CA model.  It effectively defines 
the curvature of the master curve in the high stiffness region (G > 1e5 Pa) 
and is indicative of the shape of the relaxation spectra. 

Gg The asymptotic modulus in the glassy region 

Gc Cross over modulus, the modulus when G’ = G” and the phase lag is equal 
to 45 degrees 

G-R parameter The value calculated from G* (cos )2 / sin .  Typically, this is evaluated at 
15oC and 0.005 rads/sec, although other conditions can be used. 

We have discussed the analysis of these parameters in the following sections of this paper. 

 



 

 

 

Figure 11:  Typical master curve in this analysis, AAA Orginal - BBR data has been 
highlighted, the remaining data was collected using a DSR – frequency dependency 

 

Figure 12:  Temperature dependency for AAA Orginal master curve using Kealble fit with 
inflection point (or defining temperature) as -19oC 

 

While this testing is marginally different from that conducted by Anderson (1992) using newer 
equipment and a BBR to define the low temperature region rather than torsion bar, we have analysed 
this data to compare the analysis differences in the R-value and Gg or Eg reported.  We have 
calculated the R value using three methods and the glassy modulus using six methods, as follows: 

 

Method 1 BBR data is fitted to the CAM modification (Marasteanu and Anderson, 1999) of 
the CA model.  The G&S (Gordon and Shaw) method has been applied for shifting 
and density corrections.  The Eg value is taken from the CAM model fit. 



 

 

Method 2  Same as method 1 except that the Eg has been taken from a discrete spectra 
analysis of the data using the method as defined by Baumgaertel and Winter 
(1989)  

Method 3 BBR data has been converted to dynamic data G’ and G” using the method 
described by Rowe (2014) (Poisson’s ratio = 0.5).  This data has been combined 
with DSR data that has a G* > 1e5 Pa.  The Gg is taken from the CA fit. 

Method 4 Same as method 3 except that the Gg has been taken from a discrete spectra 
analysis of the data using the method as defined by Baumgaertel and Winter 
(1989). 

Method 5 BBR data has been converted to dynamic data G’ and G” using the method 
described by Rowe (2014) (Poisson’s ratio = 0.5).  This data has been combined 
with DSR data that has included all data including that with a G* < 1e5 Pa.  The 
Gg is taken from the CA fit. 

Method 6 Same as method 5 except that the Gg has been taken from a discrete spectra 
analysis of the data using the method as defined by Baumgaertel and Winter 
(1989). 

The results from these six methods are shown in Figure 13 and Figure 14.  It should be noted that 
Eg would be expected to be approximately equal to 3Gg.  Consequently, the vertical scale shown on 
Figure 13 is marginally different to that in Figure 14.   

 

 

Figure 13:  Eg estimated from BBR testing using two methods - SHRP Core Asphalts (AAA-
1, AAB-1, AAC-1, AAD-1, AAF-1, AAG-1, AAK-1, AAM-1) (Orginal, RTFOT and PAV) 



 

 

 

Figure 14:  Gg estimated from BBR testing using two methods - SHRP Core Asphalts (AAA-
1, AAB-1, AAC-1, AAD-1, AAF-1, AAG-1, AAK-1, AAM-1) (Orginal, RTFOT and PAV) 

 

The average value for extensional glassy modulus (Eg) for the SHRP core asphalts (all aging 
conditions) using the CAM model fit is 2.89 GPa, whereas when this BBR data is combined with the 
DSR and considered as a shear glassy modulus (Gg) the result is 1.68 GPa.  The ratio obtained, 
Eg/Gg is 1.72.  If this is considered with the discrete spectra fit, Eg = 1.89 GPa and Gg = 0.90 GPa 
(a ratio of 2.10).  Both these ratios are somewhat less than the value of close to 3 expected between 
the two moduli.  For asphalt binders, the traditional approach has been to assume a Poisson’s ratio 
of 0.5 in the analysis and this leads to the assumption that E=3G.  The conversion of BBR data to 
dynamic format has previously been reported by Rowe (2014) using a method involving the Hopkins 
and Hamming (1957) transformation since S(t) does not equal the same value as would be obtained 
for E(t).  Implementing this method Rowe (2014, 2015) developed a power law expression for G* as 
a function of S(t).  However, this can also be expressed in a linear manner as shown in Figure 15.  
The value of G* that corresponds to S(t) = 300 MPa from both equations (as published in Rowe 
(2014, 2015) and shown in Figure 15, is 111MPa.  This value gives a ratio of S(t)/G* equal to 2.70 
which is close to the value expected of 3.0 from the E=3G assumption.  The two earlier values of 
1.71 and 2.10 fall below this expectation.   

As noted earlier this analysis conducted by Rowe (2014, 2015) was conducted using a Poisson’s 
ratio of 0.5.  The ratio’s obtained between Eg and Gg imply a lower value of Poisson’s ratio at the 
glassy condition and/or a change in this value from that determined at higher values.  Maillard (2005) 
analysis of bitumens demonstrated that the Poisson’s ratio is not a uniform 0.5 as assumed in 
traditional analysis.  Maillard conducted measurements at different loading times and temperatures 
and demonstrated both a time and temperature dependency on the value of Poisson’s ratio.  The 
implication of this is that the value will change with the stiffness of the binder.  Rouxel (2007), using 
Maillard’s data, suggested that this parameter should be considered as varying from the glass 



 

 

transition temperature (Tg) from a low value of around 0.35 to a value of 0.5 around at around 1.2 x 
Tg (oK).  Given a typical Tg of -20oC this means that the value of 0.5 will not reached until a 
temperature of 25 to 30oC is reached, which is most of the range that is typically covered within the 
linear visco-elastic region and the CA model.  Since Poisson’s ratio changes with stiffness and is 
most likely varying continually with temperature this could impact an extrapolation to a modulus value 
at a very low temperature.  This is an aspect that requires some further research and analysis. 

 

 

Figure 15:  Data from SHRP core asphalts BBR data converted to G* using method 
described by Rowe (2014) 

 

Given the complexities in determination of Gg (or Eg) and the various confounding effects of 
analysis it may be more prudent to base specification parameters on properties that avoids the 
estimation of this parameter.  If we consider that R = log Gg – log Gc we note that we can capture 
the majority of the variation in R from the log Gc.  If Gg is constant, as used by various workers, then 
R value is linearly proportional to the value of log Gc. 

We have assessed the variation in Gc from analysis of the same SHRP binders.  We have also 

determined the shape parameter Tc which captures the curvature of a BBR master curve in the 

temperature domain.  The Tc parameter should correlate with R-value to a reasonable degree since 
it is largely dependent upon the CA model parameters combined with the temperature susceptibility 
parameters.  The correlation is not expected to be perfect since temperature dependency effects the 

Tc whereas R is dependent on frequency (or time) dependency.  It should also be noted that some 
differences can also be expected due to use of different specimens and different conditioning 
procedures used in the test methods. 

This analysis suggests that the log Gc more accurately reflects the shape in the colder region than 
the R-value.  Previously (Rowe, 2014) had noted that an R-value of 1.9 was a reasonable indicator 

for a condition when Tc = 0 (assuming a Gg of 1e9 Pa).  This is close to the value that can be 

interpolated from the data in Figure 16.  For a Tc = 0 this graph would suggest a R value of 2.1 and 

log Gc of 7.1, whereas if the commonly used value of -5 is considered for Tc the R-value and log 



 

 

Gc would be 3.0 and 6.3 respectively.  A higher value of Gc would be indicative of a binder that would 
be less oxidized and typically S-controlled in terms of BBR testing.  

 

 

Figure 16:  R-value from CA model (using reduced data set G*> 105 Pa) and log Gc 

(interpolated use CA model parameters) from DSR and BBR combined data versus Tc from 
BBR testing 

 

We have further shown the variation in four parameters for three aging conditions from the master 
curve analysis for each of the core asphalts (log Gg, log Gc, R-value and G-R parameter), see Figure 
17 and Figure 18.  With the Gg we can observe an anomaly for asphalt AAB.  While the trend is 
upward for the glassy modulus with increasing aging for all three conditions, the result for AAB is not 
in agreement.  This can be contrasted to the value for Gc which for all cases moves in the expected 
direction to represent a more oxidized product.  The R-value is dependent on both the Gg and Gc 
and while one of the data points moves in the wrong direction for Gg the magnitude of this movement 
is not sufficiently large compared to the change in Gg.  Thus, in this case the R-value changes in the 
expected manner.  However, problems of this nature with determination of Gg clearly effect the 
analysis as shown in Figure 16.  In Figure 18, we also show the change in the computed G-R 
parameter.  This parameter unlike the three other values shown is a point value in a Black space 
which represents the degree of aging.  It is evident from inspection that some materials age more 
significantly in the PAV device compared to the RTFOT. 

 In the data sets we can note the two materials with the greatest difference are AAG (Orginal) and 
AAM (PAV).  These represent the two extremes for all the parameters considered.  The data for 

these two materials has been plotted in Figure 19 as 1 + tan  versus G*, using the format developed 
by Dobson (1969).  The data has been extrapolated to the x-axis to provide an estimation of the 
glassy modulus which is independent of any fitting or use of equations.  The intercept with the value 

of 1 + tan  = 1 gives an approximation of the glassy shear modulus, Gg, and these correspond to 



 

 

1.1 and 5.8 GPa for the AAG (ORG) and AAM (PAV20) binders.  The range here is marginally higher 
than that determined with the CA model but the total range is similar. 

 

 

Figure 17:  Variation in Gg and Gc with aging for SHRP core asphalts 

 

Figure 18:  Variation in R-value a G-R parameter with for SHRP core asphalts 



 

 

 

 

Figure 19:  Variation in estimated glassy modulus estimated from Dobson plot were (1 + 

tan) = 0 

 

The analysis conducted has been extended with additional binders, and we show for example 
additional data from BBR and DSR data collected from projects in Canada and South Africa, see  
Figure 20.  The trends in the data are similar to that obtained earlier.   

 



 

 

 

Figure 20:  Additional data sets from South Africa and Canada sites showing same overall 

trends of R-value and log Gc with Tc 

In Figure 21 and Figure 22 we show the trends for Orginal, RTFOT, PAV20 and PAV40 conditions 
for 4 binder samples.  Binders SA1 and 2, and SA3 and 4 can be considered as replicates.  The 
same comments can be said about this data set as the analysis of SHRP binders in the earlier plots.  
The values extrapolated for Gg are not reliably consistent with expectations, whereas all other 
parameters follow the expected trends.  It can also be observed that the repeatability appears 
reasonable between the two data sets, for the log Gc and log G-R parameters and lower than that 
with log Gg and R-value. 

 



 

 

 

Figure 21:  Variation in Gg and Gc with aging for four binders from South Africa 

 

Figure 22:  Variation in R-value a G-R parameter with four binders from South Africa 

DISCUSSION 

 

The general trend seen in these data sets can be seen in multiple data sets and leads to the 
several important observations.  The first is that it is clear that a single value of glassy modulus for 
asphalt binders or bitumens does not exist.  The review of data collected by various workers and 
analysis presented in this report would suggest that the typical range in Gg would lie between 1e9 
and 1e10 Pa.  The value of log Gg is dependent upon aging and typical increases by about 0.25 to 
0.5 between the orginal and PAV condition.  The magnitude of increase varies with different binders 



 

 

as would be expected.  We know that chemical species in asphalt binders undergo changes as 
materials age and oxidize so the concept of a singular value of glassy modulus would not conform 
to a priori.  As the lighter factions are lost and heavier species are developed the glassy modulus 
increases. 

We have shown in this paper that different analysis methods can lead to different values of Gg 
which in turn, depending upon the assumptions made can lead to different values of the R-value.  
Determination of the glassy modulus is always confounded by extrapolation.  While some 
sophisticated research grade rheometers may get close to this value the author has had great 
difficulty in obtaining data close to this value.  The use of 4mm rheology may eventually provide a 
route for achieving good data in this temperature region.  This type of rheology can generally provide 
very good master curves if done correctly, see example in Figure 23.  The numerical values obtained 
are much closer to the glassy modulus.  For the example shown the G* values measured suggest a 
Gg significantly greater than 1e9 Pa.  However, we have noted that the determination of the shift 
factors at the cold temperatures is problematic as shown by differences obtained in the shift for G’ 
and G” isotherms.  This is demonstrated by inspection of the shift factors in a modified Kaelble plot 
as shown in Figure 24.  In this plot the shift factors at -5oC and lower are generally different for G’ 
and G”.  This suggests some issues with the measurements in the colder region. 

 

 

Figure 23:  G*, G', G" and phase angle from a recovered binder sample recovered from a 
core 

 



 

 

 

Figure 24:  Modified Kaelble shift factor plot for data shown in Figure 23, the scatter in the 
upper left corner reflects marginally different shift factors for G’ and G” 

 

A good surrogate for the R-value is the cross-over modulus.  This parameter is easier to measure 
and will be easier to determine.  This value will generally lie between 1 and 70 MPa based upon 
results evaluated to date.  Higher values will generally have better relaxation properties and will 
represent binders with a lower level of oxidation or structure.  If the DSR test procedures are modified 
to enable measurements in the range from 1 to 120 MPa, then an analysis could be conducted to 

define; Gc, G-R parameter, G*.sin (the existing fatigue parameter), TG* = 111 MPa (an alternate to 
S(t) = 300 MPa), G-R184MPa (an alternate to BBR S & m parameters).  This procedure could save 
substantial time and costs associated with aging of binders and testing the BBR device, while yielding 
parameters to define the low and intermediate performance in a more robust manner that currently 
performed. 

SUMMARY 

 

The analysis in this paper considers what occurs to physical properties with different conditioning 
(RTFOT to PAV40).  Based on this analysis we conclude: 

 The reasonable range of glassy modulus for bitumen in shear is 1 to 10 GPa. 

 Complexity in testing makes the determination of Gg only possible be estimation methods 
using extrapolation. 

 The use of Gc rather than the rheological index could provide a tool for specification 
development since this parameter is within a range that measurements can generally be 
conducted by rheometers. 

 The use of Gc could be considered as an alternate shape parameter to Tc in defining and 
limiting the ability of a binder to contribute to durability cracking.  This could be easily 

measured in the same equipment used to define G*.sin, the existing fatigue parameter since 
this is within the range of the expected values for Gc.  The same test could also be used to 
determine the G-R parameter at the same time. 

 A Gc of 7.1 and 6.3 approximately corresponds to Tc values of 0 and -5.  This is not a unique 

relationship since one of Tc depends upon the temperature shift factor whereas the Gc does 



 

 

is independent of the value.  Both parameters define the shape and relaxation properties of 
the master curve. 

 The DSR measurement of a G* modulus of approximately 111 MPa could replace the BBR 
stiffness requirement of 300 MPa.  This could be combined with the G-R approach to limit the 
materials used to being greater than 184 MPa at the appropriate loading time of combined 
with a Gc to control the relaxation properties. 

 The values obtained for all the parameters, Gg, Gc, R-value, G-R parameter, all change with 
increased conditioning. 

If measurements in a DSR can be extended to approximately 120 MPa, then it is possible that a 
single test procedure could replace the need to BBR testing and provide all the low and intermediate 
temperature test parameters.  We have discussed several factors that play a role in analysis.  The 
changes to the material at temperatures close and below the glass transition temperature towards 
the glassy modulus is experimentally difficult.  Some additional work would be valuable in this area 
to more fully understand the mechanisms effecting the binder. 
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The development of the Delta Tc and Glover-Rowe parameters for the control of non-load 
associated cracking 

 

Geoffrey M. Rowe 

Abatech Inc. 
 

 

Synopsis—In 2011 the concept of Delta Tc (ΔTc) and the Glover-Rowe (G-R) parameter 

was introduced by Anderson et al.  These concepts have developed over the past eight years 

and have now started to be used in specifications on a routine basis.  The parameters, while 

related, represent different concepts.  The Delta Tc better describes a “Shape” parameter or 

curvature of a master curve in the high stiffness region whereas the G-R parameter describes 

a single location on a curve at a specific temperature and frequency of loading.  Considerable 

discussion has taken place on how these parameters relate to cracking in the field and what 

conditions should be applied.  This paper reviews the development of these parameters and 

the various field correlations that have been conducted.  The paper presents a discussion 

on the relevance of the parameters and reviews the concept of a “Shape” versus “Point” 

parameter and how these can be implemented in specifications for field performance.  In 

addition, the concept of aging ratios is discussed, compared to the orginal SHRP binders 

and those obtained with other binders being used elsewhere. 

Keywords—delta Tc, Glover-Rowe parameter, rheology, non-load assocaited cracking 

 

INTRODUCTION 

 

The importance of the stress relaxation properties of asphalt binders has been known for many 
years.  The ability of a binder to relax stresses significantly affects the thermal stress increase in the 
asphalt binder as a pavement cools and poor stress relaxation properties are known to contribute to 
the prevalence of thermal cracking. Likewise, the importance of temperature susceptibility has been 
a topic of considerable interest for many years. Older measures such as Penetration Index (PI) and 
Penetration Viscosity Number (PVN) have often been the subjects of lengthy debate regarding their 
relevance to pavement performance and which of these parameters best relates to cracking 
performance. 

Asphalt binder specifications developed as part of and after the Strategic Highway Research 
Program (SHRP), in the early 1990s, saw the development of better tools for measuring and 
characterizing the rheology of asphalt binders.  During this time several parameters, such as the R-
value (rheological index) which describes the shape of the relaxation spectra and the ability to relax 
stresses, were developed to define the relaxation characteristics of asphalt binders.  An early version 
of the PG specification was based on the R value, although, in its final format the PG specification 
was based on point properties to warrant against different types of distress. The low temperature 



 

 

thermal cracking parameters included stiffness at a time of 60 seconds and the m-value (the absolute 
value of the slope of the logarithm of stiffness versus the logarithm of time) also calculated at 60 
seconds.  These parameters, related to the stiffness and relaxation characteristics of asphalt binders, 
are measured with the bending beam rheometer and they became the specification parameters for 
the low temperature “single event thermal cracking”.  In recent years other forms of distress have 
become more prevalent, such as surface cracking/durability related cracking and additional 
parameters are being sought to warrant against these forms of distress. 

This paper presents a review of various methods for characterizing the stress relaxation and time-
dependent properties of asphalt binders and to show that they are interrelated. The development 
work that has led to the more recently developed parameters for characterizing stress relaxation and 
time-dependent properties of binders and their relationship to performance is presented. These 
methods are then extended to non-traditional binders that have shown questionable field 
performance.  In addition, a background discussion is provided on binders modified with re-refined 
engine oil bottoms (REOB) and other materials of interest. 

 

THE DEVELOPMENT OF TC AND THE G-R PARAMETERS 

 

In the decades preceding the SHRP research program considerable attention was given to the 

relationship between ductility and pavement performance.  An excellent insight into the summary of 

the pre-SHRP state-of-the art is described in the papers that are part of an ASTM Symposium on the 

Low-Temperature Properties of Bituminous Materials and Compacted Bituminous Mixtures (Marek, 

1976).  It was generally acknowledged that ductility is an empirical property but it was also associated 

by early researchers with temperature dependency and shear rate dependency (Halstead et al., 1963 

and Vallerga et al., 1957).  Kandhal (1976) reported on ductility measurements performed at 4 and 

15.6 °C and showed a strong relationship between the ductility at 15.6°C (5 cm/min) and progressive 

pavement deterioration as reflected in the loss of fines, ravelling, and cracking.  Poor pavement 

performance was reported when the 15.6 °C ductility for asphalt binders recovered from test sections 

was low, typically less than 5 cm, and the penetration was less than 30 dmm. 

Glover et al. (2005) performed an extensive study on the aging of asphalt binders directed at 

“developing an improved method of screening asphalt binders for long-term pavement performance”. 

Building upon Kandhal’s (1976) success with 15°C ductility, Glover developed a DSR function, 

G′/(η′/G′) (G′ is the elastic part of the complex modulus whereas η′ is the in-phase component of the 

complex viscosity) as a surrogate for 15°C ductility, by consideration of a mechanical model that 

would best describe the ductility test and then assessing what parameters would best describe the 

mechanical model with rheological tests.  The function, suitable for measurements with the DSR, 

requires less material than the ductility test and was further verified by performing tests to establish 

a correlation between the function [G′/(η′/G′) measured at 15°C and 0.005 rad/s] and ductility at 15oC, 

Figure 1.  Glover et al. also suggested by using time-temperature superposition, that the test could 

be performed at the more user-friendly conditions of 44.7°C and 10 rad/s.  The DSR properties were 

measured on residue from a modified PAV procedure that included thinner films (0.5mm versus 

1mm) and different aging temperatures (up to five temperatures in the range 60 to 100°C). Excellent 

correlations were found between pavement performance and the DSR function for conventional 



 

 

binders.  The use of the viscosity function [G’/(η’/G’)] was too complex for modified binders and no 

general correlation could be found. 

 

 

 

Figure 25:  Ductility versus DSR Function G/(η/G), Glover et al., 2005. 

 

Key aspects noted in the Glover et al. (2005) report included: 

• Literature reports indicate that the ductility of binders recovered from asphalt pavements 
correlate with cracking failure. However, ductility measurement is a time and material 
consuming process and is subject to reproducibility difficulties, as are all failure tests. 

•  From an elongation model using a Maxwell element, it was seen by Glover et al. that two 
rheological parameters can be used to represent the extensional behavior of asphalt binders 

in a ductility test; the ratio of the dynamic viscosity to the storage modulus Gʹ/(ʹ/Gʹ) and the 
value of the storage modulus Gʹ. 

• For conventional asphalts the function Gʹ/(ʹ/Gʹ) can serve as a surrogate for ductility at 15°

C, is easier to measure, and requires less material. 
In the Strategic Highway Research Program validation report (Leahy et al., 1994) both the Bending 

Beam Rheometer (BBR) stiffness and m-value were specified as low temperature cracking criteria.  
Leahy et al. concluded that “neither parameter is solely responsible for rejection of these binders”, 
verifying the inclusion of both the stiffness and the m-value in the PG grading specification. Their 
conclusion is consistent with the need to include both stiffness and the relaxation characteristics (m-
value) when relating binder properties to pavement performance. 



 

 

The PG Grading specification, AASHTO M 320, specifies a minimum stiffness and minimum m-
value at the grading temperature.  Researchers have noticed that the difference between the 
temperatures at which the threshold stiffness and m-value requirements are met is related to 
pavement performance. This difference between the temperature at which the two specification 
requirements are met is commonly referred to as ΔTc and depending upon which occurs at the higher 
temperature asphalt binders are often referred to as S-controlled or m-controlled.  The method for 
determining ΔTc is now standardized in ASTM D7643 (Determining the Continuous Grading 
Temperature and Continuous Grades for PG Graded Asphalt Binders) and AASHTO PP78-16 
(Design Considerations When Using Reclaimed Asphalt Shingles (RAS) in Asphalt Mixtures) and is 
calculated as follows: 

 

 
𝑻𝑺 = 𝑻𝟏 + [

𝑳𝒐𝒈(𝟑𝟎𝟎) − 𝑳𝒐𝒈(𝑺𝟏)

𝑳𝒐𝒈(𝑺𝟏) − 𝑳𝒐𝒈(𝑺𝟐)
× (𝑻𝟏 − 𝑻𝟐)] − 𝟏𝟎 [1] 

 

 
𝑻𝒎 = 𝑻𝟏 + [

𝟎. 𝟑𝟎𝟎 − 𝒎𝟏

𝒎𝟏 − 𝒎𝟐
× (𝑻𝟏 − 𝑻𝟐)] − 𝟏𝟎 [2] 

 

 ∆𝑻𝒄 = 𝑻𝑺 − 𝑻𝒎 [3] 

 

where; 

 TS = Temperature at which the stiffness is 300 MPa, 

 Tm = Temperature where the m-value is 0.300, 

 T1, T2 = Two adjacent specification grading temperatures, 

 S1, S2 = Stiffness measurements at T1, T2 such that one value passes the specification 
requirement and one fails the requirement, and 

 m1, m2 = m-values at T1, T2 such that one value passes the specification requirement 
and one fails the requirement. 

 

In the original work on the development of the ΔTc concept (Anderson et al. 2011), ΔTc was 
defined as the continuous grading temperature for the m-value (Tm) minus the continuous grading 
temperature for the stiffness (TS) where the continuous grading temperatures are the temperatures 
at which the respective specification requirements are met. While the original work used this 
definition, most subsequent work uses the alternate definition; ΔTc = TS - Tm as given by the ASTM 
and AASHTO standards. Caution is required when reading earlier reports so that the two definitions 
are not confused with each other.  

 

THE INTERRELATIONSHIP BETWEEEN PARAMETERS 

 



 

 

Anderson et al. (2011) in a study of non-load related pavement distress showed that ΔTC is related 
to the Glover DSR function (2005).  Rowe (2011), in a written discussion of the Anderson et al. paper 
presented the DSR function as a parameter that uses only complex shear modulus (G*) and phase 

angle (), similar to properties in the Superpave specifications that became AASHTO M320. The 
DSR function in its rewritten form as proposed by Rowe (2011), G*(cosδ)2/sinδ is now commonly 
referred to as the Glover-Rowe (G-R) parameter (King, 2012).  It can be easily shown that both the 
ΔTc, the DSR function and the Glover-Rowe parameter can all be calculated from the Christensen-
Anderson (CA) model (Christensen and Anderson, 1992).    

Ductility data collected using the same 15oC testing temperature was included in the Anderson et 
al. (2011) paper and if this is added to the Glover at al. (2005) representation of the data it can be 
noted that the 5 data points within the ductility range plotted by Glover et al. (2 to 50 cm/min) all lie 
on the same relationship.  Anderson et al. (2011) also included 4 data points that had low ductility 
values  which showed lower values which did not fit the same relationship (see Figure 26).  However, 
this may be a function of measurement issues, especially when very low values are being obtained 
with less sophisticated test equipment. 

 

 

Figure 26:  Ductility versus DSR Function G/(η/G) (after Glover et al., 2005) with additional 
data from Anderson et al. (2011) (the solid circles are those data points collected by 
Anderson et al.) 

 

Anderson et al.’s study included asphalts made from three crude types.  The testing and analysis 
included the consideration of aging and durability cracking that occurs in airport pavements and he 
used extended aging in the PAV (0, 20, 40 and 80 hours) and considered how the properties change 
with aging.  The work then compared the data with binders taken from four asphalt mixes laid in 
airport pavements at various locations. 

Anderson et al. also developed a correlation between ΔTc and Glover’s DSR function with a 
polynomial relation with an excellent regression coefficient (r2 = 0.987).  As noted, earlier Rowe 



 

 

(2011) presented the viscosity function using G* and .  This can be compared to the data collected 
by Anderson et al. (2011) as shown in Figure 27.  It can be observed that the numbers represented 
on the horizontal axis are ΔTc values whereas the vertical axis represents the G-R parameter.  The 
second plot shows what has now become the standard representation of ΔTc as TS – Tm.  Also 
shown on this graph are two limiting values as originally proposed by Glover and then converted to 
the G-R parameter equivalents.  The limits applied in the initial work for ductility and the additional 
parameters are given in Table 9. 

 

 

Figure 27:  Same data expressed using Glover et al. DSR Function (left) and G-R parameter 
(right) 

 

Table 9:  Limits applied to ductility, ΔTc and other rheological parameters 

Criteria 

Ductility, 
15oC and 
1cm/min., 

(cm) 

Glover 
DSR 

Function1, 
44.7oC, 

10rad/sec, 
(MPa/sec) 

Tc, 
Anderson 

et al. – 
polynomial 

fit, (oC) 

Tc, 
Anderson et 
al. – stated 

recommended 
value, (oC) 

G-R Parameter – 
calculated from 
Glover et al.’s 
values, 15oC, 

0.005rads/sec, 
(kPa) 

Cracking 
Warning 

5 3.0E-03 2.4 2.5 180 

Cracking Limit 3 9.0E-04 5.7 5.0 6002 

1. Anderson et al. (2011) determined the viscosity function at two temperatures, 44.7 and15oC, but 
with different rates of 10 and 0,005 rads/sec respectively.  

2. 450 was stated incorrectly in some publications 
 

The good correlation obtained by Anderson et al. (2011) between the ΔTc and viscosity function 
(or G-R parameter) was based upon a very limited data set.  As is discussed later in this document 
the two parameters measure properties collected at different rates and temperatures.  While an inter-
relationship exists via the use of the Christensen-Anderson model (Christensen and Anderson, 1992) 
the difference in conditions results in these parameters measuring assessing properties at different 
regions of stiffness and temperature and thus a perfect correlation will never exist.  It should be noted 

that Tc effectively describes the slope in a graph of stiffness versus temperature and thus is 
somewhat similar to the R-value that also measures the curvature of a master curve, although in the 



 

 

frequency or time rather than the temperature domain.  Thus, the Tc can be better considered to 
capture the temperature whereas R tends to capture the frequency or time dependency (frequency 

and time are strongly related to each other).  In contrast to the Tc and R value the G-R parameter 
captures a single point at a specified temperature and frequency.  This difference is discussed in 
more detail later in this paper. 

The interrelationship between BBR S and m values with G* and  data has been proposed by a 
number of workers.  The method developed by Rowe (2014) is used to produce the data shown in 

Figure 28.  This enables G* and  to be potentially used in place of S and m.  Conceptually, with this 

method a temperature associated with a limiting condition for G* and  value could be used as 

alternative for temperatures associated with S and m.   On the plot with G* and  the line shows the 
properties of a material that would have a glassy modulus of 1e9 Pa and R-value of 1.923.  For this 
value of glassy modulus and material with R-value less than 1.923 the binder can be considered “m” 
controlled whereas materials with a higher R-value will be “S” controlled. 

In Figure 29 the typical representation of S(t) versus time is shown whereas the second plot shows 
the same materials but plotted against temperature.  The solid line shows the 300 MPa criteria 
whereas the data points highlighted with a box symbol show the location were the m-value reached 

the critical specification number of 0.300.  The Tc is shown on the graph as a temperature on the 
horizontal axis.  The curves through the data sets show the CA model fit to the BBR data.  The 
importance of a good CA fit is,  the possibility of calculation of the information in the temperature-

based plot of Figure 29 and from that a direct calculation of the Tc from the CA model parameters 
can be done. 

It can be observed in this figure that as the material ages (0 = 0 hours in PAV to 80 = 80 hours in 
the PAV) the curve flattens and ΔTc becomes more negative.  As Glover et al. (2005) explained: 
when a material ages oxidation occurs and physical and chemical properties change. The result will 
be more asphaltenes, a change to the binder structure and a higher R-value (rheological index).  
Christensen and Anderson (1992), also showed a similar link between the chemical components of 
an asphalt binder and the rheological properties. 

 

 

 

 

 

 

 

 

 

Figure 28:  S and m criteria from SHRP work versus the same data plotted as G* and  using 
an interrelationship developed by Rowe (2014) (zero, low, medium, high relates to the 
observed degree of thermal cracking sites assess and reported in the report SHRP-A-409) 

 



 

 

 

Figure 29:  Data from Anderson et al. (2011) analysed by Rowe (2011) showing 
transformation from time to temperature domains (0 = 0 hours in PAV to 80 = 80 hours in the 
PAV) 

 

USE OF CHRISTENSEN ANDERSON EQUATION TO ESTIMATE TC 

 

In its original form, TC was calculated directly via interpolation from BBR test results. However, 

if the model parameters for the CA model are known TC can be calculated from the CA model 
without the need for BBR test data. The detailed method for applying the CA model (Christensen, 

1992) to the calculation of Tc is based upon the CA equation in a generalized form.  In this version, 

we have used the  term, where  = R/log (2).  The common expression of the stiffness relationship 
where stiffness is expressed as a function of time is as follows: 

 
𝑺(𝒕) = 𝑺𝒈 [𝟏 + (

𝒕

𝝀
)

𝜷

]

−𝟏/𝜷

 [4] 

where,  

 S = Stiffness modulus 

 Sg = Glassy stiffness modulus 

 t  = Time of interest 

 λ, β  = Fitting parameters in the CA equation 

 

Time at a given stiffness value is found as follows: 

 



 

 

 

𝒕(𝑺) = 𝝀 [(
𝑺

𝑺𝒈
)

−𝜷

− 𝟏]

𝟏/𝜷

 [5] 

Further rearrangement provides for the determination of the slope, m(t), where the time is set, and 
time, t at when the slope, m(t), has a specified value as follows: 

 
𝒎(𝒕) =

𝟏

[𝟏 + (
𝒕
𝝀
)
−𝜷

]

 
[6] 

 
𝒕(𝒎) = 𝝀 [(

𝟏

𝒎
) − 𝟏]

−𝟏/𝜷

 [7] 

In these equations the m value is treated as a positive value per the normal convention in the 
specifications – for example AASHTO M-320, whereas in standard mathematics the slope would be 
considered as a negative value. 

The CA equation is combined with the Arrhenius expression for the shift time factor in time-
temperature superposition, with absolute temperature and reference temperature T and Tr and a 
dimensionless factor aT.   

 
𝒍𝒏𝒂𝑻 = 𝒄(

𝟏

𝑻
−

𝟏

𝑻𝒓
) [8] 

where, 

 aT = Time – temperature shift function, 

 c  = Constant determined via regression analysis 

 T  = Temperature, oK 

 Tr  = reference temperature, °K 

 

The Arrhenius shift factor is valid over the colder temperature range associated with BBR testing 
whereas consideration to the use of a WLF or modified Kealble would be needed at the higher test 
temperatures.  The above equations are then combined with the Arrhenius equation for the 
expression of the shift factor and using a set 60 seconds for the relaxation time, this gives: 

 

𝑺(𝑻, 𝟔𝟎) = 𝑺𝒈

[
 
 
 

𝟏 + (
𝟔𝟎

𝝀𝒆𝒙𝒑[𝒄 (
𝟏
𝑻 −

𝟏
𝑻𝒓

)]
)

𝜷

]
 
 
 
−𝟏/𝜷

 [9] 

 

𝑻(𝑺, 𝟔𝟎) =

[
 
 
 
 
 

𝒍𝒏

(

  
 𝟔𝟎

𝝀 [(
𝑺𝒈

𝑺 )
𝜷

− 𝟏]

𝟏/𝜷


)

  
 

/𝑪 +
𝟏

𝑻𝒓


]
 
 
 
 
 
−𝟏

 [10] 

 



 

 

In our analysis of the parameters we have used the RHEA software to perform the fits of the CA 
equation using a “free shifting” technique as described by Gordon and Shaw (1994) with the detailed 
procedure as noted by Rowe (2014).  This method produces the a(T) shifts which are then fitted with 
an Arrhenius equation. 

Using these equations, a sequential method for obtaining Tc can be used.  We have used the 
example developed in the paper by Anderson et al. (2011).  In this example we computed values for 

Sg, , , Tr and Arrhenius constant as 2,638.1 MPa, 4,787.93 seconds, 0.183734, -18oC and 
29,680.4 respectively.  This data was for the “0” aging condition shown in Figure 29.  The method is 
summarized as follows: 

1. Obtain Sg, , , Tr and Arrhenius constant for the material (as noted above) 
2. Use T(S) to get Temperature for S=300 when loading time is fixed as 60 seconds [ = -16.9 C] 
3. Use t(m) to obtain the loading time when m=0.300 at the reference temperature [= 47.6 sec] 
4. Use S(t) to obtain the stiffness value when the loading time is associated with m=0.300 at the 

reference temperature [for t=47.6 sec, S(t)= 378.6 MPa at Tref] 
5. Use T(S) to obtain the temperature for the condition at which S(t) at the reference temperature 

corresponds to m=0.300 [S=378.6 which results in T(m) = -18.5oC] 

6. Subtract T(S) - T(m) to get Tc. [-16.9 - (-18.5) = +1.4] 
 

In Figure 29 we show a value of 1.5 degrees for ΔTc which compares to 1.4 from the equations – 
the differences are considered to be a consequence of minor rounding errors.  

 

ASSESSMENT OF MATERIALS 

 

Over the past few years the techniques of evaluation of Tc and G-R parameter have been applied 
to a number of materials that have some level of known performance.  This work specifically looked 
at the use of REOB materials but we have also made some comments on various other materials 
that have been evaluated in recent years. 

 

REOB 

Around 2015 a significant concern had been expressed about the use of REOB in asphalt binders.  
REOB is produced by re-refining lubricating oils used by vehicle engines that have to be replaced at 
least every 5000 to 10000 miles depending upon the type of vehicle being used.  Most of this oil is 
re-refined in a multi-step process, in which substances such as water, solids, lighter oils, dissolved 
metals, degraded additives are removed.  The oil bottoms from this process, called re-refined engine 
oil bottoms (REOB), have been used in the paving industry since the 1980s, typically at an addition 
rate of 3 to 10%.  In some locations, such as New England and parts of Canada, these products 
have been banned from use.  In Canada they have been suspected by various researchers as 
contributing to cracking propensity of binders.  As a consequence, industry (Bucher, 2015; Asphalt 
Institute, 2016; Mooney, 2015) and specifiers have established various task/working groups. 

An example of recent work by Bennert (2015) included results from tests on 8 binders (2 REOB 
sources – 6 modified binders and 2 controls).  The asphalt binder testing included; PG grading with 
Bending Beam Rheometer tests at both 20 and 40 hour of Pressure Aging Vessel (PAV) conditioning, 
master curves (on original, RTFO, PAV 20 hr., PAV 40 hr.).  The master curve enabled the 



 

 

computation of the Glover-Rowe and other rheological properties enabling the results to be 
compared to mix test results made with the same binder.  In this paper we show the results compared 
to the Texas Overlay Tester results (on mixture) which was developed in the 1980’s to assess 
cracking properties of asphalt mixes (Little et al., 1986). 

Bennert (2015, 2016) clearly shows  the change in Tc with higher percentages of REOB which 
in turn was related to the cycles to failure in the overlay tester (see Figure 30 and Figure 31).  A 
strong relationship is also shown clearly  for the rheological index (R) versus the cross over frequency 

(c) (see Figure 32) for the material as it goes through various conditioning processes.  These two 
parameters enable many of the other rheological parameters to be calculated such as the Glover-
Rowe parameter.  This parameter is shown in Figure 33 versus the cracking behaviour in the overlay 
tester. 

In his 2016 paper Bennert noted that asphalt binder testing using the “BBR” Tc, was found to be 
a very sensitive parameter when comparing the relative change in binder aging.  However, when 
comparing to field cracking, rather than the laboratory testing, Bennert (2017) noted that from the 
“two large field studies” he indicated that Glover-Rowe was the best rheological test related to 
cracking and showed promise as an asphalt binder test. 

 

 

Figure 30:  Tc versus % REOB (for source #1) (after Bennert, 2016) 

 



 

 

 

Figure 31:  Tc versus cycles to cracking in overlay tester (after Bennert, 2016) 

 

 

Figure 32:  R value vs. Cross-over frequency (Source #1) (after Bennert, 2016) 

 



 

 

 

Figure 33:  G-R parameter versus cracking in overlay tester (after Bennert, 2016) 

 

Rejuvenating Oils 

Rejuvenating agents can be used in a number of ways.  They can be incorporated in mixtures 
with high RAP contents or they can be  applied by spraying on existing pavements (especially used 
on porous mixtures). 

The use of rheological modelling of rejuvenation effects has occurred for a number of years using 

ad-hoc test methods.  The effectiveness of rejuvenation can be considered with either the Tc or G-
R approach at different aging levels.  A useful way to evaluate a rejuvenator is to consider a plot like 
that shown in Figure 32 (Bennert, 2015) which follows the same concept as originally proposed by 
Rowe (2012) for aging of binders. 

The measurement of binder properties within the linear visco-elastic (LVE) region using BBR and 
DSR devices followed by subsequent analysis of CA model parameters allows a strong mathematical 
basis for the determination of a series of parameters that can assist with the prediction of either 
thermal or durability cracking. 

An example is shown from an airport site in Europe that was treated with a rejuvenating agent as 
part of an investigation into maintenance strategies in Figure 35 and Figure 36.  In this study, core 
samples of the pavement before and after rejuvenation were evaluated.  A solvent extraction 
procedure was used to recover the binder from field cores for testing in both BBR and DSR devices. 

The application of a treatment can be seen to affect the R-value and the cross-over frequency 
(Figure 53).  With rejuvenation, both the R-value and cross-over frequency should change in an 
opposite direction to that associated with aging (see example in Figure 32 from Bennert on aging).  
Figure 35 shows the G-R parameters for these locations plotted in the Black space.  It can be noted 
that before treatment these materials tend to lie close to the cracking limit whereas after rejuvenation 
these materials tend to lie below the criteria established which would be indicative of a pavement 
without cracking. 



 

 

Also shown in Figure 35 are the values obtained for Tc which are all larger than the -5 proposed 
limit and would indicate material which is not susceptible to cracking.  Thus, if evaluated only on the 

basis of Tc this pavement might not be considered as a candidate for treatment whereas if 
evaluated using the G-R parameter then this pavement would be considered a candidate for 
treatment.  Clearly, these two parameters are suggesting different performance for this pavement. 

The two types of graphic representations shown in Figure 53 and Figure 35 provide an acceptable 
method for evaluation of the effectiveness of rejuvenators.  However, while rheological rejuvenation 
may be effective, the degree of inter-mingling of the rejuvenation treatment with the binder on the 
mix may be impacted by the relative hardness of the materials.  Thus, in addition to binder evaluation 
the testing of mixes and observation of pavement trials is often performed to confirm or question the 
trends observed in binder testing.  Regardless of that, for an effective rejuvenator the R-value should 

decrease and cross-over frequency should increase (see Figure 53).  Since R-value and Tc are 
strongly correlated we would also expect this value to increase as shown in this data set. 

 

 

Figure 53:  Effect on rheological parameters, R and cross-over frequency for two locations 
(European airport) - initial and after treatment 

 



 

 

 

Figure 35: Black space plot for two locations, European airport showing Glover-Rowe 
parameter and various criteria 

 

Recycled Asphalt Shingles (RAS) 

Considerable interest has been generated in the use of the Tc parameter for the determination 
of RAS binder properties.  As discussed earlier the document AASHTO PP78-16 (Design 
Considerations When Using Reclaimed Asphalt Shingles (RAS) in Asphalt Mixtures) incorporates 
specific guidelines for the evaluation of RAS asphalt binders.  The initial concept proposed a limit of 

-5 on the Tc parameter.  However, work conducted by NCAT (Turner, 2018) suggested this 
parameter might not function as a good criterion for a significant number of cases.  This was also 
noted in the recent NCHRP work completed (West et al., 2018), and West (2018) further noted that 

“several NCAT test sections call into question the validly of the Tc criterion.”  Several reasons are 
noted for this discrepancy such as the fact that the binder in the mix might not be mixed in the same 
manner as the binder following solvent extraction.  However, this difference may also be attributable 

to the fact that the temperature dependency captured by Tc does not define the stiffness of a 
product but rather defines the change in stiffness with temperature.  

 

SHAPE VERSUS POINT PARAMETERS 

 

In asphalt materials it has been recognised for a long period of time that it is necessary to describe 
material properties, either empirical or more fundamental measures such as rheology, over a range 
of temperatures to ensure that the temperature susceptibility of materials is captured.  In the 



 

 

Penetration-Softening point specifications that are still in use for conventional binders the selection 
of limits effectively controls the Penetration Index (PI) of the asphalt binder.  The PI effectively 
describes the temperate susceptibility of the binder and has been shown to be correlated to the 
rheological index from more complex testing by the orginal SHRP researchers (Christensen and 
Anderson, 1992).  The PI index cannot be used alone for the specification of a binder since it only 
describes the relationship with consistency and temperature and always two values are needed to 

specify the degree of consistency and the acceptable variation of this with temperature.  The Tc 
parameter should be viewed in the same manner.  Like the R-value it captures the shape of a 
relationship and specifically the shape of the S(t) curve with temperature as shown in Figure 29.  The 
Glover-Rowe parameter is calculated from a single value of the complex modulus and phase angle 
determined at a particular temperature and frequency.  Thus, this value can be regarded as a point 
parameter.  To develop a specification that has real value it is important that both the location and 
shape of the consistency/rheology curve is known. 

In the initial review of the G-R parameter, other parameters that described a geometric shape in 

the Black space diagram were reviewed.  For example, a discussion on the use tan followed the 

presentation by Reese and Goodrich (1993) and a function that considers G*.tan could be 
considered close to that described by the G-R parameter.  These have been examined and it is 
concluded that the interesting characteristic of the G-R parameter in the Black-Space plots is that it 
forms a criterion that is approximately perpendicular to the direction that a point value moves with 
increasing aging/conditioning, thus ensuring a good definition of a product as having reached a 
critical value. 

As more materials have been reviewed using Tc and the G-R parameter we have noted that the 
relationship suggested by the orginal work does not hold for all materials.  This is due to the fact that 

the Tc is a shape parameter and captures only the curvature of the rheology relationship in a similar 
way.  Figure 36 shows a range of different materials that reflect common binders in use.  The data 
represented by the “Airport Study Binders” in the paper by Anderson et al. (2011) represents several 

aging conditions with the lower Tc values and the higher G-R values having the longer conditioning 
times in the PAV device.  When presented in 2011 this suggested that a unique relationship might 

exist between the Tc and G-R values.  The validation points (Roundup, Clayton and Conchas Lake) 
lie close to the relationship obtained the data from the binders at the various aging conditions used.  
The data represented by the “SHRP Core Binders” are from the PAV aging condition of eight asphalts 
(bitumens) used in the SHRP program and designated as core asphalt binders (Mortazavi and 
Moulthrop, 1993). While a couple of these show the same relationship as for the “Airport Study 
Binders” it has also to be noted that most of these binders do not fit that relationship.  We have added 
three more binder types on this plot; asphalt rubber (AR), SBS modified binder (approximately 4% 
SBS) and a Polyphosphoric Acid (PPA) modified bitumen.  The data for the elastomeric modifications 

(SBS and AR) have lower G-R values while the Tc values tend to be more negative (binders are 
20 hour PAV aged).  These materials lie below the orginal relationship developed.  The PPA modified 
binder was evaluated unaged, after RTFOT, 20-hour PAV and 40-hour PAV conditions.  The higher 

aging results have lower Tc values and higher G-R values.  The asphalt mixture constructed with 

this binder was prone to field cracking in its early service life.  However, the Tc for this binder after 
PAV aging of 20-hours would be compliant with the greater than -5oC criteria being considered. 



 

 

 

Figure 36:  G-R parameter compared to Tc for a range of different binders with varying 
rheology 

 

SUMMARY 

 

Several rheological parameters have been presented that have strong correlations with each other 

and field performance, namely the Tc parameter (from either 4mm rheology or BBR data), the 
Glover-Rowe (G-R) parameter, R (rheological index) and cross-over frequency. 

All of these parameters can be interrelated from understanding the relationship between loading 

time (or frequency) and temperature.  However, it should be noted that the G-R and the Tc have 

both been related to durability characteristics whereas the R and c capture different features of the 

master curve.  R captures the shape and c captures an equivalent stiffness/hardness of the binder.  

The Tc is an easy parameter to derive since it is effectively part of the data measured with standard 
PG binder evaluation.  The G-R parameter could be interpreted from an existing PAV data set (BBR 
and DSR) but is anticipated to be more accurately defined by conducting a test at an alternate 
condition.  The testing scheme could include single or multiple measurement points and while some 
testing has been conducted at 15oC – this could easily be translated to another temperature and 
frequency using rules of time-temperature supposition. 

Another way to consider the master curve is by considering the data in frequency or time domain. 
The time domain is typically used with BBR to assess the critical values of S(t) and slope-m which 
are specified in the AASHTO M320 specification. Using the principles of time-temperature 

superposition the value of time in seconds can be translated to a Tc. The Tc value can be simply 
computed from the shape parameters describing the shape of the mastercurve along with the shift 
factor relationship. It should be noted that the position of the point where m=0.300 depends upon the 
shape of the mastercurve (for example the R-value) and magnitude of the other parameters that are 
used to define the shape of the master curve. Consequently, the R-value would not be expected to 

produce a correlation as a sole parameter with the Tc value, but the Tc value is absolutely 



 

 

dependent upon the R-value and additional defining parameters such as the glassy modulus and 
temperature shift factors. 

It is important to understand the type of parameter being defined when considering use in 

specifications.  The R-value and Tc are both measures of the shape of a master curve and 
effectively define the variation of modulus in either a time/frequency or a temperature domain.  Alone, 
these cannot be used since they do not define the stiffness of a product.  A second parameter is 
required to effectively anchor the line to a certain stiffness value.  This second point needs to be a 
point parameter such as the Glover-Rowe parameter.  
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Synopsis 

Gap- and open-graded mixes produced with asphalt rubber binder containing large (up to 

2.36 mm), incompletely digested recycled tire rubber particles have proven to provide 

durable, crack resistant pavements in California and are extensively used as wearing courses 

in the state.  Wider use in the United States is, however, limited because of past problems 

with producing the binder and placing the mixes.  The current Superpave Performance 

Grading (PG) testing methods are also not appropriate for measuring the properties of 

binders that contain particulates larger than 250 µm, which limits the ability of road agencies 

to conduct consistent quality assurance testing.  The large rubber particles used in binders 

in California can contact the dynamic shear rheometer parallel plates and dominate the 

measured rheology results. An alternative method using a concentric cylinder geometry with 

6 mm and 9.5 mm gaps was investigated and compared with the parallel plate geometry.  

Modifications to the rolling-thin film oven test to better simulate short-term aging of the 

binder, and refinements to specimen preparation procedures for the pressure aging vessel 

and bending beam rheometer tests, have also been proposed to better reflect the properties 

of asphalt rubber binders.  ANOVA results confirm that the new geometry and test and 



 

 

specimen preparation refinements are potentially appropriate for asphalt rubber binder tests 

at high, intermediate, and low temperatures.  A provisional test method for the concentric 

cylinder geometry has been prepared, and testing with a report-only requirement has been 

implemented on all asphalt rubber projects in California for the 2018 and 2019 paving 

seasons.  This paper provides an overview of the research conducted and implementation of 

the findings. 

Keywords:  Asphalt rubber binder, performance grade testing 

 

 

I. INTRODUCTION 

Asphalt rubber binder contains crumb rubber modifier (CRM), which is produced from scrap tires 

and other rubber products. Adding crumb rubber particles to asphalt binder increases the viscosity, 

complex modulus, softening point, and elastic recovery, but decreases the penetration and ductility. 

Research and experience (-3) has shown that asphalt rubber binder can improve mix performance 

in terms of both rutting and cracking resistance and in terms of longer fatigue life. Its use is therefore 

often more cost-effective than conventional asphalt, with studies showing that rubberized asphalt 

concrete pavements can have life-cycle costs up to 6.3% lower than conventional asphalt concrete 

pavements. Environmental benefits are also considerable in terms of reuse of tires, with about three 

million tires used per year to produce asphalt rubber binder in California alone (4). 

Although the advantages of paving with rubberized asphalt are numerous, its wider use is often 

limited because the current Superpave Performance Grading (PG) procedures are not appropriate 

for evaluating asphalt binders that contain particulates. Since the rubber particle size is greater than 

250 microns, the modified binder cannot be tested or performance graded with sufficient accuracy 

using parallel plate geometry, due to the effects of the particulate matter on the torque and strain 

response of the binder. The test results could potentially be dominated by individual larger rubber 

particles rather than the asphalt rubber binder as a whole. The following factors could also affect the 

parallel plate test results: 

1. Change of temperature gradient when the gap is increased to accommodate the larger particle 

size. 

2. Poor trimming due to the increased gap size and presence of larger rubber particles. 

3. Unrepresentative measurements due to the increased gap size and edge-effect issues. 

4. Questionable rheological measurements given that the gap size should be at least four times 

the maximum particle size based on AASHTO T 315.  When using the parallel plate geometry, 

the modulus is proportional to the sample radius to the power of four. A 2% error in radius 

implies a 16% error in modulus. 



 

 

 

Given these limitations, alternative geometries that will provide a realistic indication of the binder 

rheology have been investigated.  The concentric cylinder or “cup-and-bob” geometry with a 6.5 mm 

gap appears to be the most appropriate (5-7). Baumgardner and D’Angelo (5) tested binders 

produced with crumb rubber particles up to 840 microns in size at high temperatures (64°C, 70°C, 

76°C) and obtained results indicating that the geometry is a suitable alternative to the 1 mm-gap 

parallel-plate geometry 5. Hung et.al (6,7) compared the concentric cylinder geometry with the 1 mm 

and 2 mm plate geometries using unmodified, polymer-modified, and rubber-modified binders 

prepared with various rubber particle sizes.  Satisfactory results were also obtained at high and 

intermediate temperatures. 

One issue identified during earlier asphalt rubber binder testing at the University of California 

Pavement Research Center (UCPRC) with the concentric cylinder geometry was accurate simulation 

of short- and long-term aging processes in the laboratory (8). The standard rolling thin film oven 

(RTFO) test, used to simulate aging during mix production and placement, is carried out at 163°C, 

which simulates typical mix production temperatures.  However, rubberized asphalt concrete is 

typically produced at temperatures around 190°C and consequently the applicability of the lower 

temperature test was questioned, given that studies have shown that temperature significantly 

effects viscosity and swelling and degradation of the rubber particles (9,10).  Problems with even 

coating of the bottle and bottle leakage at the lower temperatures were also noted when conducting 

the test.  These concerns prompted review and refinement of the RTFO testing procedures (8). 

Issues were also identified with low temperature tests, specifically with producing beams for 

bending beam rheometer (BBR) testing.  The prescribed mould configuration has a very narrow gap 

that is not conducive for pouring stiffer binders with large particulates, resulting in incomplete filling 

of the mould and beams that are often irregular in shape and that contain bubbles.  These concerns 

prompted review and refinement of the BBR specimen preparation procedures (8). 

This paper summarizes recent research on the development of performance grading testing 

procedures for testing asphalt rubber binders containing large rubber particles. This research is part 

of a larger UCPRC study for the California Department of Transportation (Caltrans) and Department 

of Resources, Recycling and Recovery (CalRecycle) to develop performance-based specifications 

for asphalt rubber binder. The objectives of this part of the study and this paper were to continue 

validation of the concentric cylinder geometry as an appropriate method for testing asphalt rubber 

binders and to refine the RTFO, pressure aging vessel (PAV) and BBR tests to better accommodate 

the properties of the binder. 

II. MATERIAL AND EXPERIMENTAL DESIGN 

Three unmodified binders, two terminal blended tire rubber (TR) modified binders, and two 

styrene-butadiene-styrene (SBS) polymer modified binders from various refineries were tested along 

with five asphalt rubber binders from two producers. Table 1 summarizes the binder information and 

test plan.  



 

 

Binders with particles smaller than 250 microns were tested using both standard parallel plate 

geometry and concentric cylinder geometry at high and intermediate temperatures. The five asphalt 

rubber binders were tested with concentric cylinder geometry only, based on earlier testing that 

showed accurate rheology determinations could not be made on binders containing particles up to 

2.36 mm using parallel plate geometries (6,7). 

An Anton Paar Modular Compact Rheometer 302 was used to run the high and intermediate 

temperature test according to AASHTO M 315. A parallel plate geometry with standard 25-mm plate 

and 1-mm gap was used for original and RTFO-aged binder tests, while a standard 8-mm plate with 

2-mm gap was used for PAV-aged binder tests. 

A. Concentric Cylinder Geometry 

The concentric cylinder geometry used a 29-mm cup with different bob sizes to provide different 

gaps to accommodate the rubber particles in the binder. Gaps need to be large enough to satisfy the 

physics of the tests (11), while ensuring that the gap is not so large that inconsistencies in shear 

stress and shear rate result in flow instabilities and inhomogeneous deformation behaviour that lead 

to inaccurate determinations of the visco-elastic properties (12). Consequently, calibration with a 

certified reference fluid was undertaken to determine appropriate gaps and sample amounts. A 17-

mm bob provided a 6 mm gap for original and RTFO-aged binder tests at high temperatures (above 

58°C), while a 10-mm bob provided a 9.5-mm gap for PAV aged binder tests at intermediate 

temperatures (20°C to 40°C). A graphic of the concentric cylinder geometry and photograph of the 

concentric cylinder with 10 mm bob are shown in Figure 1. The binder sample should just cover the 

head of the bob. 

The sample shear stress (τ) and shear strain (ϒ) are measured around the connection between 

the bob and the bob spindle. The calculations are slightly different to the parallel-plate geometry, as 

shown in Equations 1 and 2 (6). 

𝝉 =
𝑻

𝟐𝝅𝒉𝑹𝒃
𝟐 (1) 

𝜸 =
𝜽𝑹𝒃

𝑹𝒄−𝑹𝒃
 (2) 

 

Where: T = torque; 

Rb and Rc = radius of bob and cup, respectively 

 = angular rotation of bob 

 

 

 

 



 

 

TABLE I.  BINDER TESTING PLAN 

Binde
r 
ID 

Binder 
Type 

Modifier 
Geometry 

PP1 PP2 CC6 
CC9.
5 

BBR
1 

BBR
2 

UM-A PG64-16 None 
UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

UM-B PG64-16 None 
UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

UM-C PG64-16 None 
UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

PM-A 
PG64-
28PM 

SBS 
UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

PM-B 
PG64-
28PM 

SBS 
UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

TR-A 
PG64-
28TR 

Fully digested 
CRM 

UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

TR-B 
PG64-
28TR 

Fully digested 
CRM 

UNAGED 
RTFO 

PA
V 

UNAGED 
RTFO 

PAV PAV PAV 

AR-A PG88-16 CRM <2.36 mm NA NA 
UNAGED 
MRTFO 

PAV NA PAV 

AR-B PG82-22 CRM <2.36 mm NA NA 
UNAGED 
MRTFO 

PAV NA PAV 

AR-C PG88-22 CRM <2.36 mm NA NA 
UNAGED 
MRTFO 

PAV NA PAV 

AR-D PG88-16 CRM <2.36 mm NA NA 
UNAGED 
MRTFO 

PAV NA PAV 

AR-E PG88-16 CRM <2.36 mm NA NA 
UNAGED 
MRTFO 

PAV NA PAV 

Note: PP1=1-mm-gap parallel plate; PP2=2-mm-gap parallel plate; CC-6= 6-mm-gap 
concentric cylinder; CC-9.5 =9.5-mm-gap concentric cylinder; BBR1=standard BBR 
mould; BBR2=modified BBR mould; MRTFO= modified RTFO test: NA= not available due 
to particle size. 

 

  



 

 

Fig. 59. Concentric cylinder geometry. 

No trimming is necessary when using the concentric cylinder geometry, which is an advantage 

over parallel plate geometry. However, the concentric cylinder setup requires considerably more 

binder and equilibrium temperature control takes longer (up to 20 minutes for high temperature 

conditioning, and 30 minutes for intermediate temperature conditioning). 

III. MODIFICATIONS TO THE RTFO TEST 

Three modifications were made to the RTFO aging procedure to better simulate production 

conditions (8): 

 The aging temperature was increased from 163°C to 190°C in line with asphalt rubber 

production temperatures. This also resulted in better coating of the RTFO bottles as shown in 

Figure 2. 

 RTFO bottles are preheated to 190°C for 10 minutes prior to pouring the binder to promote 

quicker coating of the bottle. 

 The sample size was increased from 35 g to 45 g to better reflect the actual asphalt binder 

content. Asphalt rubber, by definition in California (13), contains between 18 and 22% rubber 

by weight of the binder.  Consequently, a 35 g sample will consist of between 27.3 g and 28.7 g 

of asphalt.  Increasing the sample size to 45 g allows the equivalent required quantity of 

asphalt binder to be tested and ensures that an adequate film thickness can be achieved on 

the sides of the bottle. A comparison of the coating at the two temperatures is shown in 

Figure 2. 

 

Binder film thickness were checked during test development and were found to be consistent with 

the thickness of films of 35 g conventional binder samples tested at 163°C.  Changes in the chemical 

composition of the binders after RTFO-aging were assessed using a Bruker Alpha Fourier 

transformed infrared spectroscope in attenuated total reflection mode (FTIR-ATR) (8).  Due to space 

limitations, results of this testing are not discussed in this paper. 

 

  
a)  35 g at 163°C b)  45 g at 163°C 



 

 

  
c)  35 g at 190°C d)  45 g at 190°C 

Fig. 60. RTFO aging comparison for asphalt rubber binders. 

IV. MODIFICATIONS TO THE PAV TEST 

The following two modifications were made to the PAV aging procedure to better simulate long-

term aging conditions (8).  Test temperature and pressure was not changed given that field conditions 

would be the same for any type of mix. 

 The sample size was increased from 50 g to 63 g to better reflect the actual asphalt binder 

content, consistent with the reasoning provided for RTFO testing, to ensure that an adequate 

film thickness can be achieved on the bottom of the pan. The AASHTO R 28 test method 

recommends an average minimum film thickness of 3.2 mm (average of 8 measurements in 

the pan). 

 PAV pans are preheated to 190°C for 10 minutes prior to pouring the binder to promote quicker 

coating of the pan. 

 

Binder film thickness were checked during test development and were found to be consistent with 

the thickness of films of 50 g conventional binder samples and close to the limits prescribed in 

AASHTO testing procedures.  A comparison of the pan coating for the two different sample sizes, 

shown in Figure 3, revealed average film thicknesses of 0.9 mm and 3.5 mm for the 50 g and 63 g 

samples, respectively.  The 50 g sample resulted in an 80% coverage of the pan, compared to 100% 

coverage of the pan for the 63 g sample.  The slightly thicker average film thickness was attributed 

to the presence of partially digested rubber particles. 

V. MODIFICATIONS TO THE BBR SPECIMEN PREPARATION PROCEDURE 

The mould for producing BBR specimens was modified to facilitate pouring the stiffer binder 

containing partially digested rubber particles.  This new mould allows pouring and spreading the 

binder in the beam width-dimension as opposed to the thickness-dimension as shown in Figure 4.   



 

 

  
a)  50 g sample b)  63 g sample 

Fig. 61. RTFO aging comparison for asphalt rubber binders. 

 

  

Fig. 62. Conventional mould and beam (top) vs. modified mould and beam (bottom). 

 

Beam size does not change.  This ensures that the mould can be completely filled, and that there 

are no gaps in the corners, and no bubbles.  Care must be taken during trimming (a sharp blade is 

slid across the edges of the mould) to ensure that the beam retains the required dimensions.  

Careless trimming can influence the results given that the stiffness modulus is negative third-power 

of the beam thickness (Equation 3) (14). Any irregularities in thickness will therefore have a notable 

impact on the results.  The revised specimen preparation procedure was found to consistently 

produce acceptable beams that provided consistent, repeatable, and reproducible results (8). 

 

𝑺(𝒕) =
𝑷𝑳𝟑

𝟒𝒃𝒉𝟑𝜹(𝒕)
 (3) 

 

Where: S(t) = time-dependent flexural creep stiffness (MPa) 

P = constant load (N) 

L =span length (mm) 



 

 

b =width of beam (mm) 

h =thickness of beam (mm) 

δ(t) =deflection of beam (mm) 

δ(t) and S(t) =  the deflection and stiffness, respectively as a function of time. 

 

VI. EXAMPLE TEST RESULTS 

A. High and Intermediate Temperature Tests 

1) Comparison of Parallel Plate and Concentric Cylinder 
The first task in this phase of the testing was to compare the concentric cylinder geometry with 

standard parallel plate geometry. The high temperature rheology tests for the unmodified, TR-

modified, and SBS-modified binders were run at 64°C and the results are summarized in Figure 5. 

Asphalt rubber binders were not tested in this phase given the known limitations of testing binders 

containing large particulates in the parallel plate geometry.  The G*/sin δ values were essentially the 

same for the two geometries. The G*/sin δ values of the unaged modified binders were higher than 

those of the unmodified binders as expected, indicating that the TR and SBS additives increased 

binder stiffness at higher temperatures. RTFO aging increased the stiffness of all the binders as 

expected, with degree of stiffness change dependent on binder source. 

 

  
Unaged RTFO Aged 

Fig. 63. G*/sin δ comparison of concentric cylinder and parallel plate geometries. 

PAV-aged binders were tested at intermediate temperature (25°C) and the results are shown in 

Figure 6. The two geometries again provided similar G* × sin δ values.  The unmodified binders were 

stiffer than the modified binders after aging, and therefore more susceptible to oxidative aging. 

The differences between parallel plate geometry and concentric cylinder geometry are shown in 

Table 2. According to AASHTO T 315, the acceptable ranges for single-operator precision are 6.4% 

for unaged binder, 9.0% for RTFO-aged binder, and 13.8% for PAV-aged binder. The results confirm 
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these two geometries were within the standard single-operator precision range. The parallel plate 

geometry provided slightly more consistent results for the unaged and RTFO-aged binders, with 

variance ranging between 0% and 1.9% compared with the concentric cylinder geometry variance 

of between 0.1% and 4.0%. The relatively large variance for the concentric cylinder was attributed to 

surface deformation on the sample as a result of rotational forces at the higher temperatures. 

However, the concentric cylinder results were slightly better for the intermediate temperature testing 

on PAV-aged binders, where surface deformation did not occur on the stiffer binders.  Binders in this 

condition are also more difficult to trim in the parallel plate geometry, which can lead to greater 

variation in results. 

 

Fig. 64. PAV-aged G*·× sin δ comparison of concentric cylinder and parallel plate geometries. 

VARIATION IN MEASUREMENTS BETWEEN PARALLEL PLATE AND CONCENTRIC CYLINDER. 

Binde
r ID 

Unaged binder RTFO-Aged Binder PAV Aged Binder 

Variance 
Diff. 

Variance 
Diff. 

Variance 
Diff. 

PP1 CC6 PP1 CC6 PP2 CC9.5 

UM-A 
UM-B 
UM-C 
TR-A 
TR-B 
PM-A 
PM-B 

0.0 
0.3 
0.0 
1.4 
1.3 
0.4 
0.4 

3.5 
0.6 
0.7 
4.0 
0.3 
0.5 
2.3 

+0.6 
-1.6 
-2.6 
+1.5 
-2.0 
+2.4 
+1.3 

1.5 
0.0 
1.9 
0.2 
1.2 
0.3 
0.2 

0.1 
0.3 
3.3 
0.9 
0.6 
2.5 
1.5 

-2.2 
-2.1 
-2.0 
+2.8 
+0.1 
+2.0 
-3.3 

11.8 
8.3 
7.0 
0.8 
1.8 
0.1 
5.9 

1.0 
6.6 
6.1 
4.6 
2.8 
2.5 
2.0 

-9.3 
-0.3 
-2.4 
+5.5 
+2.0 
-2.1 
-6.5 

Note: Sign “+” indicates the PP geometry result higher than CC geometry result, sign “-
” indicates the reverse. 

 

The differences between parallel plate geometry and concentric cylinder geometry ranged 

between 0.6% and 2.4% for unaged binders, 0.1% and 3.3% for RTFO aged binders, and 0.3% and 

9.3% for PAV aged binders. The concentric cylinder geometry did not show a constant upper or lower 

offset as did the parallel plate geometry, indicating that the new geometry did not introduce any 

equipment error in the torque ranges tested. 
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Results from the two geometries were compared with a single factor ANOVA analysis. The 

rheology parameters G*/sin δ for unaged and RTFO-aged binders and G* × sin δ for PAV-aged 

binders were selected as the dependent variables, and geometry was set as the independent 

variable. The original data was normalized to eliminate any binder type impacts. The UM-A test 

results were chosen as the base value and the results for the other binders normalized to this within 

each geometry. The normalized data are shown in Table 3. The ANOVA analysis indicated that the 

results from the two geometries were not significantly different at a 95% confidence interval for all 

aging conditions. 

2) Asphalt Rubber Binder Tests using Concentric Cylinder 
Based on the results of the above comparison, it was concluded that the concentric cylinder 

geometry was appropriate for testing asphalt rubber binders and that representative results could be 

obtained. The modified RTFO- and PAV-aging procedures described above were used for this round 

of tests. The high temperature test was run at the base binder high PG limit of 64°C to compare with 

the UM, TR and SBS binders. Figure 7 summarizes the high and intermediate temperature test 

results. 

ANOVA RESULTS FOR THE TWO GEOMETRIES 

Binder ID 
Unaged binder RTFO binder PAV binder 

PP1 CC6 PP1 CC6 PP2 CC9.5 

UM-A 
UM-B 
UM-C 
TR-A 
TR-B 
PM-A 
PM-B 

1.00 
1.13 
0.93 
2.68 
1.15 
1.67 
1.68 

1.00 
1.18 
1.00 
2.64 
1.22 
1.62 
1.66 

1.00 
0.70 
0.53 
1.21 
0.76 
1.00 
1.20 

1.00 
0.71 
0.53 
1.09 
0.73 
0.91 
1.23 

1.00 
1.11 
1.68 
0.28 
0.34 
0.40 
0.15 

1.00 
0.93 
1.46 
0.20 
0.27 
0.35 
0.14 

ANOVA    

F 
P value >F 

0.001 
0.976 

0.046 
0.833 

0.090 
0.770 

Note: α=0.05 
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High temperature tests Intermediate temperature tests 

Fig. 65. Asphalt rubber binder PG test results. 

The unaged and RTFO-aged asphalt rubber binders were significantly stiffer compared to the UM, 

TR and SBS binders. There was also a considerable difference between the different sources. RTFO 

aging increased the G*/sin δ values by between 1.6 and 3.0 times that of the unaged condition, with 

an average increase of 2.4 times.  Given that RTFO-aging typically increases the stiffness of 

unmodified binders by a factor of 2.2, the average increase of 2.4 for the asphalt rubber binder aged 

using the modified procedure appears reasonable. There was a much small difference in the 

stiffnesses of the PAV-aged binders across the different sources, which implies that stiffness may 

normalize in the longer-term regardless of source. The asphalt rubber binders all had intermediate 

temperature stiffnesses less than 5,000 kPa, significantly lower that the equivalent UM binders.  This 

was attributed in part to asphalt rubber binders being potentially less susceptible to oxidative aging, 

supported by field observations in California, and partly due to changes in the stiffness of the rubber 

particles being less sensitive to temperature changes than unmodified binders. 

The repeatability of testing asphalt rubber binders with the concentric cylinder geometry was also 

investigated.  Table 4 shows that the variances were all well within the acceptable standard single-

operator precision level. The average variance of the PAV-aged binder tests was larger than the 

variances for the RTFO-aged and unaged binders, similar to the values observed for the parallel 

plate geometry tests. This was attributed to the stiffer PAV-aged binders being more difficult to 

prepare.  The lower variances on the RTFO-aged binders compared to the unaged binders was 

attributed to the mechanism associated with continued swelling of the rubber particles at the high 

aging temperature, during which they absorb the light phases from the asphalt, which in turn 

decreases the free space between the rubber particles to form a gel-like matrix, which appears to be 

a more stable structure than the unaged binder (14). 

REPEATABILITY RESULTS FOR CONCENTRIC CYLINDER GEOMETRY 

Binder Variance 

Unaged RTFO-Aged PAV-Aged 

AR-A 
AR-B 
AR-C 
AR-D 
AR-E 

2.3 
1.7 
5.4 
0.6 
0.3 

1.1 
0.7 
0.1 
0.8 
2.4 

6.8 
5.9 
4.2 
2.8 
2.1 

Average Variance 2.0 1.0 4.4 

AASHTO Standard 
Variance 

≤ 6.4 ≤ 9.0 ≤13.8 

 

B. Low Temperature Tests 

The UM, TR, and SBS binder beams were fabricated using both the modified and standard moulds 

to verify that there was no significant difference between the two. Only the new mould was used to 



 

 

prepare the asphalt rubber binder beams. All specimens were tested according to AASHTO T 313 

and the results are summarized in Figure 8. 

 

  
Creep stiffness m-value 

Fig. 66. BBR test results at measured temperature. 

The difference in results between the two moulds used for the UM, TR, and SBS binders was very 

small with no constant up or down offsets, which provided confidence in the test results for the asphalt 

rubber binder tests that only used the modified mould.  All binders had stiffnesses lower than 

300 MPa and m-values larger than 0.30 at the measured temperatures, which were within typical the 

ranges for these binders. A single factor ANOVA was used to analyse the effect of the mould. The 

rheology parameters (stiffness and m-value) were selected as the dependent variables, and the 

mould type was chosen as the independent variable. The binder type factor was eliminated by 

normalizing the raw data, using the UM-A data as the base. The ANOVA data are shown in Table 5, 

which confirms that specimens prepared with the two moulds were not significantly different at a 95% 

confidence interval. 

ANOVA OF NORMALIZED BBR DATA FOR CONVENTIONAL AND MODIFIED BEAM MOULDS 

Binder ID 
Normalized stiffness Normalized m-value 

Conventional Mould Modified Mould Conventional Mould Modified Mould 

UM-A 
UM-B 
UM-C 
TR-A 
TR-B 
PM-A 
PM-B 

1.000 
1.158 
2.286 
1.890 
1.686 
1.920 
0.584 

1.000 
1.264 
1.935 
1.765 
1.632 
1.880 
0.540 

1.000 
1.207 
1.153 
1.012 
0.961 
0.956 
0.944 

1.000 
1.261 
1.163 
1.071 
1.002 
0.991 
1.000 

ANOVA   

F 
Pr>F 

0.058 
0.814 

0.421 
0.529 

Note: α=0.05 
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The asphalt rubber binder beams showed relatively low creep stiffness at the measured 

temperatures, which in turn resulted in little or no change to the low-temperature properties, but did 

complicate value determinations given that small differences in creep stiffness can result in large 

variances (15).  The repeatability of using the modified beam mould is shown in Table 6.  The results 

using the modified beam mould were within the standard single-operator for all binders, which 

indicates that repeatability is acceptable. 

VARIANCE OF BBR RESULTS USING THE MODIFIED BEAM MOULD 

Varianc
e 

Binder ID AASHT
O 
Standar
d 
Varianc
e 

UM-
A 

UM-
B 

UM-
C 

TR-
A 

TR-
B 

PM-
A 

PM-
B 

AR-
A 

AR-
B 

AR-
C 

AR-
D 

AR-
E 

Stiffnes
s 
m-value 

1.8 
0.2 

3.3 
2.9 

4.4 
0.1 

1.4 
0.6 

3.7 
1.6 

2.3 
0.5 

2.4 
2.0 

6.0 
1.0 

5.2 
2.5 

4.0 
0.5 

1.2 
0.0 

2.0 
3.0 

≤ 7.2 
≤ 2.9 

VII. CONCLUSIONS 

Asphalt rubber mixes have been successfully used in California for more than 20 years, with clear 

benefits in terms of cracking resistance and durability.  However, quality control of these binders is 

difficult, given that standard procedures for determining the performance grade are not appropriate 

for binders containing particulates.  This paper summarizes ongoing testing to develop a PG grading 

method for asphalt rubber binders, with focus on dynamic shear rheometer geometry (concentric 

cylinder with 6 mm or 9.5 mm gap instead of parallel plate with 1 mm or 2 mm gap), RTFO-aging 

procedures (45 g instead of 35 g sample size to ensure same asphalt quantity is tested, and 190°C 

instead of 163°C test temperature to represent field production), PAV-aging procedures (63 g instead 

of 50 g sample size) and BBR specimen preparation procedures (width-dimension pouring instead 

of thickness-dimension to obtain more consistent beams).  The following conclusions were drawn: 

 Results from tests on conventional binders with no particulates using both the concentric 

cylinder and parallel plate geometries were statistically the same at high and intermediate 

temperatures, indicating that the concentric cylinder is appropriate for testing asphalt rubber 

binders as well.  Rheology results for asphalt rubber binders tested using this geometry 

appeared to be realistic. 

 The modified RTFO- and PAV-aging tests appear to provide more realistic and consistent 

results for asphalt rubber binders compared to the conventional methods. 

 Results from tests on conventional binders with no particulates using both the conventional 

and modified BBR specimen preparation mould were statistically the same, indicating that the 

modified mould is appropriate for preparing asphalt rubber binder beams as well.  Creep 

stiffness and m-value results for asphalt rubber binders tested using beams prepared in the 

modified mould appeared to be realistic. 

 



 

 

Based on these promising results, further testing is currently being conducted to relate asphalt 

binder properties determined using the procedures discussed in this paper to mix properties 

determined using a range of performance-related tests.  The results will be used to develop 

Performance Grading criteria for asphalt rubber binders that are representative of likely performance 

at high, intermediate, and low temperatures and various stages of aging. 
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Synopsis—Over the last decade, a significant amount of research has been conducted in 

the New England region of the United States to better understand fatigue and thermal 

cracking in asphalt concrete pavements. Approaches have been developed to evaluate the 

rheological, fatigue, and fracture properties of asphalt mixtures and binders to assist in 

material evaluation and selection at the mixture design stage.  Complex modulus is measured 

on binders and mixtures for rheological characterization; performance graded (PG) binder 

parameters S and m are predicted and master curve shape parameters and Glover-Rowe 

index for both binders and mixtures are evaluated.  Fatigue properties are measured using 

uniaxial direct tension cyclic testing and analysis is done using the simplified viscoelastic 

continuum damage approach (S-VECD).  Fracture properties are measured using Semi-

Circular Bend (SCB) and Disk-Shaped Compact Tension (DCT) tests at intermediate and low 

temperatures, respectively.  Additionally, work has been done to investigate the impact of 

aging on these properties to evaluate their evolution over time and how cracking 

susceptibility changes.  These properties are used in pavement performance evaluation 

models to predict damage in a specific pavement structure subject to a particular 

combination of traffic and environmental loadings.  A substantial database of these 

properties for a wide range of mixtures that include various aggregate gradations and sizes, 

binder PG grades, recycled material contents, and binder modifiers has been developed from 

the different laboratory tests and analysis. This paper also provides an overview of the 

various material properties and parameters that have been used in these evaluations and 

relationships between fundamental and engineering binder and mixture properties. 

 
Keywords— complex modulus; fracture properties; S-VECD fatigue; rheological property; 

cracking;  DCT; SCB 

 

 

I. INTRODUCTION 

 

A. Background 

Asphalt mixture as the top most layer in the pavement structure is prone to different types of 

structural distresses such as rutting, fatigue and thermal cracking. These distresses affect ride 

quality and allow water to penetrate from the surface to underlying base and soil layers, decreasing 

the serviceability of the pavement, elevating the chance of road accidents and requiring 

considerable amount of taxpayers’ money on frequent maintenance or rehabilitation. The American 

Society of Civil Engineers [1] estimates that deteriorating roads are costing taxpayers $67 billion 

per year.  In the Northern part of the US, fatigue and thermal cracking are the most prevalent 

distresses. To address issues related to cracking, it is paramount to understand how various 

properties of the mixtures affect performance to be able to make better decisions in terms of material 

selection and design. It has been well recognized in the literature and through field observations 

that asphalt material’s resistance to cracking decreases with time as it ages in the field, due to the 



 

 

decrease of the relaxation capability and increase in the brittleness of the asphalt binders and 

mixtures. The Federal Highway Administration (FHWA) has continued to encourage the use of 

recycled material (popularly in the form of reclaimed asphalt pavement (RAP) and recycled asphalt 

shingles (RAS)) in the construction of highways due to the economic and environmental benefits 

associated with its use. There are concerns regarding the durability and performance of asphalt 

mixtures containing RAP and/or RAS, due to the already aged binder in these mixtures that has 

potential to increase the cracking susceptibility. 

 

B. Research Group Philosophy and Overall Goals 

The research team at the University of New Hampshire (UNH) has focused efforts on 

understanding and addressing concerns regarding durability and cracking performance of asphalt 

mixtures in the laboratory and in the field. The approach includes laboratory characterization of both 

binder and mixture properties (linear viscoelastic, fatigue, and fracture) combined with mechanistic  

models and pavement evaluation systems.  Linear viscoelastic characterization is used to evaluate 

changes due to mixture composition and aging and as an input for pavement distress models to 

better understand the relationship between linear viscoelastic and fatigue/fracture properties to 

pavement performance. A range of performance tests evaluating the fracture and fatigue properties 

over a range of temperatures are also employed. Mechanistic performance indices have been 

developed and used to compare various material combinations and provide an indication of 

expected field performance.  Additionally, the results of various tests are combined with pavement 

structural evaluation using traffic and environmental loadings to predict and evaluate performance 

over time and compare with actual field performance.  

The overall goal of research team is to improve the efficiency and reliability of both pavement 

and asphalt mixture design. This in-turn will ensure the performance enhancement of already 

existing and newly constructed roads. The knowledge and tools obtained through the research has 

been providing owner agencies the capacity to adopt performance based specifications and explore 

performance engineered mix design approaches. The knowledge of material properties are of 

benefit to the construciton contractors in improving the selection of material to achieve the specified 

performance. This will consequently result in longer lasting roads and a more judicious utilization of 

public funds. 



 

 

 

C. Testing and Evaluation Approaches 

To accomplish the goals described above, the UNH research team employs a range of testing and 

evaluation techniques and approaches. These are summarized here, detailed descriptions and 

discussions using selected test results are presented in the main body of the paper. 

Characterization of asphalt binder is done using dynamic shear rheometer (DSR) to evaluate the 

performance grade intermediate and high temperature of binder samples following AASHTO T 315. 

More recently, the DSR is also being used to measure the rheological properties of asphalt binder at 

low temperatures [2]. This approach is being explored to serve as an alternative to the bending beam 

rheometer (BBR) test and has been proposed for AASHTO specifications.  

The complex modulus (AASHTO T342) test (Figure 1a) is conducted to characterize the rheological 

properties of asphalt mixtures. This test facilitates the construction of dynamic modulus and phase 

angle mastercurves which are used to define the LVE properties of the mixtures over a range of 

temperature and frequencies. The test output is a primary input to the AASHTOWare Mechanistic-

Empirical pavement design software (Pavement ME). Index properties were developed using the 

dynamic modulus curves to assess cracking resistance [3,4]. The Resilient Modulus (ASTM D7369) 

test (Figure 1b) is an alternative test used to characterize the stiffness of asphalt mixtures.  

                      
(a)                                                         (b) 

Fig. 1. Test Set Up: (a) Complex Modulus (b) Resilient modulus. 

To characterize the fatigue behavior of asphalt mixtures, the direct tension cyclic fatigure test 

(formerly known as, the Simplified Viscoelastic Continuum Damage, SVECD) test) (AASHTO TP 107) 

is conducted (Figure 2). The damage characteristic curve is obtained from this test along with several 

indices [5,6] to identify asphalt mixtures with better fatigue cracking resistance. 



 

 

 
Fig. 2. Test Set Up: SVECD Fatigue 

Fracture properties are characterized using the Semi-circular Bending (SCB) test (AASHTO TP 124) 

and Disk-shaped Compact Tension (DCT) test (ASTM D7313) at intermediate and low temperatures, 

respectively (Figure 3). Several performance indices [7,8] have been developed from both tests. 

                  
(a)                                                         (b) 

Fig. 3. Test Set Up: (a) SCB (b) DCT. 

    Pavement evaluation models [9] are used to simulate distress mechanisms related to fatigue and 

thermal cracking to evaluate the impact of the mixture properties on performance under realistic loading 

and environmental conditions. The models are run using measured properties from the different 

performance tests and a specific pavement structure. This allows for the comparison of mixture 

performance under different conditions and applications. 

 

 



 

 

II.     MATERIALS 

 

A. Materials 

Over 60 asphalt mixtures have been characterized at UNH in recent years, which are varied in terms 

of volumetric properties, virgin binder grade, modified and unmodified binders, and different 

percentages of reclaimed asphalt pavement (RAP) or shingles (RAS), providing an extensive database 

for research. Many of these mixtures were also placed in the field where performance is being tracked 

and in some cases, field cores are also available for testing. Additionally, asphalt binders have been 

sampled and tested. These include both virgin binders sampled from tank at asphalt plants as well as 

binders extracted and recovered from field cores and/or laboratory aged mixtures. The mixtures that 

are represented in the results presented in this paper are shown in table 1 below. The mix ID has the 

specific meaning: the first four-digit numbers indicate the virgin (original) binder PG grade, the following 

letters “S”, “L” and “N” mean the nominal maximum aggregate size (NMAS) of 9.5mm,12.5mm and 

19mm, respectively. The last letter represents the recycled binder content: “V” means no recycled 

binder, “M” means 14.8-22.4% recycled binder content, and “L” means 28.3-31.3% recycled binder 

content. The typical grade of reclaimed asphalt binder used in NH is PG 82-16.  

TABLE 1 SUMMARY TABLE OF THE MIXTURES  

Specimen 
Fabrication Method 

Mixture ID 
Virgin 
Binder 
Grade 

NMAS 
(mm) 

Total 
Binder 

Content 
(%) 

Recycled 
Binder 

Content (%) 

Plant Mixed-Plant 
Compacted (PMPC) 

6422SL PG 76-22 

9.5 

5.6 0 

7022SM PG 70-22 5.2 20 

7622SV PG 64-22 5.4 40 

Plant Mixed-Lab 
Compacted (PMLC) 

5234LM 
PG 52-34 12.5 

5.3 18.9 

5234LL 5.3 28.3 

5834SM 

PG 58-34 

9.5 5.1 15.8 

5834LM 12.5 5.4 18.5 

5834NM 19 5.5 21.7 

5828SM 

PG 58-28 

9.5 

5.9 16.9 

5828SMA 5.8 17.2 

5828SMB 5.4 16.7 

5828SMC 5.8 12.1 

5828LVA 

12.5 

7.8 0 

5828LMA 7.6 6.6 

5828LMB 5.8 16.2 

5828LM 5.3 18.9 



 

 

5828LL 5.3 28.3 

5828NM 19 6 20.8 

6428SV 

PG 64-28 

9.5 
6.4 0 

6428SM 6.3 18.5 

6428LMA 
12.5 

5.4 18.5 

6428LM 5.8 18.5 

6428NM 
19 

5.3 20.8 

6428NM 5.6 20.8 

7034LV PG 70-34 12.5 5.8 0 

7628SM 
PG 76-28 

9.5 6.1 14.8 

7628LMA 12.5 5.4 18.5 

PMPC & PMLC & 
Lab Mixed-Lab 

Compacted(LMLC) 

5234LLA 

PG 52-34 12.5 

5.4 25 

5234LLB 5.4 30 

5234LLC 5.4 40 

5828LVB PG 58-28 12.5 5.8 0 

5828LMC 
PG 58-28 12.5 

5.8 15 

5828LLA 5.8 25 

 

B. Material Conditioning and Sample Preparation 

For the plant mixed-plant compacted mixtures, the specimens are compacted in the laboratory at 

plants following production without reheating the material. For the plant mixed-lab compacted mixtures, 

the loose mixtures are collected from the asphalt plant and reheated following a specific protocol [10] 

before being compacted using the Superpave gyratory compactor. To simulate short-term aging (STA, 

only for the lab produced mixtures), loose mixtures are heated at 135 ± 3°C (275 ± 5°F) for 4 hr. ± 5 

min in a forced-draft oven following AASHTO R30 procedure. For long term aging (LTA), there are 

different aging protocols that have been used and compared: 24 hr. at 135°C on loose mix (following 

Asphalt Institute procedure [11]); NCHRP 09-54 recommended 95°C for 1 to 12 days on loose mix [12]. 

  



 

 

III.      METHODS AND APPROACHES 

 

A. Rheological Properties and Parameters 

To compare the rheological properties (dynamic modulus and phase angle) of different asphalt 

mixtures, complex modulus testing is conducted at 4.4, 21.1, 37.8°C (2.9, 18.0, 30.0°C for field cores) 

with loading frequencies of 0.1, 0.5, 1, 5, 10, 25 Hz at each temperature, following AASHTO T 342 

using an asphalt mixture performance tester (AMPT). The rheological properties of asphalt binders are 

measured using 4mm DSR [2] testing conducted from the coldest to the warmest temperature (-36°C 

to 30°C, usually in 3 degree increments), and from the highest to the lowest frequencies (15 frequencies 

from 100 rad/sec to 0.2 rad/sec), by using the appropriate strain level at each combination of test 

temperature and frequency. 

1) Dynamic Modulus, Complex Shear Modulus and Phase Angle Mastercurves 

The dynamic modulus (complex compressive modulus), complex shear modulus, and phase angle 

mastercurves of mixtures and binders are constructed using Abatech RHEA® software. Figure 4 below 

shows the dynamic modulus and phase angle mastercurves for one example mixture with different 

aging conditions. As expected, the mixture shows higher stiffness (dynamic modulus) with aging, 

resulting in a flatter dynamic modulus curve, and lower relaxation capability (phase angle), with the 

peak of the phase angle curve moving towards the bottom left of the plot. These trends are observed 

for all the tested mixtures with aging and also with the addition of higher amounts of recycled materials.  

  

Fig. 4. Comparison of (a) Dynamic Modulus and (b) Phase Angle Master Curves for 5234LM Mixture 

(PG 52-34, 12.5mm, 18.9% RAP) at Different Laboratory Aging Levels with Field Cores 

Figure 5 below shows the complex shear modulus and phase angle mastercurves for one example 

binder extracted and recovered from the lab aged mixture with different aging conditions. As expected, 

the binder shows higher stiffness and lower relaxation capability with increase of aging. Additionally, 

statistical analysis shows that the 24 hr @135oC and 12 days @95oC resulted in the same rheological 

properties for all binders and mixtures evaluated. The studies [10,13] conducted at UNH also show that 

100

1000

10000

100000

0.0001 0.01 1 100 10000

D
yn

am
ic

 M
o

d
u

lu
s 

(M
P

a)

Reduced Frequency (Hz)

24hr.@135°C
12d@95°C
5d@95°C
STA
Field Cores

0

5

10

15

20

25

30

35

40

45

0.0001 0.01 1 100 10000

P
h

as
e

 A
n

gl
e

 (
D

e
gr

e
e

s)

Reduced Frequency (Hz)

24hr.@135°C

12d@95°C

5d@95°C

STA

Field Cores



 

 

the increase of the RAP content increases the brittleness of the asphalt material, resulting in the higher 

cracking potential of binders and mixtures. 

 

 

Fig. 5. Comparison of (a) Complex Shear Modulus and (b) Phase Angle Master Curves for Extracted 

and Recovered Binder Samples (PG 52-34, 30% RAP) at Different Laboratory Aging Levels 

2) Master Curve Shape Parameters 

Master-curve shape parameters can be used to evaluate how the rheological properties of asphalt 

mixtures and binders change with different variables and aging conditions [3,14,15]. For asphalt 

binders, the R-value (difference between the logarithmic glassy modulus and the logarithmic 

equilibrium modulus) and the cross-over frequency (when storage modulus is equal to loss modulus, 

phase angle equal to 45°) are used.  

A generalized sigmoidal equation with five parameters is generally used to fit the dynamic modulus 

(|E*|) master curves for mixtures: 

𝒍𝒐𝒈|𝑬∗| = +


𝟏+𝒆𝜷+𝜸𝒍𝒐𝒈(𝒘)                                                          (1) 

Where |𝐸*| is dynamic modulus, 𝜔 is frequency, and 𝛿, 𝛼, 𝛽, and 𝛾 are the fit coefficients. Figure 6 

illustrates the parameters. The 𝛼 and 𝛿 parameters are related to the glassy modulus (upper asymptote) 

and the equilibrium modulus (lower asymptote) of the master curve, respectively. The 𝛾 value controls 

the width of relaxation spectra, and the frequency of the inflection point can be calculated from 10−𝛽/𝛾, 

which describes the elastic-viscous transition exhibited as a result of a shift between behavior 

dominated by the aggregate structure and the binder. Generally, 𝛾 increases with increase of RAP 

content and aging levels, while -β/𝛾 decreases with increase of RAP content and aging levels, which 

means the asphalt mixtures will become more elastic as the elastic-viscous transition point moves to a 

lower frequency, resulting in a flatter dynamic modulus curve [13].  
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Fig. 6. Shape Parameters from Dynamic Modulus Master Curve 

A generalized Lorentzian model with three parameters is generally used to fit the phase angle (𝛿) 

master curves: 

𝜹 =
𝒂.𝒃𝟐

[(𝒍𝒐𝒈(𝒘)−𝒄)𝟐+𝒃𝟐]
                                                                                (2) 

Where 𝛿 is phase angle (degree), 𝜔 is frequency (Hz), and a, b, and c are the fit coefficients as 

follows: a shows the peak value of phase angle, b controls the slope of the curve, and c is related to 

the horizontal position of the peak point (the frequency of the peak point can be calculated from 10c). 

The a and c values typically decrease as aging level increases, moving the curve to the bottom left of 

the plot. The shape parameters from phase angle master curves are illustrated in figure 7. 
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Fig. 7. Shape Parameters from Phase Angle Master Curve 

Figure 8 below shows how the mixture shape parameters from the dynamic modulus master curve 

can be used to differentiate different mix variables and aging conditions. The -β/𝛾 parameter decreases 

and 𝛾 increases, moving points towards the lower right as more aging occurs. Generally, the mixtures 

with the same performance grade binder (5234LM and 5234LL; 5828LM and 5828LL; 6428SV, 

6428SM, and 6428LM) have lower -β/𝛾 and higher 𝛾 value with increase of RAP content at each aging 

condition. The mixtures with the softer binders (5234LM, 5234LL, 5834LM, 5828LM, 5828LL) typically 

have lower 𝛾 and higher -β/𝛾 values (in the top left of plot) than other mixtures after short term aging 

condition (STA). However, after 5 days aging condition, the 𝛾 and -β/𝛾 values for all the mixtures are 

comparable, and then the softer binders move farther with longer aging, indicating that these mixtures 

generally show greater aging susceptibility. Therefore, this plot can be used to evaluate how the shape 

of mixture dynamic modulus master curve changes with time, and identify mixtures that are more 

susceptible to aging for material selection and mixture design. 
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Fig. 8. -β/𝛾 versus 𝛾 from Dynamic Modulus Matercurve with Aging 

3) Binder and Mixture Glover-Rowe Parameters  

Rowe et al. [14] developed a Glover-Rowe (G-R) parameter (
𝑮∗(𝒄𝒐𝒔𝜹)𝟐

𝒔𝒊𝒏𝜹
, calculated at 15°C, 0.005 

rad/sec) to evaluate the cracking susceptibility of asphalt binders. Lower G-R parameter means the 

binder has better capability to resist durability cracking. A limiting value of 180 kPa is proposed for the 

onset of cracking, a second value of 600 kPa is suggested for the development of the siginificant 

cracking (block cracking). Figure 9 below shows how the binder G-R parameter changes with different 

aging conditions in Black space, which tracks the change of both stiffness and relaxation capabity 

together in one plot. The binders with the higher RAP content (30%, circular mark) generally have 

higher modulus and lower phase angle values than the binder with 20% RAP (triangle mark). 

-9.0

-8.0

-7.0

-6.0

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0

-β
/𝛾

𝛾

5234LM

5234LL

5834LM

5828LM

5828LL

6428SV

6428SM

6428LM

7034LV

7628SM

Aging

STA

5 days@95°C 

12 days@95°C 

(a)



 

 

 

Fig. 9. Binder Glover-Rowe Parameter for Different Binder Samples with Different Aging Conditions 

Mensching et al. [4] developed the mixture Glover-Rowe (G-Rm) parameter using stiffness and 

phase angle measured on the mixture (|E*| and δ). This parameter was further developed to use a 

commonly measured temperature-frequency combination of 20°C and 5 Hz [16,17]. Generally, G-Rm 

increases with increase of aging levels from STA to LTA as shown in figure 10. The mixtures that have 

the same performance grade binder (5234LM, 5234LL; 5828LM, 5828LL; 6428SV, 6428SM, 6428LM) 

typically have higher G-Rm value with increase of RAP content at each aging condition. Mixtures with 

the softer binders (5234LM, 5234LL, 5834LM, 5828LM, 5828LL) generally have lower G-Rm values 

than the mixtures with the stiffer binders (6428SM, 6428LM and 7628SM) for STA. 

 

Fig. 10. Mixture Glover-Rowe Parameter for Different Mixtures with Different Aging Conditions 
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B. Fatigue Behaviour 

    Uniaxial direct tension cyclic testing is conducted following AASHTO TP 107 to evaluate the fatigue 

behavior of the asphalt mixtures. The simplified viscoelastic continuum damage (S-VECD) approach 

with the damage characteristic curve (DCC), and the performance index parameters Nf @ GR=100 and 

DR are used to evaluate the ability of the mixtures to resist fatigue cracking [5,6,18]. 

1) Fatigue Failure Criteria 

The DCC curve provides important information such as the rate and amount of accumulated damage 

and the mixture terminal integrity before the crack localization, but this curve cannot reliably be used 

by itself to rank mixtures. The two widely accepted failure criteria with the S-VECD approach are the 

number of cycles to failure at a rate of averaged dissipated pseudo strain energy (GR) of 100 and the 

average reduction in pseudo stiffness (DR) [6,19]. The DR criterion may better and more reliably explain 

the mixture fatigue properties as it eliminates the extrapolation problems caused by using the GR 

parameter in a logarithmic scale [6]. DR is the slope of the accumulated reduction in pseudo stiffness 

versus number of loading cycles to failure in arithmetic scale and it generally varies from 0.3 to 0.8 

where a higher slope value indicates better fatigue resistance. Figure 11 below shows how the DR 

values change with time for different mixtures. Generally, the DR values show a consistent trend with 

decreasing value with longer aging. The virgin mixtures and softer base binder grades have higher DR 

values after aging.  It has also been observed that the 24 hr @135oC and 12 days @95oC aging levels 

are statistically different in this analysis and there is not a consistent trend with respect to ranking. 

 
Fig. 11. DR Value from S-VECD Fatigue Tests 

2) Fatigue Performance Prediction by FlexPAVETM 

Although failure criteria are useful tools to compare and rank the mixtures with respect to expected 

performance, pavement structural modeling is needed to project field performance because the loading 

and climatic conditions also dictate the amount of damage that occurs. A finite element based 

pavement structural modeling software, FlexPAVETM (formerly known as LVECD) is used to model and 
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predict the fatigue performance using the S-VECD test results [20,21,22]. It combines the material 

properties (both LVE and fatigue damage characteristics) with the pavement structure, as well as traffic 

conditions to predict the fatigue performance of the asphalt mixtures. One of the outputs of this program 

is percent damage which is calculated on the basis of cumulative damage model and Miner’s rule. 

Figure 12 below shows examples of the predicted percent damage from FlexPAVETM for a particular 

pavement structure and traffic loading. 

 

Fig. 12. Percent Damage Prediction from FlexPAVETM for (a) 7628SM Mixture (PG 76-28, 9.5mm, 

20% RAP); (b) 6428SV Mixture (PG 64-28, 9.5mm, 0% RAP) 

Compared with the lab measured DR (figure 11), there is no consistent trend for the predicted percent 

damage with aging level. The discrepancy between lab measured fatigue/damage response and 

prediction of field damage can be attributed to a trade-off between increased stiffness and decreased 

cracking resistance. Increased stiffness results in lower strains and damage energy dissipation, 

whereas loss of cracking resistance increases the propensity for fatigue damage. So, the fatigue 

performance with aging may be better or worse for each individual mixture depending on where it is 

located in the pavement structure and the resulting trade-off. 

C. Fracture Properties 

To evaluate the fracture characteristics of asphalt mixtures, Semi Circular Bending (SCB) testing 

and Disk Shaped Compact Tension (DCT) tests are conducted. The general load displacement curves 

are used to calculate the  fracture energy (Gf), fracture strain tolerance (FST), and the flexibility index 

(FI) as shown in figure 13. 

The DCT testing (ASTM D 7313) temperature is based on the winter-time pavement in-service 

temperature for the location where mix is being used. Typically the fracture energy(Gf) and the fracture 

strain tolerance (FST) [7] are calculated. The SCB fracture test (AASHTO TP 124) is performed at an 

intermediate temperature (25ºC); and the data analyzed using the IFIT software to calculate the fracture 

energy and flexibility index (FI) parameters [8]. 
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Fig. 13. General Load and Displacement Curve from DCT and SCB Test 

1) Disk Shaped Compact Tension (DCT) test 

The DCT test is performed on notched 150mm diameter specimens by applying a tensile load at a 

constant crack mouth opening displacement (CMOD) rate of 1 mm/min to minimize the amount of creep 

deformation and focus on the fracture properties. Figure 14 below shows that the FST value generally 

decreases as aging increases. Similar to DR values the virgin mixtures usually have higher FST values 

and higher RAP contents result in lower FST values after aging. 

 

Fig. 14. Fracture Strain Tolerance Values from DCT Tests 

The IlliTC thermal cracking prediction system [9] is used for thermal cracking simulations and field 

performance predictions. The system uses a critical cracking conditions approach whereby thermo-

viscoelastic stress analysis identifies the time period when thermal stresses exceed 80% of mixture 
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tensile strength. These critical conditions are evaluated using finite element analysis with cohesive 

zone fracture model to simulate quasi-brittle cracking in asphalt concrete. The cohesive zone fracture 

model in IlliTC uses tensile strength and fracture energy to simulate quasi-brittle fracture process in 

asphalt mixtures. Table 2 below shows the example results from IlliTC thermal cracking simulation and 

prediction for different mixtures with disparate aging conditions. The critical temperature is defined as 

the low temperature at which the induced the thermal stress is larger than the 80% tensile strength of 

the asphalt mixture, causing the softening and cracking of the pavement.  

TABLE 2 ILLITC THERMAL CRACKING SIMULATION AND PREDICTION  

Mix ID Aging Levels 

Percentage of 

Cracked/Softened 

（%） 

Critical Temperature 

(Cracking/Softening) 

Predicted Thermal 

Cracking Amount at 5 

years (m/500m） 

7034LV 

STA 0 N/A 0 

5d@95°C 0 N/A 0 

12d@95°C 0 N/A 0 

24hrs.@95°C 0 N/A 0 

7628SM 

STA 0 N/A 0 

5d@95°C 
5% Softened 

(Damaged) 
-28.3 0 

12d@95°C 100 Cracked -12.17 200 

24hrs.@95°C 100 Cracked -12.05 200 

 

2) Semi-Circular Bend (SCB) Test 

There have been many proposed testing protocols and analysis methods that utilize SCB geometry 

to evaluate the cracking performance of asphalt mixtures. The Illinois Flexibility Index Test (I-FIT) 

approach is generally used at UNH [8]. The I-FIT test was originally developed with the purpose of 

discriminating the cracking performance of mixtures with varying amounts of recycled asphalt 

pavement/shingles (RAP/RAS) [23]. To rank mixtures, the fracture energies (area under the force-LLD 

curve divided by the ligament area) of different mixtures were compared. Due to poor discrimination 

between mixtures from fracture energy alone, other possible influential parameters from the force-LLD 

curve on the fracture process zone (FPZ) such as the peak load, the slope at the inflection point, and 

critical displacement were investigated [23]. As a result, the flexibility index (FI), which is an engineering 

parameter, was developed to correlate the crack growth velocity and the brittleness of the mixtures.  



 

 

In addition to FI, researchers at UNH have investigated other common indices that are used to 

analyze SCB fracture testing data including, fracture energy, fracture strain tolerance, cracking 

resistance index, and toughness index [24]. It was determined that post peak slope behavior has a 

significant impact on the ranking of mixtures. Varying test temperature and loading rates conditions 

have been explored, indicating that consideration of climatic region should be incorporated into the 

selection of an appropriate test temperature and loading rate combination for fracture testing [25]. 

Conclusions from these studies and other ongoing work at UNH led to the development of a novel 

cracking index which is rate-dependent. 

The proposed index is referred to as a rate dependent cracking index (RDCI) and utilizes cumulative 

fracture work potential and instantaneous power calculated from the I-FIT test to assess the impulse 

of the mixture [26]. This parameter captures the fracture energy and crack velocity of the material; 

however, these are calculated in a rate-dependent manner. A total of 18 surface course mixtures were 

analyzed using the RDCI and resulted in an average overall reduction of 14.5% in COV as compared 

to FI while maintaining similar ranking of mixtures (Figure 15).  

 

Fig. 15. Comparison of COV from FI to RDCI. 

In general, RDCI was able to better discriminate the 18 mixtures as compared to FI. Evaluation of 

five mixtures at three aging levels showed the robustness of RDCI in capturing effects of aging on 

fracture behaviour of asphalt mixtures as shown in figure 16. 
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Fig. 16. Effect of Aging on FI Compared to RDCI. 
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IV. COMPARATIVE EVALUATIONS 

 

A. Binder vs Mixture Properties 

Correlations and comparisons of mixture and binder properties have been conducted based on the 

wide database of mixture and binder tests. Table 3 below shows the correlation factors (Pearson) 

between mixture and binder parameters by examining the different binder and mixture parameters 

related to their performance [13]. Values above an absolute value of 0.7 are shaded green indicating 

the relatively strong correlation between the two parameters, those between 0.4 and 0.7 are shaded 

blue showing the moderate correlations, and those below 0.4 (weak correlation) are not shaded with 

color [27].  

Generally, FI shows a strong correlation with G-Rm and FST while DR only has moderate correlations 

with other mixture performance parameters. The Gf from SCB does not correlate well with other 

parameters. The binder G-R parameter shows strong correlation with both PGLT and ΔTc, indicating 

the possibility of using G-R as a parameter to indicate thermal cracking susceptibility. All four binder 

rheological indices show moderate to strong correlations with each other and all the shape parameters 

are strongly correlated. 

Comparing the mixture performance indices with the binder rheological parameters, the G-Rm 

parameter shows moderate to strong correlations with all four binder rheological indices; FI value also 

correlates well with the binder rheological indices, but the correlations are not as strong as the G-Rm 

parameter. The FST only shows a strong correlation with PGLT while the fatigue performance index 

DR generally doesn’t correlate well with the binder rheological indices. The mixture mastercurve shape 

parameters correlate well with the mixture G-Rm parameter and binder R value.  

Another interesting observation is that the binder rheological indices G-R parameter, PGLT and ΔTc 

generally show the moderate to strong correlations with G-Rm, FI, and FST, which are generally used 

as the cracking performance indices for asphalt mixtures, indicating the possibility of using the binder 

test to evaluate the mixture performance (cracking). 

In summary, the mixture G-Rm parameter has moderate to strong correlations with many of the 

mixture and binder parameters indicating that it has the potential to be used as a simplified index to 

evaluate and differentiate the performance of asphalt mixtures with different variables in general. The 

binder G-R parameter shows strong correlation with both PGLT and ΔTc, indicating the possibility of 

using G-R as a parameter to indicate thermal cracking susceptibility of binders. However, none of the 

rheological indices measured from the DSR binder test correlate well with the mixture fatigue 

performance index DR, indicating that the DSR test cannot capture the fatigue behavior of different 

asphalt mixtures over time.



 

 

TABLE 3. CORRELATION FACTORS BETWEEN MIXTURE AND BINDER PARAMETERS 1 

2 

G-Rm Gf SCB FI Gf DCT FST DR PGLT ΔTc R G-R γ -β/γ a c

G-Rm 1.000

Gf SCB -0.141 1.000

FI -0.720 0.227 1.000

Gf DCT 0.527 0.194 -0.618 1.000

FST -0.530 0.301 0.851 -0.172 1.000

DR -0.523 -0.216 0.495 -0.582 0.211 1.000

PGLT 0.727 -0.381 -0.712 0.178 -0.754 -0.012 1.000

ΔTc -0.755 0.494 0.675 -0.222 0.687 -0.082 -0.916 1.000

R 0.663 -0.090 -0.530 0.670 -0.316 -0.419 0.561 -0.628 1.000

G-R 0.626 -0.323 -0.493 0.124 -0.551 0.052 0.904 -0.839 0.622 1.000

γ 0.725 -0.263 -0.664 0.631 -0.409 -0.388 0.507 -0.572 0.693 0.469 1.000

-β/γ -0.661 0.387 0.554 -0.463 0.341 0.258 -0.482 0.563 -0.554 -0.409 -0.903 1.000

a -0.723 0.078 0.587 -0.655 0.285 0.528 -0.560 0.620 -0.802 -0.622 -0.842 0.712 1.000

c -0.723 0.297 0.635 -0.566 0.414 0.272 -0.566 0.674 -0.733 -0.527 -0.916 0.894 0.781 1.000
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B. Impact of silo storage 

During production, mixtures are often stored in a silo for some period of time prior to being trucked 

to the job site and placed.  In the silo, mixtures are kept at elevated temperatures and may be 

subject to additional aging.  A study [28] was done to evaluate the effect of the silo storage time on 

a typical virgin and RAP mixture by sampling material from a silo at different times. Binders were 

extracted from the mixtures and further evaluated using performance grading, rheological indices, 

and the G-R parameter. Mixtures were evaluated with complex modulus, S-VECD fatigue, 

pavement life evaluation with layered viscoelastic critical distresses (LVECD) program (initial 

version of FlexPAVETM) [29].  

The G-R parameter analysis, shown in figure 17, illustrates that as silo storage time increases, 

the extracted asphalt binder becomes more aged and migrates to areas where potential, non-load 

associated cracking is a concern. The results also show that the 25% RAP mixture initiates and 

moves closer to the threshold values than the asphalt binder from the virgin mixture. The results of 

the RTFO aging for various times are also shown and indicate that using the specified time of 85 

minutes in the RTFO does not simulate the aging that occurred during plant production and silo 

storage for the virgin mixtures.  

 

1. Fig. 17. Effect of Silo Storage Time and RTFO Conditioning on Retained Asphalt Binder 

Figure 18 presents the results from fatigue pavement evaluation analysis using the S-VECD 

approach for two mixtures in a thin and thick pavement structure.  An increase in silo storage time 

causes increases in fatigue damage for both types of pavements, with increases of approximately 

40% from 0 to 7.5 hours’ storage times for the thin pavements and tripling of the damage for thick 

pavements (although magnitude of damage in thick pavements is much lower). 



 

 

 

2. Fig. 18. Fatigue Pavement Evaluation Analysis Results with Thick/Thin Pavements for (a) 
5828LMC Mixture (PG 58-28, 12.5mm, 15% RAP); (b) 5828LLA Mixture (PG 58-28, 12.5mm, 

25% RAP) 

3) Lab vs Plant, Reheating Impact 

There are a range of approaches that can be used to fabricate specimens for performance related 

tests.  A study [30] was conducted to investigate the impact of specimen fabrication methods, 

including specimens compacted from plant sampled loose mix with reheating (PMLC) and without 

reheating (PMPC), and specimens fabricated from raw materials in the laboratory (LMLC) through 

a comprehensive study of 12 different mixtures with different mix variables. Figure 19 below shows 

the dynamic modulus master curves for different specimen types measured from two mixtures. The 

impact of reheating on the loose mixture for compaction in the laboratory is shown by comparing 

the PMLC and PMPC data. The reheated specimens have higher stiffness and the difference 

between the PMLC and PMPC stiffness decreases with higher RAP contents with both virgin 

binders. This is expected, as the presence of a higher proportion of aged RAP binder in the mixtures 

means there is less additional aging that can occur during the reheating process. The difference 

between measurements that would be made during the mix design process and those made on the 

material produced at a plant can be evaluated by comparing the PMPC and LMLC specimens. As 

shown in figure 19, the mixtures with lower RAP contents also show larger differences between the 

PMPC and LMLC master curves. One likely reason for the differences in PMPC and LMLC master 

curves is the differences in aging; the LMLC mixtures were subject to short term oven aging while 

the PMPC mixtures were subject to aging through plant production.  This indicates that the current 

laboratory STA protocol may not accurately represent the aging that mixtures experience during 

plant production. 

(a) 

(b) 



 

 

  

 

3. Fig. 19. Dynamic Modulus Master Curves at 21°C for (a) 5234LLA Mixture (PG 52-34, 
12.5mm, 25% RAP) (b) 5234LLC Mixture (PG 52-34, 12.5mm, 40% RAP) 
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v. SUMMARY AND CONTRIBUTION 

 

A significant amount of research has been conducted by the Asphalt Research Group at the 

University of New Hampshire over the last decade to better understand the performance of asphalt 

mixtures and binders with respect to both fatigue and thermal cracking. Different mixture and binder 

tests are used to evaluate the viscoelastic, fatigue, and fracture properties of asphalt mixtures, as 

well as the rheological properties of binders to assist in material evaluation and selection at the 

mixture design stage.  Work has been done to investigate the impact of aging on these properties 

to evaluate their evolution over time and how cracking susceptibility changes. These properties are 

further used in pavement evaluation models to predict damage in a specific pavement structure 

subject to a particular combination of traffic and environmental loadings. A substantial database of 

these properties for a wide range of mixtures that include various gradation sizes, binder 

performance grades, recycled material content, and modified binders has been developed and tied 

to field performance of the mixtures when possible. This paper provides an overview of the various 

material properties and parameters that have been used in these evaluations and relationships are 

described in the different sections. 

Current work includes: 

 Improving the reliability of AASHTO 1993 design approach used by New Hampshire 

Department of Transportation and developing a methodology to update the asphalt 

mixtures’ layer coefficients to reduce the production and construction costs of asphalt 

pavements; 

 Selecting the methods (including aging protocol) to identify crack susceptible 

binders/mixtures as a screening tool during material selection and mix design, and further 

developing the mixture aging model to quantitatively evaluate cracking and aging 

susceptibility of different asphalt mixtures over time; 

 Evaluating binder and mixture rheological indices as screening tools for material selection; 

 Developing a performance based binder and mixture specification to lower the propensity 

of fatigue, thermal and reflective cracking distress; and 

 Investigating the best practices and tools to control the reflective cracking for rehabilitation 

of concrete with hot mix asphalt overlays. 

The research conducted at UNH will culminate in more effective and efficient material selection 

and pavement design approaches that will ultimately enhance performance and extend the life of 

pavements, maintaining and promoting the sustainability of existing roads. The results of these 

studies will benefit both owner agencies and contractors. Owner agencies can have an in-depth 

understanding of the various material properties of the asphalt mixtures and binders, setting their 

own performance limits and obtaining confidence that the pavement can avoid significant damage 

for a given period of time based on accurately predicted performance. On the other hand, the 



 

 

contractors will have knowledge of the key parameters for improving the performance of pavements, 

will be driven to adjust their design accordingly.  The results of the research will help to improve the 

service life and ride quality of pavement, benefitting both asphalt industry and the travelling public.  
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Synopsis—In the late 1980s/early 1990s the bending beam fatigue test was standardized 

in AASHTO T321 following the Strategic Highway Research Program (SHRP).  Problems 

existed with reproducibility which became more evident when modified binders and soft 

asphalt were tested.  This was considered, in part, due to the regression analysis applied to 

the figure test data collected.  ASTM published an alternate method (ASTM D7460) that 

considered the “S.n” (stiffness multiplied by number of load cycles) to define failure, also 

initially developed during the SHRP project (Rowe, 1993; Rowe and Bouldin, 2000).  In 2014 

the AASHTO revised its standard (from the 2007 version, to incorporates the S.n concept 

and thus defining failure in the same manner as ASTM D7460.  However, some conflict in 

wording in the two standards concerning the waveform existed.  A sine wave was specified 

in the AASHTO method versus haversine in the ASTM D7460.  However, due to the visco-

elastic nature of asphalt mixes, a true haversine test cannot be performed since viscous 

creep occurs resulting in effectively sine type loading.  Tests started in haversine mode 

versus sine wave testing produced essentially the same results (Mateos et al., 2018).  Based 

on this rational the ASTM method D7460 was dropped and a new ASTM standard (D8237) 

was developed which was published in late 2018 to effectively replace the earlier standard 

but with sine wave specified.  The origins of both methods are discussed and data is 

presented that demonstrates the fatigue process that occurs in different modes of testing.  

In addition, analysis is presented of heavily modified mixes and these are contrasted to those 

made with conventional binders.  Recommendations are made with regard to the 

interpretation of data from the various two methods.  The developments in this type of fatigue 

testing has significantly improved the compassion of results between laboratories and 

analysis methods. 

Keywords— fatigue failure, load assocaited cracking 

 

 

 

INTRODUCTION 

 

The use of fatigue tests for analysis of asphalt mixes has been in existence since the late 1950’s 

(Pell, 1961).  Several different loading arrangements exist and those commonly used today include 

two, three- and four-point bending tests and those conducted in direct tension-compression mode.  

The current methods for conducting bending beam fatigue tests in the USA were refined and adopted 

in specifications in the early 1990s following work conducted as part of the Strategic Highway 

Research Program (Tayebali et al., 1994; Deacon et al., 1994).  In the work conducted at this time 

the use of computers for controlling sophisticated test was relatively new.  For example, in work 



 

 

conducted at Nottingham (Rowe, 1996), use was made of Hewlett Packard HP85A Personal 

Computer for controlling push-pull testing while bending beam fatigue tests were conducted using 

personal computers with Intel 80286 chips.  Some tests and analysis were conducted using 

computers with the newer Intel 80386 chips at this time.  The reliance on these older 

computers/technology and associated software resulted in a need for efficient programming and 

limitation of data file size for the results of these time-consuming tests.  Data files were generally 

limited to the size that could be transferred on a floppy-disk, typically limited to 1.44 MB. With the 

rapid advance over the past two decades the limitations that existed have simply vanished.  

Previously, programmers kept file sizes limited and notes in the AASHTO T321 (2007) specification 

indicate that this may be an issue.  The data presented in this specification is collected on a semi-

log basis in order to control/limit the amount of data being collected.  When using regression analysis 

in the determination of test parameters the amount and frequency of data can affect the analysis 

parameters and consequently the results of a test significantly.  The ASTM D7460 (2008) version of 

the fatigue specification uses a different determination of the failure point which was based upon 

dissipated energy considerations.  The parameter “nE*” peaks at the location in a test where the 

dissipated energy per cycle starts to change significantly. 

However, the standard ASTM 7460 was withdrawn following a detailed discussion of the use of 

haversine versus sine loading.  A second ASTM for fatigue cracking that specified sine loading rather 

than haversine was issued in 2019 (D8237-18).  The reasons and rational for this are discussed later 

in the paper.  The ASSHTO T321 standard was reissued in 2014 changing the failure definition to 

be consistent with that within the ASTM 7460 and 8237 standards.  However, it should be noted that 

the ASTM method use a normalized stiffness which is essentially the same data as used by the 

ASSHTO method divided by a constant.  Thus, the analysis to either method will yield identical 

results. 

The n.E* or n.S (stiffness is a more general sense is preferred since E* is normally confined for 

use with axial testing) is now used in both ASTM and AASHTO definitions.  This signifies the point 

where damage merges to form micro-cracks which then propagate more rapidly through the beam.  

This peak occurs in both controlled stress and strain tests.  However, in the controlled strain test the 

peak at this point can be followed by a secondary increase in this parameter when the test is 

continued to very low stiffness values.  The newer method relies less on curve fitting the variability 

that results from inclusion or exclusion of data is lower but the data collected scheme will result in 

some deviations.  The development of these improvements to the ASTM and AASHTO method are 

discussed in the following sections of this paper. 

 

BENDING BEAM FATIGUE TESTING 

 

Fatigue test data is often plotted on log stiffness vs. log loading cycles by evidenced by many 

early researchers in this field (Pell et al., 1961; Freeme, 1971, Pell and Cooper, 1974, Cooper, 1976).  

However, it should be noted that the stiffness reduction that occurs can also be plotted on linear 



 

 

graphs.  Often linear plots enable a clearer assessment of the quality of curve fits to the data sets.  

Rowe and Bouldin (2000) have previously demonstrated that the change in stiffness during a bending 

beam fatigue test is best represented by graphs with linear scales. 

During the research conducted during the SHRP program the practice adopted by Tayebali et al. 

(1992, 1994) was to plot the data on log-log plots and then to estimate the location where the stiffness 

had dropped by 50% using an exponential equation to the data as follows: 

 

bNAeS                                                                       (1) 

where: 

e  = natural logarithm to the base e, 

A  = constant, and 

b  = constant 

N  =  number of loading cycles 

 

The wording in the AASHTO T321 (2007) standard excluded the data beyond the point where the 

estimate of the initial stiffness has dropped below 50%.  However, it was found that this data was 

often included in analysis by various researchers, extending the analysis. 

In 2008 ASTM published the standard D7460.  This included the newer definition of failure (Rowe, 

1993; Rowe, 1996; Rowe and Bouldin, 2000).  Thus, in the late 2000s material engineers in the USA 

were using the two standards to test asphalt materials in a bending beam test with a continuous 10 

hertz haversine or sinusoidal loading, ASTM D7460 (2008) and AASHTO T321 (2007).  Typically, 

the test is conducted at a temperature between 15 and 25oC.  While this paper discusses data from 

bending beam tests this type of analysis can be applied to the trapezoidal fatigue test conducted in 

Europe or other cyclic loading fatigue test configurations.   

Around 2010 it became apparent that the two analysis methods in the two current standards – 

AASHTO T321 (2007 version) and the ASTM D7460 gave significantly different results.  This 

promoted a significant study which was led by the Asphalt Mixture Expert Task Group in the USA 

(Rowe et al., 2012). 

Work was conducted using the IPC fatigue machines (see Figure 1) at either the Asphalt Institute 

(Lexington, Kentucky) or in the Rutgers Asphalt Pavement Laboratory (RAPL) located within the 

Center for Advanced Infrastructure Testing (CAIT) at Rutgers University (New Jersey).  The data 

from tests is stored in as ASCII format comma separated variable (CSV) file.  This makes subsequent 

analysis of the data by other software programs and or spreadsheet routines relatively easy.  

Conventional asphalt mixes included those used in New Jersey and Kentucky made in accordance 

with state specifications.  These include a PG64-22 and PG76-22 binders (the latter is typically a 

modified binder).  In addition, a SMA mixtures made with modified binders and specialized bridge 

deck wearing course (BDWC) mixes that are intended for water-proofing applications were analysed.  



 

 

We have referenced the analysis performed strictly in conformance with the AASHTO (2007) 

method by a (S) whereas the analysis including additional data is indicated by a (R).  An example of 

a data set collected and analysed to both schemes is shown in Figure 2 using both linear and log 

axis.  The regression parameter (r2) is high in both versions of the analysis (0.95 and 0.98).  

However, this statistic is often misleading and although the high number is obtained the relationship 

may be non-descriptive.  By simple inspection it can be seen that the exponential fit appears to fit 

the data when log scales are used but clearly is non-descriptive when the data is inspected to linear 

basis. 

The ASTM standard and the newer ASSHTO (2014 and later versions) contains definition of 

failure which is based upon determining the peak location from a curve of normalized modulus versus 

cycles to failure, as shown in Figure 3. 

 

 

Figure 56:  IPC fatigue device 

 



 

 

 

Figure 2:  Representations of fatigue curves on linear and log scales with curves fitted as 
defined in AASHTO T321-07 (2007 method) 

 

 

Figure 3:  Normalized complex modulus x cycles plotted against cycles 
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During the orginal SHRP study, data was typically stored for analysis from data in the 4-point 

bending beam test using a semi-log basis.  This data format was used in the development of the 

AASHTO T321 standard and is typical of that presented in various reports and papers published 

from that research, Tayebali et al. (1992, 1994).  However, one key aspect of any parameter analysis 

such as determination of the constants A and b in the AASHTO equation using regression methods 

is the number and spacing of data points that are used in the analysis. 

In the orginal specification the number of data points was collected on a semi-log basis whereas 

in the newer test devices data is collected on an equal spacing within each decade of testing.  In 

order to assess the difference introduced by the new data collection scheme versus that used in the 

orginal test development data was analyzed from several test results using a semi-log consideration 

and all the collected data.  The two data collection schemes are referenced as “IPC” (the equipment 

used in the testing) and “SHRP” (to reflect the orginal limitations of data collection that was used to 

develop the AASHTO test method) for convenience. 

The result of using more data in the fatigue analysis per the current IPC data collection scheme 

increased the average fatigue life by approximately 24 to 26% depending upon the amount of data 

included in the analysis as demonstrated by the data shown in Figure 4.  The inclusion of data beyond 

the 50% stiffness reduction has the potential to change the data analysis more significantly.  In the 

data set analyzed below the biggest variation when more data is included in the analysis occurs with 

the soft highly modified materials.  The analysis of conventional materials using the limited log-based 

data (SHRP) often produced the same result. 

 

 

Figure 4:  Fatigue life analysis from ASSHTO T321-07 method using different data 
inclusion/ exclusion schemes 



 

 

 

 

The variation obtained with an AASHTO analysis scheme can be further studied by investigating 
the change in life with varying percentages of terminal stiffness included in the analysis.  The data in 
Figure 5 demonstrates that significant differences can exist with modified materials whereas the 
changes that occur with conventional materials are significantly reduced.  However, it should be 
noted that the variations in excess of 40% obtained with conventional mixes is not a desirable basis 
to form a specification. 

 

 

Figure 5:  Fatigue life from analysis method AASHTO 321 using different data 
inclusion/exclusion schemes for a 9.5mm mix with PG64-22 binder tested at 500 and 650 
micro-strain and a bridge deck water-proofing course material tested at 1000 and1500 
micro-strain 

 

The adoption of functional form must be carefully assessed to determine if it is consistent with the 
observed data.  Additional analysis of data collected during the SHRP project was presented by 
Rowe (1993) and Rowe and Bouldin (2000).  This analysis led to the conclusion that the functional 
form adopted in the AASHTO T321 test method did not adequately describe the stiffness reduction 
that occurs in a fatigue test.  Further work conducted by Ghuzlan, and Carpenter (2000) considered 
the use of a dissipated energy ratio and its rate of change during a test.  Other methods used to 
define failure in a fatigue have included the peak in phase lag between the stress and strain 
response.  However, these latter methods have problems in consistently defining the failure point 
and currently have not been adopted in any nationally recognized procedure.  It is interesting to note 
that these additional procedures all tend to define the same location which occurs as a crack is 
initiated in a specimen but the peak in the dissipated energy ratio appears to best method to define 
the where micro-cracks have propagated and coalesced to form a macro-cracks (Ajideh et al., 2010).  
The principle advantage of the ASTM method which is based upon the peak in the dissipated strain 
energy concept is that failure is defined by a simple and reproducible parameter.  The definition of 



 

 

the peak with data collection using the IPC method is very reproducible and historically two main 
methods have been used to determine this.  Rowe (1993, 1996) used a 6-order polynomial fit to the 
data to a location just beyond the peak.  The simple differential of the parameters of this curve fit 
allows for some smoothing of the data and possibly a better definition of failure than that using the 
specified maximum point as defined in the ASTM method.  The normalized modulus is effectively the 
stiffness ratio of the modulus at any cycle to that measured initially and this ratio could be notated as 
nÊ* (Ê* = complex modulus ratio) when the stiffness is a complex extensional modulus or n.SR (SR= 
bending stiffness ratio) when a bending stiffness is considered.  It should be noted that in a controlled 
displacement (strain) fatigue test that a secondary increase in the normalized modulus × cycles 
parameter can occur.  This data should be removed from the analysis since is represents data 
collected while the specimen is in a failed condition.  A typical set of data showing this effect is shown 
in Figure 6 where the specimen has been continued to 14% of the stiffness obtained at 50-cycles.  
For this specimen the peak in nÊ* occurred at 49% stiffness reduction.  Figure 7 shows the effect of 
including or excluding the tail from the polynomial analysis.  While this method is not currently within 
the ASTM method the fitting of a curve function does help to remove any spikes in the data analysis 
and produce more consistent analysis.  The differences obtained between the different analysis 
methods used (spline, polynomial or simple maximum) are very small.  In the example shown in 
Figure 6 and Figure 7 a difference of 72 cycles exists from the minimum to maximum value, which 
represents 2% of the mean value.  The variation in this method is further illustrated in the analysis of 
results presented earlier in Figure 4.  We have shown the polynomial smoothing method compared 
to the strict ASTM definition (max) in Figure 8 which compares the results from the ASTM analysis 
to that obtained from the AASHTO method (IPC data collection scheme using extended data sets) 
which is most commonly implemented in the USA.  The data shows reasonable agreement with the 
range of deviation of the ASTM analysis being between 0.3 and 4.4%.  The difference between the 
AASHTO (R) and the ASTM method gives a life difference that is between -17 to +43% of the life as 
determined by AASHTO (R). 

 

 



 

 

Figure 6:  Data from fatigue test analysed using ASTM 2008 method with Cubic spline fit 
through data in region of test termination 

 

 

Figure 7:  Effect of data trimming on 6-order polynomial smoothing to current analysis 
methods 

  

 

Figure 8:  Analysis of fatigue data using the ASTM 2008/AASHTO 2014 method compared 
against AAHSHO(R) 2007 method 

 

Based upon this analysis the ASTM D8237-18 makes use of only the 6-order polynomial to smooth 
the data set since little advantage is gained by use of the cubic spline fit.  An extrapolation of the 
data is allowed in this standard using a logit function although it is the view of the authors herein that 
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it is preferable to conduct the test to a stiffness value that results in a peak of the curve as shown in 
Figure 7. 

 

 

 

DISCUSSION 

 

The results from fatigue tests are used in several contexts in specifications and assessment of 

performance.  In some cases a specifying agency requires a given level of performance at a specified 

strain level.  This has recently become a common practice with the use of some highly modified 

materials such as BDWCs which have performance requirements in several states (for example New 

York, New Jersey, etc.).  In addition, with the recent introduction of the Mechanistic-Empirical 

Pavement Design Guide (MEPDG) several states have been assessing material performance to 

produce relationships between strain level and fatigue life.  The AASHTO T321 (2007 version) 

standard did not contain any information on precision and bias whereas the older and newer versions 

of the ASTM standards quote the within-lab repeatability on two specimens as two results should not 

differ by 0.787 when the logs of the number of cycles to failure is considered. 

The use of log averaging is important for the expression fatigue data since the results are typically 

considered to be log normally distributed.  When power law relationships are established for use in 

the MEPDG the results are effectively treated in the same manner. 

The analysis of the data did not demonstrate that any significant difference exists regarding the 

within-lab repeatability on two specimens as this was further tested by evaluating an additional ten 

mixes.  The principle improvement by using the peak in stiffness multiplied by the number of load 

cycles is that the analysis is not sensitive to the amount of data included in the regression analysis 

including; 1) the initial value of stiffness or cycles, 2) the definition of an arbitrary failure stiffness, and 

3) the type of smoothing used to define the peak that occurs.  These aspects greatly improve the 

repeatability between laboratories and remove the practice of customized analysis by laboratories. 

The choice of stiffness multiplied by the number of load cycles is a simple parameter that is 

consistent with other damage/failure definitions.  The variation in stiffness, phase angle, dissipated 

energy per cycle and stiffness multiplied by the number of load cycles is shown in Figure 9 for the 

same result as shown in Figures 6 and 7.  It can be clearly observed that the peak in the ratio of 

stiffness multiplied by the number of load cycles is consistent with the deviation of stiffness reduction 

and energy dissipated per cycle deviate from a linear fit (as shown by the red dashed lines in the 

figure).  It is interesting to note that the deviation from this line is the also the location identified by 

the change in dissipated energy ratio (DER) as proposed by Ghuzlan, and Carpenter (2000).  

However, the definition of this point from the method proposed by them is difficult due to inherent 

scatter/noise in the data.  The change in the phase angle has a minor peak before this occurs but 

the most significant change in phase angle occurs after the specimen has significant cracking.  In 



 

 

the later stages of the test when the specimen has a significant fatigue crack the shape of the curve 

from the load cell and displacement transducer becomes very irregular and can no longer be 

considered sinusoidal (Rowe, 1996).  In this data set that location occurs at approximately 4,700 

cycles.  If the peak in phase angle is considered before this location the result obtained would be 

approximately 2,600 cycles.  The most significant problem in using the phase angle peak or shape 

to define the failure is the clear definition of failure.  The peak is not always defined and if curve fitting 

to sin curve is used then some criterion is needed to define the failure point.  Conceptually, the error 

calculation procedures as used for dynamic modulus testing as specified in AASHTO T62 could 

provide a basis for this type of analysis.  However, this type of method is really unnecessary since 

the calculation of nÊ* is very easy and different procedures for data smoothing result in very little 

error in the result calculated. 

 



 

 

 

Figure 9:  Variation in complex stiffness modulus, phase angle, dissipated energy per 
cycle and nÊ* 

 

The collection of fatigue test data during the test can be curtailed by tracking the nÊ* parameter 

and terminating the test at the maximum value in this parameter has decreased by 10%.  This is an 

easy parameter to track in data acquisition and would ensure that a crack exists in the specimen at 

point of termination.  The results that have been analyzed in this paper suggest that the stiffness at 

which the test would be terminated for a fatigue test would be lower for a less stiff, highly modified 

material.  In addition, since the fatigue damage process is linear within a test, the data collection 

could easily be implemented on a stiffness reduction basis rather that as a function of the cycles 

number.  This would provide more equally spaced data throughout the test.  Previously, data has 



 

 

been collected on a 5% stiffness reduction basis (Rowe, 1996) and this has proved adequate for 

defining the peak of the nÊ* parameter.  This data could be collected on any arbitrary stiffness 

reduction, for example a 1% stiffness trigger to data collection would provide approximately 50 to 80 

data points for a specimen. 

More recently Gajewski et al (2019) have proposed a modification to the stiffness (S) x loading 

cycles (n) by raising the number of load cycles to an exponent (k), defined as N*MN.  In their paper a 

value of 0.5 is suggested as being appropriate for the high modulus asphalt concrete mixtures 

evaluated.  This definition is not currently incorporated into standards but would essentially be a shift 

from the methods currently used in the ASTM and AASHTO standards. 

The newer ASTM standard has dropped the definition of haversine loading and replaced this with 

sine loading.  This has occurred due to the lack of difference in test results that occur when the test 

is started in either mode as shown by Mateos et al (2018).  This occurs when the peak-to-peak strain 

in haversine loading (zero to peak) and sine loading has the same magnitude.  This behaviour is 

attributed to the viscoelastic nature of the asphalt mix.  The beam at-rest position in haversine testing 

will rapidly move to halfway between zero and maximum displacement, and so the same stress is 

produced by haversine and sine displacement waveforms as soon as the peak-to-peak amplitudes 

are equal.  It was concluded by the authors “that there is no compelling reason to recommend 

sinusoidal over haversine testing mode, or vice versa.”  A practical reason to recommend the sine 

testing mode is that the stress in the haversine alternative becomes sinusoidal after a small number 

of load repetitions and after the specimen has effectively moved due to the visco-elastic effects 

resulting in a neutral axis that then sees sinusoidal loading. 

 

SUMMARY 

 

This paper presents an analysis of fatigue data using two methods originally developed as part of 

the SHRP work.  One of these methods forms the analysis procedure contained within the AASHTO 

method while the other is used in the ASTM method.  The AASHTO method did requires a regression 

analysis to a functional form that was non-descriptive of the data within the method.  This was revised 

and the failure definition changed to be consistent with the ASTM method and that proposed by 

Rowe and Bouldin (2000).  The ASTM method developed and published in 2008 has been withdrawn 

and replaced with an alternate standard that specifies sine loading.  This was based on the lack of 

difference that occurs between the two methods and makes the loading form (sine) and the definition 

of failure consistent between the ASTM and AASHTO methods.  Based upon the newer standards 

we note: 

 

• Different methods of smoothing the nÊ* data in the new format have minimal effect on the 

calculated fatigue life. 



 

 

• Trimming of data which is representative of cracked beams is recommended to improve 

analysis. 

• Consideration of the nÊ* parameter could be used for the test termination. 

• The data collection scheme could be improved by storing data on a stiffness reduction basis. 

 

Some additional work could be conducted to look at the errors produced in fitting sinusoidal curve 

to the data sets.  This could provide some useful guidance on data trimming and/or test termination.  

Analysis of sine curves could follow the same scheme as currently being used for dynamic modulus 

testing in AASHTO TP 342-11.  In addition, some further study on the use of an exponent with method 

used by Rowe and Bouldin (2000) as suggested by Gajewski et al. (2019) should be evaluated to 

assess if the significant differences in the test results are obtained.  
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Synopsis—The research work presented in this paper investigated the spatial distribution 

of air voids in compacted Hot-Mix Asphalt (HMA) core samples under different compaction 

levels and layer/briquette thicknesses. A medium-graded HMA mix was used to investigate 

the vertical and radial or diametrical distribution of air voids in asphalt samples compacted 

using the Superpave Gyratory Compactor (SGC). The spatial distribution of air voids in 

asphalt cores extracted from two road sections constructed using the standard South 

African Bituminous Treated Base (BTB) and High Modulus Asphalt (HiMA) mixes were also 

investigated to supplement the study. Findings of the study indicate that the vertical 

distribution of air voids of the compacted HMA samples differs, with the top and bottom parts 

exhibiting relatively high air voids content (i.e., low density). The middle part of the HMA 

samples appears to possess fairly uniform air voids distribution, which confirms the current 

procedure of coring samples for HMA performance testing from the middle part of the 

compacted HMA specimens. On the other hand, the radial distribution of air voids was 

uniform for both the gyratory compacted samples and the field cores. The study has 

demonstrated that the spatial distribution of air voids may serve as a potential indicator of 

problems such as aggregate segregation, and temperature variation with depth during 

compaction, which influence compaction efficiency, as well as the future performance of the 

asphalt mix layer. 

Keywords— HMA compaction, density, air voids, aggregate segregation, temperature 

variation. 



 

 

I. INTRODUCTION 

The volumetric and mechanical properties of Hot-Mix Asphalt (HMA) are highly affected by its 

internal structure. During compaction, HMA undergoes internal structural changes in response to the 

compaction effort, whereby the distance between aggregate particles reduces, resulting in 

decreased air voids [1-2]. The aggregate packing characteristics (orientation, contact and 

distribution), binder volume and air voids characteristics (distribution, size and interconnectivity) 

define the internal structure of HMA, which in turn, plays a significant role in the mechanical and 

volumetric properties of HMA [2-7]. As such, monitoring of air voids during construction of asphalt 

pavement layers is not only a means of Quality Control (QC) and Quality Assurance (QA), but also 

a primary indicator of the internal structure of the compacted HMA layer and its future performance. 

The objective of the study presented in this paper was to investigate the spatial distribution of air 

voids in asphalt samples compacted using the Superpave Gyratory Compactor (SGC) and field 

compacted HMA core samples under different compaction levels and layer/briquette thicknesses. In 

the laboratory study, a medium-graded HMA mix was used to investigate the vertical and radial 

distribution of air voids of gyratory compacted samples at two target air voids contents (i.e., 

representing typical design and field construction air voids) and two sample heights (170 and 120 

mm). The spatial distribution of air voids in asphalt cores extracted from two road sections 

constructed using the standard South African Bituminous Treated Base (BTB) and High Modulus 

Asphalt (HiMA) mixes were also investigated. The distribution of the air voids could serve as a 

potential indicator of aggregate segregation, as well as temperature variation with depth during HMA 

compaction, which may influence compaction efficiency and HMA performance. Furthermore, the 

understanding of the distribution of the air voids could assist in identifying those parameters which 

need to be considered and controlled when developing models for simulating the arrangement of the 

internal structure of the asphalt mix during the compaction process and subsequent performance of 

the HMA layer. 

The paper is organized and structured as follows; this introduction section is followed by an 

overview of the approaches for the determination of the density of compacted HMA specimens. The 

experimental plan is then described, followed by an analysis and discussion of the test results. 

Conclusions and recommendations are presented at the end of the paper.  

II. DETERMINATION OF DENSITY OF COMPACTED HMA 

The Saturated Surface-Dry (SSD) method is a widely used approach for the determination of the 

Bulk Density (BD) of compacted HMA specimens. The South African standard procedure for the 

determination of the BD using the SSD method is described in SANS 3001-AS10 [8]. Using the SANS 

3001-AS10 standard test method, the dry mass (M1) of the HMA specimen is first determined, 

following which, the specimen is immersed in a water bath set at room temperature (typically 25 °C) 

for approximately 3 to 5 minutes. The specimen is then weighed again (M2) while suspended in water 

such that it is fully immersed as illustrated in Figure 1a. The HMA specimen is then removed from 

the water bath and dried by a cloth to obtain a saturated surface-dry condition, following which, the 

mass of the specimen is determined in the air (M3). With the three determined masses, the BD of the 

HMA specimen is calculated using Equation 1 [8].  



 

 

𝑩𝑫 =
(𝑴𝟏)

𝑴𝟑−𝑴𝟐
× 𝝆𝒘                Equation 6 

where, BD is the bulk density of the specimen in kg/m3, M1 is dry mass of the specimen in gram 

(g), M2 is the mass of the specimen in water in gram (g), M3 is the saturated surface-dry mass of the 

specimen in gram (g), and ρw is the density of water at the test temperature in kg/m3.  

The calculated BD is used in combination with the Maximum Void-less Density (MVD) of the loose 

HMA material to determine the air voids content of the HMA specimen using Equation 2. The air 

voids content is widely used as a measure of HMA compaction.    

𝐴𝑖𝑟𝑉𝑜𝑖𝑑𝑠(%) = 100 ×
(𝑀𝑉𝐷−𝐵𝐷)

𝑀𝑉𝐷
               Equation 7 

Although the SSD is the widely used method for the determination of the BD of the compacted 

HMA specimens, the method is inaccurate in the determination of the density of porous asphalt or 

HMA specimens with interconnected voids. As an alternative to the SSD method, the vacuum sealing 

approach is preferred for the determination of the density of porous asphalt or HMA specimens 

containing interconnected voids [9-10]. The method involves vacuum sealing of the HMA specimen 

in a plastic bag as illustrated in Figure 1b. The detailed procedure for the determination of BD using 

the vacuum sealing method is described in ASTM D 6752 standard test method [11]. In this study, 

the SSD method was used to determine the BD of the asphalt specimens as the HMA mixes 

investigated were dense-graded, and were not considered to be porous material. 

 

a) Typical SSD set-up 

 

b) Vacuum sealed specimen 

Fig. 1. Typical SSD and vacuum saling device set-up 

Advanced technologies such as X-ray Computed Tomography (X-ray CT) scanning in 

combination with image analysis techniques are also increasingly being used for the direct 

measurement of air voids in compacted HMA specimens [1,2,12]. The X-ray CT scanning technology 



 

 

not only allows for the direct measurement of air voids but also the air voids size and distribution, as 

well as the determination of aggregate particle arrangement, which enables a more detailed 

description of the internal structure of the compacted HMA specimens. It should, however, be 

mentioned that the advanced techniques may not necessarily be practical for routine testing of HMA 

specimens. Hence, their current application may be limited to research purposes and during the 

forensic investigation of asphalt pavements failures.  

III. EXPERIMENTAL PLAN 

L. Materials and HMA Mix Design 

A typical medium dense-graded 10 mm Nominal Maximum Aggregate Size (NMAS) mix, with 

Andesite aggregates and penetration-grade (50/70) asphalt-binder was used in the laboratory study. 

The asphalt-binder conforms to the South African specification for penetration bitumen [13] and is 

equivalent to PG 58-22 as per the draft South African Performance Grade (PG) bitumen specification. 

HMA mix design and aggregates used in the study were sourced from a commercial asphalt plant in 

the South African Gauteng province, and are used routinely in the production of wearing courses of 

known good performance. Figure 2 plots the HMA mix design gradation curve, which falls within the 

specified envelopes according to the South African standard specifications for road and bridge works 

[14]. 

 

Fig. 67. Design gradation 

A. HMA Mixing and Compcation 

Calculated masses of aggregate and asphalt-binder were pre-heated to the required mixing 

temperature (150 °C) separately. The pre-heated aggregate and asphalt-binder were then mixed 

using a heated mechanical mixer until a uniform mixture was obtained (approximately 15 minutes). 

After mixing, the loose HMA material was placed into an oven set at compaction temperature (135 

°C) for four hours to simulate short-term ageing [15]. 



 

 

After short-term ageing, HMA samples were compacted using the SERVOPAC gyratory 

compactor to a typical design and field construction air voids content of approximately 4.0±0.5% and 

7.0 ±0.5%, respectively. A 150 mm diameter mould was used, and HMA samples were compacted 

to 170 mm and 120 mm target heights for both design and field target compaction levels. The 170 

mm was selected as typical height used for compacting specimens for HMA performance tests such 

as dynamic modulus and repeated axial permanent deformation tests. Typically, 120 mm high 

samples are used during HMA design to evaluate the mix volumetric properties as described in the 

South African HMA design manual [16]. Three replicates HMA samples were compacted for each 

combination target air voids and sample height as illustrated in Table I. The compaction matrix 

presented in Table I allowed for the investigation of both, the influence of the target air voids and the 

sample thickness on the distribution of air voids of the compacted HMA samples. 

HMA SAMPLE COMPACTION MATRIX 

Targeted Air Voids (%) Sample Height Number of HMA Samples 

4.0±0.5% 170 mm 3 
120 mm 3 

7.0 ±0.5% 170 mm 3 
120 mm 3 

B. Maximum Void-less Density (MVD) Determination  

The MVD of the HMA mix was determined on loose asphalt material according to SANS 3001-

AS11 [17], which implies that the air voids calculations were based on average MVD values for the 

mix as a whole. Due to mix segregation, the MVD would specifically vary within the individual HMA 

specimens, thereby, introducing a limited error in the air voids determination. 

C. Specimen Preparation and Bulk Density (BD) Determination 

From the 170 mm high HMA samples, 100 mm diameter specimens were cored from the centre 

and the top and bottom were trimmed to produce 150 mm high specimens [15]. The coring and 

trimming is usually done to remove surface roughness which influences the uniformity of the density 

of laboratory compacted HMA samples [15,18]. The 150 mm high specimens were used to prepare 

specimens for vertical and radial air voids investigation as illustrated in Figure 3.  

In order to investigate vertical distribution of air voids, the BD of the 150 mm high specimens was 

determined, following which, the specimens were sliced/cut into three specimens of 50 mm height 

(top, middle and bottom) and the BD of each individual specimen was according to SANS 3001-

AS10 [8]. After the determination of the BD, the 50 mm high specimens were sliced into two 25 mm 

high specimens (resulting in six specimens) and their bulk densities were determined again.  

Similar approach was used for the 120 mm high samples, whereby 100 mm diameter specimens 

were cored from the centre and the top and bottom were trimmed to produce 100 mm high 

specimens. The BD of the 100 mm high specimens was determined, following which, the specimens 

were sliced/cut into three specimens of approximately 33.3 mm height (top, middle and bottom) and 

the BD of each individual specimen was determined.  



 

 

On the other hand, for the investigation of the radial distribution of air voids, the density of the 100 

mm diameter specimen was determined, following which, the specimen was cored to 78 mm 

diameter and the BD was determined. The 78 mm diameter specimen was cored to 54 mm and the 

bulk density was determined again. The 100, 78, and 54 diameters were as a result of the standard 

coring bits commercially available in South Africa. 

 

Fig. 68. HMA Compaction and specimen preparation procedure  

D. Field Core Sampling 

To supplement the laboratory study, field asphalt cores were extracted from the SANRAL 

experimental section on R104 road near Pretoria. The cores were extracted from the sections 

constructed with BTB and HiMA mixes. These sections were selected because the thickness of the 



 

 

asphalt base layer for each mix was adequate for the investigation of the vertical air voids distribution. 

The NMAS of the BTB and the HiMA mixes were 14 and 20 mm, respectively, and their design 

gradations are presented in Figure 4.  

The design pavement structures for the BTB and HiMA section were similar, consisting of a G7 

subgrade layer, 150 mm C3 subbase layer, 150 mm BTB/HiMA base layer and 40 mm asphalt 

wearing course. However, field core samples indicated that the thicknesses of the BTB and HiMA 

layers were each approximately 130 mm. The field cores were extracted from the lane of the 

experimental section that has been closed to the normal traffic in order to eliminate long-term 

densification of the asphalt layers. A total of three cores were extracted for each of the BTB and 

HiMA sections, two cores for the investigation into vertical and one core for the investigation into 

radial air voids distribution. Core sample preparation procedure was as described for the laboratory 

prepared samples, except that the field cores were sliced to a maximum of four specimens, as 

opposed to six specimens, due to insufficient sample thickness.   

 

Fig. 69. BTB and HiMA design gradation  

IV. RESULTS AND DISCUSSIONS  

M. Vertical Distribution of Air Voids 

Figure 5 shows the average air void results of the top, middle and bottom parts of the laboratory 

compacted HMA specimens for the various targeted compaction heights and air voids content. The 

results indicate that the top and bottom parts of the HMA specimens exhibit low compaction (i.e., 

higher air voids content). It can be seen that the variation in compaction becomes more pronounced 

at a higher targeted compaction level (i.e., targeted air voids of 4.0±0.5%) and lower sample 

thickness (i.e., 120 mm), as seen in Figure 5. The average air voids content presented in Figure 5 

were determined using three replicates HMA specimens. Standard error bar is also plotted in Figure 

5, and do not overlap, indicating that the air voids of the top, middle and the bottom parts of the HMA 

specimens differ. 

As the distribution of the air voids define the internal structure of HMA, the trends presented in 

Figure 5 points to the conclusion that the top, middle and bottom parts of the HMA specimens are 

more likely to possess different internal structures. Consequently, the performance of the top, middle 



 

 

and bottom parts with respect to the HMA properties such as permeability, resistance to permanent 

deformation, fatigue cracking and moisture damage may also differ. 

 

a) 170 mm high & 7.0 ±0.5% targeted air voids  

 

b) 170 mm high & 4.0±0.5% targeted air voids 

 

c) 120 mm high & 7.0 ±0.5% targeted air voids 

 

d) 120 mm high & 4.0±0.5% targeted air voids 

Fig. 70. Average air voids content of the top, middle and bottom parts 

Where the top, middle and bottom part were further subdivided into 6 sections, the results are 

presented in Figure 6, plotting the average air voids as a function of sample height for the laboratory 

specimens prepared from the HMA samples compacted to 170 mm high for both 4.0±0.5% and 7.0 

±0.5% targeted air voids content. Each data point in Figure 6 represents the average of three 

replicates HMA specimens. The average air voids content determined using the entire HMA 

specimens before slicing is also plotted in Figure 6. It can clearly be seen that the top and bottom 

parts of the HMA specimens exhibit low compaction. Hence, the current practice of trimming 10 mm 

on top and bottom ends of the HMA specimens prior to density measurement and performance 

testing may not necessarily ensure uniform specimen air voids. Furthermore, the trimming of the 

specimens results in a decrease in the overall average voids of the sample. This has implications for 

sample preparation to specific target voids. 



 

 

 

Fig. 71. Vertical distribution of air voids – laboratory compacted samples  

The vertical distribution of the air voids for the field cores are presented in Figure 7, alongside the 

average air voids content determined using the entire HMA specimens before slicing. Due to 

insufficient specimen height, the field cores were sliced into four specimens only, as opposed to six 

specimens obtained from the laboratory compacted samples. Nevertheless, with the HiMA cores the 

result follows the same trend as the laboratory compacted samples, whereby the top and bottom 

ends exhibits high air voids. For the BTB cores, only the bottom part exhibits higher air voids. 

However, the difference in compaction levels is significantly higher than that of the HiMA cores. 

Factors such as aggregate segregation and temperature variation with depth during HMA 

compaction may have contributed to the observed trend, and should further be investigated in future 

studies.  

 

 

Fig. 72. Vertical distribution of air voids – field cores  



 

 

N. Radial Distribution of Air Voids 

Figure 8 presents air voids determined on the 100, 78, 54 mm diameter specimens cored from 

the laboratory compacted samples. The results indicate insignificant difference in the air voids 

radially, regardless of the differences in target compaction level (i.e., 4.0±0.5% versus 7.0 ±0.5 %,) 

and height (i.e., 170 mm versus 120 mm). For each set of the results, the standard error bars are 

comparable indicating that statistically, the air voids of the 100, 78 and 54 mm core specimens do 

not differ significantly. 

Figure 9 shows the radial air voids distribution results of the field core specimens for both, HiMA 

and BTB mixes. Similar to the laboratory compacted samples, the results of the field core samples 

show insignificant differences of the air voids for the 100, 78, and 54 mm diameter specimens.  

 

a) 170 mm high & 7.0 ±0.5% targeted air voids  

 

b) 170 mm high & 4.0±0.5% targeted air voids 

 

c) 120 mm high & 7.0 ±0.5% targeted air voids 

 

d) 120 mm high & 4.0±0.5% targeted air voids 

Fig. 73. Radial distribution of air voids – field cores  



 

 

 

Fig. 74. Radial distribution of air voids – field cores  

V. CONCLUSIONS AND RECOMMENDATIONS 

The paper investigated the spatial distribution of air voids in gyratory compacted and field 

compacted HMA samples under different compaction levels and sample thickness. Based on the 

results and discussions contained in this paper, the following conclusions are drawn and 

recommendations made. 

 The trend indicated by the vertical distribution of the air voids of the gyratory compacted 

samples show that the top and bottom parts exhibit relatively high air voids content (i.e., low 

density), with the differences being more pronounced on the samples compacted to higher 

target compaction level (i.e., 4.0±0.5%) and lower sample thickness (i.e., 120 mm). Hence,  

the current practice of cutting 10 mm from each end of the gyratory samples may not 

necessary ensure uniform specimen air voids;  

 A similar vertical air voids distribution trend was observed on the field cores. However, the 

bottom part of the BTB layer exhibited significantly higher air voids (i.e., as high as 4.0% air 

voids difference between the top and the bottom). Aggregate segregation and temperature 

variation with depth during compaction could be among the factors contributing to the 

observed trend, and should further be investigated in future studies, and  

 The radial distribution of air voids was found to be uniform for both the gyratory compacted 

and field compacted samples.  

Overall, the study has demonstrated that the understanding of the distribution of the air voids in 

the compacted HMA may provide useful information on the HMA internal structure, and its influence 

the volumetric and mechanical properties of the HMA. As this study investigated limited HMA mix 

types, it is recommended that future studies should include other HMA mix types to validate the 

findings. Furthermore, the effect of variation of the MVD within the sample on the calculation of air 

voids, as well as the effect of support conditions, and temperature variation with depth during field 

and laboratory compaction should be investigated in the future studies.  
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Synopsis— Early pavement distress often cause much debate between affected parties in 

terms of liability and responsibility.  The distress investigations often result in review of the 

asphalt mixtures, its constituents, layer history to date as well as the support structure 

thereof.  Though it is fairly simple to obtain samples of the asphalt, binder, etc. from in-situ 

material or retention samples, very few reliable, simple and cost-effective methods exist to 

review not only the presence of adhesion promoters in binders, but also the level of dosage 

thereof during quality assurance (QA) testing.  The determination of the correct dosage 

levels of adhesion promoters as well as routine performance of QC tests involved with said 

dosage, is also not currently commonplace due to limited methodology. 

The current research is aimed at providing industry with a simple tool to assist in the 

determination of adhesion promoter dosage levels required for project specific aggregates.  

It can further be used as a QC/QA method for checking said dosage levels on retention 

samples instead of relying on empirical or visual assessment.  The tool can further assist 

with distinguishing between available products such that fit-for-purpose applications can be 

implemented considering financial and performance aspects whilst avoiding possible 

detrimental effects as a result of overdosing.   
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INTRODUCTION 

As one of the main factors leading to the failure of asphalt pavements, the damage induced by 

water needs to be prevented by design and construction as far as practicable [1].  Water penetration 

into the asphalt surfacing does not only accelerate binder ageing and loss in strength due to pore 

water pressure, but also have the potential to penetrate the binder film and cause a loss of bond 

between aggregate and the binder film [2].  Finding effective and efficient methods for ensuring a 

resistance to moisture induced failures, are therefore paramount.  As a key product line for most 

asphalt binder additive companies across the globe, adhesion promoters, or anti-strip agents as they 

are often called, are geared to assist asphalt designers and manufacturers with attaining this goal. 



 

 

As design specification in South Africa, the resistance that an asphalt mixture may have to 

moisture induced damage, is determined through conducting Modified Lottman testing as well as the 

50°C wet condition Hamburg Wheel Tracking test (HWTT) [3].  Though this will likely assist in 

ensuring moisture damage reduction in pavements, these tests are asphalt focussed and testing can 

be timeous and expensive.  They are performed toward the end of the design process and it therefore 

often happens that changes to the mix design are required when one or both of these parameters 

are undesirable which may lead to wasted resources.  These methods do thus not address the need 

for an understanding of binder-aggregate compatibility early in the design process, nor does it 

provide a means for performing quality control or assurance (QC & QA) testing throughout the 

manufacturing process.   

Some of the adhesion promoters commercially available, may cause considerable cost incurrence 

due to their cost or the capital cost required for their introduction into an asphalt mixture.  Add to this 

that most are supplied only with a singular recommended dosage, not considering specific aggregate 

chemistries, nor a sound method of detecting their presence in an asphalt binder or mix.  The tools 

for industry are thus severely limited where adhesion promoting technologies are concerned.  The 

paper at hand is aimed at providing asphalt designers and manufacturers with a simple tool that can 

be used to benchmark project specific aggregates, allowing not only the binder affinity to be better 

known earlier on in the design/usage cycle, but also allowing the optimisation of adhesion promoters 

dosage to be performed.    

CURRENT TESTING REGIMES  SOUTH AFRICA 

Stripping Resistance – Binder and Aggregate Evaluation  

In general, the base stripping resistance test used to ‘prove’ the effectiveness of an adhesion 

promotor, namely the ‘Boil’ test, entails the manual mixing of a small quantity of aggregate particles 

and subjecting the specimen to several minutes in boiling water.  The evaluation process is such 

that the specimen after boiling, is visually assessed for stripping resistance by noting the proportion 

of uncoated material present.  Though this can be a quick spot check, much subjectivity surrounds 

this evaluation, and the test provides no measure of scale.  It is furthermore only performed on 

‘commonly used’ aggregates and has a low level of repeatability due to the subjectivity of evaluation. 

   When shifting focus to the requirements placed on aggregates, project specifications often 

necessitate the use of the Riedel and Weber test as a measure of an aggregates’ affinity to 

bituminous binders.  Similarly to the boil test, this test requires the boiling of material in water, 

however, it is done with a range of sodium carbonate solutions starting with pure water and 

increasing in molar concentration across the iterations.  The method specifies both the aggregate 

fraction to be used as well as the base penetration grade binder to be used, i.e. 150/200 pen [4]. 

This requirement in itself drastically inhibits use of the test, as this grade of bitumen is not commonly 

available in South Africa.  This method was initially published in 1934 [5] and provides one with a 

stripping resistance value between 0 and 10 (0 being failure in pure water).  The test was classified 

as advantageous due to improved reproducibility, however, Solaimanian et al. [5] noted the molar 

solutions to be acidic and therefore hazardous.   



 

 

Resistance to Moisture Induced Damage – Asphalt Evaluation 

Once asphalt products are manufactured, compacted specimens can be subjected to mixture 

strength ranking tests such as immersion index, Modified Lottman, Moisture induced sensitivity tests 

(MIST) and HWTT, etc. that allow for more informed decisions to be made when selecting optimum 

mix designs [5, 3].  These tests require more costly equipment to be utilised in comparison to the 

binder tests and can take considerably longer to achieve the desired results.  The benefit of these 

tests is that it aims to simulate the resistance to moisture induced damage provided by the whole 

aggregate-binder system rather than just select fractions and binder.  It can therefore be more easily 

translated to expected performance in-situ as it entails testing under load as well as temperatures 

within the operating temperature range of the pavement. 

As one of the more severe tests that hot mix asphalt (HMA) can be subjected to, the HWTT test 

entail the trafficking of in-situ compaction simulated specimens under higher in-field temperatures 

(i.e. 50°C).  When the permanent deformation testing is conducted within water, one can argue that 

the wheels may provide a closer approximation to the positive pore water pressure effects 

experienced in the field, however, it is thought that this test configuration may be more severe than 

what is experienced in the field.  This may be attributed to the fact that very little to no lateral wander 

takes place during the trafficking, specimens may have a more uniform distribution of voids in the 

laboratory compacted specimens than that of field conditions [6] and the size and depth of the water 

chamber can potentially change water pressure conditions on the surface of the specimens.  

Other more indirect measurement tests such as immersion index and MIST, are performed at a 

temperature condition of 60°C which is closer to in-situ operating high temperatures experienced in 

Southern Africa during day time trafficking.  Concentrating on the test conditioning that takes place 

in these instances, the simulation of the moisture effects on a surfacing mixture may be extremely 

useful, particularly in the case of the MIST where direct pore pressure at the conditioning 

temperature is applied repeatedly.  Similar to the HWTT, this repeated ‘forcing’ of water into the 

specimen is akin to what a pavement may experience under trafficking during and after an afternoon 

rain spell as road surfaces in South Africa fall within the 50°C - 70°C temperature range [3].  

Considering the operating conditions experienced on South African roads, the Modified Lottman 

test, particularly the freeze-thaw conditioning cycle, seems somewhat out of place even though it is 

the most generally used moisture susceptibility and durability parameter in South African 

specifications.  The important aspect to remember is that these tests are a ranking measure and 

the more severe, the easier it becomes to rank products for selection in terms of risk.  

As stated previously, these asphalt tests can become time consuming and costly and the risk 

that one will only realise that the resistance to moisture damage is insufficient toward the end of the 

design process, is ever present.  The need therefore for a pre-evaluation method of adhesion in the 

aggregate-binder system earlier in the design process that can also be used during the production 

QC & QA stages, is thus highlighted.  

DEVELOPMENT OF THE QC/QA TEST AND PRINCIPLES 

Considering the available methods for evaluating adhesion strength in the asphalt system, it was 

decided to look at utilising the Riedel and Weber test protocol as a ranking tool for an array of 



 

 

adhesion promoters at varying dosages.  This was done in order to determine if one could not only 

monitor the change in stripping resistance brought on by the promoters, but also to see if one could 

determine to what degree aggregate chemistry affects the required dosage.  

Experimental Setup and Results 

In order to remove as much variability as possible from the study as well as confirming that the 

binder type stipulations made reference to earlier are not set in stone, it was decided to utilise a 

single reference 50/70 penetration grade binder for all of the evaluations that took place over the 

course of the study.  To allow coverage of a fairly wide array of chemistries, 4 main aggregate 

sources were selected in conjunction with 5 different liquid adhesion promoters as well as a hydrated 

lime additive from different suppliers.  The liquid adhesion promoters have been given non-descript 

identifiers to prevent bias and contain both Amine and Saline based technologies.  It is not the intent 

of the study to promote any given technology, but rather to observe the differences in response to 

changing aggregate-binder-promoter chemistry.   

The testing regime of the study that will be focused on within the current paper, primarily rests 

with the ranking data obtained from testing the different combinations in comparison to one another.  

As no direct stipulated Riedel and Weber number equivalency to asphalt performance could be 

found at the time publication, further work is being performed to quantify the equivalency.  In addition 

to the equivalency testing, preliminary testing aimed at reducing subjectivity using the 

recommendation made by Valentova, Altman and Valentin [7] of using mass loss as a gauge 

parameter to remove much of the subjectivity of tests such as these showed positive trends, 

however, further testing is being performed in this regard.  The need for deeper study into the 

resistance of each of the additives to high temperature deterioration and thus their long-term 

efficiency in the event of pre-dosage into binders were also highlighted during the study. 

According to the data obtained during the study, the saline additives did in general perform better 

over the array of chemistries shown than was observed for the amine-based additives.  For each of 

the additives tested, only one of the additives reviewed could achieve equivalent ranking values 

when compared to the hydrated lime within the mix (see Table I and II).  Some of the test results 

also showed that stripping resistance does not necessarily increase with increasing additive dosage 

but may either plateau or reach a sort of saturation level after which it may start to decrease again. 

This means that it may in certain situations be possible to overdose anti-strip agents in practice.    

The types of trends found during the study, can however be established during initial evaluations 

as it was found that similar order of magnitude values could be attained even in situations where 

the pre-mixed binders were left for several days before reheating to conduct testing.  The same was 

also found when standing time for mixed aggregate and binder was allowed to happen.       

Though it was noted that the performance of the additives was not equal across the differences 

in aggregate chemistries, the data set was found to be too limited to draw meaningful conclusions 

in this respect. The data regarding the aggregate chemistries used in the study are provided in Fig. 

1 for information purposes.   

It must be kept in mind that the dosage of the hydrated lime as adhesion promotor, was done as 

a proportion of the mixture as a whole by mass, as this is consistent with the manner in which 



 

 

projects in South Africa are specified in general.  It serves as a reference of scale in this instance 

and dosage should not be confused with the liquid additives which are dosed as a proportion of the 

binder by mass. The equivalent dosage values when it is reviewed alongside the liquid anti-strip 

agents will be much greater, however, the costs are often the inverse.  

TABLE X:: Riedel and Weber Stripping Value Liquid Anti-strip agents 

Agen
t 

Material Dosage (%) 

0.0
1 

0.0
2 

0.0
3 

0.0
4 

0.0
5 

0.0
6 

0.0
7 

0.0
8 

0.0
9 

0.
1 

0.1
5 

0.
2 

0.
3 

0.
4 

0.
5 

A Felsite 1 2 2 3 3 3 5 5 6 6           

Calcrete 2 2 2 3 3 5 5 5 5 6           

Dolerite 
A 

1 2 2 3 3 4 7 7 6 6           

Dolerite 
B 

3 3 4 4 6 7 7 6 7 7           

B Felsite         3         5 5         

Calcrete         3         5 5         

Dolerite 
A 

        6         6 8         

Dolerite 
B 

        5         6 7         

C Felsite         1           4         

Calcrete         1           4         

Dolerite 
A 

        1           4         

Dolerite 
B 

        0         3 5         

D Felsite                   2   3 3 4 5 

Calcrete                   2   3 3 4 4 

Dolerite 
A 

                  2   3 3 6 6 

Dolerite 
B 

                  2   3 4 4 5 

E Felsite         1         2 2         

Calcrete         3         4 5         

Dolerite 
A 

        1         3 5         

Dolerite 
B 

        2         2 2         

 

TABLE XI: Lime Reference Riedel and Weber Stripping Values 

Agent Material Dosage (%) 
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Felsite 3 5 6 

Calcrete 3 5 6 

Dolerite A 3   7 

Dolerite B   5 6 

 

 
Fig. 1: X-ray diffraction compositional analysis on reference materials 

CONCLUSION 

Many project specifications in South Africa require at least a base form of binder affinity to be 

tested, however, the limits imposed are often dependent on the consultants’ level of experience and 

as such can be very subjective in nature.  This can not only be restrictive in terms of design but may 

also lead to unnecessary costs being incurred in terms of capital outlay. 

The method utilised in the study presented, allowed effective ranking and optimisation of binder 

adhesion to be attained.  It highlighted the need for asphalt designers to evaluate different types of 

adhesion promotors on different aggregates, as chemistry was found to play a definitive role.  Results 

obtained from ranking activities further allow designers to build a database that can be used as a 

reference in future, that will further allow reduction in iterations to obtain optimum dosage levels of 

adhesion promoting agents and additives.  The ranking database furthermore allow asphalt 

producers a tool with which they can not only confirm the presence of the adhesion promoting agent, 

particularly in the case of liquid additives pre-dosed into binders, but also prove that correct practices 

and dosages were followed in the event of a dispute.  Further work aimed at reducing the subjectivity 

of the method is underway, as this will finally allow multi-laboratory and multi-operator reproducibility 

to be improved. 

Though the method used poses a higher level of risk to workers than a standard boil test, the use 

of the Riedel and Weber solutions in this ranking system is such that the benefit can far outweigh the 

risk if safety risks are treated correctly in the laboratory environment.  It will allow one the opportunity 

to determine which promoter is best suited to a project specific aggregate chemistry, ensuring 
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decreased risk of not only reaching the end of the design process with a more moisture resistant 

mixture, but also providing society with longer lasting roads.  
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DOES A NATIONAL PROFICIENCY TESTING SCHEME ASSIST IN IMPROVING THE 
CONFIDENCE IN LABORATORY TEST RESULTS? 
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Synopsis— South Africa (SA) has for the past 6 years been running a National Proficiency 

Testing Scheme (PTS) managed by the National Laboratory Association - South Africa (NLA-

SA).  Although all five civil engineering material types are covered in the PTS namely 

aggregates, granular, asphalt, bituminous binder and concrete, this paper focuses on the 

asphalt, bituminous binder and related aggregate tests only.  The PTS was introduced during 

the transition from the TMH1 testing methods to the revised SANS 3001 series.  Over and 

above these changes, SANRAL required that laboratories tendering on their contracts also 

had to be ISO 17025 accredited.  In short, a lot of change was going on in the laboratories in 

SA during this period.  

So, the question is – how has the implementation of the National PTS benefitted the quality 

of the test results and is there greater confidence in the results with particular focus on the 

asphalt, bituminous binder and aggregate test methods?  This paper briefly outlines the PTS 

programme, including the analysis process used, and then look to answering the questions 

posed and make proposals as to what needs to be revised to obtain the maximum benefit 

from such a scheme for all the parties involved.  Added to this is the information one can 

glean from conducting ongoing PTS rounds, in particular the probable variations one can 

expect for each test result. 

Keywords—PTS; laboratory testing; bituminous binder testing; aggregtes testing; asphalt 

testing 



 

 

 

 INTRODUCTION 

The objective of a Proficiency Testing Scheme (PTS) is to assist laboratories with an external 

mechanism for having their results compared with a relatively large sample of other laboratories in 

the same field, and in this case civil engineering testing. 

One must remember that in comparing many laboratories, each with their own particular take on 

the methods, is going to build in a certain amount of variability into the results.  This is over and 

above the variability the results will tend to show given the nature of the natural products the Civil 

Engineering laboratories test on a regular basis.  If the facility does an inhouse round-robin type 

Intra-Laboratory Comparison (ILC), their own internal error will repeat itself as all the testers would 

perform the method in a similar manner given that a single person has trained them.  As a result, 

they should obtain good results that correlate well with one another.  It’s only when that same facility 

tests against other facilities that such an inhouse error can be identified and corrected if a thorough 

root cause analysis is undertaken.  This is one of the objectives of a PTS.  That is to provide the 

analysis from as broad a base of facilities as possible to assist the individual facilities in identifying 

where the differences in their results exist based on the consensus mean, and then to look at ways 

of improving their results in future rounds.  If all the facilities undertook such an extensive analysis of 

their results, it would assist in reducing the standard deviation due to less misinterpretations as to 

how the method is to the undertaken.  This is assuming that all apparatus is correctly calibrated and 

that the sample is as representative as possible.  This process will then improve the overall testing 

ability of the facilities countrywide resulting in better confidence in the results produced.  Naturally 

mistakes will occur from time to time, but these can be explained based on the other results from 

previous rounds produced from the facility in question. 

VI. The other concern is laboratories producing results that seem to comply with the other facilities 
but are not true results.  Although a cynical point, due to the amount of money attached to test 
results that allow material to be passed and paid for as against failed, there is huge pressure placed 
on testing facilities to produce “acceptable” results.   

Laboratories need to stand their ethical ground in cases where such requests are presented to them 
to assist in getting material passed regardless of what the “benefits” are to the individual or the 
organization.  Unfortunately, for various reasons, it is suspected that this practice is still found to be 
occurring on occasions in civil testing facilities.   

 

METHOD OF ANALYSIS 

In order to use as many results as possible and not have to make decisions with regard to outliers, 

robust indicators [1] were used.  The Robust indicators include both a Robust Mean and Robust 

Standard Deviation.  The H15 robust mean and H15 robust standard deviation are used to analyse 

the data due to their ability to include outliers in the data set as analysed while applying a weighting 

to each value.  This weighting allows the data values wider of the H15 mean to have less of an effect 

on the results both for the mean and the standard deviation resulting in a more accurate mean and 



 

 

standard deviation determination that better identifies the consensus mean and z-score analysis of 

the data set. 

Whilst it is not possible to guarantee a single ‘target’ value for evaluation purposes due to the 

inherent variability of construction material [2], making use of the H15 robust mean and H15 standard 

deviation are representative of each sample.  In the case where the result submitted is considered 

to be an Obvious Blunder (OB) due its obvious inaccuracy in the result or results as submitted, the 

result or results are excluded from the analysis. 

 

Statistics emlpoyed 

A convenient and internationally accepted statistical method for analysing test results is to 

calculate a z-score for each laboratory's result.  A z-score [3] is a normalised value which gives a 

"score" to each result, relative to the other numbers in the data set. 

𝒛𝒊 =
𝒙𝒊 − �̅�

𝒔
 

Where 

  (xi) = ith result 

  (̄�̅�)  = the assigned value (e.g. mean or median)  

 s  = an estimate of the spread of all results (e.g. robust standard deviation or 

fitness for purpose criteria)  

A z-score value close to zero therefore means that the result agrees well with those from the 

majority of the other participating laboratories. 

Other statistical determinations used in the evaluation of the results include coefficient of variance 

(CV), range, 95% Confidence Index (CI) and the range divided by the mean as a percentage.   

Although the CV and CI are standard statistical values, the range divided by the mean converted 

to a percentage is not a conventional method.  The value is similar in its concept to the CV but uses 

the total range of results as against the standard deviation.  This has been included as it gives an 

indication of relationship or magnitude between the total range and the mean value.  A higher value 

e.g. > 100 %, indicates that the range is larger than the mean itself.  In some instances, this value is 

> 1 000 %.   

The main focus in this paper is on the standard deviation in the form of the weighted z-score 

although the other statistical values have been included in all the tabulated results. 

AASHTO re:source rating system (previously known as AMRL) 

AASHTO re:source was established as the AASHTO Materials Reference Laboratory (AMRL) at 

the National Institute of Standards and Technology (NIST) in Gaithersburg, MD in 1965.  At the time 

NIST was known as the National Bureau of Standards (NBS).  AASHTO re:source’s Laboratory 

Assessment and Proficiency Sample Programs were introduced in 1966 and covered just the basics 

http://www.nist.gov/


 

 

– soil, aggregate, and bituminous materials.  Over the years the programs have grown dramatically 

to meet the needs of their customers. 

A more stringent rating than the normal z-score of less than ± 3 is used by AASHTO re:source to 

evaluate their results [3].  This same approach, as laid out below has been adopted for the acceptable 

results in the National Laboratory Association - South Africa (NLA-SA) PTS that is considered a more 

acceptable rating scale than the standard z-score rating. 

The laboratory Rating calculation is based on the absolute value of the z-score (or number of 

standard deviations from the average).  The following describes the laboratory Rating system:  

 

 If Z-Score ≤ 1   Good  

 If Z-Score > 1 And ≤ 1,5  Acceptable  

 If Z-Score > 1,5 And ≤ 2  Needs investigation 

 If Z-Score > 2 And ≤ 2,5  Problematic 

 If Z-Score > 2,5 And ≤ 3  Needs in-depth investigation 

 If Z-Score > 3   Unacceptable 
 

A negative sign on a z-score or Rating indicates that the laboratory's result was below the average, 

while a positive z-score or Rating indicates that the laboratory's result was above the average. 

 

This system can be depicted as shown in Fig. 1.  

 

Figure 57:  AASHTO re:source rating system [3] 

 

ANNUAL PROGRAM AND ROTATION OF MATERIAL TYPES 

Each material type is tested twice per year on a rotation basis.  Typically, an annual scheme would 

be as detailed in Table 1. 



 

 

No rounds are run in January and December due to the contractor shut down in those months.  

The tests included are generally the most basic methods undertaken regularly in the laboratories 

given that some are more complex to conduct.  The thinking in this regard is that should a facility be 

able to conduct a basic method with an acceptable z-score they should be able to apply the same 

principles to a more complex method and produce an acceptable result.  This does not mean that 

these more complex methods should not be included into some form of ILC for confirmation of their 

ability and the other facilities that may partake in such an ILC.  Given that some of the material needs 

to be transported over a period also needs to be kept in mind to ensure that the material 

characteristics do not differ significantly from the other participants samples that have shorter 

transportation periods. 

 

Table 12:  Typical PTS annual program 

Round Month Material type 

- January No PT rounds run 

1 February Bituminous binder 

2 March Granular material 

3 April Aggregate material 

4 May Concrete material 

5 June Asphalt material 

6 July Bituminous binder 

7 August Granular material 

8 September Aggregate material 

9 October Concrete material 

10 November Asphalt material 

- December No PT rounds run 

 
One needs to consider covering the various material types to ensure that the facilities have the 

opportunity to test various material characteristics e.g. coarser vs finer asphalt mixes, harder vs 

softer penetration binders or cationic vs anionic emulsions.   This is achieved by changing the 

material type each year i.e. each year the same material is tested in both rounds for comparative 

purposes.   

SAMPLE PREPARATION AND PACKAGING 

The samples need to be split in a manner to ensure suitably consistent samples with minimal 

variability in the physical characteristics are dispatched to each participant.  Some materials like 

bituminous binder are more homogeneous and easier to prepare than others.  The composite 

materials like asphalt need greater attention to ensure representivity in the various participants 

samples.  This process is done by separating the coarser fractions from the finer fractions if 

applicable to ensure an equal ratio of coarse to fine fractions are in each sample.   

Based on the stability and homogeneity requirements of the samples and the potential variability 

of the material, the samples are considered sufficiently stable and homogenous for the purpose of 

the NLA-SA PTS. 



 

 

The packaging is important to consider so that no material is lost during the transportation of the 

samples to the participants around the country and into the SADC region.  For this we double bag 

the samples and limit the mass per bag to 35 kg to facilitate easier lifting so the courier companies 

can pick up the bags rather than drag them around during the loading & offloading operations.  

Should a sample require more than 35 kg, the sample is split in half and bagged in 2 separate double 

bags and must be combined once received at the participating facility before being divided into the 

various test samples.   

RESULTS ANALYSIS AND COMMENTS 

Currently there are in the order of 73 participants registered for the PTS rounds.  On average 75 

% of all results fall within a z-score of ±1 which is encouraging and confirms the normal distribution 

of the results as submitted by the participating laboratories.  This value of 75 % is similar to what is 

obtained in the other PTS rounds run by the NLA-SA which include water micro, food micro and 

pesticide formulation.  Although this is typical for normally distributed statistical results, it’s useful to 

superimpose the specification requirements over these results to determine if the spread is within or 

outside the specification or not.  In some cases, the z-score of ±1 lies inside the specification which 

is preferred but there are occasions when it spans wider than the specification which is cause for 

concern as it points to a specification that is narrower range of results than what can be achieved 

with the material being tested.   

Aggregate results and comments 

The aggregate material (AG) used in all seven of the aggregate samples came from the same 

source except for one round.  Using the same material from the same source allows one to analyse 

both the supplier’s consistency as well as the ability for the laboratories to continually compare their 

results against each round.  In the case where the source material characteristics change its not 

possible to compare the mean value although the standard deviation and other statistical values can 

be compared against one another round for round.   

All facilities should be able to competently test aggregates which are the base material in civil 

engineering, in particular grading, Flakiness Index (FI), Average Least Dimension (ALD) by direct 

measure and computation, Sand equivalent (SE), Aggregate Crushing Value (ACV) & 10% Fines 

Aggregate Crushing Test (10% FACT) which are all basic standard methods that should produce 

consistent results.     

Table 2 provides the statistical summary of the aggregate results for the seven rounds run from 

2015 till 2018.  Although the mean may not be a true refection due to material differences, the other 

statistical values are all acceptable.   

 

Table 13: Aggregates average statistical results 

Avg Stat - 
AG 

ALD - 
direct 

ALD – 
comp 

FI SE ACV 
10% 

FACT 
10 

mm 

[mm] [mm] [%] [%] [%] [kN] [%] 

Mean 8.7 8.9 12.9 71.0 9.2 469.3 14.9 



 

 

StDev 0.5 0.4 2.6 10.6 1.5 78.4 2.6 

Range 5.6 3.8 18.3 66.7 11.4 468.0 35.2 

CV (%) 5.2 5.0 20.5 15.1 18.3 16.3 23.5 

Range/Mean 64.5 42.7 136.0 93.5 138.5 94.1 343.8 

Count (#) 31.9 26.0 40.3 33.0 31.8 30.7 41.4 

95 % CI 0.2 0.2 0.9 3.8 0.6 29.4 0.9 

 

The 95% confidence index (CI) which indicates the range between which the true value is most 

likely to exist is acceptably low for all the aggregate results whereas the range in all the methods is 

concerning.  The standard deviation (StDev) for the FI, SE, 10% FACT and 10 mm grading are all 

high given the magnitude of the mean value.   

The running average (i.e. the average for three consecutive results) for the standard deviation 

results are plotted in Figures 2 to 5 below and in most cases reflect a decreasing trend over time 

pointing towards a reduction in the standard deviation.   

A brief commentary will be made on each Figure.   

In Fig. 2, the ALD by direct measure’s standard deviation results have remained consistent over 

the seven rounds with the running average showing a very slight increase. 

 

 

 

 

 
 

Figure 58:  Average ALD standard deviation graphical plots 

 

The ALD by computation is undertaken by fewer facilities and also reflects a slight decrease in 

Fig. 2 in the running average for the standard deviation.  It must be remembered that this value is 

directly reliant on the accuracy of the FI and grading determinations.  Should the sample used in 

these methods not be representative or should some other error have been made during the testing, 

the ALD by computation results will be compromised.  

 



 

 

 
Figure 59:Average FI standard deviation graphical plot 

 

The FI results in Fig. 3, as for the ALD results also shows a slight increasing trend.   

 

 
Figure 60: Average SE standard deviation graphical plot 

 

Two different materials have been used in the SE determinations.  One is a washed river sand 

and the other a -7 mm crusher dust.  The variability in the results as indicated in Fig. 4 is mainly due 

to the more variable crusher dust as the washed river sand provides a consistent result although this 

was not the case for all participants.   

 

 

 

 

 
 

Figure 61: Average ACV and 10% FACT standard deviation graphical plots 

 



 

 

Fig 5 indicates the ACV provides a steady decrease in the running average whereas the 10% 

FACT result shows an increase in the Standard Deviation over the seven rounds.   

Average bitumen results 

 

Table 14: Average bituminous binder statistical results 

Avg Stat - 
BT 

Pen R&B 
Visc – 
60 oC 

Visc – 
135 oC 

Spot 
test 

dmm oC Pa.s Pa.s % 

Mean 68.0 48.4 213.2 0.45 25.0 

StDev 7.2 1.2 46.7 0.09 7.5 

Range 31.0 7.2 255.1 0.44 15.8 

CV 10.3 2.4 23.4 17.3 33.0 

Range/Mean 45.4 15.1 121.6 94.3 69.1 

Count 27.3 27.7 16.0 20.4 4.0 

95 % CI 2.8 0.5 28.0 0.05 17.2 

 

Table 3 summarises the basic penetration results for the seven rounds from 2013 to 2018.  All the 

methods besides the spot test have acceptable results with regards to standard deviation and the 95 

% CI.  The range for the all the results is concerning although it’s only a few facilities that are 

contributing to the higher range.  The spot test is only conduct by a handful of facilities which adds 

to the variability of these results.   

 

 

 

 

 
Figure 62: Average Pen and R&B standard deviation graphical plots 

 

The penetration test in Fig. 6 shows in an increase in the standard deviation although it is tending 

to flatten out during the last 2 rounds.  This tends to indicate that the laboratories ability is improving 

in the latter few rounds with lower variability in the results.  Given that this is a very basic bitumen 

test, the initial increasing tendency is concerning.   

The softening point or ring and ball (R&B) methods has been quite consistent throughout the seven 

rounds.   

 

  



 

 

  
Figure 63: Average dynamic rotational viscosity standard deviation graphical plots 

 

Both the 60 oC and 135 oC graphs in Fig 7 show a decreasing tendency although the last individual 

values for the 60 oC viscosity has shown a sharp increase.   

 

 
Figure 64: Average spot test standard deviation graphical plot 

 

The Spots tests results in Fig. 8 are highly variable due to only a few facilities providing results for 

this method.  This is compounded by one facility’s results being removed from the analysis as their 

reporting method is incorrect although it could be assumed to have obtained the correct result.  This 

would change the overall statistical analysis values results quite considerably as this facility 

represents 20 – 25 % of the results per round.   

 

Table 15 : Average bituminous binder statistical results for RTFOT 

Avg Stat – 
RTFOT BT 

mass ∆ 
Visc @ 
60 oC 

R&B > R&B 
Retained 

Pen 

mm/m Pa.s oC oC % 

Mean 0.081 222.8 53.2 4.4 66.2 

StDev 0.076 76.7 1.8 1.4 9.4 

Range 0.790 309.8 6.4 7.6 45.2 

CV 99.6 35.0 3.4 32.9 14.3 

Range/Mean 1042.8 142.4 12.1 182.7 67.9 

Count 13.4 11.7 14.7 14.4 13.7 



 

 

95 % CI 0.089 54.2 1.2 0.9 6.4 

 

There are far fewer participate in the RTFOT testing than in the basic penetration grade binder 

testing as the RTFOT is specific to the asphalting industry.  In Table 4, the range is problematic for 

all the results besides the R&B although this can be attributed to a few facilities whose results are 

far from the mean value.  The 95 % CI is concerning for the mass change, viscosity at 60 oC and the 

retained penetration.   

 

 
Figure 65: Average RTFOT mass change standard deviation graphical plot 

 

In Fig. 9 one can observe the mass change is one of the more variably results analysed.  It seems 

as if quite a few of the facilities do not weight the mass change accurately enough to determine an 

accurate mass change which adversely affects the statistical analysis.  If a facility does not have the 

correct apparatus to produce a result, they should refrain from submitting the result as it adversely 

affects the overall results particularly if there are relatively few participants as is the case with the 

RTFOT.   

 

 
Figure 66: Average RTFOT viscosity standard deviation graphical plot 

 

In Fig 10, the viscosity at 60 oC does tend to vary quite a bit although this is within a narrow band.  

The running average has remained consistent over the seven rounds.  Fewer facilities test the 60 oC 

viscosity due to the higher viscosity at this temperature.   



 

 

  



 

 

 

 

 

 

 
Figure 67: Average R&B standard deviation graphical plots 

 

In Fig. 11, the R&B tends to jump around quite considerably although the later trend line shows it 

to be levelling out.   

The increase in R&B in Fig. 11 is also quite variable but as with the R&B is showing signs of 

levelling out into the latter rounds.  

 

 
Figure 68: Average retained penetration standard deviation graphical plot 

 

The retained penetration in Fig. 12 varies quite considerably in the individual results although the 

general trend is downwards.     

  



 

 

 

Average asphalt results 

 

Table 16 : Average asphalt statistical results 

Avg Stat - 
AS 

BD VIM Stab Flow ITS MVD 
BT 
abs 

% BT 

kg/m3 % kN mm kPa kg/m3 % % 

Mean 2368.4 4.8 13.7 3.6 1363.5 2488.0 0.3 4.6 

StDev 15.7 0.7 2.1 0.7 263.2 9.1 0.2 0.2 

Range 77.2 4.0 10.0 7.7 1187.9 72.9 6.9 1.3 

CV 0.7 16.6 15.6 18.9 19.1 0.4 69.4 3.6 

Range/Mean 3.3 92.1 73.1 209.3 85.9 2.9 2260.1 29.2 

Count 33.8 39.4 39.3 39.3 37.8 33.8 36.1 38.0 

95 % CI 5.8 0.2 0.7 0.2 90.8 3.5 0.1 0.1 

 

The average asphalt results for the eight rounds conducted from 2014 to 2018 are provided in 

Table 5.  The range in all but the BD & BVD are concerning but again that’s largely as a result of only 

a few facilities.  The absorbed binder is by far the worst result followed by the ITS.  The 95% CI 

values are acceptable for all the methods analysed.   

 

 

 

 

 
Figure 69: Average BD and MVD standard deviation graphical plots 

 

The BD remains consistent as shown in Fig. 13 even though there is a slight upturn during the 

past 3 rounds.  The overall variation is still well within acceptable norms. 

The MVD in Fig. 13 shows some variability in the individual results but the overall downward trend 

is acceptable given the small variation observed in the results.   



 

 

 
Figure 70: Average VIM standard deviation graphical plot 

 

The VIM in Fig. 14 although showing quite some variability in the individual results does show a 

downward tendency on average.  Controlling the temperature during compaction could be a 

contributing factor to this variability. 

 

 

 

 

 
Figure 71: Average Marshall Stability and Flow standard deviation graphical plots 

 

The Stability in Fig. 15 is showing an increase over the past 4 rounds which is concerning.  The 

use of an automatic vs manual press will influence the results reported for this method.  The use of 

a proving ring vs load cell is also reported to affect the results produced.   

The flow in Fig. 15 remains consistent with a slight downward trend.   

 

 
Figure 72: Average ITS standard deviation graphical plot 



 

 

 

The ITS is a highly variable result as depicted by the individual results in Fig. 16.  Although the 

overall trend is slightly downwards, the range and variability in the results is a concern especially 

when used to approve or reject material.   

 

 
Figure 73: Average bitumen absorption standard deviation graphical plot 

 

The absorbed binder in Fig. 17 is a concern due to the range of the results particularly as submitted 

by a few facilities.  Values of greater than 1 % absorbed are highly unlikely and should be properly 

investigated before submitting to the NLA-SA for analysis.  The facilities need to check their 

calculations for this method. 

 

 
Figure 74: Average binder percentage standard deviation graphical plot 

 

The individual results for the binder percentage in Fig. 18 are quite variable although the overall 

trend is downwards.   

  



 

 

Overall standard deviation trends 

 

 

Table 17:Trending of statistical standard deviations for all materials  

  StDev average 2013 - 2018 

 AGGREGATES Decreasing Constant  Increasing Variability 

1 FI    1    

2 ALD direct   1     

3 ALD computation 1       

4 ACV 1       

5 10% FACT 1     1 

6 Grading 1       

7 SE   1   1 

      

 BITUMEN     

8 Pen     1 1 

9 R&B   1     

10 Vis @ 60 1       

11 Vis @ 135 1       

12 
RTFOT mass 
change   1   1 

13 RTFOT Vis @ 60 1       

14 RTFOT R&B 1     1 

15 RTFOT > R&B 1       

16 
RTFOT Retained 
Pen 1     1 

17 Spot Test 1     1 

      

 ASPHALT     

18 BD 1       

19 MVD 1     1 

20 VIM 1       

21 Stab     1 1 

22 Flow 1       

23 ITS 1     1 

24 Bit abs 1       

25 Binder % 1     1 

  18 4 3 11 

      

 TOTAL 72% 20% 8% 44% 

 AGGREGATE 57% 29% 14% 29% 

 BITUMEN 70% 20% 10% 50% 

 ASPHALT 88% 0% 13% 50% 



 

 

 
In Table 6, on average 72 % of all methods show a reduced standard deviation with a further 20 

% showing a consistent value.  Only three results reflect an increase in the standard deviation namely 

the FI for aggregates, penetration for binders and Marshal stability for asphalt.  Eleven results show 

variability in some form or other with two being in the aggregate testing, five in the binder testing and 

four in the aggregate testing.  Four of the five variable methods for the binders are related to RTFOT 

results.  Seven of the eleven reflecting variability do however show a downward trend in the standard 

deviation.   

CONCLUSIONS  

In answering the question “has the implementation of the National PTS benefited the quality of 

the test results?”, the answer is yes, there is a definite improvement in the average standard deviation 

for 70 % of the results over the 6 year period that the PTS has been operating.  As a result, and in 

answering the second part of the question “is there greater confidence in the results?” again it is yes, 

there should be greater confidence in the results as supplied by these facilities in the approval or 

rejection of materials.   

This is not to say that all results will be perfect as the human factor needs to be considered and 

will occur on occasions.  What this statement is saying is that the PTS results are showing an 

improvement and as a result, more confidence can be placed on results provided by the facilities 

who partake in the NLA-SA PTS and who achieve z-scores of ±1.500. 

The range of results is still a concern but that can be addressed by the few participating facilities 

that submit results that would be considered in most cases purely on face value to be unreasonable.  

With better care and attention to what is noted in the PTS results, the range of results should be able 

to be brought down to a more acceptable range and in so doing further improve the results supplied 

by participating laboratories. 
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Synopsis—In this paper it is shown that it is not very likely that reliable fatigue transfer 

functions will be obtained when only a limited number of tests is performed at high strain 

amplitudes in the displacement controlled mode, using a sinusoidal displacement signal. It 

is suggested to use a fatigue testing protocol which is similar to what is used in Europe. 

Furthermore it is shown that if an endurance limit exists, it only can be determined if fatigue 

tests are also done at low displacement (strain) levels. 

Keywords—fatigue transfer function, confidence limits, fatigue testing protocol, 

endurance limit 



 

 

 

I. INTRODUCTION 

 

In order to be able to analyse the development of cracking in pavements as a result of repeated 

heavy traffic loads, one need to know the fatigue resistance of the asphalt mixtures used in the top 

layer and base course of the pavement. The fatigue resistance can be determined by means of 

different types of tests such as the two, three and four point beam bending tests, the indirect tensile 

test and the uni-axial tension-compression test. It has been shown [1, 2, 3] that the test result is 

influenced by the type of test (e.g. four point bending versus indirect tensile), testing mode (controlled 

displacement versus controlled load tests) and specimen size. Furthermore the type of signal is of 

importance since it makes a difference whether a full sine or a haversine signal is used. Using a sine 

or haver-sine load controlled signal will result in creep of the specimen during testing which will affect 

the end result, while the stresses in a beam subjected to a haver-sine displacement controlled test 

will deteriorate quite rapidly to a sinusoidal shape because of the visco-elastic nature of asphalt 

mixtures [4]. This implies that if haversine and sine displacement controlled tests are reported in 

terms of number of load repetitions to failure versus peak – peak strain (which is 2 times the 

amplitude of the sine shaped signal) similar results are obtained [4, 5]. 

In addition also other factors do influence the fatigue testing results such as the number and 

magnitude of the different strain levels used to develop the fatigue relation, the non-linear behaviour 

of asphalt mixtures at high strain levels and the development of heat during tests at high strain levels. 

Because fatigue testing is time consuming and therefore costly, one likes to limit the number and 

time of tests to be done to develop a fatigue relationship as much as possible and for that reason 

fatigue testing is often limited to doing say 6 tests at 2 high strain levels (i.e. 3 tests at each strain 

level). Given the issues mentioned above one should wonder whether such a testing schedule results 

in useful fatigue relationships especially since a fatigue relationship developed under such conditions 

has to be extrapolated significantly to estimate allowable tensile strains at say 2*107 repetitions of an 

80.kN equivalent axle load. 

Finally it should be mentioned that a fatigue transfer function derived from of a fatigue test program 

needs significant adjustments in order to obtain lifetime predictions which match lifetime observations 

in practice. These adjustments are needed because of differences in way of loading between the 

laboratory and the field, differences in damage propagation between the laboratory and the field, 

potential healing that might occur in the field and the lateral wander of traffic which occurs on an 

actual road but which doesn’t occur in any of the earlier mentioned laboratory tests. 

In this paper the issues mentioned above as well as their effect on the reported fatigue transfer 

function will be discussed and suggestions for improvement of existing protocols will be made. Finally 

the fatigue testing protocol for four point bending tests as used in Europe will be presented. 

II. MAIN DIFFERENCES BETWEEN FIELD AND LABORATORY CONDITIONS  

 



 

 

When a wheel is travelling over a pavement, longitudinal and transverse strains will develop. An 

example of this strain development is given in Figure 1. The data in this figure were obtained during 

full scale pavement testing by means of the accelerated pavement testing facility LINTRACK at the 

Delft University of Technology [6]; the applied load was a 50 kN super single wheel load. The tested 

pavement was a 150 mm thick asphalt concrete layer resting on a sand subgrade. 

Figure 1a shows that the longitudinal signal is “somewhat “sine wave shaped” although it is 

certainly not a sine while Figure 1b shows that the transversal signal is somewhat “bit haversine 

wave shaped” although it is certainly not a haversine. Furthermore Figure 1a shows that there is not 

build-up of the longitudinal strain while Figure 1b shows that there is a significant build-up of the 

transverse strain. In none of the fatigue tests mentioned above can such strain signals be simulated. 

The signal shown in Figure 1b however can be simulated when fatigue tests are done on beams 

resting on an elastic foundation [7]. Only fatigue tests in which a rolling wheel is used to load an 

asphalt slab, such as the MMLS, allow an accurate simulation of both longitudinal and transversal 

strains to be made. The differences between field and laboratory conditions should be taken into 

account when making a pavement design based on laboratory determined fatigue transfer functions. 

 

 

 

 

Fig. 1a Example of longitudinal strain signals in relation to the number of passing 

wheels. 



 

 

 

Fig. 1b.  Example of transverse strain signals in relation to the number of passing 

wheel loads. 

III. CONSEQUENCES OF PERFORMING A LIMITED AMOUNT OF FATIGUE TESTS AT HIGH STRAIN LEVELS TO 

DETERMINE THE FATIGUE TRANSFER FUNCTION 

 

   An example of fatigue testing results as obtained in South Africa are given in Table 1. It was not 

reported to clear to the authors whether the reported strain values were peak-peak values (2 times 

the amplitude of the applied sine wave signal) or whether tensile strain was based on the amplitude 

of the signal. In this paper it is assumed that the reported strain values are amplitude values. 

Furthermore it is recalled that the strain due to the amplitude of the sine wave signal should be used 

in design analyses.  

   In any case the applied tensile strain is high, the number of load repetitions to failure is limited 

and only a (very) limited number of tests are performed. This often occurs because at low strain 

levels the time of testing can be very long (sometimes up to 3 weeks per test), access to fatigue 

testing equipment is limited due to its high cost, and electricity cuts result in redundant testing.  

Hence in order to obtain results in a shorter time period, tests are often limited to the higher strain 

levels. 

 

   In spite of these practical limitations, at least three strain levels should be used to derive with a 

fair degree of confidence the power equation by which fatigue relations are normally described. It is 

recalled that the fatigue behaviour of asphalt mixtures is commonly described with: 

 

N = a * ()b 

 



 

 

   Where  is the amplitude of the applied tensile strain signal, N is the number of load repetitions to 

failure, and “a” and “b” are regression constants related to some material properties like stiffness, 

void content etc. 

TABLE I.    EXAMPLE OF FATIGUE TEST RESULTS OBTAINED AT 10 OC AND 10 HZ 

TENSILE STRAIN  [M/M] FLEXURAL MODULUS [MPA] REPETITIONS TO FAILURE 

402 5864 24480 

399 6085 16190 

599 5293 11270 

599 6194 5470 

600 5966 10470 

 

Based on the available data, the following fatigue relations were derived. 

N = 4.598E9 ()-2.06 with r2 =0.67 

and  = 10783.74 (N)-0.3247 also with r2 = 0.67. 

Although in practice both types of equation are used only the N vs  equation is physically correct 

since N depends on  and not the other way around. In principle the slope of the  vs N relation (-

0.3247) should be equal to the inverse of the slope of the N vs  relation but this is not the case. This 

has severe consequences if one wants to predict the allowable strain at for example 106 repetitions. 

The N vs  equation gives a strain value of 60 m/m while the  vs N equation predicts a strain value 

of 122. 

Figure 2 shows the 95% and Figure 3 the 85% confidence limits of the N vs  fatigue equation. 

From this figure it is clear that the relationship doesn’t allow reliable fatigue life predictions to be 

made at the low strain levels which do occur in pavements which are designed to carry more than 

105 equivalent 80 kN axle loads. Typical strain levels in heavily trafficked pavements with asphalt 

bases are between 60 and 150 m/m 

In order to obtain more meaningful/useable/reliable fatigue relationships, tests at much lower 

strain levels are absolutely necessary.   

 



 

 

 

Fig. 2    95% Confidence limits 

 

Fig. 3    85% Confidence limits 



 

 

IV. EFFECTS OF ADDING ADDITIONAL TEST RESULTS OBTAINED AT LOWER STRAIN LEVELS  

 

In order to determine the effect of having more fatigue test results available on the quality of the 

transfer function, some fatigue test results reported in [7] were added to the original data set shown 

in Table 1. The added data are shown in Table 2; they were obtained by means of four point, 

displacement controlled bending tests (sine shaped displacement signal, strain calculated from the 

amplitude of the signal) performed on a base course mixture that was comparable to the mixture the 

data of which are shown in Table 1. Proof of this is the fact that the flexural modulus of the added 

test specimens is quite similar to the flexural modulus of the beams shown in Table 1. 

TABLE II DATA ADDED TO THE ORIGINAL DATA SET SHOWN IN TABLE 1 

TENSILE STRAIN  [M/M] FLEXURAL MODULUS [MPA] REPETITIONS TO FAILURE 

75 7628 631360 

100 6455 517220 

125 5758 234940 

 

The effect of these 3 added data points on the quality of the fatigue relation and the confidence 

limits is shown in Figures 4 and 5. 

 

Fig. 4    95% Confidence limits for original fatigue data plus 3 added data points 



 

 

 

 

Fig. 5    85% Confidence limits for original fatigue data plus 3 added data points 

 

   As can be seen from the results given in Figures 4 and 5, the r2 value improved drastically to a 

value of r2 = 0.98 and the confidence limits narrowed significantly resulting in a much more 

meaningful/useable and/reliable fatigue transfer function. The fatigue relationship can be written as: 

N = 7.891E9 * ()-2.147 

or 

 = 36898 * (N)-0.4565 

   In this case the slope of the  versus N relationship (-0.4565) is almost equal to the inverse of 

the slope of the N versus  relationship (-2.147) since 1 / 2.147 = 0.4657  0.4565. Also the allowable 

strains to achieve 106 load repetitions as predicted by means of both equations are very close to 

each other being 65 m/m vs 67 m/m respectively. 

Although this analysis is based on adding data that were coming from a different project, it clearly 

shows the importance of taking lower strain levels into account when performing fatigue tests.  

V. OTHER FACTORS TO BE CONSIDERED 

 

   As has been mentioned earlier, heat is generated when doing repeated load tests on visco-

elastic materials like asphalt. The heat generation is, amongst other things, dependent on the strain 

level to which the specimen is subjected but also depends on the type of test. References [8, 9, 10, 

11] provide information on this topic. In [8] for example it is reported that when performing fatigue 



 

 

tests at 20 oC, 40 Hz and a strain level of 180 m/m, the temperature in a 4 point beam bending 

specimen can increase with 3.4 oC while in a uni-axial tension-compression tests the increase will 

be 15.7 oC. In [9] a temperature increase of 1.5 oC is reported for specimens tested in 4 point bending 

at a strain level of 200 m/m and 29.3 Hz. A temperature increase between 2.5 – 7 0C was reported 

for specimens tested in uni-axial tension-compression at 10Hz, 10 oC and strain levels of 80 and 180 

m/m. Although this increase in temperature is not very high, it will affect the stiffness of the mixture 

and so the performance of the specimen during the test. 

Another factor that has to be taken into consideration is the fact that asphalt mixtures will behave 

non-linear when subjected to high strain levels. In [12] a linear visco-elastic limit of 100 m/m is 

suggested while in [11] even lower values are reported. Data presented in [7] however showed that 

the stress versus strain relationships of tensile tests performed at different temperatures and strain 

rates became non-linear at a strain level of approximately 290 m/m. In [13] the effect of the strain 

level on the stiffness modulus of some mixtures is reported and an example is shown in figure 6. 

 

Fig. 6.    Master curve of the stiffness modulus of a mastic asphalt at 20 oC 

Figure 6 clearly shows that the effect of high strain levels on the stiffness of the asphalt mixture is 

very significant at low stiffness values, is still clearly visible at 10 Hz (approximately the loading 

frequency occurring in the field) and more or less disappears at high stiffness values. 

The above mentioned factors do imply that the actual strain, and therefore the stiffness of the 

mixture, occurring at high imposed displacement levels cannot be calculated accurately using linear 

elastic theory. It is clear that this will influence the reported fatigue relationship since it is common 

practice to ignore the above mentioned influence factors and to calculate the strain occurring in the 

specimen by means of linear elastic theory. 



 

 

The conclusion therefore once more is “avoid too high displacement levels (strain levels) when 

doing fatigue tests!”. 

VI. EUROPEAN PRACTICE 

 

European countries like the Netherlands, Belgium, France and the United Kingdom have a long 

fatigue testing tradition. Next to that the current European Norms allow asphalt mixtures to be 

specified following the conventional/empirical approach (e.g. the Marshall method) and following a 

“fundamental” approach based on mixture stiffness tests as well as fatigue tests and triaxial testing 

to determine the resistance to permanent deformation. This approach implies that mixtures have to 

be characterized based on stiffness, fatigue and permanent deformation resistance as well as 

moisture resistivity. This has resulted in the fact that at least 8 different laboratories, including 5 

contractor’s laboratories, have the equipment and qualified personnel to perform these tests. 

Stiffness and fatigue testing is done following the European Norms [14] which specify the following. 

Stiffness testing, as part of a fatigue testing program, has to be done in the controlled displacement 

mode at frequencies of 1, 3, 5, 10, 20, 30 Hz and again at 1Hz at temperatures to be selected. At 

least 200 repetitions per frequency should be performed and the stiffness is measured at n = 100. 

The total amount of repetitions for all frequencies together should not exceed 3000. The maximum 

tensile strain to which the specimens can be subjected is set at 50 m/m. This low level is selected 

to avoid fatigue to occur during the stiffness measurement phase. 

Fatigue tests, following the stiffness tests, should be performed at 3 displacement (strain) levels 

such that the number of load repetitions is between 104 and 2 * 106. At each strain level 6 tests 

should be performed. In the Netherlands it is common practice to perform the tests at 0 oC and 20 
oC (20 oC is the temperature used in thickness design analyses), so in total 36 tests are performed 

(2 temperature levels * 3 strain levels * 6 repetitions per strain level) at a loading frequency of 30 Hz. 

From the derived fatigue relationship one can calculate 6 which is the strain level that can be allowed 

106 times. The mixtures are classified based on 6. The classification as used in the Netherlands is 

shown in Table 3; the classes relate to the strain levels at 20 oC. 

TABLE III. RESISTANCE TO FATIGUE CLASSIFICATION BASED ON 6 AS USED IN THE NETHERLANDS 

CLASS A B C D E F G H I 

6 [M/M]  310 

 

 220 

< 310 

 160 

< 220 

 135 

<160 

 115 

< 135 

 100 

< 115 

 85 

< 100 

 50 

< 85 

< 50 

 

In practice, mixtures with unmodified bitumen are in classes E to H. Mixtures made with modified 

bitumens can be found in classes A to D. 



 

 

From the results of the 18 fatigue tests per temperature the so called characteristic fatigue 

relationship is calculated which has a reliability level of 85%. The calculation of the characteristic 

fatigue relationship takes into account the variation that occurs when the same mixture is tested by 

different laboratories, the variation that occurs when the same mixture is tested several times in the 

same laboratory and the within mixture variation. The “within mixture” variation is the largest one 

followed by the “between laboratories” variation and the “within laboratory variation”.  

Based on all these results and analyses a fatigue chart is developed which shows the allowable 

number of load repetitions in relation to the applied tensile strain and stiffness of the mixture. Figure 

7 is an example of such a chart; the way in which such a chart is developed is extensively described 

in [15].  

 

Fig. 7.    Example of a chart giving the characteristic fatigue life (Nfkar) in relation to the 

mixture stiffness (E) and tensile strain (rek) 

From the discussion presented here it becomes clear that doing only 5 or 6 fatigue tests at high 

strain levels is certainly not enough to derive fatigue transfer functions which can be used with 

confidence for pavement design purposes. Charts like the one shown in Figure 7 are needed for 

pavement design purposes; they can only be derived if fatigue tests are done at various strain levels 

including some fairly low ones. 

One might argue that such a fatigue testing program takes far too much time but this is not really 

the case. A program including stiffness testing and testing 18 beams (3 strain levels, 6 tests per 

strain level, 1 temperature) in fatigue (10 Hz and say 750000 repetitions on average) can be 

completed in a four weeks period provided that one runs the program in a 24 hours per day, 7 days 



 

 

a week schedule. Once the program has been completed, the mixture can be classified according to 

Table 3. This implies that re-testing the mixture is not necessary as long as the composition is not 

changed and the characteristics of the used bitumen remain the same. 

An often asked question is “what is the temperature at which fatigue tests should be performed?”. 

As mentioned above, 20 oC is selected as the temperature for pavement design purposes. This 

temperature is determined following the wMAAT (weighted mean annual asphalt temperature) 

procedure which is described in the Shell pavement design manual [16].  

 

 

VII. ENDURANCE LIMIT 

 

   Several researchers have indicated the existence of a so called endurance limit. This limit is 

defined as the strain level below which no fatigue will occur. Such a limit becomes “visible” if fatigue 

test results are not shown in a log  versus log N chart, which is common practice to do, but in an  

versus N chart. An example of the result of such a different representation is given in Figure 8; the 

data shown are taken from [7]. Figure 8b clearly shows that independent of the 4 point bending test 

conditions, a strain level of around 70 m/m can be defined as a limit for the mixture tested (base 

course mixture) below which no fatigue failure will occur.  

   It is not the intention of this paper to give an in depth discussion on whether an endurance limit 

really exists but it is clear that if it exists, it can only be determined when fatigue tests are also done 

at sufficiently low strain levels allowing charts like Figure 8b to be developed. 

 



 

 

 

Fig. 8a. Representation of fatigue test results by means of the commonly used log  

versus log N chart 

 

Fig. 8b. Representation of fatigue test results by means of an  versus N chart 

VIII. CONCLUSIONS AND RECOMMENDATIONS 

 



 

 

   From the discussions presented in this paper it must be concluded that it is not very likely that 

performing a limited number of fatigue tests at high strain levels will result in a transfer function that 

can be used with confidence for design purposes and nor will it allow the designer to assess the 

suitability of a particular mix to meet its intended use. It has also been shown that testing at high 

strain levels will most likely bias the fatigue result because of temperature and non-linearity effects. 

Furthermore it has been shown that tests at low(er) strain levels are absolutely needed to derive 

transfer functions which could indicate the existence of an endurance limit. It is therefore 

recommended that existing South African testing protocols take this into consideration, and that 

sufficient time and money is allowed for fatigue testing, keeping in mind the findings presented in 

this paper. 
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Synopsis—The development of improved test methods for modified bituminous binders 

is currently being pursued at the Council for Scientific and Industrial Research (CSIR). The 

ductility test laid the initial ground work for all extensional testing of asphalt bitumen in 

South Africa. However, with time, critical challenges of using this test as a performance 



 

 

indicator for bitumen were identified. As a result, it was withdrawn and equivalent tests, 

namely the Force Ductility (FD) test, the Binder Yield Energy Test (BYET) and more recently, 

the Double-Edge-Notched Tension (DENT) test, were brought to South Africa. Depending on 

the investigated elongational rheological property, each of these tests has their own 

significance. A major drawback of all the tests is the amount of material needed to determine 

test properties. This poses a major challenge during forensic investigations into premature 

failures of asphalt pavements, where extraction and recovery of the in-situ asphalt binder 

often results in insufficient quantity of bitumen for comprehensive characterisation. This 

paper presents a preliminary study towards overcoming this challenge through extensional 

methods, whereby thin bituminous films are tested with the Dynamic Shear Rheometer 

(DSR). Studies in the behaviour of bitumen as a thin film tends to be more representative of 

the in-situ conditions of the binder within an asphalt pavement. Limited results to date have 

enabled the ranking of different binders according to their transient extensional viscosity as 

well as differentiated modified from unmodified binders based on the strain hardening effect. 

Therefore this approach has the potential for improving and replacing current extensional 

methods in the South African asphalt pavement industry.   

Keywords—extensional viscosity, elongational, rheology, strain hardening 

 

I.  INTRODUCTION 

The ductility test [1] was once part of the bitumen specification in South Africa. Due to inherent 

challenges with the method, it was withdrawn and an improved extensional test has been sought 

after nationally ever since.  

The force ductility method was adopted into the national guideline document for modified binders 

as a potential replacement of the ductility test [2]. Limitations in setting a criteria for this method and 

the lack of correlation to asphalt fatigue behaviour led to its eventual retraction in 2015. Based on 

similar challenges, the surrogate dynamic shear rheometer (DSR) method, known as the binder yield 

energy test, was evaluated but never adopted in South Africa [3]. Such methods are nonetheless still 

useful for binder identification purposes [4]. 

In terms of performance predictions, Kandhal [5] correlated ductility results with performance of 

experimental pavement sections in Pennsylvania, which inspired a wave of research correlating to 

the conventional ductility parameter. Studies have since shown limitations in the ductility and its 

surrogate parameters in predicting the behaviour of highly modified binders [6]. Maluke et al. [7] 

recently linked the Double Edge Notched Test (DENT) results to four point bending beam results of 

asphalt specimen based on both unmodified and modified binders used in South Africa. It reiterated 

the importance of extensional tests and elongational rheological properties in giving an indication of 

fatigue behaviour for asphalt binders. 

A new extensional test that measures the elongational rheological parameter referred to as 

extensional viscosity is introduced in this paper. It gives an indication of a material’s resistance to 

extensional deformation (i.e. elongation induced by stretching). It determines the behaviour of a thin 



 

 

film of bitumen as it occurs in-situ within the asphalt pavement or seal layer. An extensional test 

method that requires very small sample sizes for testing is important when insufficient binder is 

available for testing, as typically expected for recovered bitumen from field asphalt or seal samples. 

 

II. BACKGROUND 

There are three types of extensional deformation, namely uniaxial, biaxial and planar [8]. 

According to Baird [8], uniaxial extension, the simplest form of extensional deformation, is the popular 

extensional characterisation technique for visco-elastic materials. In uniaxial extension, the 

stretching of a substance in one direction leads to contraction of the substance in the other two 

directions; and elongation in the direction of stretching [9].  

The resistance presented by a substance to this kind of deformation is called uniaxial extensional 

viscosity (η𝐸
+), which is given by (1) as the ratio of extensional stress (σE) to extensional rate (Hencky 

strain rate) (휀�̇�) [9]. See Fig. 1a for the operational principle of extensional viscosity measurements. 

𝛈𝑬
+ =

𝛔𝑬
�̇�𝑯

⁄           (1) 

 

Extensional stress is also called tension. It is given by (2) below; where F and A are the force and 

area. 

𝛔𝑬 = 𝑭
𝑨⁄           (2) 

Extensional rate (Hencky strain rate) is the rate at which the material is stretched. It is defined by 

(3) below; where Ω is constant drum rotating speed, 𝑅 is the drum radius and 𝐿0 is the initial length 

of the sample being stretched. 

�̇�𝑯 = 𝟐Ω𝑹
𝑳𝟎

⁄           (3) 

Extensional viscosity has been used to characterise polymer melts but it is scarcely used to 

characterise bitumen. 

The Trouton ratio relates extensional and shear properties [10]. In ideally viscous flows, the 

corresponding shear viscosity is a third of uniaxial extensional viscosity [10]. However, there is a 

deviation from this rule in visco-elastic behaviour-where extensional viscosity increases with time 

before reaching steady state for strain hardening materials [10]. Strain hardening is common in 

branched or partially cross-linked polymers [11]. For strain softening materials, departure from 

Trouton’s ratio is indicated by a steady state level that is below the linear viscoelastic envelope [10]. 

The concept of strain hardening and strain softening is summarised in Fig. 1b. It is this sensitivity of 

these flows to molecular structure at certain strain envelopes that make this technique ideal for 

fingerprinting bitumen, especially when modified by polymers. 



 

 

Petrie’s [12] debate on the use of the term, transient extensional viscosity, is noted. In this study 

though, the aim is to use the term in classification and categorisation only, for flows that are not 

steady or spatially uniform [12]. 

 

 

(a) 

 

(b) 

Fig. 75. (a) Operational principle of extensional viscosity measurements, (b) Transient uniaxial 

extensional flow [10]. 

III. EXPERIMENTAL 

A. Equipment 

Rheometers are commonly used instruments to measure extensional viscosity. They have 

developed substantially from the initial home built extensional rheometers [13,14,15]. The 

introduction of fixed rotating fixtures to replace moving clamps [16] have allowed the total extension 

to be unlimited by the apparatus size [17]. 

For this study, measurements were carried out with the MCR 502 TwinDrive Dynamic Shear 

Rheometer with a CTD 450 (Convection Temperature Device), using a Universal Extensional Fixture 

/ TwinDrive (UXF/TD) measuring configuration (see Fig. 2 below). It uses a pair of counter rotating 

drums, eliminating errors emanating from the non-rotating end of the sample experienced in previous 

versions [18]. Measurements were done by both Anton Paar Germany and CSIR South Africa. 

Measurements were carried out using bitumen films of 1±0.2mm thickness and 10mm width. Only 

15g of bitumen was required to prepare a sample that produced ten test specimens. The thin films 

were produced in the set-up shown in Fig. 3a, using the bending beam rheometer (BBR) moulds that 

were slightly modified to produce thinner films. The bitumen films produced are shown in Fig. 3b.  

A notable limitation of this study is that test results could not be compared to standard viscoelastic 

reference materials. 



 

 

 

(a) 

 

(b) 

Fig. 76. (a) MCR 502 TwinDrive with CTD 450, (b) UXF/TD fixture. 

  

(a)  

 

(b)  

Fig. 77. (a) Set-up for producing thin bituminous films, (b) Cut-outs of thin bituminous films. 

B. Samples 

The following unmodified binders were used in this investigation: 

 10/20 penetration grade bitumen 

 20/30 penetration grade bitumen 

 35/50 penetration grade bitumen 

 50/70 penetration grade bitumen 

 70/100 penetration grade bitumen 

 

The following modified binders were used in this investigation: 

 A-P1 (EVA modified bitumen) 

 A-E1 (SBS modified bitumen-low polymer content) 

 A-E2 (SBS modified bitumen-high polymer content) 

 Wax modified bitumen 

 Elvaloy (RET modified bitumen) 



 

 

 

C. Methodology 

After preparation, samples were initially stored at 16°C. Sample cutting and fixing onto the drums 

of the UXF measuring system were done with samples at 16°C to avoid sample stretching and 

altering their dimensions. The bitumen samples naturally stick between the drums of the UXF 

measuring geometry, making it unnecessary to use fixing clamps. It was imperative however, that 

the samples be prepared in length.  

Process of sample cutting and fixing onto drums is a major influence on the measuring curve at 

the beginning of the test. For certain test results, a correction had to be made but only the corrected 

test curves are shown in this report. It was also noted that the sample thickness was not very uniform 

during measurement. 

The determination of the transient extensional viscosity (E
+) of the bitumen film samples was 

carried out at room temperature (25°C).  

Before starting the measurement, the software was set to counter-rotating mode, meaning that 

the drum which is connected to the upper motor turned counter-clockwise while the drum which was 

connected to the lower motor turned clockwise. 

The measurement procedure consisted of two intervals. In the first interval, the sample was pre-

stretched at a constant torque of 5Nm for 30 seconds. In the second interval, both drums rotated at 

a given strain rate until the total deflection angle of 450° was reached. Initially, testing was done at 

the strain rates of 0.001s-1, 0.01s-1, 0.1s-1 and 1s-1 (see pictures of the tested samples in Fig. 4 

below), before a strain rate of 0.1s-1 was fixed. 

An indication of the reproducibility of the test procedure at a strain rate of 0.1s-1 is shown in Table 

I, for 50/70 penetration grade binder films and SBS modified binder films. The coefficients of variation 

of the test appear to improve with extensional time. 

 



 

 

 

Fig. 78. Pictures of bitumen film samples before and after setting a strain rate. 

 

COEFFICIENTS OF VARIATION OF THE TRANSIENT EXTENSIONAL PROPERTY AT DIFFERENT EXTENSIONAL 

TIME INTERVALS 

BINDER 
Extensional Time Interval 

5s 15s 25s 

50/70pen grade binder 9.2 % 4.6 % 2.9 % 

SBS modified binder 9.9 % 7.5 % 6.1 % 

 

  



 

 

IV. RESULTS 

A. Unmodified binders 

Transient extensional viscosity curves for unmodified binder films are shown in Fig. 5 and 6. After 

the initial linear region, these binders exhibit a levelling out of transient extensional viscosities once 

they reach a plateau (Fig. 5), which tends to be higher the stiffer the binder. This behaviour is similar 

to that of uncross-linked polymers [19], and this finding supports the conclusion of previous studies 

[20]. Beyond the steady-state behaviour, the transient extensional viscosities eventually decrease. 

The lower the strain rate, the longer the extensional time interval prior to the onset of this decrease 

(see Fig. 6), possibly suggesting “necking” behaviour [19].  

 

Fig. 79. Transient extensional viscosity of various unmodified bitumen film samples at a strain rate of 
0.1s-1. 

 

Fig. 80. Transient extensional viscosity of 50/70pen grade bitumen film samples at different strain 
rates. 



 

 

B. Modified binders 

Fig. 7 and 8 show a strain hardening effect of an SBS modified binder when compared to an 

unmodified binder and occurring at various strain rates, respectively. This means the resistance to 

extensional deformation increases as the SBS modified binder film is pulled apart. This behaviour is 

typical for branched or partially cross-linked polymers [19], and this finding supports the conclusion 

of previous studies [20]. 

 

Fig. 81. Multiple transient extensional viscosity curves for a 50/70pen grade bitumen film samples and 
SBS modified bitumen film samples, at a strain rate of 0.1s-1. 

  

Fig. 82. Transient extensional viscosity of SBS modified bitumen film samples at different strain rates. 

 



 

 

Fig. 9 shows the transient extensional viscosities of various modified bitumen films at 0.1s-1 strain 

rate. A strain hardening effect can be observed for four of the modified binders. The occurrence of 

this strain hardening is likely the result of a broad molar mass distribution and long chain branches 

that are found in the polymer modifiers. This effect distinguishes polymer modified binders from 

unmodified ones. However, the wax modified binder does not show this effect because wax is a 

regular chain material with very few/small branching points. 

The figure also shows a clear difference in behaviour between bitumen modified with elastomers 

(SBS modified binders) compared to the plastomer, EVA modified bitumen (A-P1). The Elvaloy-RET 

modified bitumen showed transient extensional viscosities somewhere in-between, possibly 

suggesting mixed chemistry.  

The higher SBS polymer content in A-E2 binders, as compared to A-E1 binders, is clearly noted 

in the strain hardening behaviour at higher transient extensional time intervals. Similarities of the 

SBS modified binders in their transient extensional viscosities at lower extensional time intervals 

imply that they are based on base binders of similar stiffness. For the plastomer (A-P1) and the wax 

modifier, their effect on bitumen seem more pronounced at earlier extensional time intervals.  

The effect of different modifiers on the transient extensional viscosity parameter is somewhat 

similar to that observed with force ductility curves when monitoring the effect of modifiers on the 

primary and secondary peaks, see Fig. 10. 

 

 

Fig. 83. Transient extensional viscosity of various modified bitumen film samples at a strain rate of 
0.1s-1. 



 

 

 

Fig. 84. Force-ductility curves of S-E2 and A-E2 modified binders at 15°C [4]. 

 

C. Wax modified binders 

The wax modified binder, like the unmodified binders, did not exhibit any strain hardening effect. 

A distinction of such binders from unmodified binders is possible, although not clearly distinct. The 

wax modified binder is a blend of 50/70pen grade binder with 5% wax. The modification with wax 

has increased the transient extensional viscosities by a grade, to the level of the 35/50pen grade 

binder (see Fig. 11). However, the presence of wax has also modified the extensional curve of the 

binder. Once a plateau is reached, the steady-state interval is relatively shorter before the transient 

extensional viscosities gradually start to decline.  

Given the stress sensitivity behaviour of wax modified bitumen observed in previous studies (see 

Fig. 12 [21]), it is recommended that this “softening” of these binders or their sensitivity at higher 

extensions warrants a further investigation to the stress and strain resilience and their implications 

during wax modification of bitumen. 



 

 

 

(a) 

 

(b) 

Fig. 85. Transient extensional viscosity of wax modified bitumen film samples in comparison to 
unmodified bitumen film samples at a strain rate of 0.1s-1. 



 

 

 

 

Fig. 86. Stress dependency of Jnr for modified binders at 64 °C, where A-H1 is a wax modified 
bitumen [21]. 

 

D. Performance indication 

Maluke et al. [7] have reported on the success of the DENT test in fatigue prediction of binders in 

asphalt specimens tested with the four point bending beam device. So the behaviour of a test 

specimen with an induced dent (to create a weak point) at its centre was also investigated (see Fig. 

13). The specimen broke towards the end of the measurement, and the data was converted to 

rheometric functions of extensional stress and displacement to create the curve shown in Fig. 14 that 

could potentially be used for calculating the work of fracture. This was a preliminary check, future 

work to specify the exact notch sizes and assess measurement errors as a result of specimen 

dimensional changes during measurement. 

 



 

 

 

Fig. 87. Transient extensional viscosity of Elvaloy RET modified bitumen film sample at a strain rate 
of 0.1s-1. 

 

 

Fig. 88. Extensional stress vs. displacement of dented Elvaloy RET modified bitumen film sample at a 
strain rate of 0.1s-1. 

 

II. CONCLUSION 

The test method is able to distinguish between unmodified and modified bituminous binders based 

on their transient extensional viscosity at a constant strain rate. It can also provide key insights into 

the mechanism of action for these modifiers in bituminous materials.  



 

 

For accurate measurements, test results will need to be compared to a standard viscoelastic 

reference material. Thereafter, further research should focus on characterising the effect of ageing 

of different bituminous binders in South Africa. 
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Synopsis—Bitumen emulsions are the most commonly used bituminous products for roads 

in Southern Africa because they are relatively inexpensive to apply, in comparison with hot 

bituminous binders. Although there have been great strides taken in the improvement of 

bituminous emulsions for slurry seals through the years, current specifications and testing 

procedures are empirical and not related to common service failures. The quality of a 

bituminous emulsion is affected by the rheological properties of the base binder, particle 

size and formulation ingredients, which in turn affects its in-service performance. Several 

potential performance related test methods for emulsions have been developed over the 

years. This paper evaluates the properties of South African anionic emulsions with these 

performance-related tests and the current empirical tests. This paper aims to show the 

possible limitations of empirical tests in analysing bituminous emulsion properties and the 

need for better characterisation methods to overcome current performance challenges. 

Keywords— anionic bitumen emulsion; performance properties; rheology 

 

INTRODUCTION 

Bitumen emulsions are one of the most cost effective and energy efficient materials used for road 

construction and maintenance [1]. They can be defined as a mixture of water and bituminous binder 

in the presence of an emulsifier.  Emulsions are versatile and are used in various applications such 

as tack coats, prime coats, fog seals, slurry seals, chip seals, cape seals etc. Slurry seals are the 

most commonly used type of surfacing in South Africa. The function of a bitumen emulsion in a 

slurry seal is to bind the aggregate on the road and seal the underlying structural layers from 

moisture intrusion. Common slurry seal failures relate to the properties of the binder (from either 



 

 

bitumen emulsion or hot bituminous binder application) and they include ravelling and bleeding. It 

is therefore important that specifications are able to identify emulsions that will give maximum 

resistance to ravelling and bleeding.      

Current guidelines and specifications for bitumen emulsions for use in surface treatment are 

contained in SABITA Manual 10, which is dedicated to surface seals and laboratory tests for their 

classification, and appropriate surface treatment to use in various conditions [2]. Anionic emulsions 

are commonly used emulsions in South Africa as they are suited for both hot and dry conditions [2]. 

However, current test methods and specifications for emulsions remain largely empirical and not 

related to distresses observed in the field; besides the progress made in the development of high 

performing emulsifiers [5]. Several studies [3-5], [8] and [10] have reported on the potential 

performance-based tests for bitumen emulsions and their residues. The main objective of this paper 

is to evaluate the properties of anionic emulsions used in slurry seals with both conventional and 

performance related tests, in order to identify possible limitations in the current specifications and 

test methods.  

BACKGROUND  

A slurry seal is defined as a homogenous mixture of fine aggregate, slow setting bitumen 

emulsion, cement and water; which is applied on the surface of a pavement (base course, old HMA, 

or cape seals). The water evaporates leaving behind a final product that resemble a hot mix asphalt.  

A bitumen emulsion is made up of water, bituminous binder, as well as an emulsifier and, in some 

instances, other additives. The ingredients are mixed using highly specialised shear equipment, 

under carefully controlled conditions, to make a stable dispersion of the bitumen in the water phase 

[8].  

The emulsion is expected to remain stable and not coalescence during storage, pumping and 

transporting. The viscosity of the emulsions must also allow the emulsions to be pumped and 

sprayed with minimal energy. However, the emulsion is expected to break and cure within a 

reasonable time after being mixed with aggregate and placed on the road during construction, in 

order to allow for a fast reopening of the road to traffic [5]. Breaking happens when the bitumen 

droplets coalesce and water in an emulsion evaporates during curing, leaving behind a bitumen 

residue that is supposed to have rheological properties similar to the neat binder that was used to 

make the emulsion [4]. The residual binder is expected to have sufficient cohesive and adhesive 

strength to bond with aggregates and bind them on the road, under the abrasive force of traffic, to 

resist ravelling [8]. The residual binder is also expected to have sufficient stiffness to resist bleeding 

in cases where aggregates are pushed into the existing surface or when soft aggregates break and 

reduce the volume of air voids in a seal. Bitumen emulsions are classified as anionic, cationic, and 

non-ionic, depending on the charge imparted on the bitumen droplet [8]. As shown in Fig.1, cationic 

emulsifiers are typically ammonium compounds that contain positively charged nitrogen (N) atoms 

in their head group; whereas an anionic emulsifier typically contains negatively charged oxygen (O) 

atoms. The charged portion of emulsifiers is located at the interface of the bitumen and the water, 

while the hydrophobic tail is firmly bound in the surface of the bitumen droplet. The charge on the 



 

 

emulsifier keeps the emulsions stable by preventing the bitumen droplets coming close to each 

other and eventually coalescing [8].   

 

The cationic and anionic emulsifier [9] 

The storage stability of bitumen emulsions is determined by several factors, which include the 

amount and type of emulsifier, exposure of an emulsion to shearing, storage time and temperature, 

among others [5]. Emulsions for slurry seals are generally slow-set emulsions which are made with 

a high quantity of emulsifier compared to rapid-set emulsions used in chip seals. Unstable emulsions 

break prematurely during storage and they cannot be used any more. Emulsion stability may also 

affect the ability of the emulsion to be pumped or sprayed uniformly on a pavement surface. 

The breaking of the emulsion occurs in different rates depending on the emulsion formulation, 

the aggregates, as well as the environmental factors such as temperature, wind speed, humidity 

and mechanical action. The phases that an emulsion undergoes during breaking and setting (as 

illustrated in Fig.2) can be described as follows [6]:  

 Emulsion – The stable emulsion is created, where the droplets are well dispersed with 

sufficient distance between them. 

 Flocculation – The distance between the droplets is not sufficient. This may be caused by 

destabilizing the emulsion, evaporation of the water phase or mechanical action. 

 Coalescence – Having the droplets at close proximity, will have them fuse together. The water 

that happened to be trapped in the coalesced layer is then diffused out to leave a bitumen 

residue. Mechanical actions, such as compaction tend to assist in fusing out the trapped water 

(breaking) [6].  

 

The different stages of the breaking process of a bitumen emulsion[15] 



 

 

The breaking process must not happen during storage, but only after field application. It is 

therefore important to have effective testing methods that can identify emulsions with desirable 

storage stability properties. Current test methods that evaluate the storage stability of emulsions are 

contained in SANS 4001-BT3 [18], while a new testing procedure known as the a 3-Step Shear 

Method was developed by Johannes and Bahia [17] and extensively evaluated in [5] and found to 

be capable of differentiating emulsions with different storage lives.  

Another important property of emulsions is viscosity, which measures the ease with which an 

emulsion can be pumped or sprayed on a pavement surface. Viscosity can also affect the ability of 

an emulsion to be mixed with aggregate in the case of emulsions for slurry seals and micro-surfacing 

or for soil stabilization. Emulsions with high viscosity may result in streaking during spraying while 

those with low viscosity may drain off the road surface especially at areas with steep gradients [5]. 

Both streaking and drain-out result in ravelling and should be avoided. Factors that affects 

emulsions viscosity include the bitumen content, handling and application temperature and the 

emulsion chemistry [17]. The Saybolt Furol test (ASTM D88) is currently used for evaluating the 

viscosity of a bitumen emulsion. However, there has been ongoing effort for an alternative test 

method, such as the use of a rotational viscometer. The ability of a rotational viscometer to 

determine emulsion viscosity was evaluated at great length in the NCHRP 9-50 [5] and has been 

reported to be promising.       

Once a slurry seal is constructed, the most important properties of an emulsion that affect its in-

service performance are the properties of the residual binder. The residual binder must have 

sufficient cohesive strength to bind the aggregate on the road under traffic loading in order to resist 

ravelling. Ravelling is a process where aggregates are lost from a surface treatment under traffic 

loading. Factors that affect ravelling include the rheological property of the binder (including aged 

properties), binder application rate, residual binder content and binder-aggregate compatibility [5].  

Another important performance parameter of a slurry seal is bleeding. Bleeding can be defined as 

excess bitumen which is squeezed out of the seal on the surface of the pavement under traffic. 

Bleeding is undesirable because it reduces the skid resistance of a pavement surface and thus 

making it dangerous, especially during the wet season. Factors contributing to bleeding include the 

properties and the amount of the residual binder present in the applied layer [5]. However, bleeding 

can also occur if soft aggregates are used.  

Current specifications for bitumen emulsions do not allow for the properties of emulsions that 

contribute to ravelling or bleeding to be evaluated. However, studies by [3 -5] have shown the Multiple 

Stress Creep and Recovery Test (ASTM D7405) and the Frequency Sweep (ASTM D7175) to be 

potential candidates for evaluating resistance to raveling and bleeding.     

 



 

 

METHODOLOGY 

A. Materials  

Five (5) emulsion types commonly used in slurry seals were obtained from suppliers nationally. 

The 5 emulsions were assigned codes as E-1 to E-5. Samples arrived in large volumes (≥5L) and 

upon arrival, samples were gently stirred for between 5-10 minutes, depending on the sample size. 

They were subsequently decanted into 1L or 2L tins and stored and tested in the CSIR laboratory 

at temperatures between 23°C-25°C to avoid accelerated separation of the emulsion prior to testing.  

The sample preparation was as follows: 

 Prior to testing, the decanted samples were again gently stirred for 3-5 minutes to ensure the 

emulsions had not separated while stored.  

 Apart from the emulsion sample used for the residue on sieve test, the rest was passed through 

the 710µm sieve. 

B. Test Methods Conducted  

The emulsions were subjected to a range of testing. The actual tests carried out are given in 

Table I and Table II respectively. Table I represents current test methods while Table II represents 

proposed test methods. The proposed test methods are also graphically summarized in Fig.3. 

CURRENT STANDARD TEST METHODS FOR STABLE-MIX (60) BITUMEN EMULSIONS 

 

  

Description PROPERTY TEST METHODS 

Storage Stability 

Binder Content (% m/m) ASTM D244 

Sedimentation 
SANS 4001-BT3 

Coagulation Value (%) 

Residue on Sieve (g/100ml) EN1429 (IP91) 



 

 

PROPOSED PERFORMANCE TEST METHODS FOR STABLE-MIX (60) EMULSIONS 

Tests on Fresh Emulsion Properties 

Engineering Property Test Method Parameters Measured 

Handling  
Settlement and Sedimentation 

(Modified ASTM D6930) 

 Rotational viscosity, ɳ 

 
Storage Stability 

 Rotational Viscosity, ɳ,  

 Separation ratio (Rs) 

 Stability Ratio (Rd) 

Residue Recovery Method: ASTM D7497 Method B 

Resistance to Rutting 
Multiple Stress Creep and 

Recovery Test (ASTM D7405) 

 Non—recoverable Creep 
Compliance (Jnr)  

 Stress Sensitivity 

Thermal Cracking Frequency Sweep (ASTM D7175) 
 Complex Modulus (G*) at 

Critical Phase Angle (δc) 
 

The performance of surface treatments can be greatly affected by the changes in the properties 

of the respective bitumen emulsions during the storage, transportation and construction stages. 

Fig.3 illustrates the identified performance tests and their relation to in-service performance. 

 

 An Illustration of the Suggested Performance-Related Tests [5] 

The experimental plan with the different test methods are given in Tables [III-V]. 

EXPERIMENTAL PLAN FOR THE STORAGE STABILITY 

Factors  Levels Description 

Emulsion Type 5 E-1, E-2, E-3, E-4 and E-5 

Storage time 2 1 and 5 days 

Test Methods  2   ASTM  

Replicates 2 Single operator 

Test Temperature  1 25°C  

Total 40  

 



 

 

EXPERIMENTAL PLAN FOR THE MSCR TEST 

Factors  Levels Description 

Emulsion Type 5 E-1, E-2, E-3, E-4 and E-5 

Temperature  4 46°C, 52°C, 58°C and 64°C  

Replicates 2 Single operator 

Stress Conditions 1 3.2 kPa 

Total 40  

 

EXPERIMENTAL PLAN FOR THE FREQUENCY SWEEP TEST 

Factors  Levels Description 

Emulsion Type 5 E-1, E-2, E-3, E-4 and E-5 

Temperature  2 5°C and 15°C  

Replicates 2 Single operator 

Stress Conditions 1 3.2 kPa 

Total 20  

 

RESULTS 

Storage Stability 

The stability of a bitumen emulsion is maintained by the sufficient repulsive forces among the 

particles, which exist due to the presence of the electrical surface charges [16]. With good stability, 

a bitumen emulsion can be stored and handled for greater periods of time without prematurely 

breaking. The anionic emulsion samples provided were tested for storage stability as per current 

standard test methods in SANS 4001-BT3 (see Table VI) and proposed performance-based 

methods shown in Table II. The results for storage stability, as per the current standards, are given 

in Table VI. The results show that apart from one emulsion (E-1), all emulsions failed the storage 

stability requirement by not conforming to the sedimentation criteria.  

 

  



 

 

CURRENT STANDARD TESTING FOR STABLE-MIX ANIONIC EMULSIONS 

 

 The results for storage stability as per the new proposed methods are given in Table VII. In terms 

of the stability ratio (Rd), the percentage change of the viscosities from the top and bottom layers of 

the emulsion, at specific conditioning times, all emulsions met the limits stipulated. With regards to 

the separation ratio (Rs), the change in emulsion viscosity at certain conditioning times and 

temperature, all but one emulsion (E-4) were within the limits.  Using the settlement and stability 

test, the emulsions showed better short-term (24 hours) storage stability than long-term (5 days) 

storage stability, as would be expected.  

THE PHYSICICAL AND RHEOLOGICAL STABILITY OF ANIONIC EMULSIONS 

 

The results for long-term (5 days storage time) and short term (24 hrs storage time) were plotted 

against one another and the results are presented in Fig.4. It can be seen that there appears to be 

a good correlation between the short-term and long-term storage stability results, although one 

emulsion sample (E-2) was an outlier. However, there is a need to test a variety of emulsions to 

verify the results in Fig.4. The results for the short-term (24 hrs) and long-term storage stability tests 

were also plotted against the results from the sedimentation test and the results are presented in 

Figures 5 and 6 respectively. The results in Fig.5, show a reasonable correlation between the short-

term storage stability results and the sedimentation results. On the other hand, Fig.6 shows a good 

correlation between the long-term storage stability results and the sedimentation results. The latter 

correlation could justify why the South African specification has existed with just the sedimentation 

test up until today. 

PROPERTY REQUIREMENTS 
SUPPLIERS TEST 

METHODS E-1 E-2 E-3 E-4 E-5 

Binder Content (%) 60-62 60.4 62.0 61.2 62.1 62.1 ASTM D244 

Sedimentation < 60 Rotations 35 125 85 155 185 
SANS 4001-

BT3 
Coagulation Value 

(%) 
< 2.0 0.0 0.0 0.1 0.0 0.0 

Residue on Sieve 
(g/100ml) 

710µm: < 1.0 0.015 0.019 0.003 0.042 0.061 EN1429 
(IP91) 150µm: < 0.25 0.017 0.021 0.030 0.051 0.050 

PROPERTY 
PROPOSED 

REQUIREMENTS 

SUPPLIERS TEST 

METHODS E-1 E-2 E-3 E-4 E-5 

Storage Stability 

(25°C, Pa.s) 

Rs: 0.2 to 1.5 0.763 0.896 0.247 0.006 0.265 Modified 

ASTM 

D6930 
Rd: < 1.5 1.04 0.821 0.829 0.424 0.725 

Settlement and 

Stability (%) 

24 hrs 6.0 8.2 15.4 13.1 19.7 ASTM 

D6930 5 days 26.4 41.2 41.4 39.3 50.0 



 

 

 

A correlation between the 5 days and 24 hours settlement and stability results 

 

A correlation between sedimentation and 24 hours settlement and stability results 



 

 

 

A correlation between sedimentation and 5 days settlement and stability results 

 

Viscosity 

There are no handling and application criteria for SS60 in SANS 4001-BT3. The specification 

assumes such a criterion is not useful for these emulsions given they are typically mixed with stone 

chippings, natural gravels and/or soils, prior to application.  

Although spray emulsion viscosity criteria at 50°C are not relevant for these emulsions, an 

indication of their mixing and handling behaviour at lower temperatures is important. Internationally, 

this is why a criterion at 25°C is stipulated [17]. Applying this criterion to these emulsions, using 

DSR obtained viscosities, so as to define an appropriate shear rate for handling and application, 

resulted in the values shown in Fig.7. Given all tested emulsions had appropriate physical handling 

attributes, it implies a criterion can be set to ensure future conformance. 



 

 

 

The Physical and Rheological Stability of Anionic Emulsions 

 

Resistance to Bleeding  

The bleeding resistance of the emulsion residues, using the non-recoverable creep compliance 

(Jnr), was evaluated at the maximum stress level, 3.2kPa-1. The lower the Jnr value observed, the 

better the resistance to bleeding of the residue at a given traffic load and temperature. The results 

of the emulsions evaluated in this study are given in Table X and Fig. 8. Typically, with an increase 

in temperature, there was an increase in Jnr value, indicating a decrease in the resistance of the 

residues to bleeding.  

Although it is the current practice for emulsions to use the same base binder in South Africa, the 

variation in Jnr of the emulsion residues in Table IX implies that the slurry seal binders belong to 

different binder classes, if graded as per the current SATS 3208 [19], as shown in Table IX. 

 

THE JNR OF THE SLURRY SEAL RESIDUE AT 3.2KPA-1 

Temperature 

(°C) 

[12] Jnr @ 3.2 kPa-1 

[13] E-

1 

[14] E-

2 

[15] E-

3 

[16] E-

4 

[17] E-

5 

46 1.32 0.84 0.38 0.58 0.57 

52 3.00 2.46 1.14 1.61 1.70 

58  6.58 3.05 4.02 4.19 

64  15.01 6.93 9.40 9.40 
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Jnr results at different temperatures for anionic slurry seal emulsion residues 

SOUTH AFRICAN BINDER CLASSES [19] 

 

Thermal Cracking 

Given a slurry seal is used mainly to bind and seal underlying structural layers, its structural 

capacity is limited and therefore its susceptibility to fatigue or reflective cracking. With ravelling being 

the primary failure experienced by slurry seals over time, an evaluation of the PAV aged residue is 

used in identifying the residues’ susceptibility to age related ravelling. An evaluation of the 

performance behaviour of the PAV-aged emulsion residues over a wide range of temperatures, is 

shown in Fig.9. 

 The evaluation was carried out at 5°C and 15°C, where the complex modulus at critical phase 

angle (45°) was evaluated. This modulus, shown in Fig.11, is referred to as the cross-over modulus, 

where the storage modulus and loss modulus meet, which indicates the point of transition of the 

residue from a viscoelastic fluid to a viscoelastic solid [18]. A lower cross-over modulus suggests 

that the residue has a better ability to withstand the loads at low temperatures, because of the 

‘fluidity’ present, which prevents premature cracking. 

 Fig.10 shows an increase in complex modulus with an increase in the load applied to the residue. 

There is a wide variation in the values of the cross-over modulus between the emulsion residues, 
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and some have even failed to meet limits advised for thermal cracking parameters for surface 

applications.  

 

The Complex modulus of PAV aged emulsion residues at 15°C (a) & (c) and 5°C (b) & (d) 
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The phase angle of the PAV aged emulsion residue at 15°C (a) and 5°C (b)  

 

  

 Complex modulus at the critical phase angle (45°) 

 

CONCLUSION AND RECOMMENDATIONS 

Although the standard test methods in SANS 4001-BT3 [19] are able to classify bitumen 

emulsions, the properties included seem either inadequate and/or insufficient for a performance 

specification. On analysing selected performance-based properties, the following findings were 

made: 

 The stability of anionic bituminous emulsions was shown to vary at short-term and 

long-term storage times. Only at long-term storage was a reasonable correlation 

observed with sedimentation results. 

 A viscosity criterion could be useful in the specification. 

 The Jnr values of the emulsion residues imply they would fit into different binder 

classes, although the typical practice nationally is to use the same grade of base 

binder. Given rutting performance is dependent on the overall interaction between the 

aggregate, emulsion residues and other additives, a rutting parameter that 

incorporates the aggregate contribution could be useful. 

 The thermal cracking resistance properties of the emulsion residues showed varied 

behaviour, with some exhibiting poor and borderline performance compared to the 

required behaviour of the residues at low temperatures with ageing time.  

The variation in results of emulsions of the same grade could be due to a variety of reasons, such 

as the different formulations used by the different suppliers, or the different manufacturing 

processes used to make these emulsions. Consequently, the specification and its corresponding 
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test methods need to provide insight into these processes, as well as link test results to the in-

service performance of these emulsions. 
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Synopsis— Aircraft manufacturers are continuously innovating to optimize on the size 
and weight of aircraft components. This objective is achieved by using materials of higher 
strength, fracture toughness and fatigue properties. Because of this continuous 
development aircraft manufacturers seem to be reducing the number of wheels forming part 
of the landing gear without compromising on the maximum aircraft weight.  

These developments in the aircraft manufacturing industry result in increased wheel loads 
and tire pressures associated with new generation aircraft which can be detrimental to the 
performance of asphalt airfield pavements. These loading conditions have caused premature 
failures on taxiways at several airports in the Middle East, where the asphalt mixture is 
exposed to high temperatures in combination with slow moving nature of the aircraft traffic. 
The failures associated with these loading conditions are identified as permanent 
deformation. This calls for the design of asphalt mixtures with increased creep resistance 
and good fatigue characteristics to improve the functional and structural performance of the 
asphalt mixture.   

The use of polymer modified bituminous binders has proved successful in mitigating the 
risk associated with the detrimental loading conditions on asphalt airfield pavements. The 
performance requirements of these asphalt mixtures are however considerably different 
from what is specified for polymer modified asphalt on road pavements. This paper 
discusses the testing requirements, testing conditions and criteria to successfully improve 
the creep performance of polymer modified asphalt used on airfield pavements. Successful 
implementation of these standards could significantly reduce future maintenance and 
rehabilitation requirements compared to conventional asphalt mixtures under similar 
loading conditions. 

Keywords— asphalt, airfield pavements, creep resistance, performance testing, polymer 
modified asphalt, rutting 



 

 

 

 INTRODUCTION 

The pavement design methodology described by the Federal Aviation Administration (FAA) is 
most commonly used for the design of airfield pavements worldwide. The design methodology has 
been developed from research over years of pavement testing under actual aircraft loading 
conditions at the National Airport Pavement Testing Facility (NAPTF) in Atlantic City, United States 
of America. The empirical information obtained from these tests is invaluable in the field of airfield 
pavement engineering [12]. 

 

 

Full-scale pavement testing facility at NAPTF, Atlantic City 

 
The FAA design methodology assumes that the asphalt layers and the subgrade are the critical 

layers when considering pavement performance and that any pavement layer between these layers 
will not fail as long as they comply to the minimum requirements provided in the standard FAA 
pavement material specifications [11]. Asphalt fatigue, at the bottom of the asphalt layers, is 
considered as the critical failure criteria when predicting the structural capacity of the pavement 
structure.  

Recent findings from actual field performance of asphalt mixtures that were constructed according 
to the standard FAA material specifications has raised concern for many airports. It was found at 
several airports worldwide that asphalt pavements do not have sufficient creep resistance causing 
problems with the use of the airfield pavements due to excessive rutting at the surface of these 
pavements. These failures should not put the fatigue equations used in the FAA pavement design 
method in question, but rather the creep resistance criteria of the asphalt mix composition and the 
associated performance testing requirements.  

It is believed that the increasing trend in rutting issues is associated with more demanding aircraft 
tire pressures and wheel loads. Trends from the aircraft manufacturing industry shows that aircraft 
tire pressures have increased by almost 35% while wheel loads have increased by almost 50% over 
the past 30 years (see 0).  

 



 

 

 

Aircraft tire pressure and wheel load trends over time 

 

The horizontal axis in 0 represents a manufacturing timeline of aircraft introduced to the market over 
the past few decades (i.e. 80s, 90s, current and future). 
 

FUNCTIONAL PERFORMANCE OF AIRFIELD PAVEMENTS 

An asphalt mixture not performing adequately results in increased maintenance requirements and 
operational delays for the airport. More seriously, a poorly designed and constructed asphalt mixture 
could affect the functional performance of a taxiway or runway. 

Asphalt mixtures with poor creep resistance are prone to rutting. This can have the following 
consequences to the functional performance of airfield pavements: 

Pavement roughness – the deformation in the pavement can result in the recommended 
roughness criteria being exceeded.   

Loss of texture (skid resistance) – rutting causes local densification of the asphalt mixture in the 
wheel tracks, which negatively affects the texture due to excess bitumen being forced out of 
the asphalt mixture 

Loss of friction (skid resistance) – Deep ruts also result in water ponding in the wheel paths during 
rainy weather resulting in increased risk for aquaplaning. 

 
The above risks can be mitigated through careful selection of the various mixture constituents and 

the proper volumetric design of asphalt mixtures in ensuring that the performance of the mixtures 
remain satisfactorily when repeatedly loaded by these high wheel loads at elevated tire pressures.  
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ASPHALT MIX PROPERTIES 

The asphalt mix design is the most crucial part in preventing rutting. The three main volumetric 
components of every asphalt mixture consist of aggregates, bitumen and air. Asphalt mix properties 
can be enhanced through the optimization of each of these three main components. Some brief 
recommendations to optimize asphalt mixture performance will be given first. The purpose of this 
paper is not to detail the optimization of the various mix constituents, but rather to provide 
recommendations towards the performance testing of asphalt mixtures for airfield pavement 
construction and specific with regards permanent deformation.  

 

Aggregates 

The aggregates (i.e. stone, sand, filler fractions) form the skeleton structure of the asphalt mixture 
and contributes the most towards the volume of an asphalt mixture (typically 80 – 87% by volume). 
Creep resistance of asphalt mixtures is increased by carefully selecting the (mechanical) properties 
of the aggregates and optimizing aggregate packing of the asphalt mixture. 

The mechanical properties of aggregates affecting creep resistance of asphalt mixtures are 
aggregate shape, texture, crushed faces and gradation [2]. The shape of aggregates is essential to 
enhance the creep performance of asphalt mixtures by promoting the interlock properties of the 
skeleton structure. The following properties relating to aggregate shape should be considered in the 
design of the asphalt mixtures: 

Cubicle particles achieves a better packing compared to flat an elongated particle. This property 
is controlled through the specification of the allowable number of fractured faces and the 
allowable percentage of the coarse aggregates which are flat and elongated in shape. Impact 
crushers are preferred over cone crushers as they are known for producing crushed material 
with an optimal cubic shape [10]. 

The minimum angularity of the fine aggregate shall be specified as it contributes to the internal 
friction between particles. It is not recommended to add natural sand to asphalt mixtures (as 
recommended by FAA to improve the workability of asphalt mixtures). The addition of natural 
sand reduces the angularity of the fine aggregate portion and therefore the internal friction 
between particles. 

 

  

Illustration of an Impact Crusher (Metso 
Nordberg NP15) 

Illustration of a Cone Crusher (SANDVIK) 

 



 

 

The filler fraction of an asphalt mixture is defined as the particles fraction passing the 0.075mm 
sieve. The filler forms together with the bitumen the mastic in an asphalt mixture. The mastic is often 
seen as the binder for the sand and the stone fraction. The stiffness of the mastic is a function of the 
ratio between the amount of filler compared to the bitumen and is defined as the filler-binder ratio. 
The higher the filler-binder ratio, the stiffer the mastic and the more creep resistant the asphalt 
mixture. The downside of the increased filler-binder ratio might reduce the workability of the asphalt 
mixture and reportedly also reduce the fatigue life of the mixture [8]. Project specifications for airfield 
pavements in the Middle East (i.e. hot climate areas) typically includes filler binder ratios (by mass) 
of 0.8 to 1.6. 

Another aspect of fillers to consider is the type of filler used as the filler has a significant influence 
on the performance of asphalt mixtures when considering mix workability, moisture sensitivity, 
stiffness, aging characteristics and creep resistance. Fillers can be classified based on their stiffening 
power. The stiffening power can be defined in a simple and practical way as the difference between 
the softening point (i.e. ring-and-ball test) of the neat bitumen and the softening point of the mastic 
(i.e. bitumen and filler). A stiffening power exceeding 20°C can be considered too stiff and increase 
the crack susceptibility of the mixture, whereas a stiffening power below 10°C is not stiff enough and 
probably more susceptible to bleeding, shoving, and rutting. Research comparing various types of 
fillers showed that Ceramic Waste (CWD) provides the best stiffening power when compared to 
limestone dust (LSD), Steel Slag Dust (SSD) and Cole Fly Ash (CFA) as depicted in 0 below [15]. In 
the South African specifications, it is recommended to add maximum 1% of cement or lime to improve 
the filler properties [17]. 

 

 

Comparison between softening point of neat asphalt and mastics [15] 

 

Properly designed aggregate packing will result in sufficient aggregate interlock within the asphalt 
mixture and improve the creep resistance of the layer. FAA includes various standard gradations for 
dense graded asphalt mixtures by specifying an acceptable upper and lower range for a specific 
aggregate size. This methodology does not guarantee or promote proper aggregate packing. 0 and 
0 illustrate the difference between poor and good aggregate packing respectively. 

 



 

 

  

Illustration of poor aggregate packing Illustration of good aggregate packing 

 
It is recommended to consider the use of the gradation methodologies explained in either the 

Bailey method or the Superpave mix design procedures. The Bailey Method, developed in the 1980s, 
is a well-known method for optimizing the aggregate packing in an asphalt mixture. The method 
defines a Primary Control Sieve (PCS) which makes the distinction between coarse and fine 
aggregates in the asphalt mixture [5]. It is recommended to design aggregate gradation to the coarser 
side to prevent coarse aggregates from embedding in a matrix of fine aggregate, hence reducing 
aggregate interlock and internal friction between aggregates. The aggregate packing methodology 
explained by the Superpave mix design method includes certain control points on the gradation 
curves and defines a restricted zone that should be avoided by the aggregate gradation [3]. The 
combination of the control points and the restricted zone also force the gradation to the coarser side 
which will eventually achieve the same objective as explained for the Bailey method. 

 

Bitumen 

It is known that the viscous properties of bitumen influence the rutting resistance of a mix. 
Traditional penetration grade or viscosity grade bitumen specifications are not enough to control 
rutting, fatigue and low temperature cracking when considering airfield asphalt pavements. 

One of the most advanced binder selection systems is the so-called Performance Grade (PG) as 
per Superpave specifications. Superpave specifications specify the pavement temperature range at 
which the bitumen should perform satisfactorily in the short- and long-term [4]. This temperature 
range can be calculated for any geographical location based on available air temperatures.  

Binders with a larger high temperature grade are reportedly less susceptible to permanent 
deformation. This is also reflected in the latest update of the Standard Specifications for Construction 
of Airports provided by the FAA [11] where the high temperature grade is increased for heavy slow-
moving traffic. The so-called grade bumping of the performance grade bitumen can of course not 
guarantee a rut resistant asphalt mixture alone (see the role of the aggregates). A problem can occur 
when the calculated performance grade is increased by three grade bumps as recommended in the 
FAA standard specifications. In this case bitumen grades at that level may not be available. 

Conventional bituminous binders, such as PEN 40-50 or PEN 60-70, are not able to meet the high 
PG requirements which are typical to airport pavements. PEN 10-20 binders might be a suitable 
alternative to consider, but these are not always readily available. For this reason, it is recommended 
to modify bituminous binders with polymers. Generally, a polymer content between 4 and 6% by 
weight of bitumen is required to get the PG within the required range, both at high and low 
temperatures. 



 

 

The enhanced properties of polymer modified bituminous binders cannot always be identified 
using the conventional PG method (as per AASHTO M320) only because it could occur that 
conventional binders and polymer modified binders are classified with the same PG. It is therefore 
recommended to determine the elastic recovery of the binders at the high temperature when 
establishing the PG in accordance with AASHTO M320. Alternatively, one could also adopt the 
methodology described by AASHTO M332 which includes the requirements for the Multiple Stress 
Creep Recovery (MSCR) test which determines the Jnr (creep parameter related to viscosity) and 
the elastic recovery of the binder. The elastic recovery at high temperatures in the MSCR test is used 
as an indication of the polymer modification of asphalt binders [14]. 

It is important to note that there is a difference in how the high temperature grade is reported when 
using AASHTO M320 and AASHTO M332. When specifying binders in accordance with AASHTO 
M320, the high temperature grade is increased (or bumped) to a higher temperature range which 
leads to much higher binder testing temperatures than the asphalt mixture will experience in the field. 
With AASHTO M332, binder selection is based on the addition of a letter after the high temperature 
grade. The letter selection is S, H, V, and E (i.e. Standard, Heavy, Very Heavy, and Extremely Heavy 
traffic) and requires specific values for Jnr. As you move in that order from S (i.e. no polymer added) 
to E (i.e. highly polymer modified) the binder is still tested at the same high temperature grade but 
has progressively more polymer enhancing the performance of the binder [14]. 

For the mixture design, not only the bitumen quality is important; it is also important to control the 
bitumen content in the asphalt mixture. Asphalt mixtures with too high bitumen content can reduce 
the mechanical interaction between aggregates (commonly referred to as aggregate interlock) which 
reduces creep resistance. Asphalt mixtures with excessive bitumen are sensitive to bleeding when 
the mixture densifies under traffic loading. Bleeding can reduce the surface texture of the surfacing 
mixture and reduce the skid resistance of the surfacing. It should also be noted that a low bitumen 
content will result in reduced bitumen film thickness (i.e. coating of the aggregates) and make an 
asphalt mixture more susceptible to aging and related cracking. 

 

Air voids 

The air voids content in the asphalt mixture needs to be high enough to ensure that the air voids 
do not get filled with bitumen, as this would reduce the internal friction between the aggregates and 
therefore reduce the creep resistance of the mixture. The possibility of bleeding was already been 
discussed before. 

It is strongly recommended to include a limit to the Voids Filled with Bitumen (VFB) in the mix 
design process to control the risk of saturating the asphalt mix with bitumen under traffic densification. 
Experience has shown that by limiting the VFB to a maximum of 75% (for Marshall asphalt mixture 
design) results in satisfactory performance on airfield pavements. VFB also plays an important role 
in the durability of the asphalt mixture as a too low VFB will result in a thinner bitumen film thickness 
which can cause more rapid aging, but also moisture sensitivity [3]. 

When preparing asphalt mixtures in the laboratory, it is important to understand that there is a 
difference between the density achieved in the laboratory and the density of the mixture achieved 
during field compaction. This is especially the case when considering Marshall compaction where a 
compactive effort of 75 blows per face are typically specified and applied worldwide for airfield 
pavements. This may however not be sufficient for asphalt mixtures used in highly stressed airfield 
pavement sections. In these cases, it is therefore recommended to increase the design air void 
content of asphalt mixtures used on an airfield pavement to compensate for densification under 
aircraft loading and associated tire pressure. FAA typically specifies a design air void content of 3.5% 
for Marshall compacted samples where 75 blows are applied on both faces of the sample [11]. It is 



 

 

recommended to increase this design air void content to 4.5% – 5.5% to ensure sufficient air voids 
after densification occurs in the field. When following the Superpave asphalt mix design 
methodology; it is recommended to achieve the above design air void content at 135 gyrations [19]. 

Another performance indicator to be considered when discussing air voids in asphalt mixtures is 
the residual air voids at refusal density of the mixture. Creep resistance under heavy traffic loading 
is better guaranteed if sufficient residual air voids are achieved in the mixture by ensuring that the 
internal friction between aggregates is promoted and that all voids do not get filled with binder when 
the mixture reaches its maximum density. For Marshall compacted mixes it is recommended to 
compact both faces of the sample up to approximately 300 blows per face to reach the refusal density 
of the asphalt mixture (in the Middle East the number of blows to achieve refusal density can be as 
high as 400 blows per face). For asphalt mixtures prepared in terms of Superpave; it is recommended 
to compact the sample up to 220 gyrations using a gyratory compactor. It is recommended to specify 
a minimum air void content of 2.5% at refusal density for airfield pavements [19]. 

0 includes a useful summary of the effect of asphalt mixture composition on pavement 
performance. An upward arrow represents an improvement to the particular performance indicator 
(named above the columns) with an increase in the compositional factors (rows) whereas downward 
arrows indicate the deterioration of the performance indicators with an increase in the compositional 
factors [21]. 

 

 

Effect of mixture composition on performance [21] 

 



 

 

V. SENSITIVITY ANALYSIS ON PERMANENT DEFORMATION 

The sensitivity of permanent deformation of asphalt pavements can best be illustrated by looking 
at known permanent deformation prediction models. Several permanent deformation prediction 
models were developed for the performance of asphalt on road pavements of which a very popular 
model is given in (8) as described by the Mechanistic-Empirical Pavement Design Guide [1]: 

 

∆𝒑(𝑯𝑴𝑨)= 𝜷𝟏𝒓 ∙ 𝒌𝒛 ∙ 𝜺𝒓(𝑯𝑴𝑨) ∙ 𝟏𝟎𝒌𝟏𝒓 ∙ 𝒏𝒌𝟐𝒓𝜷𝟐𝒓 ∙ 𝑻𝒌𝟑𝒓𝜷𝟑𝒓  (8) 

 
Where 

 ∆𝒑(𝑯𝑴𝑨)  - Permanent deformation in the HMA layer 

 𝜷𝟏𝒓, 𝜷𝟐𝒓,𝜷𝟑𝒓  - Local calibration constants (assumed as 1 for global calibration  

     constants) 

 𝒌𝒛   - Depth confinement factor (refer to MEPDG [1]) 

 𝒌𝟏𝒓, 𝒌𝟐𝒓, 𝒌𝟑𝒓  - Global field calibration parameters (refer to MEPDG [1]) 

 𝜺𝒓(𝑯𝑴𝑨)  - Elastic (or recoverable) strain calculated at mid-depth of the HMA  

     layer 

 𝑻   - Pavement temperature 

 𝒏   - Number of load repetitions 

 
The permanent deformation prediction model provided above shows that the creep resistance of 

asphalt mixtures is a function of the confining pressure with depth, the elastic strain imposed by 
vehicle loading, the number of load applications and the temperature of the asphalt mix. When 
assuming global calibration constants the equation given above can be simplified as: 

 

∆𝒑(𝑯𝑴𝑨)= 𝒌𝒛 ∙ 𝜺𝒓(𝑯𝑴𝑨) ∙ 𝟏𝟎−𝟑.𝟑𝟓𝟒𝟏𝟐 ∙ 𝒏𝟎.𝟒𝟕𝟗𝟏 ∙ 𝑻𝟏.𝟓𝟔𝟎𝟔 (9) 

 
 
It can be concluded from (9) that the permanent deformation is linear proportional to the elastic 

strain. The following resulting proportionalities can be seen in the equation: 
 

∆𝒑(𝑯𝑴𝑨)~𝜺𝒓(𝑯𝑴𝑨) (10) 

  

∆𝒑(𝑯𝑴𝑨)~𝒏𝟎.𝟒𝟕𝟗𝟏 (11) 

 
 
The basic equation for the depth confinement factor is shown below: 

 

𝒌𝒛 = (𝑪𝟏 + 𝑪𝟐𝑫)𝟎. 𝟑𝟐𝟖𝟏𝟗𝟔𝑫 (12) 

 
Where  

 C1 and C2  - Function of the total asphalt thickness (refer to MEPDG [1]) 



 

 

 D   - Evaluation depth below the surface 

 

The confining pressure varies with depth where the largest confinement can be expected at the 
top of the asphalt layer because of the horizontal confining stresses caused by the wheel load are 
nearly equivalent to the vertical stresses imposed (i.e. the tire pressure) [16]. This phenomenon 
seems to be correctly translated in the depth confinement factor which is graphically illustrated in 0 
below where the depth confinement factor is illustrated over a depth of 250 mm in any given asphalt 
layer. 

 

 

Illustration of confinement factor (kz) over a depth of 250 mm in an ashalt mixture 

 

It is evident from 0 that there is a reducing trend for the upper 25 mm of asphalt in terms of 
permanent deformation because of the confinement imposed by the wheel loads. According to the 
confinement factor, the bulk of the permanent deformation is contributed by the cumulative 
deformation between a depth of 25 mm and 100mm. The contribution of the lower asphalt layers to 
the cumulative permanent deformation seems to be negligible when considering the depth 
confinement factor as it approaches the zero asymptote at larger depths.  

The conclusions drawn from the depth confinement factor does not entirely align with experience 
on actual airfield pavement performance with reported permanent deformation. 0 below shows 
permanent deformation recorded on different asphalt layers of an actual in-service airfield pavement 
which includes the following asphalt layers (total asphalt thickness of 520 mm represented by the 
blue graph in  0): 

 120 mm Asphalt Concrete Surface Course – continuously dense graded asphalt consisting 
of 2 layers of 55 mm and 65 mm respectively represented by the red graph in  0 

 110 mm Asphalt Concrete Binder Course – continuously dense graded asphalt consisting 
of 1 layer as represented by the lower red graph in  0 

 315 mm Asphalt Concrete Base Course – continuously dense graded asphalt consisting of 
3 layers of 85mm, 105 mm and 100 mm respectively represented by the green graph in  0 
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The findings from the field investigations does not confirm the trend of reduced rutting in the lower 
asphalt layers as suggested by the depth confinement factor. It is evident from 0 that the most 
significant contribution to the cumulative permanent deformation was measured in the asphalt base 
course (4th asphalt layer shown in  0) located approximately 200 mm below the surface. Caution 
should therefore be exercised when applying the depth confinement factor defined by MEPDG when 
predicting permanent deformation for airfield pavements. 

 

 

Actual measurement of asphalt permanent deformation of airfield pavements  
 

When scrutinizing the temperature component of the rut prediction model; it is evident that the rut 
prediction model includes roughly a power 1.5 for the temperature component of the asphalt mixture. 
This power function applies when measuring temperatures in Fahrenheit and corresponds to a power 
function of 1.1 when converting the asphalt temperature to degrees Celsius. This insinuates almost 
a linear relationship between permanent deformation and temperature which is against expectations. 
The following proportionality equation results:  

 

∆𝒑(𝑯𝑴𝑨)~𝑻𝟏.𝟏 (13) 



 

 

 
The prediction model is perhaps a bit misleading as the elastic strain component also includes a 

temperature component due to the visco-elastic behavior of the asphalt. One should therefore also 
consider the relationship between the elastic strain and asphalt mixture temperature to get a full 
understanding of the sensitivity of asphalt deformation at elevated temperatures. 

When considering the linear elastic behavior of a material; Hooke’s law states that the elastic 
stiffness of the material is linearly proportional to the inverse of the elastic strain as illustrated in the 
proportionality shown below: 

 

𝑬~(
𝟏

𝜺𝒓
) (14) 

 

Asphalt mixture stiffness is however a bit more complex considering the visco-elastic behavior of 
the binder, meaning that the mixture stiffness varies strongly with the loading time and the 
temperature in the asphalt mixture. The elastic stiffness modulus for asphalt layers as a function of 
temperature (and a fixed loading time) is estimated by using the relationship provided in [22] and 
shown as (15).  

 

𝐥𝐨𝐠𝑬 = 𝟔. 𝟓𝟑𝟔𝟓𝟖 − 𝟎. 𝟎𝟎𝟔𝟒𝟒𝟕𝑻 − 𝟎. 𝟎𝟎𝟎𝟎𝟕𝟒𝟎𝟒𝑻𝟐 (15) 

 
Where  

  E  - asphalt mixture elastic stiffness (105 psi) 

  T  - asphalt temperature (degrees Fahrenheit)  

 
Equation (15) assumes a fixed loading frequency which corresponds to roughly 0.2 Hz when 
assuming the gear configuration and wheel characteristics of a A350-900 aircraft. This translates to 
an approximate 2 km/h taxiing speed which is very conservative. This loading frequency has been 
derived using the relationship developed by Witczak-Andrei in 1999 [23]. 

The following proportionality between the elastic stiffness of asphalt and mixture temperature can 
be derived from (15) for a typical asphalt temperature range between 25 degrees Celsius and 65 
degrees Celsius (this temperature range was selected for illustrative purposes only): 

 

𝑬~(
𝟏

𝑻
)
𝟒−𝟒.𝟓

 (16) 

 

By substituting the proportionality (16) in proportionality (14); it can be concluded that the elastic 
strain of the asphalt mixture has the following proportionality to the temperature of the asphalt 
mixture: 

 

𝜺𝒓(𝑯𝑴𝑨)~(𝑻)𝟒−𝟒.𝟓 (17) 

 
Knowing that permanent deformation is directly proportional to the elastic strain (10) and by 

considering proportionalities (13) and (17) it can be concluded that: 

 



 

 

∆𝒑(𝑯𝑴𝑨)~(𝑻)𝟓.𝟏−𝟓.𝟔 (18) 

 
The proportionality presented in (18) suggests the sensitivity of permanent deformation to 

fluctuations in asphalt mixture temperatures. This reconfirms the importance of securing the 
performance of the bitumen at elevated temperatures and why it is recommended to use polymer 
modified bitumen for enhancing the creep resistance of asphalt mixtures in hot climates.  

It was already mentioned that the stiffness of an asphalt mixture is sensitive to loading time and 
temperature due to the visco-elastic nature of the bitumen in the mixture. Loading time is a function 
of vehicle speed and the contact area of the wheels which is in turn a function of the wheel loads and 
associated tire pressure. 0 illustrates the relationship between elastic strain and loading time. Since 
the elastic strain is directly proportional to permanent deformation, the following proportionality can 
be derived: 

 

∆𝒑(𝑯𝑴𝑨)~(𝒕)𝟏.𝟕 (19) 

 
Where 

 t - loading time (s) 

 

Relationship between elastic strain and loading time 

 
To illustrate the sensitivity to permanent deformation when looking to tire pressures only; Hooke’s 

law, which states that the elastic strain of asphalt is proportional to the applied stress, could be 
scrutinized. Since the elastic strain is directly proportional to permanent deformation and the applied 
stress directly proportional to the tire pressure; the following proportionality can be derived: 

 
∆𝒑(𝑯𝑴𝑨)~𝑻𝑷 (20) 

 

Where 

 TP - Tire pressure (MPa) 

y = kx1.7

R² = 0.9
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It is evident from 0 that modern aircraft has tire pressures as high as 1.68 MPa (i.e. A350-900). 
When comparing this to tire pressures of typical road vehicles it can be concluded that there is 
approximately a factor 2.2 difference between the tire pressures applied on airfield pavements 
compared to that of road pavements. Due to the linear proportionality between permanent 
deformation and tire pressure, one can expect the same factor to apply when considering the extent 
of permanent deformation when comparing airfield pavements performance to that of road 
pavements 

 

VI. TRADITIONAL ASPHALT PERFORMANCE TESTING 

Traditional test methods for estimating asphalt creep are commonly applied for estimating airfield 
pavement asphalt performance. These tests were however developed for road pavement 
applications and the benchmark performance criteria associated with each of the tests was also 
established or derived from empirical data obtained from road pavement performance. The creep 
resistance of asphalt pavements is however sensitive to local climatic and loading conditions and 
should therefore be implemented with care when specified for the evaluation of airfield pavements.  

 

Marshall stability 

Marshall stability was commonly linked to the creep resistance of asphalt mixtures. The FAA also 
recognized this commonly accepted relationship in the past but have now formulated new 
requirements for creep resistance in the latest revision of the standard specifications for airfield 
pavements [11] as no correlation was found between Marshall stability (at 60°C) and permanent 
deformation. 

 

Flow number 

The flow number is commonly specified on many different airfield projects worldwide, but it is 
believed that the results obtained from this test are not a true performance-based criteria of asphalt 
performance. The flow number is measured during a triaxial repeated-load test and is defined as the 
number of load pulses at which the minimum rate of change in permanent strain occurs during the 
test [7]. It is determined by differentiation of the permanent strain versus number of load cycles curve 
for which an example is shown in 0. 

 



 

 

 

Example of flow number test data [7] 

The number of load cycles where the change in deformation per load cycle is minimum, is called 
the Flow Number (i.e. usually start of tertiary creep). It does however not provide information about 
the creep slope during the important second stage, which can vary significantly for different asphalt 
mixes with similar flow numbers. The flow number is considered as a theoretical way of predicting 
the number of cycles to reach the start of tertiary creep (and by doing so only indicating the risk of 
permanent deformation). The test results do however not provide information about the creep slope 
which can be very different for different asphalt mixtures having similar Flow Numbers and therefore 
does not provide an indication of the long-term performance of the asphalt mixture. 

The flow number test protocol recommends testing at the effective pavement temperature using 
either unconfined or confined test conditions [23]. It was found that the unconfined testing conditions 
resulted in more variability in the reported flow numbers when compared to the unconfined test 
results [7]. NCHRP Report 702 also states that test results obtained through unconfined flow number 
testing are considered too variable and as such an unreliable predictor of asphalt performance [6].  

 

Dynamic Modulus 

The primary material property used to characterize asphalt mixtures during structural pavement 
design is the dynamic modulus of the mixture based on the local climatic conditions and loading 
conditions. AASHTO T 378 provides a standard for measuring the dynamic modulus of asphalt 
mixtures.  

Continuous sinusoidal, stress-controlled loading at a specified frequency and temperature is 
applied to the sample. The dynamic modulus is defined as the peak stress divided by the peak strain 
and is a measure of the overall stiffness of the mixture at a particular test temperature and loading 
frequency. By determination of the dynamic modulus at various temperatures and test frequencies a 
master curve can be compiled to represent the dynamic modulus of the asphalt mixture [13]. 

The dynamic modulus is considered a valuable parameter for ensuring that the produced asphalt 
mixtures conforms to the asphalt stiffness assumed during the structural pavement design (which 
should already have considered the temperature susceptibility of the asphalt mixture). The dynamic 
modulus on its own is however not a good indicator (or predictor) of long-term performance of the 
mixture. 



 

 

 

VII. MODERN ASPHALT PERFORMANCE TESTING (RUTTING) 

The test methods described in this section are recommended to be used as performance tests for 
asphalt mixtures designed for airfield loading conditions. These test methods have been used on 
airport projects before and the performance measures obtained from these tests are believed to be 
a more accurate representation of the actual field performance of the asphalt mixtures. 

 

Hamburg Wheel Tracking Test (HWTT) 

The HWTT is a well-known wheel tracking test which is readily available worldwide. The test is 
described by AASHTO T 324.  

The benchmarking of HWTT results was (similar to the APA, see later) collected from various US-
based airports and would not necessarily be applicable to airfield asphalt pavements located in other 
climates (especially airports where the average temperatures are categorically higher compared to 
that of US based airports). The latest FAA standard specifications states that a 10 mm permanent 
deformation at 20 000 wheel passes would be acceptable [11] and only allows the use of the HWTT 
where the APA wheel track test equipment is not readily available.  

Research in which the steel wheel from the HWTT was compared to a rubber surfaced steel wheel 
confirmed that the rigidity of the blank steel wheel tends to overestimate the permanent deformation 
of the asphalt mixture due to larger associated edge stresses induced by the steel wheel. It is for this 
reason why it is not recommended to use the HWTT [20]. 

 

Asphalt Pavement Analyzer (APA) type wheel track testing 

The Asphalt Pavement Analyzer (APA) includes a pressurized hose between the tracking wheel 
and asphalt specimen surface and has been included as the preferred wheel tracking performance 
test for asphalt mixtures specified in the latest FAA standard construction specifications [11]. This 
performance test has been included to replace the former requirements included for Marshall stability 
and flow, which is considered a significant improvement in evaluating asphalt mixture performance 
at high temperatures. The addition of this requirement also provides the opportunity to evaluate mix 
performance when using alternative mix design procedures such as Superpave. 

The FAA standard specifications include a creep criterion of less than 10mm permanent 
deformation at 4 000 passes when tested as per AASTHO T340 at a 1.7 MPa hose pressure and a 
testing temperature of 64 degrees Celsius. The FAA standard specifications also allow a reduction 
in the applied hose pressure to 0.7 MPa with less than 5 mm permanent deformation at 8 000 passes 
when tested at a testing temperature of 64 degrees Celsius. These performance criteria are based 
on empirical information that shows that asphalt mixtures that meet these requirements perform 
satisfactorily under aircraft loading above 27 ton [11]. These benchmark values should however be 
treated with caution as they most likely apply to the performance of asphalt pavements at US-based 
airports and would not necessarily be applicable to airfield asphalt pavements located in other 
climates.  

 

 



 

 

 

Illustration of the APA testing device [20] 

 

Wheel path rutting as per EN12697-22 small device (procedure B) and large device 

The wheel-tracking test method described by EN 12697-22 does not allow the use of a blank steel 
wheel like the HWTT but rather a rubber surfaced steel wheel. The test method describes the testing 
of asphalt specimens in both air and water of which the former is more common and accepted in 
terms of the European Construction Products Regulations. What makes this wheel-tracking test very 
popular is its ability to be carried out at various temperatures and loading conditions. 

The standard describes a small device (i.e. rubber surfaced steel wheel), a large device and extra-
large device (i.e. a pneumatic tire for both). The small device is typically associated with axle loads 
less than 13 tons while the large device is typically specified when axle loads are equal to or higher 
than 13 tons (13 tons axle load is the maximum standard axle load allowed on roads in the EU). The 
large device is commonly used for specifying airfield pavement performance. The large device 
incorporates a load of 5 000 N and requires 30 000 load cycles (i.e. 60 000 passes) and reportedly 
produces rut profiles that are quite similar to those that may be encountered in the field [20]. The 
higher load and longer testing time provide valuable information about rut development of the 
associated asphalt mixture. The tracking speed of the large device corresponds to a loading 
frequency of 1 Hz (i.e. higher compared to that of the small device). 

In case polymer modified asphalt mixtures are used it is recommended to consider the effect of 
additional wheel passes over the above-mentioned passes to define the steady state tracking slope 
for most types of asphalt mixtures [20]. Acceptable performance categories are defined in the 
associated standard EN 13108-1 (asphalt concrete product standard) for conducting the test in air 
only. The test results obtained using EN standards are expressed in the following ways: 

Proportional rut depth is an expression of the recorded rut depth expressed as a percentage of 
the specimen thickness before testing commenced. 

Tracking slope is expressed as μm/load cycle (or mm/1000 load cycles) and is calculated 
between 5 000 and 10 000 load cycles. This parameter is only determined when testing is 
carried out with the small device. 



 

 

Total rut depth can be used by either device; however, performance categories are provided in 
EN 13108-1 for the small device only. 

When the large device (i.e. 5000 N, 30000 load cycles) is used, proportional rut depths of less 
than 5.0 % or less than 7.5 % are typically specified for airfield pavement asphalt performance [20]. 

 

Model Mobile Load Simulator (MMLS3) 

The MMLS3 is a South African developed wheel tracking test that can be used as both laboratory 
and in-field performance testing. The MMLS3 is considered very versatile in carrying out tests based 
on the following capabilities: 

Application of 100 000 wheel passes during a single test 

Testing at different loading speeds,  

Simulation of lateral wander,  

Adjustable wheel loads and  

Adjustable tire pressures.  

 

The test is however considered very time consuming where the standard tracking speed is 7 200 
wheel passes per hour and to simulate slow traffic (such as at airport taxiways) 1 800 wheel passes 
per hour are applied. The availability of the test equipment may result in long lead times between 
requesting the test and obtaining results from the test. 

Very limited benchmark values are available for the rutting measured using the MMLS3 device, 
but the SANS 3001-PD1 [18] includes some useful performance benchmarks for various conditions 
established from based on comparative studies between MMLS trafficking and full-scale accelerated 
pavement testing from studies conducted in Texas, Nevada, Alabama and South Africa at various 
test conditions. 

 

Triaxial Cyclic Compression Test 

The triaxial cyclic compression tests, as described by EN 12697-25, has been specified on many 
airfield projects for evaluating the creep resistance of asphalt mixtures.  

The results from the triaxial cyclic compression test are presented in terms of a deformation curve 
(i.e. creep curve) similar to the example curve shown in 0. 



 

 

 

Illustration of deformation curve obtained from triaxial cyclic compression tests [9] 

 
Stage 1 of the deformation curve represents a conditioning phase which simulates the post-

compaction that takes place after placing the bituminous layer. The specimen will then accrue a 
quasi-linear increase of permanent strain as a function of applied sinusoidal or block pulse loading 
cycles in Stage 2. The creep rate (abbreviated as fc) of the asphalt specimen is measured during this 
stage and is expressed in μm/m/load cycle. Asphalt mixture performance in Stage 3 should be 
avoided as rutting will accumulate rapidly during this tertiary creep phase [19].   

Acceptable performance categories in terms of the creep rate (fc) are defined in the associated 
standard EN 13108-1 of which the most stringent category (i.e. fc,max0,2) is typically prescribed for 
asphalt mixtures used on airfield pavements. This corresponds to a maximum strain rate of 0.2 
μm/m/load cycle (alternatively expressed as a strain rate of 2% per 10 000 load cycles).   

It can be concluded that the creep performance of the asphalt mixture is dependent on the material 
behavior during Stage 2 of the deformation curve obtained from the triaxial cyclic compression tests. 
The allowable deformation in Stage 1 is a function of the acceptance limits allowed for the deviation 
between field air voids and design air voids as this would dictate the extent of the initial mixture 
consolidation when exposed to traffic. 

 

VIII. CONCLUDING REMARKS 

The performance of asphalt mixtures in terms of creep resistance highly depends on the asphalt 
mix composition and external factors such as the position of the asphalt layer in the pavement 
structure, loading conditions and temperature.  

When considering asphalt mixture composition; some of the more important aspects of each mix 
constituent in promoting creep resistant asphalt mixtures are summarised as follows: 

 



 

 

 
 

The investigation of the sensitivities associated with permanent deformation  has led to the 
following conclusions: 

The temperature of asphalt mixtures has the most significant influence on permanent deformation. 
This highlights the importance of enhancing the mixture performance through optimization of 
each of the asphalt mixture constituent.  

The second largest contributor to permanent deformation is loading time. Loading time is a 
function of aircraft speed, wheel loads and associated tire pressures. When considering the 
significant difference between the loading conditions on airfield pavements (especially 
taxiways) with that of road pavements, the importance of ensuring creep resistant asphalt 
mixtures for airfield pavements is further emphasized. The increasing trend in the aircraft 
manufacturing industry of larger wheel loads also causes increased loading times due to the 
increase in tire contact area.  

Caution should be exercised when applying the depth confinement factor included in the popular 
permanent deformation prediction model described by the MEPDG.  It is believed that the 
confining pressure is underestimated for thick asphalt layers when comparing the trend of the 
depth confinement factor with that of actual airfield pavement performance.  

 

Several test methods exist for evaluating the creep resistance of asphalt mixtures. Due to the 
difference between loading conditions associated with road and airfield pavements it is very 
important to take the testing conditions and evaluation criteria for these tests, which are typically 
based on road pavement experience, into consideration as these might not be aligned with the 
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loading conditions of airfield pavements. The evaluation criteria of most asphalt performance tests is 
defined based on empirical information obtained from measuring or observing actual pavement 
performance. An empirical database for airfield pavements is not rapidly available and it does not 
automatically make the data applicable for worldwide implementation as local climatic and loading 
conditions should be considered when specifying the creep resistance of the asphalt mixtures.  

 

It is highly recommended to include the Triaxial Cyclic Compression Test in evaluating the creep 
resistance of asphalt mixtures as experience proved that the test is quite an accurate prediction of 
the field performance of asphalt mixtures at specified loading conditions. Wheel tracking tests which 
include a rubber wheel are also a good predictor of the permanent deformation that can be expected 
on airfield pavements. It is understood that these equipment types might not always be readily 
available, but it is highly recommended to plan for long lead times (i.e. the time between requesting 
the test and obtaining results from the test) associated with these tests during the mix design phase. 
Alternative measures for quality control during construction can be investigated on project level.  
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Synopsis—Kyalami Race Track state of the art dynamic driving experience centre was 

upgraded in 2015 to a level 2 Federation International the De L’ Automobile (FIA) standard 

circuit. Requirements and performance of the asphalt rehabilitation and re-alignment 

entailed unique design considerations that would not be applicable to normal road user 

requirements and functionality. Loading mechanisms and the contact of racing tyres on the 

asphalt are significantly different to threaded tyres on a road environment. Asphalt 

specifications were developed to accommodate feasible local material and advanced 

bitumen modification to yield maximum sustainable performance. The focus was on the 

asphalt specifications and the mix design considerations as well as the constructability of 

the unconventional modified bitumen asphalt mix to produce a durable and smooth track to 

ensure predictable handling characteristics. International practices for race track 

construction entails specialised equipment paving in echelon. Equipment is available in 

South Africa, but only one of these specialised pavers can be dedicated for a single project 

at time to pave in echelon for a seamless track. Special paving techniques ensured that the 

circuit could be paved with one paver. Construction methodology around tight curves was 

considered to address sonic levelling beams limitation and paving of steep super elevations 

and slopes in excess of 11%. Construction techniques utilised the performance of the high 

SBS modified asphalt can be a cost effective option for highway and runway applications. 

The success of the project has proven that the traditional method specifications are still 

applicable in South Africa in relation to the local and international community trending 

towards performance specification.  

Keywords—Asphalt; Durability;Polymer Modification;Constructability 



 

 

INTRODUCTION  

The original Kyalami circuit was built in 1961 and hosted 18 rounds of the F1 World 

Championship from 1967 until 1985. The layout of the circuit was changed in 1988 with half of the 

original layout retained. This second version was used for a brief period. A new revised third  layout, 

which included a new pit building, was constructed in 1991 and again hosted Grand Prix rounds in 

1992 and 1993. The facility continued to host local and international motorsport including various 

rounds of the World Superbike Championship and A1GP until 2010. 

After this period, the facility lost its International status and the race track was put up for auction 

in 2014. This led to an extensive redevelopment plan for the facility by the new owners, which 

represents the single largest upgrade in the circuit's 54-year history. Alterations included a complete 

resurfacing of the circuit to international specifications, changes to the circuit layout, upgrade of 

circuit safety, improvement of all spectator areas and a major refurbishment of the pit building, which 

now includes world class venues and facilities. The new 4.522km Grand Prix circuit has been 

certified by the Federation International de L'Automobile (FIA) as a Grade 2 race track, conforming 

to rigorous international safety and quality standards. Kyalami is the currently the only motor racing 

facility on the African continent to have been bestowed with such prestigious accreditation. Figure 

75 depicts the new upgrade layout of Kyalami Grand Prix Circuit. 

 

 

Figure 75 New upgraded Kyalami Grand Prix Circuit 

DESIGN CRIETIA AND CONSIDERATIONS  

The pavement rehabilitation design for Kyalami was not dictated by normal principles of 

pavement design in terms of estimated design traffic, structural capacity estimation, riding quality 

and skid resistance. Consolidation and shear deformation that contributes to permanent 

deformation from normal axle loading that applies with high wheel loads and tire pressure of heavy 

traffic does not apply for race circuits. Racing cars do not produce excessive vertical stresses within 

the subgrade therefore limiting subgrade deformation was not applicable. The existing pavement 



 

 

structure defects demonstrated that the pavement did not exhibit structural distress in terms of 

permanent deformation or fatigue damage. Distresses of the race track pavement was only due to 

inadequate maintenance, aging, dry and brittle binder due to environmental and climatic conditions 

and stripping of the mastic on the asphalt wearing course. The rehabilitation design entailed of a 

mill and replace of the asphalt surface. 

From research done for racetrack surfaces,  there were no specific requirements or standards 

for racetrack surfaces or asphalt wearing courses that could be followed. The focus was on safety 

and standards clearly set out run-off areas, verges and kerbs, energy absorbing barriers, track 

markings, and so forth. There was no documentation available specifying familiar information such 

as IRI, MPD, skid resistance or any performance grade specification for race tracks from a design 

point of view. The characteristics for wearing course applications for race track performance were 

quite different to standard road and runway performances and that a different approach had to be 

taken to provide a world-class sustainable solution for the Kyalami Circuit to ensure that the asphalt 

wearing course endures high strains created by extreme high speeds and hard braking.   

OCOTA was part of the research study to determine the best fit for purpose design in order that 

the Kyalami circuit could comply to a level 2 FIA standard and a state of the art dynamic driving 

experience. Notwithstanding the South African asphalt wearing course standards, our research for 

performance on an asphalt wearing course on racetracks guided us to the following design criteria: 

 Smooth durable surface  

 Aggregate quality  

 Resistance to high strains and environmental degrading 

 Smooth surface alignment 

ne of the dictating factors for the design was the cost component. Smoothness durable surface 

To understand the performance requirements for the asphalt wearing course of a race track, it is 

important to understand the load application on the track. Race cars use slick tyres in most instances 

when racing and obtain maximum traction by providing the largest possible contact area, thus none 

or minimal groves. Maximum grip or traction is more important than durability. This allows for the 

use of softer rubber for maximum traction, . One of the reasons for triggering the upgrade of the 

Kyalami circuit was that the asphalt surface had reached its design life. The asphalt wearing course 

had lost a significant amount of mastic between the larger aggregate making the surface particularly 

coarse and therefore the tyres would wear out quickly. . The tyres are also put under strain by 

braking and acceleration, as well as high speeds, which causes intense pressure in front of the 

wheel and causes a vacuum behind them. The resistance to stripping of the mastic material is 

directly proportional to the functionality and design life of the asphalt wearing course.  The absence 

of mastic between the large aggregate decreases the contact area and increases tyre wear as 

depicted in Figure 76, hence the importance of a durable surface. 



 

 

 

Figure 76: Fine vs coarse surface texture 

Aggregate quality 

The specification for the aggregate was one of the most important design criterias for the asphalt 

wearing course because it determined the friction and performance of the wearing course.  It was 

found that many international circuits, aggregates were even imported by ship, because local 

aggregates did not conform the strict specifications e.g. At the Abu Dhabi circuit. The Nascar’s 

Indianapolis Motor Speedway circuit utilised steel slag in their asphalt surface to promote friction 

properties to maximize the friction performance of the high speed way. The design focused on 

aggregates that were available in Gauteng, rather than specifying an aggregate that would require 

importation at exorbitant costs.  Steel slag was a consideration for the Kyalami circuit as it is readily 

available and our experience with steel slag modification made it a possibility, however, we were 

able to source a local durable aggregate  The aggregate had to comply with requirements of 

surfacing stone and asphalt aggregate, namely the Average Least Dimension (ALD), bitumen 

absorption, adhesion, aggregate crushing value and flakiness index. Race track surfacing stone 

mostly focused on the Polishing Stone Value (PSV) and in most instance the determining factor for 

aggregate selection. The PSV indicates the micro texture for friction to promote skid resistance and 

durability of the aggregate. The quality of amphibolite from Leazonia’s quarry was sufficient for the 

13.2mm and 9.5mm fractions and had a sufficient PSV of in excess of 52. 

Although the emphasis was placed on  a smooth durable surface texture for the wearing course 

, another important requirement was the aggregate grading. Larger aggregate is better than finer, 

because coarser aggregate is crack resistant. The final grading specification was recommended to 

be a continuously medium. This was specified  to conform to the wearing course thickness of 30mm.  

During the final mix design the grading was pushed to the coarse side of the bottom sieves from the 

2.3mm sieve size. The coarser grading does not necessary mean a coarser texture of the surface.  



 

 

The larger aggregate is coarser in the matrix, which allows more stone on stone particles of the 

larger aggregate and more bitumen in the mastic. Figure 77 depicts the coarse mastic grading below 

the 2.36 mm sieve size at the bottom of the grading envelope. 

A 15% reclaimed asphalt was also introduced for an environmental friendly design and for cost 

saving purpose.   

 

Figure 77:  Asphalt Wearing Coarse Grading 

Resitance to high strains and environmental degrading 

Selection of bitumen modification is essential to the durability and resistance to the high strains 

of the asphalt wearing course performance. Race track pavements are  prone to excessive heating 

from sunshine and hot tyres, thus prone to mastic stripping as well as ravelling of large aggregates 

.  As in the case of car racetracks, runways or parking areas the racing lanes would be trafficked 

and the rest of the asphalt surfaces will be subjected to environmental degrading. Figure 78: Old 

surfacing showing aged, stripped and cracked surfaceFigure 78 shows an aged and cracked asphalt 

surface before rehabilitation. 

 



 

 

 

Figure 78: Old surfacing showing aged, stripped and cracked surface 

 

ypically, in the past race track designers and contractors mitigated the ravelling problem by 

modifying the bitumen with Gilsonite.  Gilsonite had been added in the previous rehabilitation and 

refurbishment of the circuit, which performed well in excess of 30 years to date with minimal 

maintenance.  Various bitumen modifications were explored for the rehabilitation design namely 

polymer and rubber crumbs modified.  Rubber modified bitumen is a better option regarding aging 

resistance and cracking due to environmental degradation.  This option was discardedbecause of 

the tackiness of the surface after construction due to the rubber content on the surface.  The the 

rubber and bitumen will be picked up in the racing lanes and placed somewhere else on the track, 

kerbs or pits making it aesthetically unpleasing and may also effect braking for a long time to come. 

Although Gilsonite was the preferred modification in the past for race tracks and runways because 

it provided additional stiffness, reduced tackiness and had abundance of carbon black for resistance 

to heat, oxidation and ultraviolet rays, it still lacked the qualities that promoted extra resilience or 

toughness to prevent fatigue cracking which thermoplastic elastomers now provide.    When asphalt 

modification of wearing courses for modern Formula 1 and Nascar Circuits was investigated, all had 

Styrene-butadiene-styrene (SBS) modified. SBS elastomers combine the properties of a 

thermoplastic resin with those of butadiene rubber. The hard, glassy styrene blocks provide 

mechanical strength and improve the abrasion resistance, while the rubber mid-block provides 

flexibility and toughness. This optimises the performance for the wearing course providing 

resistance to reflective cracking, thermal cracking and superior fatigue resistance and durability. 

The other benefit is that SBS modification does not produce an initial tackiness that normal 

penetration bitumen and bitumen rubber do. In South Africa from the late 1990’s, the use of a large 

radial molecule such as the low vinyl butadiene, radial SBS triblock copolymer (LV R SBS), was 

enabled by the bitumen from the local refineries being very compatible with SBS. The substitutes 

from other suppliers are also large radial polymers, which can give similar results in a polymer 

modified asphalt binder (PMB), in the TG1 empirical tests. A linear SBS molecule, such as the low 

vinyl butadiene, linear SBS triblock copolymer (LV SBS), has been the product of choice for PMB 



 

 

asphalt mixes around the world, as it enables easier PMB production and lower compaction 

temperatures. The large radial molecule imparts a relatively higher viscosity than a linear one, at 

the same treat rate, and its use in asphalt is limited, mainly because of bitumen compatibility 

constraints. An advantage of using a large radial molecule, such as the low vinyl butadiene, radial 

SBS triblock copolymer (LV R SBS), is that, when empirical test methods are used as quality checks, 

the ring and ball-softening point of the LV R SBSwill be higher than aLV SBS, at the same treat rate. 

This is an indication of the earlier formation of a polymer network. However, with the advent of 

Performance Grade (PG) testing, it is now known that softening point should not be the main 

criterion by which the suitability of a particular PMB for an asphalt mix is judged. The final specified 

SBS content was greater than 5% and the bitumen specifications is presented in Table 18. 

 

Table 18: Bitumen specifications 

 

During this time, a 5% SBS modification was the maximum amount in the asphalt mix for a 

homogeneous bitumen-polymer mix with the polymer before challenges would occur in terms of 

segregation during storage and production.  Nowadays, SBS micro polymers are available that 

asphalt can be modified up to 9 %. The indirect tensile strength (ITS) was in excess of 1500 kN 

proving the high polymer modification.  

Smooth alignment 

A smooth alignment without bumps and dips on a race track with steep inclines and sharp corners 

is dependent on a good geometric and pavement design, as well as good construction techniques.   

Two new re-alignments were proposed (Figure 79) on the circuit namely: 

 Lengthening of the straight to increase the maximum speed of the race cars from the kink to 

the new complex of turns making up Crowthorne, Jukskei and Barbeque (Figure 80) 

 New circuit turn at The Crocodiles 



 

 

 

 

Figure 79: Layout of circuit with references to the turns 



 

 

 

Figure 80: Original Concept  Design of  the straight from the kink to the new complex of turns 

making up Crowthorne, Jukskei and Barbeque 

The survey during the design phase was done by both aerial laser scanning (LiDAR) and by 

vehicle mounted LiDAR. This LiDAR method measures distance to a target surface by illuminating 

that target with a laser light.  Similar to a barcode reader, the scanner records return values from a 

surface in a swathe of illumination that produces a ribbon of readings as the scanner is passed over 

the terrain. During the aerial scanning, the aircraft flies approximately 3000ft above the ground, at 

ground speed of approximately 150km/h. The height of the aircraft produces a steep measurement 

angle relative to the ground. The laser scanner illuminates the ground in a near-vertical pattern 

which means that large areas can be scanned within hours, making this the most efficient method 

of surveying and picking up all infrastructures within the Kyalami complex. The vehicle mounted 

LiDAR onto the top of an all-terrain vehicle, which is driven along the track where the survey collects 

information in a swathe approximately 50m to the left and to the right of the vehicle.   The terrestrial 

and aerial LiDAR survey overlaid together with high resolution aerial photography, formed the basis 

of the 3D visualization model of the existing terrain and track (Figure 81). The geometric design, 

site modelling and detail design in 3D BIM technology facilitated the production of an accurate 3D 

model of the newly proposed sections and setting out of accurate levels for rehabilitation design of 

the race track. 



 

 

 

Figure 81: Overview of the 3D visualisation model 

CONSTRUCTABLE DESIGN 

Construction techniques are essential to ensure a smooth asphalt surface that comprises of very 

sharp turns, steep inclines and declines and a wide track where longitudinal jointsare unavoidable.    

The rehabilitation action comprised of milling the existing asphalt and paving back with two layers. 

The paving of a correction course and then the final wearing course provided the opportunity of a 

smoother paving outcome compared to placing it only in one layer.  The correction course comprised 

of the same mix as the wearing coarse.  The mill and replace comprised of a 30mm continuously 

graded medium 5% SBS modified wearing course and a correction layer with variable thickness 

depending on the design levels, with a minimum of 15mm. 

 

Isolated insitu base repairs was done and consisted of 10% of the race track surface to a depth 

of 200mm and stabilized with 32 l/m2 anionic stable grade emulsion with 1% cement Emulsion 

Treated Base (ETB). New alignments comprised of the following pavement design: 

 30mm Continuously graded medium 5% SBS modified wearing course 

 15mm Correction layer  fine continuously graded with 5% SBS modified bitumen 

 150mm Emulsion treated base  

 150mm Cements Stabilized subbase (C3 quality) 



 

 

The motivation behind an ETB base is justified by both construction time and performance.  One 

of the other alternatives was a crushed stone base that is time consuming when constructed in short 

sections with a grader followed by slushing and waiting to dry out. Cement treated bases induce 

reflective cracking to the asphalt surface and crack sealing was avoided during the life cycle. Slick 

tyres may also pick up the rubber crack sealant and deposit on the surface in other areas. The 

recycling of the existing base will include qualities of Reclaimed Asphalt Pavement  (RAP) and ETB 

is much more compatible with RAP fragments because emulsion promotes attraction of all particles. 

Further, another time saving factor is the fact that the emulsion promotes the attraction of particles, 

it contributes to the ease of compaction. No curing is necessary and paving can be performed the 

following day. Considerations for (Bitumen Stabilised Materials) BSM base showed that it was not 

cost effective, due to the approximate amount of 4,5% bitumen (102 to 120 l/m3 emulsion) being 

used. The adjusting factor between ETB and BSM is that the ETB’s strength was controlled with 

varying the lime or cement with a nominal emulsion that are constant at 32l/m3. The BSM strength 

was controlled by increasing the emulsion until the required strength is reached. 

CONSTRUCTION EQUIPMENT 

Research on international practices for race tracks has shown that certain construction 

equipment is required to ensure strict paving tolerances of 3mm over 10m straightedge, namely:  

asphalt transfer vehicle,  asphalt paver that are wide enough with ultra-sonic sensors for levelling 

on both sides of the paver. The research also showed that paving in echelon continuously without 

stopping ensured seamless joints was imperative to mitigate bumps in the racing lane that will cross 

the longitudinal joints on the parallel alignment. In South Africa, one paving contractor does not 

have the high specifications equipment and resources available to pave in echelon with three (3) 

paver teams. Although this could be achieved by procuring more than one paving contractor, 

exorbitant costs was the detrimental factor.  The economical decision was made to utilise only one 

paver as specified above that can pave continuously at least half of the track width. To ensure a 

seamless joint, a specialised joint heater was specified as an attachment to the paver. The specialist 

joint heater was procured from the asphalt paver manufacturer.  Figure 82: Paving train depicts the 

paving train as specified with 12m ultrasonic levelling beams. 

 



 

 

 

Figure 82: Paving train 

A specific joint heater attachment for this paver was used on the project that could be plugged 

into the harness and computer of the paver (Figure 83). Heating of the joint was controlled by the 

on-board computer of the paver which took into account the speed of the paving operation.  During 

the whole paving operation there was only 3 unplanned stops due to unforeseen problems.  



 

 

    

Figure 83: Joint heater 

CONSTRUCTION AND QUALITY CONTROL 

The foremost factor for the success of the asphalt surface was the preparation and planning 

before construction, diligent construction, supervision and quality control.    

Milling operations were performed according to LiDAR levels and were set out by the surveyor 

and marked in strips as per the milling machine widths (Figure 84).    

 

Figure 84: Set out of milling levels 



 

 

 

A smooth milling surface also added to a smooth wearing course level. During the trial mills, the 

milled surface was inspected, shanks were either adjusted or replaced to provide a homogeneous 

milled surface and to prevent differential compaction from deep irregular grooves (Figure 85). 

 

 

Figure 85:  Premilled surface depicting irregular grooves.  

Care was also required when the levels required milling into the granular base. The milled surface 

needs to be gently broomed before tacking to avoid ripping out large aggregate with the hydraulic 

power broom. 

The asphalt trial section was performed in the parking are of the Kyalami complex. Planning and 

problem solving were painstakingly done during the asphalt trial section to determine the optimum 

paving speed in relation to the asphalt supply and quality.  Within the trial section, communication 

was established between the supervision team, plant equipment and asphalt supply attain a 

continuous paving schedule. During the completely paving operation, there was only 3 unplanned 

stops due to unforeseen problems. The diligent trial section ensured that every team member 

understood the importance of obtaining the specified levels for the fast driving cars in excess 

300km/h. 

From the trail section, it was decided that no cores would be drilled for quality to mitigate 

irregularities, bumps or weaker spots on the track. Numerous cores were drilled on the trial section, 

which was correlated to the nuclear gauge densities. A constant input for the nuclear gauge was 

determined from the correlation to only apply the nuclear gauge equipment for quality control. As 

an addition, Marville tests also conducted as a precaution on the same positions where cores were 

drilled to check the permeability of the asphalt layers and manage unpredicted porousness.   



 

 

The outside concrete racing kerbs restricted paving levels had a significant influence on the riding 

quality. The kerb levels were checked before paving to ensure the accuracy between design levels 

and kerb levels and the ultra-sonic levelling beam followed the kerb level. Where required, the kerbs 

was reconstructed.  

Housekeeping was strictly controlled during construction. Clean equipment, protection of 

ancillary works e.g. kerbs, concrete barriers, etc. was stringently supervised and the excellence 

mentality and ownership of the whole team contributed to the superior paving operation.   

Paving around sharp bend or corners held many challenges. The ultra-sonic levelling beams 

extended 5m in front of the paver made it impossible to use around a sharp bend on the inner kerb 

side. Also sharp turning of the paver made it difficult to receive asphalt going through the bend. 

Therefore, to prevent stopping around the sharp bend, the paver’s hopper was loaded to the 

maximum capacity before the sharp bend and only received asphalt after the bend. The levelling 

beams were switched off before the sharp bend and teamwork between the paver operator and 

supervision teams guidance ensured that paver could manually pave around the bend which had a 

horizontal and vertical curve (most cases super elevation) and produce a smooth level without 

bumps.   

The steep decline in excess of 11% at the section called the Mineshaft made it impossible to 

pave uphill according to conventional paving practices as stipulated by the industry. Best paving 

practices recommends that paving needs to be done uphill at steep inclines or declines. During the 

uphill paving operation the paver started to slide and spin on the base which contributed to one of 

the unforeseen paving interruptions. The milled surface quality also contributed to the slippage due 

to aggregate being ripped out of the granular base by the paver tracks.  The reason why downhill 

paving is not recommended is that the paver normally pushes the truck when tipping in the hopper. 

The paver cannot push the truck downhill as it may run down by itself. Regulating the speed of the 

truck by applying the brake is difficult to move constantly with the paver.  The irregular paving speed 

will cause an uneven wearing course surface. The availability of the load transfer vehicle, managing 

of the sequence of events made it possible to pave downhill and produce smooth riding surface.  

Vibrating was performed uphill, away from the paver and normal rolling was done towards the paver 

so that shoving does not occur.   

CThe smoothness and riding quality was checked by means of a rolling straight edge and IRI 

measurements. Rolling straight edge measurements were done every day on the previous days 

production and if bumps or indentations was found. Only five isolated spots with irregularities was 

found and repaired. IRI average results were done after paving and found that the centreline had 

an average IRI of 1.06 and 1.3 on the edges. 

 

CONCLUSION 

There are two keys to the success of the project Kyalami Circuit upgrading. Steadfast 

commitment to construct a state of the art grand prix circuit by all parties involved to ensure that the 



 

 

stringent specifications were met.  The clients support, the meticulous supervision, contractors and 

subcontractors commitment and the equipment suppliers to the high level of collaboration among 

the technical team on the execution of the project. The success of the project has proved that the 

traditional method specifications are still applicable in South Africa’s construction environment in 

relation to the local and international community trending towards performance specification.    

Furthermore, utilisation of newly available technology during the design and construction of the 

circuit entailed advanced survey systems and 3D BIM modelling technology, polymer modification 

technology for exceptional performance, durability and cost saving.   

It was the first time in South Africa that D1184 PMB had been used at 5%, pushing the limits. 

The exceptional performance and supplementary benefits of the high percentage SBS modification 

opened up the door to push the boundaries on other opportunities in airports and highways in 

Southern Africa. “Next generation” SBS molecules are now available such as the D1192 and D0243, 

which, as a result of their molecular design, are more “compact” and more compatible with a wider 

range of bitumen chemical compositions. These molecules have been widely adopted in the rest of 

the world in place of both the linear and radial SBS molecules, for a number of obvious technical 

reasons. However, because of the focus in our market on softening point and achieving the 

softening point specifications at a lower treat rate, with larger radial polymers, these have not yet 

been achieved. There is ample evidence, in scientific literature Sun K and 

(https://www.sciencedirect.com/topics/chemistry/softening-point) discuss that increasing the SBS 

content in the bitumen, beyond a certain point (> 5-6 %); depending on the particular SBS molecular 

structure and the bitumen chemistry), the PMB will exhibit more rubber than bitumen character.  UV 

microscopy can be used to visualize this phenomenon. The swelling of the rubber midblock section 

by the “solvents” in the bitumen imparts superior properties to an asphalt mix, especially the 

inhibition of stress crack propagation in the asphalt layers. In addition, resistance to lateral shear 

forces, that can cause shoving of the asphalt layers, is also increased. The D0243 polymer, being 

one of the smallest SBS molecules on the market for the PMB industry, enabled the production of 

even higher levels of polymer modification, without adversely affecting the workability of asphalt 

mixes. The PMB industry around the world has settled on an optimal level of 7.5% D0243 in, so-

called, HiMA (Highly Modified Asphalt) PMB’s. Adding polymer beyond this level is not 

advantageous in asphalt mixes. 

The success of this collaboration and technology brought exceptional motor racing experience to 

the Kyalami Grand Prix Circuit and benefiting from the experienced gained we can take forward 

improved sustainable asphalt roads and runways in Southern Africa. 

https://www.sciencedirect.com/topics/chemistry/softening-point


 

 

 

Figure 86: Motor racing in action 

  



 

 

ACKNOWLEDGEMENT  

We would like to express our deepest appreciation to all those who worked on the project, 

especially to the paving team. We achieved team support.  

REFERENCES 

[1] South African Pavement Engineering Manual,(2003:54). Chapter 4 Standards, 1st ed, South 

African National Roads Agency Ltd,  Rivision 1. 

[2] South African Pavement Engineering Manual,(2003:40). Chapter 8 Material Sources, South 

African National Roads Agency Ltd,  Revision 1. 

[3] Committee of Land Transport Officials, 1998. Standard specification for Road and Bridge Works 

for State Road Authorities, Pretoria, South Africa. 

[4] International Federation of Consulting Engineers (FIDIC), 1999. General Conditions of 

Contract  for  Construction for Building and Engineering Works Designed by the Employer, 1st 

ed. 

[5] Ballantine, R.W and Rossouw, A.J.1989. Stabilisation of soils.PPC Lime LTD, “in press”, 

Johannesburg. 

[6] Committee for State Roads authorities,1987. (TRH8). Design and Use of Hot Mix Asphalt in 

Pavements, Pretria, South Africa. 

[7] Colas, 2014. [Rub spray 65/3; 65/5; 70/3; 70/5] - Elastomer Modified Bitumen Emulsion, Cape 

Town. 

[8] Committee for State Roads authorities, 1986. TMH1. Standard Methods of Testing Road 

Construction Materials, 2nd Ed, National Institute for Transport and Road Research, Pretoria, 

South Africa. 

[9] International Federation of Motorcycle – Federation Internationale De Motorcyclisme (FIM), 

2015. FIM Standards for Road Racing Circuits (SRRC). 

[10] Shell Bitumen, 2008. Shell Cariphalte racetrack, Hockenheim racetrack, German. 

[11] FIA Institute for Motor Sport Safety, 2009. Secure The Perimeter. Paris. France. The 

Engineering Society for Advancing Mobility Land Sea Air and Space, 1998. Motorsports 

Engineering Conference Proceedings, Vol 1, Vehicle Design and Safety (P-340/1).  

[12] Technical Guideline 1 by Asphalt Academy, Sabita Manual 2, 2007. Bituminous binders for road 

construction and maintenance. 

[13] Committee for State Roads authorities,1996. (TRH4). Structural Design of Flexible Pavement 

for Interurban nd Rural Roads, Pretria, South Africa. 

[14] Committee for State Roads authorities,1991. (TRH16). Traffic Loading for Pavement and 

Rehabilitation Design, Pretria, South Africa. 

[15] Muhammet A and Braimah S, 2010. Verfication of Pavement Deformation Prediction Models, 

Master’s Thesis, “in press”,Goteborg, Sweden. 

[16] Sun K, 2002. Enhanced Performance of LDPE/SBS Blends Modified Asphalt Through Dynamic 

Vulcanization. “in press” 



 

 

[17] Lubbers, CKorenstra, J and Vonk, W. Enhancing Polymer Modified Asphalt  Emulsification and 

Emulsions with High Vinyl Butadiene SB Diblock and SBS Triblock Copolymers. “in press” 

 
 
  



 

 

 

Evaluating the Moisture Susceptibility of Hot-Mix Asphalt with Recycled Crushed Glass 

 

T.B. George 
(Council for Scientific and Industrial Research, South Africa) 

J.K. Anochie-Boateng 

(Council for Scientific and Industrial Research, South Africa) 

K.J. Jenkins 

(Stellenbosch University, South Africa) 

M.F.C. van de Ven 

(Technical University of Delft, Netherlands) 
 
 

 

Synopsis— The CSIR is currently investigating the suitability of using locally available 

recycled crushed glass in Hot-Mix Asphalt production. The moisture susceptibility of three 

dense-graded asphalt mixes incorporating 15% recycled crushed glass (with the first and 

second mix incorporating hydrated lime and a liquid antistripping additive respectively 

and the third mix without an antistripping additive) is evaluated in this paper. The tensile 

strength ratio (TSR), determined from the Modified Lottman test and the stripping 

inflection point (SIP), determined from the Hamburg wheel tracking test, were the standard 

parameters used in the moisture susceptibility evaluation. Additionally, a microscopic 

imaging technique and a new method for SIP determination is proposed in this study to 

evaluate the stripping potential of the glass-asphalt mixes. The new method for SIP 

determination appears to be more accurate in evaluating moisture susceptibility than the 

current standard method and also follows a similar trend to the degree of stripping 

obtained from the TSR and the microscopic imaging analysis. Preliminary test results 

show that an antistripping additive is required to meet moisture susceptibility criteria and 

alleviate stripping in dense-graded glass-asphalt mixes. In particular, moisture 

susceptibility is improved more using hydrated lime than the liquid antistripping additive. 

Keywords— antistripping additive; glass-asphalt; microscopic imaging; moisture 

susceptibility; recycled crushed glass; stripping inflection point; tensile strength ratio 



 

 

 

I.  INTRODUCTION  

Over the past decade, the use of crushed glass in pavement applications has been implemented 

by various countries in the international community. Such countries include Australia, Canada, 

Japan, New Zealand, Taiwan, United Kingdom and United States [1-6]. South Africa, however, who 

on average generates roughly 900 000 tonnes of domestic waste glass each year has made little 

use of this readily available raw material. National waste information indicates that an estimated 70% 

of domestic waste glass generated in South Africa was landfilled, while only 30% was recycled [7]. 

More recently, with national policies mandating the “reuse”, “recycling” and “minimisation” of 

domestic waste materials, in addition with several economic and environmental benefits [8], it is 

expected that the use of alternative materials, e.g. recycled waste glass, in road construction will 

increase.  

Crushed waste glass has typically been used as a fine aggregate substitute in Hot-Mix Asphalt 

(HMA) pavements. Although HMA pavements that have incorporated crushed glass have shown 

good performance, increased susceptibility to stripping and ravelling have been identified as a 

primary area of concern [9].  

The relatively smooth surface texture of the glass particles may result in insufficient adhesion 

between the binder and the glass aggregate surface. This can be explained by the ability of the 

bitumen to wet the glass aggregate. Wetting describes the degree to which a liquid in contact with a 

solid substrate spreads out, which is quantified by the contact angle that a liquid creates with a solid 

substrate when both materials come into contact. A contact angle greater than 90° will result in poor 

wetting while the wetting is better if the contact angle is less than 90°, as shown in Fig. 1. Spreading 

is said to occur when the contact angle tends to zero. In the case of most siliceous aggregates, which 

includes crushed glass, which have smooth surface texture, higher contact angles are expected thus 

reducing wetting of the glass particles, resulting in less adhesion. With fine crushed glass, however, 

the presence of more fractured faces can improve adhesion purely by increasing the physical area 

of contact and can additionally prevent an abrupt plane of stress transfer, where the stresses are 

rather transferred across or into the bitumen, resulting in less stripping than in coarse glass particles 

[10].  

 
(a) 

 
(b) 

Fig. 1. Schematic representation of adhesive in contact with substrate where a) contact 

angle less than 90° and b) contact angle greater than 90° 
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Highly siliceous aggregates are also considered to be poor adherents to the polar groups of 

bitumen in the presence of water. This is due to the formation of stronger hydrogen bonds between 

water molecules and silanols (SiOH) than the bond between bitumen polar groups and SiOH groups. 

The resulting weak binder-aggregate bond can result in stripping.  

Although the above physical and chemical behaviour is common with siliceous aggregates, Cheng 

et al. [11] have demonstrated that irrespective of the strength of the physical or chemical bond 

between bitumen and aggregate, the bond between water and aggregate is substantially higher. 

They concluded that the calculated bond strength (ergs/cm2) between water and aggregate (both 

siliceous and calcareous) is approximately 30% higher than between a variety of bitumen types and 

the same aggregates. This observation highlights the damaging effects water can have on the 

adhesive bond (physical or chemical) between aggregate (siliceous or calcareous) and bitumen. 

The use of antistripping additives is said to modify the physical and chemical properties of the 

aggregate and bitumen, thereby improving the durability and strength of the interfacial bond between 

the two surfaces. Through the addition of hydrated lime (Ca(OH)2), insoluble calcium organic salts 

are formed when the Ca2+ ions from the lime react with the carboxylic acids and 2-quinolenes from 

the bitumen. The formation of these strong bonds contribute to improved adhesion [12]. Schmidt and 

Graf [13] have indicated that improved adhesion can also be achieved with hydrated lime due to the 

migration of Ca2+ ions to the surface of the aggregate, where hydrogen, sodium, potassium, or other 

cations are replaced. This results in calcium rich bonding sites for bitumen acidic groups. Additionally, 

studies conducted by Robert et al. [14] have revealed that hydrated lime forms strong bonds with 

most siliceous aggregates through the formation of a calcium silicate crust on the surface of the 

aggregate which has adequate porosity for binder penetration. Amine based liquid anti-stripping 

additives are also known to improve the adhesion of bitumen with siliceous aggregates. The long 

hydrocarbon chain of the amine acts as a bridge between the siliceous aggregate and the bitumen 

surface, encouraging a strong bond between the two surfaces [15].  

The objective of this paper is to determine the influence of 15% recycled crushed glass on the 

moisture susceptibility of a conventional South African HMA mix (i.e. 10 mm nominal maximum 

particle size (NMPS) medium dense-graded asphalt wearing course mix). The effect of selected 

antistripping additives on the moisture susceptibility of three such glass-asphalt mixes (referred to 

as GA Mix 1, GA Mix 2 and GA Mix 3) is assessed using the standard tensile strength ratio and the 

stripping inflection point parameters. Additionally, a microscopic imaging technique which quantifies 

the area of stripping, as well as a new method to determine the stripping inflection point from the 

Hamburg wheel tracking test is used to assess the moisture susceptibility of the glass-asphalt mixes.  

II. MATERIALS AND PROPERTIES 

A. Aggregate and Design Aggregate Grading 

The same aggregates (andesite 9.5 mm, andesite 6.7 mm, andesite crusher dust, granite crusher 

sand and mine sand) that were used in the conventional South African HMA mix (control mix) were 

used to manufacture the glass-asphalt mixes. The granite crusher sand was partially substituted with 

15% of recycled crushed glass due to the similar particle size distribution of both materials. The 



 

 

combined grading of the individual aggregates, crushed glass material and mineral filler was 

optimized to represent a similar design aggregate grading to the control mix. The design aggregate 

grading of the glass-asphalt mix is plotted on a 0.45 power chart, presented in Fig. 2. It can be 

observed that the design grading falls within the grading control points specified in the South African 

mix design guideline for a 10 mm NMPS dense-graded asphalt mix [16].  

 

Fig. 89. Design aggregate grading of glass-asphalt mix on 0.45 power chart 

B. Recycled Crushed Glass 

The recycled crushed glass was procured from a glass manufacturing plant located in the Gauteng 

province. The morphology of the crushed glass material was examined by Scanning Electron 

Microscopy (SEM), as shown in Fig. 3. It can be observed that the crushed glass material consists 

of mostly fine angular particles with fine to coarse textured features present on the surfaces of the 

glass particles. Furthermore, due to the fine particle size distribution of the crushed glass material, 

reduced quantities of particles with sharp edges as well as reduced quantities of elongated particles 

can be observed. 
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Fig. 90. Fine angular recycled crushed glass particles with textured surface features 

The particle size distribution of the crushed glass is reported in Table 1 and represents a fine 

continuous grading with a maximum particle size (MPS) of 5mm.  

TABLE I.  PARTICLE SIZE DISTRIBUTION OF RECYCLED CRUSHED GLASS   

Sieve Size (mm) 5 2 1 0.6 0.3 0.15 0.075 

Recycled Crushed Glass (%) 100 82 46 27 15 8 4.3 

Additional physical properties of the recycled crushed glass are reported in Table 2. It should be 

mentioned that the angularity of the crushed glass (51%) was higher than the fine andesite (44.6%) 

and fine granite (45.0%) aggregates in the FAA test. An X-Ray Diffraction (XRD) analysis conducted 

on the crushed glass indicated that on average more than 90% of the recycled crushed glass sample 

consisted of amorphous silica while less than 10% consisted of crystalline silica. The source of 

recycled crushed glass, therefore, demonstrates a high degree of purity, which is also apparent form 

the sand equivalency test results reported in Table 2. Additionally, the chemical composition of the 

crushed glass was characterised by an X-ray fluorescence (XRF) analysis which indicated that 

71.7% of the crushed glass material consists of SiO2. 

PHYSICAL PROPERTIES OF RECYCLED CRUSHED GLASS 

Physical Property Test Method Result Criteria 

Bulk Relative Density 

SANS 3001-AG21 (2014) 

 

2.451 - 

Apparent Relative 

Density 
2.518 - 

Water Absorption 0.5 % Max. 1.5% 

Fine Aggregate 

Angularity (FAA) 
ASTM C1252 (2003) 51 % Min. 45%1 

Sand Equivalency SANS 3001-AG5 (2014) 89 % Min. 50% 

1AASHTO M323 (2013) Superpave mix design specification 

C. Antistripping Additives 

Hydrated lime (1% by mass of dry aggregate) and an amine-based liquid additive (0.5% by volume 

of binder) was applied to GA Mix 1 and GA Mix 2 respectively. The incorporation of 1% hydrated lime 

was based on the maximum specified amount allowed for inclusion in dense-graded asphalt mixes 

in South Africa [16]. The liquid additive selected for this study is often used as an adhesion promoter 

in hot-mix asphalt production in South Africa. 

D. Mineral Filler  

The hydrated lime also constituted the filler component in GA Mix 1. To investigate the effect of 

the liquid antistripping additive on the moisture susceptibility of GA Mix 2 as well as similar effects 

on the moisture susceptibility of GA Mix 3 without an antistripping additive, the mineral filler in GA 



 

 

Mix 2 and 3 consisted of 1% (by mass of dry aggregate) of baghouse fines instead of hydrated lime. 

Although the type of mineral filler varied, the design grading of all three mixes was not affected due 

to similar particle size distribution of both filler components.  

E. Bitumen 

The same binder, i.e. 50-70 penetration grade binder with penetration (25°C, 100 g, 0.1 mm) of 65 

and softening point after Rolling Thin Film oven (RTFO) aging at 47°C, that was utilised in the control 

mix was used to prepare the glass-asphalt mixes. The properties of the binder conform to the South 

African National Standard 4001-BT1 requirements [17]. 

III. LABORATRY TESTING PROGRAM 

A. Mix Design and Optimum Binder Content  

The glass-asphalt mix design was conducted in accordance with the South African mix design 

guideline for dense-graded asphalt mixes [16]. The mix design method specifies the optimum binder 

content to be established at 4% air voids in the mix. As per this criterion, an optimum binder content 

of 5.4% for all three glass-asphalt mixes was determined. The volumetric properties obtained at the 

optimum binder content for the glass-asphalt mixes are summarised in Table 3. 

VOLUMETRIC PROPERTIES OF GLASS-ASPHALT MIXES AT OPTIMUM BINDER CONTENT 

Glass-Asphalt 
Mix 

Voids In Mix (%) 
Voids in Mineral 
Aggregate (%) 

Voids Filled with 
 Binder (%) 

GA Mix 1 4 15.6 73.5 

GA Mix 2 4 15.6 74.0 

GA Mix 3 4 15.7 73.8 

Criteria 4 Min. 15 65-75 

Pass/Fail Pass Pass Pass 

B. Mix Sample Preparation 

The glass-asphalt samples were manufactured at a mixing temperature of 150°C and a 

compaction temperature of 135 °C. Prior to compaction, the asphalt mixtures were shot-term aged 

for 4 hours at 135 °C, to simulate the aging that takes place during the production process in an 

asphalt plant and transport to site. The Modified Lottman and Hamburg wheel tracking test (HWTT) 

test samples were compacted to dimensions of 100 mm diameter by 60 mm height and 150 mm 

diameter by 60 mm height respectively.  The samples were compacted at the determined optimum 

binder content to the target field air voids content of approximately 7%. Compaction of the samples 

to the target height and air voids were typically achieved after 90 to 120 gyrations using a Superpave 

Servopac gyratory compactor in accordance with AASHTO T312-15 [18]. 

C. Modified Lottman Test 

The Modified Lottman test is the standard laboratory test adopted in South Africa to evaluate the 

durability of dense-graded asphalt mixes [16] and is conducted in accordance with ASTM D4867M-

09 [19]. 



 

 

Six gyratory compacted samples, for each mix, were divided into two subsets, where one subset 

was kept dry while the other underwent a partial saturation and freeze-thaw conditioning process. 

The conditioned (wet) and unconditioned (dry) subsets were then brought to a constant temperature 

(25°C) prior to indirect tensile strength (ITS) testing. The test specimens were placed in the loading 

apparatus and the loading strips were then centrally positioned on the vertical diametrical plane. A 

displacement rate of 50 mm/min was applied. From the load-displacement curve, the maximum load 

required to fracture the specimens was determined. This maximum load was used to calculate the 

ITS for each subset. In the results the mean value of three samples is given.  

D. Hamburg Wheel Tracking Test 

The Hamburg Wheel Tracking Test (HWTT) is currently used in South Africa as the standard 

laboratory test to evaluate the “combined effects of moisture damage and rutting potential” of asphalt 

mixes [16] and is conducted according to AASHTO T 324-14 [20].  

The specimen setup as described in the specification allows for testing to be conducted on either 

a slab specimen or a pair of cylindrical specimens. For this study, a pair of cylindrical compacted 

specimens for each mix were mounted together and then submerged in the water bath of the 

Hamburg wheel tracking device at 50°C for 30 minutes prior to testing. The adjoined specimens 

were thereafter subjected to a moving wheel load of 703 N which covers a distance of 230 mm in 

one direction along the surface of the cylindrical specimens. During testing, the rut depth was 

measured along the surface of the adjoined cylindrical specimens using a profilometer and the 

maximum rut depth obtained at the recorded number of wheel passes was used as the output data 

for analysis and reporting of the HWTT results. 

IV. MOISTURE SUSCEPTIBILITY EVALUATION 

A. Moisture Susceptibility Evaluation Using Modified Lottman Test 

The Modified Lottman test was used in this study to assess the moisture susceptibility of GA Mix 

1, 2 and 3. The test uses an indirect tensile strength (ITS) ratio to rank mix sensitivity to moisture 

damage, as described next.  

INDIRECT TENSILE STRENGTH 

The average ITS results of the wet and dry subsets are reported in Table 4. In South Africa, the 

minimum ITS criteria is 800 kPa at 25°C. However, a recent study has shown that ITS values lower 

than 1000 kPa may have a tendency to demonstrate reduced rutting resistance in the field while ITS 

values higher than 1700 kPa may demonstrate brittleness and low flexibility [21]. It can be observed 

that the dry ITS results for all three glass-asphalt mixes meet the minimum criteria (i.e. 800 kPa) 

while only GA Mix 1 exceeds 1 000 kPa.  

It was also interesting to note that GA Mix 2, which contains a liquid antistripping additive, indicated 

the lowest dry strength in comparison with GA Mix 1 and 3. Although a larger reduction in dry strength 

was noted, the percentage reduction in strength of the conditioned subset of GA Mix 2 (20%) was 

not as pronounced as in the case of GA Mix 3 (24%); which was expected due to the absence of an 

antistripping additive in GA Mix 3. The liquid additive may have an influence on the bitumen stiffness 



 

 

in the asphalt mixes resulting in a lower strength at this temperature and displacement rate, but the 

moisture susceptibility may improve. 

 

 

TENSILE STRENGTH RATIO 

The stripping potential of the glass-asphalt mixes was evaluated by the tensile strength ratio 

(TSR). The TSR is determined from the ratio of the average ITS of the wet subset to the average ITS 

of the dry subset [19]. 

In South Africa a minimum TSR of 0.8 for asphalt wearing courses is specified [16]. The results in 

Table 4 show that GA Mix 1 and 2 meet the minimum TSR criteria, whereas GA Mix 3 fails to comply 

with the specified requirement. Based on the TSR as an indicator of moisture susceptibility; it is 

anticipated that GA Mix 1 will be less susceptible to moisture damage than GA Mix 2, while GA Mix 

3 is expected to demonstrate the least resistance to moisture damage. 

TENSILE STRENGTH RATIO OF GLASS-ASPHALT MIXES  

Parameter 

GA Mix 1 GA Mix 2 GA Mix 3 

Dry Subset Wet Subset Dry Subset 
Wet 

Subset 

Dry Subset Wet 

Subset 

Average ITS (kPa) 1106 982 867 692 950 772 

TSR 0.89 0.80 0.76 

B. Moisture Susceptibility Evaluation Using Microscopic Imaging  

A microscopic imaging analysis was implemented in this study to assess the degree of stripping 

that had occurred in each of the three glass-asphalt mixes. This analysis was used to eliminate visual 

judgment and biased interpretation associated with the ASTM D4867M requirement of visual 

inspection and reporting. Additionally, this method can be used to verify the determined TSR results, 

considering that the prediction of moisture susceptibility from the Modified Lottman test remains 

empirical.  

The analysis was conducted on the Modified Lottman test samples. One fractured sample from 

the wet subset of each mix was examined under a stereo microscope at a 6x zoom magnification. In 

order to obtain a representative area, six sections of dimension 22.05 mm (width) by 14.68 mm 

(height) each spanning over the cross-sectional area of the fractured sample were examined under 

the microscope. 

The microscopic sections were captured by an integrated digital camera and the resulting images 

were imported into ImageJ, the public domain Java Image processing program, inspired by National 

Institute of Health (NIH). In ImageJ, the captured images were converted to 8-bit grayscale images 



 

 

which consist of 256 levels of grey intensity per pixel that range from 0 (black) to 255 (white). The 

variation in grey intensity levels is dependent on the density of each component material in the mix. 

Dense materials are represented by the brighter regions while low density materials are represented 

by the darker regions. As such, in this analysis the exposed aggregates correspond to the brighter 

regions and the bituminous coated aggregates, mastic and voids correspond to the darker regions. 

Since the pixel grey values of the exposed aggregates and the remaining material phases (i.e. 

bituminous coated aggregates, mastic and voids) were distinctly different from each other, a 

threshold value of 65 was easily selected to distinguish between the two regions. This threshold 

value was considered to be most accurate in identifying the areas of stripping and was consistently 

applied for all the three mixes for realistic comparison.  

The applied threshold level converts the image to a binary image, where all pixels in the greyscale 

image greater than the threshold value are replaced with the value 255 (white) and the remaining 

pixels with the value 0 (black). The binary images were used to quantify the degree of stripping by 

measuring the area of white pixels (area of exposed aggregates) as a ratio to the area of sum of 

white and black pixels2 (total sample surface area) for each mix. The area measurement of white 

and black pixels was automatically computed in the software. The results of this analysis are provided 

in Fig. 4. 

The results show a clear variation in the degree of stripping with the addition of both antistripping 

additives. A significant reduction in the area of white pixels (stripped areas) can be observed for GA 

Mix 1 and 2 in comparison with GA Mix 3. The total area of white pixels reduces from approximately 

47% (GA Mix 3) to less than 10% (GA Mix 1 and 2). These results confirm the effectiveness of 

antistripping additives in significantly improving the moisture susceptibility of glass-asphalt mixes. 

Moreover, the addition of hydrated lime appears to reduce the stripped areas more than the liquid 

antistripping additive; although a major distinction was not apparent from the microscopic images.  

GA Mix 1 GA Mix 2 GA Mix 3 
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Fig. 91. Microscopic imaging analysis of glass-asphalt mixes 

C. Moisture Susceptibility Evaluation Using Hamburg Wheel Tracking Test 

In the HWTT, the maximum rut depth obtained at the recorded number of wheel passes is used 

as the output data for analysis. As illustrated in Fig. 5. A typical HWTT output curve can be divided 

into three main phases [22], as described below: 

a) Post compaction phase: the specimen is consolidated within the post compaction phase which 

takes place when the mix is densified by the wheel load and a significant decrease in the air voids 

occurs. This phase is assumed to take place during the first 1000 wheel passes [22]. 

b) Creep phase: the creep phase occurs primarily as a result of the permanent deformation of 

the asphalt mix under loading and is represented by an approximately constant rate of increase 

in rut depth with wheel pass.  

c) Stripping phase: the stripping phase starts after water penetrates through the binder-

aggregate interface and the bond between the two components start to degrade resulting in an 

accelerated increase in rut depth with wheel pass. The rut depth accumulated in this phase is a 

contribution mainly from moisture damage (stripping) as well as from further permanent 

deformation under loading.  

AASHTO T324 requires the following test parameters to be determined from the aforementioned 

phases in order to quantify the resistance of a mix to moisture damage (stripping) [20]. The test 

parameters are graphically illustrated in Fig. 5 

• Creep slope (“first portion” in (1)) 

• Stripping slope (“second portion” in (1)) 

• Stripping Inflection Point (SIP): The SIP is the graphical point on the HWTT curve at which 

the creep slope intersects the stripping slope. This point on the curve is representative of the number 

of wheel passes where the rut depth suddenly increases, primarily due to the stripping of the binder 



 

 

from the aggregate [22]. The SIP is therefore hypothesised to represent the onset of stripping and is 

indicative of the resistance of an asphalt mix to moisture damage. The SIP, with respect to the 

number of wheel passes, is defined in AASHTO T 324 as shown in (1) [20].  

𝑆𝐼𝑃 =
𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(𝑠𝑒𝑐𝑜𝑛𝑑𝑝𝑜𝑟𝑡𝑖𝑜𝑛)−𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡(𝑓𝑖𝑟𝑠𝑡𝑝𝑜𝑟𝑡𝑖𝑜𝑛)

𝑆𝑙𝑜𝑝𝑒(𝑓𝑖𝑟𝑠𝑡𝑝𝑜𝑟𝑡𝑖𝑜𝑛)−𝑆𝑙𝑜𝑝𝑒(𝑠𝑒𝑐𝑜𝑛𝑑𝑝𝑜𝑟𝑡𝑖𝑜𝑛)
 (1) 

 

Fig. 92. Typical HWTT output curve with test parameters 

Currently, the SIP at a certain number of wheel passes is widely used as the main HWTT 

parameter to evaluate the moisture susceptibility of asphalt mixes. Extensive research conducted 

by the Colorado Department of Transportation (CDOT) has indicated that asphalt mixes with SIP 

values greater than 10 000 passes demonstrated good pavement performance while for pavements 

that lasted 1 year, the SIP values were less than 3 000 passes [23]. It should be noted that the 

compliance criteria for stripping in South Africa allows for a minimum of 10 000 passes to the SIP 

[16]. 

Although the SIP has been increasingly used to evaluate moisture susceptibility, it has been 

noted that analysis and reporting of the SIP and the aforementioned test parameters (i.e. creep 

slope and stripping slope) are not clearly and consistently defined as well as not standardised in 

AASHTO T 324. Visually selecting the “first portion” and “second portion” and manually plotting 

straight lines from the creep phase and stripping phase for the determination of the resultant slopes 

and intercepts is vague and may thus introduce variation during SIP calculations. Moreover, the 

post compaction phase is assumed to occur within the first 1000 cycles which is mostly used as the 

starting point to plot the creep slope for determination of the SIP.  

PROPOSED NEW METHOD FOR MOISTURE SUSCEPTIBILITY EVALUATION 

To improve the evaluation of mix moisture susceptibility, a new analysis approach is proposed in 

this study by curve fitting the HWTT results for the complete output of rut depth against number of 
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wheel passes. This approach introduces a new SIP parameter to evaluate the resistance of the 

glass-asphalt mixes to moisture damage. In addition, the new approach is compared with the current 

analysis procedure in AASHTO T 324 in order to assess its ability to effectively evaluate the 

moisture susceptibility performance of the glass-asphalt mixes in the HWTT.  

For this analysis, a 6-degree polynomial function is used to fit the HWTT output data for rut depth 

versus number of wheel passes, as described in (2).  

𝑹𝑫𝑵 = 𝒂𝑵𝟔 + 𝒃𝑵𝟓 + 𝒄𝑵𝟒 + 𝒅𝑵𝟑 + 𝒆𝑵𝟐 + 𝒇𝑵 + 𝑪 (2) 

Where: 

RDN = Rut depth after N wheel passes (mm) 

N = Number of wheel passes 

a, b, c, d, e, f and C = 6-degree polynomial coefficients 

The polynomial functions used to fit the HWTT output data for GA Mix 1, 2 and 3 are provided in 

Table 5 and illustrated in Fig. 5. Accurate prediction of the measured rut depth can be observed, 

with a coefficient of determination (R2) value of 0.99 for all three mixes.  

FITTED HWTT DATA FOR GLASS-ASPHALT MIXES 

Mix Fitted HWTT Curve Equation R2 

GA 1 RD = 3.9E-25N6+8.3E-20N5-3.2E-15N4+5.3E-11N3-4.7E-07N2+2.6E-03N+0.4 0.999 

GA 2 RD = -1.2E-22N6+5.7E-18N5-1.0E-13N4+8.5E-10N3-3.6E-06N2+7.8E-03N+2.5 0.993 

GA 3 RD = -4.7E-23N6+2.4E-18N5–4.6E-14N4+4.3E-10N3–2.0E-06N2+5.2E-03N+0.8 0.999 

It can be observed from the fitted curves that GA Mix 1, 2 and 3 experienced the post-compaction 

phase (Phase 1), creep phase (Phase 2) and stripping phase (Phase 3) during the test. The rut 

depth in the post compaction phase increases rapidly within the first 2 000 cycles and thereafter 

reaches an approximately constant rate of increase in rut depth, represented by the creep phase. It 

may therefore not be reasonable to assume that Phase 1 occurs within 1000 cycles as the number 

of cycles accumulated in this phase varies depending on when the rate of deformation stabilises. 

This variance may be attributed to differences in air void content, method of compaction, workability 

of the mix, mix type, performance grade of the binder etc. for a particular mix. 

Following the creep phase, it can be observed that there is a rapid increase in the rut depth. It is 

apparent that this accelerated increase in rut depth occurs where the mix transitions from the creep 

phase to the stripping phase. Graphically, this transition is represented at the point where the 

curvature of the fitted HWTT curve changes from negative to positive. To determine the point at 

which the curvature changes from negative to positive, the second derivative of (2) is determined, 

as described in (3).  

𝒅𝟐𝑹𝑫

𝒅𝑵𝟐 = 𝟑𝟎𝒂𝑵𝟒 + 𝟐𝟎𝒃𝑵𝟑 + 𝟏𝟐𝒄𝑵𝟐 + 𝟔𝒅𝑵 + 𝟐𝒆 (3) 



 

 

The new SIP parameter (SIP New) is determined by setting (3) to zero and solving for the number 

of wheel passes (N). The corresponding number of wheel passes at this inflection point signifies the 

maximum number of wheel passes that can be resisted by the asphalt mix in the HWTT before 

adhesive failure at the binder-aggregate interface occurs. As such, mixes with higher SIP New values 

is expected to be less moisture susceptible as opposed to those with lower SIP New values.  

The HWTT results for all three glass-asphalt mixes were evaluated using the SIP New parameter 

as a moisture susceptibility indicator. A SIP New of 10 636, 10 101 and 9 731 wheel passes were 

obtained for GA Mix 1, 2 and 3 respectively. The results are presented graphically in Fig. 6.  

STANDARD METHOD FOR MOISTURE SUSCEPTIBILITY EVALUATION 

According to AASTO T324, quantification of the SIP is defined in (1). As previously mentioned, 

AASHTO T324 does not define how to identify the “first portion” (creep phase) and the “second 

portion” (stripping phase) in order to plot the respective slopes. 

In this study, the “first portion” was identified after the post compaction phase, where deformation 

rate was approximately constant. The number of cycles and rut depth in this portion of the fitted 

curve was used to calculate the slope and intercept of the straight line plotted through the creep 

phase. The start of the “second portion” was identified where the curvature of the fitted curve 

changed from negative to positive. The stripping slope was obtained by drawing a tangential line at 

the location of the maximum rut depth in this portion of the fitted curve. The intersection of the two 

straight lines was then used to calculate the stripping inflection point (SIPStandard) for GA Mix 1, 2 

and 3 based on (1). The results are summarised in Table 6 and graphically presented in Fig. 6.  

DETERMINATION OF SIP ACCORDING TO AASHTO T324 

GA Mix 1 GA Mix 2 GA Mix 3 

𝑺𝑰𝑷 =
𝑰𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕(𝒔𝒆𝒄𝒐𝒏𝒅𝒑𝒐𝒓𝒕𝒊𝒐𝒏)−𝑰𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕(𝒇𝒊𝒓𝒔𝒕𝒑𝒐𝒓𝒕𝒊𝒐𝒏)

𝑺𝒍𝒐𝒑𝒆(𝒇𝒊𝒓𝒔𝒕𝒑𝒐𝒓𝒕𝒊𝒐𝒏)−𝑺𝒍𝒐𝒑𝒆(𝒔𝒆𝒄𝒐𝒏𝒅𝒑𝒐𝒓𝒕𝒊𝒐𝒏)
, [20] 

𝐒𝐈𝐏 =
(−𝟔𝟗.𝟖𝟔−𝟑.𝟕𝟔)

(𝟎.𝟎𝟎𝟎𝟓𝟒−𝟎.𝟎𝟎𝟓𝟖𝟓)
 = 13 864 

𝐒𝐈𝐏 =
(−𝟒𝟏.𝟑𝟓−𝟔.𝟖𝟕)

(𝟎.𝟎𝟎𝟏𝟎𝟐−𝟎.𝟎𝟎𝟓𝟏𝟖)
 = 11 

582 
𝐒𝐈𝐏 =

(−𝟑𝟓.𝟔𝟗−𝟑.𝟐𝟕)

(𝟎.𝟎𝟎𝟏𝟏𝟎−𝟎.𝟎𝟎𝟒𝟑𝟓)
=11 976  



 

 

 

 

Fig. 93. Moisture susceptibility evaluation of glass-asphalt mixes using stripping inflection point 
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RESULTS AND DISCUSSIONS 

From the results, it can be observed that the SIPStandard value for GA Mix 3 (11 976 wheel passes) 

is higher than the SIPStandard value for GA Mix 2 (11 582 wheel passes). This is quite surprising as 

GA Mix 3 does not incorporate an antistripping agent but appears to have a greater resistance to 

moisture damage than GA Mix 2, as indicated by a higher SIPStandard value. Since it is expected that 

the absence of an antistripping additive, particularly in glass-asphalt mixes, will cause early 

adhesive failure and stripping in the mix, it is unlikely that GA Mix 3 will demonstrate better 

resistance to moisture damage. The SIPStandard results are also contrary to the microscopic images, 

which revealed much more uncovered surface areas of both aggregates and glass particles in GA 

Mix 3, while signs of minor stripping were only visible on the tested samples of GA Mix 2. Moreover, 

the calculated SIPStandard value of GA Mix 3 (i.e. 11 976 wheel passes) relative to the minimum SIP 

criterion for good moisture susceptibility performance (i.e. >10 000 wheel passes) further validates 

inconsistency of the standard SIP parameter in effectively evaluating mix moisture susceptibility. In 

this regard, it is evident that the proposed new SIP parameter is more effective in evaluating mix 

moisture susceptibility than the standard method of evaluation, with GA Mix 1 and 2 resulting in 

SIPNew values greater than 10 000 passes while GA mix 3 failing to meet the minimum SIP criterion.  

The SIPNew results are also consistent with the degree of moisture damage obtained from the 

TSR parameter and the microscopic imaging analysis, as indicated in Table 7. A summary of the 

moisture susceptibility ranking of GA Mix 1, 2 and 3, using the TSR, microscopic imaging, standard 

SIP and new SIP as ranking parameters, is presented. A ranking of 1 to 3 indicates least (1) to most 

(3) moisture susceptible. 

MOISTURE SUSCEPTIBILITY RANKING OF GLASS-ASPHALT MIXES 

Glass-

Asphalt Mix 

Performance 

Ranking 
TSR 3 

Microscopic 

Image 

Analysis 

SIPStandard
4 SIPNew 

4 

GA Mix 1 1 0.89 (1) 6.2% (1) 13 864 (1) 10 636 (1) 

GA Mix 2 2 0.80 (2) 9.9% (2) 10 893 (3) 10 101 (2) 

GA Mix 3 3 0.76 (3) 46.4% (3) 11 976 (2)   9 731 (3) 

3 Min. TSR criteria (South Africa) = 0.8 
4 Min. SIP criteria (South Africa) = 10 000 passes 

It is evident from the summary that all parameters appear to effectively rank GA Mix 1 as least 

susceptible to moisture damage. Although GA Mix 2 meets the minimum TSR and SIP criteria for 

moisture susceptibility, it is evident that the hydrated lime in GA Mix 1 is more effective than the liquid 

antistripping additive in GA Mix 2 in resisting moisture damage. Furthermore, it can be observed that 



 

 

GA Mix 3, which does not contain an antistripping additive, is ranked (by all parameters except 

SIPStandard) as most susceptible to moisture damage and additionally does not meet the moisture 

susceptibility criteria. 

 

V. CONLUSIONS AND RECOMMENDATIONS 

It can be concluded from this study that an antistripping additive is required to meet moisture 

susceptibility criteria and alleviate stripping in medium dense-graded asphalt mixes consisting of 

15%  recycled crushed glass. Additionally, it can be concluded that hydrated lime is more effective 

than the liquid antistripping additive in alleviating stripping. In this regard, the liquid antistripping 

additive, which is known to be commonly used in HMA production in South Africa, may not be as 

effective in such non-traditional asphalt mixes, while also reducing the strength of the mix.  

Furthermore, the proposed new method to determine the SIP parameter is more effective in 

evaluating mix moisture susceptibility than the standard method of evaluation which demonstrates 

inconsistency in the calculated SIP value. This is based on vague and biased interpretation 

associated with manually plotting straight lines from the creep and stripping phase during SIP 

calculations in the current standard method as opposed to the proposed new method which models 

the HWTT output data to determine the SIP. Unlike the standard SIP parameter, the new SIP 

parameter shows consistency with the degree of moisture damage obtained from the TSR 

parameter and the microscopic imaging analysis, determined from the Modified Lottman test.  

It is, however, recommended that future research into the correlation between the proposed 

new method for SIP determination and the SIP compliance criterion with glass-asphalt pavements 

of known stripping performance be conducted. In addition, the microscopic imaging techniques 

conducted to evaluate mix moisture susceptibility is capable of providing an accurate representation 

of the degree of stripping and furthermore eliminates visual judgment and biased interpretation 

associated with the current standard of visual inspection and reporting. This method is also 

recommended to validate the Modified Lottman test results.  
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Synopsis—Current design guidelines and methods applied in South Africa focuses mainly 

on preventing rutting/fatigue failure.  Lately, a number of forensic investigations and 

analyses have pointed towards a paradigm shift into how aspects related to permeability of 

thin asphalt layers should be viewed.  The design stage bias against permeability is 

described.  Typical factors identified that facilitate permeability is the occurrence of micro 

cracks due to rolling technique and the continued use of Rolled In Chips.  The realities of 

variability of density and voids in the mix are explained in terms of Probability Density 

Functions.  The old criteria of merely monitoring voids as an indicator of permeability is 

fraught with problems as it does not express interconnectedness between voids.  Through 

the use of more accurate void determination tests, i.e. CoreLok instead of the Saturated 

Surface Dry method, better measurement of porosity is ensured.  The Coefficient of 

Variability of such porosity determinations are less than actual permeability measurement 

variations making the former a better laboratory measure of permeability prediction.  

Research has shown that the horizontal permeability can be a factor of 3 to 10 times higher 

than vertical permeability.  This has a significant effect on distress development and growth 

in thin asphalt layers.  The current use of Marvil field falling head permeameter is 

questionable as it measures a combination of vertical and horizontal due to the diameter 

being less than 250mm above which vertical permeability is measured.  It is described how 



 

 

absolute porosity determinations obtained from Computed Thomography has been found to 

be an effective tool, allowing modelling of horizontal permeability.  Field propensity for high 

permeability can be measured via air voids as main factor, but the variability is significant.  

It is only when other facets of the volumetric aspects of the grading is included such as 

effective pore opening correlations, that better predictions are possible. 

Keywords—Forensic, premature failure, asphalt, lessons learnt 



 

 

 

INTRODUCTION 

 

Premature failure of a flexible pavement by definition is the onset of one or more forms of distress 

that manifest pre-maturely during the early part of a much longer intended design and operational 

life.  This onset of premature distress may even exhibit significant failure whilst the pavement is still 

under construction.  The crucial early signs of distress are often not observed until the distress 

changes in form (type) and extent.  This paper builds on the 2015 CAPSA paper dealing with pre-

mature failure of thin asphalt surfacings on G 1 base pavements [1].  In this paper, an attempt is 

made to have a fresh look at aspects related to permeability of thin asphalt layers, that often are the 

main facilitators of pre-mature distress of flexible roads.    

In forensic investigations into the cause of distress in flexible pavements [2] a structured 

approach is strongly advocated, starting with broad based information gathering.  As-built 

information, normal Quality Control and Assurance (QC and QA) information should be the first port 

of call.  It is always advisable to do a visual survey and assessment (e.g. as per TMH 9) before 

further intrusive testing is done.  This may include non-destructive tests and surveys inclusive of the 

Falling Weight Deflectometer (FWD), High Frequency Ground Penetration Radar (GPR), riding 

quality and macro texture assessment, rut profiling, skid resistance monitoring, etc.  Strictly 

speaking using the Dynamic Cone Penetrometer (DCP) on flexible pavements with either granular 

or lightly cemented granular materials also classify as a non-destructive testing technique.  The 

DCP is often used in South Africa (SA) during rehabilitation investigations.  Only after these, are 

more intrusive tests such as test pits, material sampling, slab cutting or coring done allowing a wide 

variety of laboratory tests to be done. 

The last stage of the forensic investigation, should typically be the zooming in via more detailed 

investigation and use of specialised testing.  More detailed laboratory tests such as X-Ray 

Diffraction (XRD), X-Ray Florescence (XRF), Bending Beam Rheometer (BBR), Dynamic Shear 

Rheometer (DSR), Hamburg Wheel Tracking Test (HWTT), Multiple-Stress-Creep-Recovery 

(MSCR) test, Asphalt Mix Performance Test (AMPT), various types of permeability (falling head or 

constant head),  Computed Thomography (CT) scans and modelling, etc. should normally follow 

once the focus of the investigation had been determined during the afore mentioned broader 

contextualization phase.  The use of some of the tests mentioned will be demonstrated regarding 

aspects of permeability investigations in the further discussion of collective experience regarding 

forensic investigation cases. 

The human tendency for selective fact assimilation was first described by Kuhn in 1962 [3] in the 

scientific and research environment.  He originally coined the concept of paradigm (pattern of 

thinking) and paradigm binds which have found traction in other fields like business, technology 

development and general layman’s language use.  The real challenge is when a paradigm shift is 

imposed and all previous set of rules are disrupted.  Such a paradigm shift often happens due to 

external circumstance changes.  In such circumstances previous ‘outliers’ are often seen for the 

first time which were unknowingly ignored as they did not fit the pattern, bias or rules of the previous 



 

 

paradigm.  When these additional ‘new’ facts are incorporated, a clearer view of the truth can be 

developed.  

Lately forensic investigations into permeability, as main cause of distress of thin asphalt 

surfacings, have revealed some form of a paradigm shift regarding factors recognized as influencing 

permeability.  Typically, one of the aspects affecting permeability had literally been the (re-) 

discovery of the impact of outliers and associated variability in the typical QA/QC type information 

like density, voids in the mix (VIM), binder content (BC), etc.  The recognition of the implications 

regarding the anisotropy of permeability can also be defined as contributing towards such a 

paradigm shift.  Shortcomings in measurement methods and techniques in the laboratory as well as 

in the field have also contributed to the paradigm shift and prompted a fresh look at these aspects. 

UNPACKING THE ASPECTS IMPACTING PERMEABILITY OF THIN ASPHALT LAYERS 

The design bias 

The focus of asphalt mix design guidelines like TG 35 [4] is overwhelming on design aspects to 

address strength and rut resistance.  The stated aim is for this to be gained with aggregate packing 

or interlock to provide the bulk of the strength required.  Though permeability is recognized, it is not 

addressed in specific enough terms.  It is linked with the design aim of ensuring that ‘durability’ is 

achieved.  By definition, permeability is linked to the penetration of air and water (directly linked to 

ageing and stripping respectively).  Permeability often has to rely on parameters that are designed 

for strength evaluation, like density, VIM, etc. and not parameters that relate directly to permeability.  

The field measurement and control of permeability are for various practical reasons seldom included 

in specifications, but it also highlights a gap in the process and understanding of permeability.  

The slippery precipice beyond specified density levels 

The focus of the current mix design process is using density, VIM or Voids in Mineral Aggregate 

(VMA) and BC as main drivers to achieve the design objectives sited above.  The typical SA asphalt 

mix design entails use of predominantly continuously graded asphalt mixes which concentrates 

greatly on density.  Density and VIM are interrelated, and as stated before are often used as 

indicators for permeability potential.  The typical density specifications tend to unintentionally push 

the voids over a ‘precipice’ during construction.  Field voids can vary considerably, often with higher 

voids than originally designed for.  The ‘precipice’ regarding voids is illustrated in Fig. 1 (A) 

presenting the conceptual relationship between VMA (voids%) and BC at a specific density.  This 

conceptual relationship [5] clearly shows how the voids are significantly increased towards the lean 

side of the mix, therefore when the BC is reduced.  This often happens in practice, if only for reasons 

of dubious cost saving.  The general relationship between voids and permeability is typically variable 

but exponentially increases when a trigger value at or close to a proverbial precipice is exceeded.  

The development of Voids in Total Mix (VTM) and VMA in relation to BC and variance in 

compaction level [5] is further illustrated in Fig. 1 (B).  It can be seen by way of the function forms 

that either density or BC reduction both can cause a significant increase in VIM.  This is obvious 

when the constructed mix density is lower than the designed density levels.  From the form of these 



 

 

functions described in Fig. 1, the significant increase in permeability can be deduced once the stated 

threshold value is exceeded.  

The sudden ‘free fall’ or increase in permeability beyond the ‘precipice’ can be illustrated with the 

typical minimum density specified (e.g. 92%).  As illustrated with data from a recent investigation 

[6], Fig. 2 shows that permeability already starts to increase exponentially from 94% density and 

lower.  Therefore, densities below 93% and more so at and beyond 92%, have a much higher 

probability of being at high permeability values.  The same exponential trend was reported by 

Kanitpong et al. [7] with a much larger data set with the lift-off starting as low as 93% to 94%. 

 

 

 

 
A. Airvoids versus binder content at 

specific desnity 

B. Density variation with VMA and 

Binder content 

Fig, 1. Conceptual relationship between voids in the mix versus binder content at a specific density and 

variable density [9] 

 

 

Fig. 2. Correlation between density and permeability [10]  



 

 

 

The Vexing Problem of Variability 

One of the recent observations made regarding high permeability is that it occurs variably in 

asphalt layers and not continuously.  This could typically be a paradigm effect where the variability 

was largely ignored and masked by statistical acceptance procedures using relatively small samples 

and geared towards removing outliers, therefore diminishing their actual value or inherent impact.  

In Fig. 3 such variability in asphalt permeability is physically observed over a limited localised area.  

Some areas are clearly wet, some areas even have oozing water and other areas are dry [8].  This 

is typically an asphalt layer that was accepted via the normal QA/QC procedures yet shows 

significant variability in permeability behaviour.  

The proverbial permeability precipice can also be observed with measured permeability versus 

VIM in Fig. 4.  This well-known data set and permeability correlations described by Brown et al [9] 

is often used to illustrate 8% VIM as the typical lift-off point (precipice) of permeability for a Hot Mix 

Asphalt (HMA) with a Nominal Maximum Aggregate Size (NMAS) of 12.5mm.  The variability of 

results is demonstrated in Fig. 4 showing that there are data points at 7% voids with permeability 

nearly 200 times more than the correlation function value at the same voids content.  This 

permeability variability with voids had been determined to be linked to the variance in the 

interconnectedness of the voids [8, 9 and 10].  Interconnectedness of voids is however a difficult 

aspect of voids to measure and define accurately.   

It is known that the lift-off point can vary based on NMAS [10] and associated air voids.  This had 

lately again been confirmed by McDaniel [11] in the relationship for various NMAS in the air voids 

vs permeability shown in Fig. 5.  The synthesis study on asphalt thickness on pavement quality [12] 

confirmed typically for a 19mm NMAS the precipice in the voids in the mix shifts to a lower range of 

4% to 5%. Therefore, NMAS associated lift thickness is also a significant factor that can influence 

permeability in the field.  

  
Fig. 3. Variable permeability after rains [8] 



 

 

 
Fig. 4. Permeability versus in place air voids for 12.5mm NMAS HMA [13] 

 
Fig. 5. Synthesis conceptual relationship between permeability and I place voids with variance in NMAS 

[11 and 12] 

As mentioned before, the statistical acceptance procedures followed in practice often may allow 
below specification densities to be accepted via re-testing and treated as outliers as if they are not 
representative of the relatively small sample..   Partial payment and extended guarantees are often 
a de facto condonation or acceptance of higher than desired variability.  If construction practice and 
methodology are not linked to strict quality control, the variability in practice can in fact be significant. 
The relevant TRH and COLTO specifications state the Engineer should do further testing to ensure 
the outliers are actual outliers (as a result of sampling, preparation and testing issues) and not as a 
result of actual variability and outliers should be investigated  more vigorously. This added need for 
investigation is often not pursued or understood in terms of their actual relevance.  In Fig. 6 the 
Probability Density Function (PDFn) [13] for two recent asphalt overlay projects with the same 



 

 

asphalt mix design are shown for VIM as recorded in the as-built information.  The typical 3% to 6% 
voids in the mix specification range is superimposed. 

 

 
Fig. 6. Probability Density Functions for density on two recent projects 

Project A is known to have low field observed permeability related issues while Project B is known 

to have significant permeability linked durability distress development.  The mean values indicated 

for Project B meet the 3% to 6% void specification.  However, there are values which have higher 

voids than the maximum prescribed and outliers beyond the 90th percentile value even further 

outside the upper limit.  Fig. 6 also serves to show that if the PDFn is peaked around the mean 

value (Project A), much less outliers have the probability to exceed the upper limit voids specification 

value.  However, if the PDFn bell shape curve is rounded and spread out around the mean value 

(project B) there are much more opportunities for the VIM to be above the specified highest voids 

range.  Therefore, when using VIM as main indicator of permeability potential the probability for 

higher permeability is higher at the extremes (outlier range) of the PDFn.  

The experience with field observation of random occurrence of signs of high permeability have 

led to the maxim being coined: “Asphalt layers do not fail on average, but on the extremes of the 

variability, the outliers “.   

WE MAKE IT EASY FOR WATER TO ENTER FROM THE TOP 

 

Microcracks due to compaction 

Over and above the issue of playing next to the proverbial cliff edge with density and voids 

specifications and QA/QC procedures described earlier, there are other ways in which we make it 

easy for water to enter from the top.  In the 2015 [1] discussion on premature failure, the issue 

relating to cold rolling induced micro-cracks had been described.  Such micro-cracks are caused 

not only by allowing compaction outside the compaction temperature window, but typically also 
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incorrect compaction technique, order of rollers, lack of ironing out and even performing compaction 

in wet weather or doing back rolling at low temperature conditions.  These micro-cracks can be 

difficult to see (lack of contrast against the black asphalt background) and can be further 

camouflaged if smeared closed at their tops during final ironing action or if overlaid with porous Ultra 

Thin Friction Course (UTFC).  Exposed to traffic, it often causes a surprise appearance and seems 

to cause instant distress development, such as crocodile cracks without any rutting or base 

deformation.  This may typically manifest in quick succession as faint transverse ladder cracks, 

developing into longitudinal connected cracks and crocodile cracks appearing ‘overnight’.   

The rolled in chips paradigm bind 

As reported by Liebenberg et al. [14] and taken further in 2015 [1] Rolled In Chips (RIC) can 

make significant contributions to observed areas of high permeability.  The Liebenberg et al. [14] 

acknowledgement of micro-cracks due to RIC causing significant increase in permeability was 

apparently “solved” by increasing the minimum asphalt thickness from 30mm to 40mm or better 

50mm, lowering the spread rate of the RIC and also looking at a smaller Average Least Dimension 

(ALD) for the RIC.  This is a rather expensive solution while other surfacing options like UTFC and 

chip and spray applications (with modified binders) can also achieve the desired skid resistance by 

providing the desired macro texture.  Liebetrau [15] advocates an adjustment to the coarse 

aggregate portion of the continuously graded asphalt to compensate for the RIC introduction by in 

effect changing the pre-RIC introduction grading to a semi-gap graded mix.  This approach warrants 

stronger or formal recognition in the acceptance procedures (e.g. SANRAL D3 Design form) and 

break with the apparent paradigm bind that exists with RIC with continuously graded asphalt mixes.  

In practice it had been found that where clustering of the RIC occurs, permeability significantly 

increases.  The case of micro-cracks around RIC was made in the 2015 analysis and in the overview 

by Horak et al. [1] and used CT scans as “smoking gun” visual evidence of the voids observable 

around and under RICs.  A dedicated study by Liebetrau [15] found that RICs definitely influence 

the void distribution around the RIC and the upper portion of the asphalt layer.  This is clearly 

observable from the CT scan of the top of a RIC treated core shown in Fig. 7.  He observed that 

even though the VIM met specification, he voids were clustered and more variable in the RIC 

containing specimens than without. 

 

Liebetrau [15] concluded that compaction of RIC, on an often cold asphalt mat, may contribute 

towards ineffective compaction of the top portion of the asphalt mat, contributing to more voids in 

the upper portion of the asphalt mat.  He further observed that the lack of roller surface direct contact 

with the mat surface, in effect riding on the RIC being forced into the asphalt, may further explain 

the void distribution described above.  In this process of point loads on the ‘proud-standing’ RIC, 

crushing of some of the RIC may result leading to moisture access opportunities.  In an investigation 

by Grobbelaar [16], regarding the permeability of chip seals, it was found that defects caused by 

damaged aggregates or holes had a drastic effect on the permeability variability of seals even when 

testing specimens taken in close proximity to one another.  This highlights the variability and 

tendency to have failures linked to the extremes (outliers).   



 

 

 

 
Indication of slice position 

 
CT scan of slice (voids are black) 

Fig. 7.  Scan image of slice 10mm from top with RIC treatment [16] 

 

Excessive Pore Water Pressure due to Traffic 

Once premature cracks or openings due to cracked or crushed RIC and voids around RIC are 

created, water ingress can be accelerated by other external mechanisms.  The issue of tyre contact- 

and hydrodynamic pressure on a road surface in wet weather was investigated by Grobbelaar [16]. 

He refers to Finite Element Method (FEM) analysis modelling done by Seta et al. [17] which showed 

that the contact pressure that develop on the pavement surface is different with and without water.  

In the area noted as rolling, the difference between these pressures is considered as hydrodynamic 

uplift force, caused by water not removed under the tyre.  This same hydrodynamic force contributes 

towards water being forced into the asphalt pavement surface and apparently increases with 

increased traffic.  This was confirmed in 2015 [1] with the description of premature crack 

development which was greatly accelerated by the channelization of traffic from three lanes to one.  

The analogy is that one small hole in a pail of water can facilitate the total loss of water in the pail 

over time.  In a sense the micro-cracks, crushed RICs, clustered RICs etc. act like a multitude of 

small holes that let the water into the asphalt layer.   

D. Once the water is inside it will go sideways  

Once water gets into the asphalt layer via the mechanisms described above it will move literally 

sideways and figuratively it will significantly contribute to distress going sideways.  The limited 

reference to permeability and implied specific type of permeability test (vertical) suggested in TG35 

[4] is an indication that the anisotropy of permeability in asphalt layers tend to be overlooked or 

underplayed.  The reality is stated by Harris et al. [16 and 17]: “These studies modelled water flow 

in many lab and field specimens and concluded that horizontal permeability is much larger than 

vertical permeability.  Generally, the horizontal–vertical permeability ratio (anisotropy ratio) is 

between 1 and 10 (typically 1 to 5) but can be larger than 30 for some specimens”.  Therefore, there 



 

 

are clear indications that an asphalt layer may tend to be more permeable horizontally than 

vertically.  

In the field it is often bewildering to find distress development in areas where there are no obvious 

surface cracks or openings.  It often leads to the “intelligence trap” where in situations of limited 

factual information, opinions are formed and gaps in the reasoning filled with ‘alternative’ facts.  A 

favoured opinion is water coming from the bottom, therefore ground water.  This possible cause 

cannot be discarded out of hand as it had been observed in some cases that ground water did enter 

the pavement layers in a cutting and was then transported within the asphalt layer or interlayer 

cavities to the low point where the water head could in effect push water out onto the surface again 

as partly illustrated in Fig. 3.  The required contextual investigation will normally validate such claims 

or discard it, particularly if there are no cuttings or if the oozing of water out onto the surface is on 

top of a crescent, etc.  The application of the Pareto principle allows that in the majority of cases, 

water enters from the top via the facilitating mechanisms described before. 

Another observation in the field, is where the thin asphalt layer also actually acts like a thin 

reservoir by the retention of water.  Typically, on a hot day during a dry spell the heat pump effect 

may force the excess water upwards and out.  It was also observed that merely a light rainfall may 

cause additional oozing due to the reservoir overtopping and not due to the actual rainfall itself.  

THE DIFFICULTY OF MEASURING PERMEABILITY IN THE LABORATORY AND THE FIELD 

In the field 

Equipment and competency of the tester 

In SA the Marvil permeameter is the “go to” apparatus to measure in-situ permeability.  This 

apparatus does however have several technical shortcomings which often contribute to 

questionable results.  The messiness of the grease and putty seal does not only leave permanent 

residue on the road, but make repeat measurements virtually impossible.  It had been observed that 

“leaks of the seal” are often wrongly measured as permeability.  The Marvil test should thus be 

viewed as an indicator at best and for that reason the broad permeability ranges presented by 

Liebetrau [15] can be used as benchmark.   

Ambient temperature 

In SA the field temperatures can vary by nearly 20oC when morning and mid-day temperatures 

are compared.  As the temperature at which permeability is measured can have significant influence 

on permeability measurements [8, 18 and 19] and Marvil measurements are not always taken at 

constant temperature, considerable variances may occur.    

Size of permeameter contact diameter 

One of the reasons the Marvil permeameter often gives mixed messages regarding permeability 

may in effect be due to the anisotropy effect of permeability.  Harris [18 and 19] determined that 

when the diameter of the permeameter is large (e.g. 250mm or larger), the traditional one-



 

 

dimensional approximation will give reasonable evaluation of the vertical permeability.  At smaller 

diameters, such as the 175mm diameter of the Marvil, the known larger horizontal permeability will 

tend to override the results. This implies that it is more likely that horizontal permeability will be 

measured and not vertical permeability as thought.  This may also explain why Marvil permeability 

testing often finds water oozing out onto the pavement surface away from the Marvil ring edge.  

In the laboratory 

Asphalt thickness  

Redivo [8] investigated permeameters in the laboratory and the field and states that engineers 

would want to specify permeability for field evaluation to asphalt mix designers but that this will be 

a difficult task.  He states that “field and laboratory specimens have different air void distributions. 

Because of the differences in air void distributions, similar interconnected void structures are 

unlikely.”  Therefore, field and laboratory permeability measurements, even with the same method, 

will tend to produce different permeability measurements mainly due to the difference in 

interconnected air void length and paths through the laboratory and field samples. He furthermore 

confirmed that the constant head permeameter is only really considered for open graded asphalt 

mixtures where the voids are at 15% or more.  

 The fact that laboratory and field briquettes and cores often differ in thickness not only cause 

differences in actual void distribution, but also flow paths.  Redivo [8] states: “The Marshall compactor 

makes briquettes of approximately 60 mm in height and which could not be produced at the exact 

same air void levels as the field cores.”  Redivo [8] concluded that the variability of air voids in the 

asphalt mix can have a significant effect on permeability measurement in the field and continues that 

thinner cores have a higher probability of being permeable when the combined permeameter is used 

during testing.  Grobbelaar [16] confirmed the effect of the limited thickness (lift) on chip seals as 

samples tested are not only more permeable than previously understood, but quote recent laboratory 

studies which show that there may even be significant horizontal flow present when surface seals 

are tested. 

Measuring vertical and horizontal permeability 

 By now there may be an awareness that horizontal as well as vertical permeability should be 

measured. The water based permeameter setup to use in the laboratory for most void contents and 

permeability ranges are shown in Fig. 8 as prescribed in TG 35 [4]. The tendency for asphalt 

surfacing to be rather thin in SA means field samples tested in the laboratory for the traditional vertical 

permeability may be problematic and cause anomalies as discussed before. The horizontal flow in 

particular can be even more problematic for the same reasons.  The horizontal flow situation of this 

test method may need further investigation particularly related to thinner asphalt surfacings.  Due to 

questions such as this in conjunction with repeatability of testing, the 2019 rendition of the Manual 

35 [20] document has reverted back to the air permeability method of performing laboratory 

permeability measurement for QA purposes.  



 

 

 Recently lessons from CT scan modelling, have shown that smaller samples allow higher 

resolution and also allows modelling of the interconnectedness of voids.  A further development is 

the modelling of flow through the interconnected voids and modelling both horizontal and vertical 

flow through such scanned samples.  CT scans are however still in the realm of the research and 

forensic field and is not advocated as a standard test method yet.  The other concern is the random 

variability previously described in asphalt layers which imply more samples are in fact needed to be 

tested with the CT scan to give better picture of the variability. 

 

 
(BS EN 12697-19) Vertical flow 

permeameter 

 
(BS EN 12697-19) Horizontal flow 

permeameter 

Fig. 8. Typical vertical and horizontal permeameter sets ups 

VI. ACCURACY OF DETERMINING VOIDS OR POROSITY IN THE LABORATORY  

 

Bhattacharjee and Mallick [21] makes the argument that it is better to measure porosity than 

permeability of asphalt mixes for QC/QA purposes.  Their argument is based on the fact that porosity 

measurement in the laboratory has a coefficient of variation (CV) which is three times less than that 

of permeability measured in the laboratory.  They further found that shifting the focus to porosity 

would not only be simpler but also more timeous as it is merely an additional step during bulk specific 

gravity (BSG) testing that can already be performed on vacuum sealed (VS) HMA specimens. 

There is no doubt that the VS method to determine BSG and porosity has lately become the 

preferred standard method.  Work done by Bhattacharjee and Mallick [21] as early as 2002 on 

porosity determination have shown when asphalt briquettes are tested for VTM those obtained from 

the Saturated Surface Dry (SSD) method and those obtained from VS methods (e.g. Corelok) show 

in most cases that the SSD voids are lower than the VS method voids.  This was also confirmed by 

Wolloughby and Mahoney [22]. The explanation of the SSD under reporting of voids is that some 



 

 

water always runs out of the sample during the SSD test prior to obtaining the SSD mass, therefore 

the volume of the sample is underestimated, resulting in an overestimation of density and 

underestimation of air voids.  

This error of SSD under reporting voids becomes more significant at higher air voids, since the 

potential for in and out water movement should increase with an increase in air voids.  Research 

[21, 22 and 23] in this respect has indeed shown that the difference between the SSD and the VS 

method air voids increases with an increase in air voids (as obtained from VS method).  The VS 

method had already been investigated in 2010 by Anochie-Boateng et al. [24] for density and thus 

VIM determination for application in SA with positive outcomes.  

There is no doubt that the vacuum sealing method gives better or less variable voids or porosity 

indications around the voids precipice of 6% to 8% which holds much more significance for 

permeability than the lower VIM range.  

CONCLUSIONS AND RECOMMENDATIONS 

 

This paper demonstrated that collective recent experience regarding permeability have 

characteristics of a paradigm shift.  This includes literally the identification and recognition of the 

influence of outliers amongst the factors that influence permeability.  Typically the PDFn of density 

and VIM have been shown to follow the bell shaped curve.  While average and mean values may 

be inside the density or voids range specifications, there may be values beyond the known precipice 

of density and voids.  It is recognized as significant, as experience shows that asphalt surfacings 

fail due to the outliers and not the averages values.  Statistical procedures should therefore be re-

examined to reflect the PDFn of as-built results to give a better appreciation of variability outside 

the specified ranges.  

Permeability is a measure of the interconnectedness of voids and the need for accurate 

determination of voids in the laboratory is therefore highlighted.  The VS method has proven to 

provide more consistent and accurate results at a higher range of VIM than the older SSD method.  

This is significant, as an increase in voids also implies an increase in the probability of the voids 

being interconnected.  It is recommended that the VS method be used as standard laboratory 

procedure when permeability aspects are monitored.   

A third significant recognition is that various aspects related to the construction and mix design 

may contribute significantly towards vertical permeability of asphalt layers.  Factors such as micro-

cracks due to rolling technique or cold compaction and the continued use of RIC are now recognized 

as main facilitators of water intrusion into asphalt layers.  It is recommended that various obvious 

alternatives to RIC be considered and evaluated.  

The fourth significant recognition is that horizontal permeability in asphalt layer can be 3 to 10 

times higher than vertical permeability.  Therefore, asphalt layers often show confusing signs of 

permeability in areas where the traditional indicators such as VIM may not support this.  It had also 

been recognized that vertical and horizontal permeability are seldom measured separately in the 

laboratory.  In the field, it had been discovered that in SA the field permeameter, i.e. the Marvil, is 



 

 

not only prone to measurement error resulting from the tester but may in effect actually measure 

horizontal permeability more than vertical permeability due to the diameter.  Other technical issues 

such as the messiness of the grease/putty used during testing to seal the Marvil also contribute to 

a lack of repeatability of in-situ permeability measurement.  It is recommended that the prior 

rendition TG35 specified EN test method, which can measure horizontal as well as vertical 

permeability be fully utilized for both type of measurements.  It is also recommended that the Marvil 

test method be adjusted to measure either vertical or horizontal permeability by varying the diameter 

whilst addressing the repeatability issues resulting from the messiness.  

The fifth factor determined is that asphalt density specifications and statistical QA procedures 

allow lower densities than specified, e.g. minimum of 93% (or lower) implies VIM is already 7% (or 

higher) with associated random higher VIM.  This lift off point or the proverbial precipice is often 

reached by default as 92% compaction is often allowed for individual values which implies field air 

voids as high as 8%, therefore beyond the precipice.  It is recommended that VIM during 

construction be measured as per the VS method and more closely monitored regarding exceedance 

of the 7% or *5 lift-off values with better QA/QC methods.   

It is further recommended that permeability potential be calculated via published correlation 

relationships with voids and other aggregate packing information and used as a benchmark to 

determine permeability potential even before more detailed field or laboratory measurements of 

permeability.  Lately [25 and 26] it has been shown that the permeability potential of HMA can be 

monitored via binary aggregate principles correlated with Bailey ratios and porosity calculations from 

the grading and aggregate packing.  It was determined that a better idea of the interconnectedness 

of voids can be established and can be used in a benchmark type QA and QC approach to determine 

if an asphalt layer may be prone to high permeability.  Further to that the actual indirect 

benchmarking of permeability can be done using international studies based on a wide variety of 

published information linked to packing principles, VIM and pore size of interconnected voids [27 

and 28].  Even if it is only used to determine the PDFn of the derived permeability [29] it can discern 

between highly variable permeability versus less variable permeability of HMAs.  
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The use of Superpave N300 gyrations minimum void specification as rut resistance 
measure: A critical appraisal 

 

Joanne Muller 

of Much Asphalt, Modder Road (R29), off Main Reef Road, Benoni, Johannesburg 

 

 

Synopsis— In the South African asphalt industry it has become common practice to specify 
a minimum of 2.0% to 2.5% voids after 300 gyrations (N300) in the Superpave Gyratory 
Compactor (SGC), as a measure to ensure the asphalt mixes will be rut resistant.  With much 
focus being placed on rut resistance, workability properties of the asphalt have been 
neglected and resulted in numerous problems with compaction, especially in modified 
binder mixes.  In order for mixes to withstand the severe loading inflicted when compacted 
to N300 gyrations, material strength often has to be taken to the extreme.  The resulting 
mixtures do not only pose the risk of becoming uneconomical, but also become exceedingly 
difficult to compact during construction.  The N300 minimum voids premise is also in 
opposition to what is required for a mix to be considered workable when looking at N25 voids 
as a workability parameter in the current South African asphalt design context.  

The research at hand has shown that asphalt mixes subjected to the minimum N300 voids 
specification, have much higher risks of early pavement life failure due to increased risk of 
interconnected voids and pavement permeability resulting in reduced durability.  It further 
does not necessarily correlate well with rutting potential, especially when mixes containing 
either RAP or modified binders or both, are utilised. 

The compaction specification suggested by Pine [1] based on the 3-2-2 locking point is 
investigated and indications are that it is more closely related to the design compaction level 
(Ndes) for South African mixtures and thus may be a more suitable and less risk laden 
alternative to N300 voids, leading to not only longer lasting roads, but also more economical 
pavements without sacrificing long term performance.   

 

Keywords—N300 Gyrations; Rutting; Compactability; Locking-Point; Asphalt; Design  



 

 

 

INTRODUCTION 

 
In a country with fairly temperate weather, South African (SA) roads are seldom subjected to the 

low temperatures experienced in other parts of the globe.  A great focus on the mechanisms of failure 

due to temperature effects at the higher end of the spectrum in terms of in-situ operating 

temperatures are thus required.  With this in mind, one can not ignore or understate the importance 

of designing a Hot Mix Asphalt (HMA) layer for inherent resistance to permanent deformation.  The 

requirement however for the design of balanced mixes that are durable as well must not be ignored. 

Though different proposals and techniques for the design of mixes more resistant to rutting have 

been utilised over the years, the use of a refusal voids content after 300 gyrations in the Superpave 

Gyratory Compactor (SGC) has been a focal point within South African specifications.  Enforcement 

of this specification under the guise of ensuring rut prevention is currently still ongoing although 

studies evaluating ultimate voids at refusal/maximum compaction (Nmax) have proven this parameter 

to be a poor indicator thereof [2, 3].  The current paper is aimed at highlighting other suggested 

design parameters whilst highlighting the risks associated with further resistance by the South African 

asphalt industry to full implementation of the latest design protocols.  The full implementation thus 

allows the industry to not only focus on rut prevention but also the durability parameters required to 

provide lasting asphalt surfacings. 

GYRATORY COMPACTION – N300 GYRATIONS, THE PINE LOCKING POINT THEORY AND WORKABILITY 

In order to fully understand the implications of utilising N300 gyrations (i.e. after refusal density 

compaction) as a rut prediction parameter in South African practice over the years, it is necessary 

to first understand where the parameter found its origin.  

NInitial, NDesign and NMaximum Compaction 

During the development of the Superpave design method in 1987 through 1993, one of the 

primary questions that formed the basis, revolved around what the actual ‘right’ level of air voids in 

the mix to target is [4].  This question lead to the evaluation of different types and levels of 

compactive processes/efforts to establish the closest simulative procedure to in-situ densification.  

The outcome of the study, namely the use of the SGC for laboratory design and evaluation of 

mixtures has subsequently been adopted in various parts of the world, albeit not in the exact similar 

fashion in terms of specification.  Initial design specification pinned by SHRP rooted itself in 3 main 

parameters namely Ninitial, Ndesign or target design voids and Nmax. Ninitial was initially enforced to 

prevent the use of excessive amounts of natural fine aggregates that could lead to mix tenderness 

as well as densification issues. It was later determined that the ‘restricted zone’ requirement which 

Ninitial was set to deter mixes from, was no longer needed as well performing mixes were passing 

through the ‘exclusion zone’ without performance issues [5].  Nmax, also known as refusal density in 

some publications, on the other hand, was set to ensure that rapid end of life permanent deformation 

does not occur due to binder migration [6].  



 

 

Subsequent to Nmax being incorporated into both the Australian (AUS) and South African (SA) 

design methodology, it was recommended by NCHRP report 573 [5] in 2007 that the Nmax criterion 

be removed from the specification due to poor correlation with in-situ testing and rut prediction.  The 

main differences in how these parameters were taken up into specification is however interesting to 

note.  Where the SA guidelines merely stated the air void contents after 300 SGC gyrations for both 

heavily and extremely heavily trafficked pavements as 1.5% and 2.5% respectively, the AUS 

method went on to specify the reduction in air void content between 120 and 350 gyrations as well 

as a minimum void content after 350 gyrations [7, 6].  Understanding how the mixture compacts 

was therefore deemed as critical as the final refusal void content by the AUS specification even 

though in both instances (SA and AUS), no clear workability parameter was specified. 

Internal Shear Stresses and Locking Point 

When reviewing the manner in which a specimen compacts to N300 gyrations rather than the final 

air void content achieved at the end of the test, some rather interesting details come to light.  Under 

compaction of specimens exposed to a kneading action simulative to that of a breakdown roller, 

specimens will firstly undergo initial consolidation till the point is reached where particle to particle 

interlock is attained.  In some instances, one might see some slight particle shifting to occur before 

complete lock-up is reached.  This is the point where harsher mixes with very strong aggregates will 

be clearly distinguished from the less strong or more workable mixes.  To illustrate this 

differentiation, the data obtained during the compaction of various specimens have been provided 

within Fig.1 and Fig. 2.   

Firstly considering the mixes in Fig.1, one finds the situation that the mixes reach stress interlock 

phase and remain at or very near to the peak internal shear stress throughout the compaction 

process.  Experience with these types of mixes in practice has been that their likelihood to fall below 

2% N300 air void content during lab or plant mixing, is very small.  The downside has however on 

many occasions been noted that these mixes can be problematic during in-situ compaction.  Upon 

further review of some of these mixtures, analysis of the Bailey aggregate packing parameters 

showed that they cannot distinctly be defined as either fine or coarse graded in nature.  This occurs 

when mixtures enter the region between purely fine graded or purely coarse graded, i.e. between 

80% and 95% of Coarse Aggregate Loose Unit Weight (CA LUW) condition.  In this zone, the coarse 

aggregate is no longer in a free-floating condition (i.e. where the fine fraction is fully in control of mix 

behaviour) and the start of coarse aggregate interlock begins.  In addition to the CA LUW condition 

showing that the fine graded mixtures were starting to behave as coarse graded mixes, the mixtures 

evaluated also had either one or more of the Bailey principles indicating potential issues during in-

situ densification. 

In general, the mixes evaluated were found to have higher Coarse Aggregate (CA) ratios whilst 

the Fine Aggregate fine (FAf) or Fine Aggregate coarse (FAc) and ‘New CA’ (fine grade mixes) ratios 

are at the lower end of the suggested American Bailey method ranges.  The high CA ratio parameter 

is known to be directly linked to the proportion of interceptors within the overall mix gradation.  This 

interference can force premature lock-up by changing the manner in which the ‘coarse fraction’ of 

a mixture will create voids within a mixture, particularly affecting the void size that is to be filled by 



 

 

the ‘fine’ fraction.  As this premature lock-up occurs, less compactive effort is transferred to the fine 

fraction of the mix and improper overall mixture compaction becomes a high risk.  When one deals 

with fine graded mixtures, the fine portion of the gradation, i.e. below the Primary Control Sieve 

(PCS), can potentially react as a ‘mix’ unto itself and the same interlock issue can occur.  This can 

in general be detected upon evaluation of the ‘old’ FAc/f.  When the original or ‘old’ FAf/c is found to 

be falling on the lower end of the ranges, in particular when below 0.45, the mix can be difficult to 

evaluate and control as the fine fraction will tend to behave as a coarse graded mix and thus change 

ones approach to mix control entirely.   

Though the peak shear stresses exhibited by the mixtures in Fig. 2 are similar to that in Fig. 1, 

the sustained high shear stress values in Fig. 1 are where the problem rests.  Coined as the ‘true’ 

measure of an aggregate structure to compaction, the shear stress development within a mix during 

compaction can tell a great deal how workable a mix is [1].  It is also pertinent to note that the shear 

stress developments shown within Fig. 1, Fig. 2 and Fig. 3 have been obtained from specimens 

compacted as per the AASTO T 312 [8] test method to 115 mm ± 5 mm in height done as part of 

routine testing for voids after N300 gyrations and entail an array of gradation/mixture types as well 

as binder types.  Though these changes will inherently change the compaction behaviour, the same 

N300 specification requirement was imposed on each of the mixtures.    

Cases have been encountered in the past, where a specimen exhibits the shear stress behaviour 

similar to what is shown in Fig. 2, however the shear stress values have been noted to increase 

again toward the N300 gyrations level.  Evaluation on the gradation before and after the N300 

compaction process showed a noticeable change in specimen gradation that accompanied this 

internal shear stress pattern.  This then calls material strength and resistance to mechanical 

breakdown into question and hints that during the decrease of shear stress period, aggregates may 

be undergoing slip or breakdown or both [1].  A recent check performed on a specimen with the 

shear stress pattern shown in Fig. 3, similar to those shown in Fig. 2, to determine if the crushing is 

only evident when an increase is seen toward the end of the compaction regime or not, showed that 

the breakdown can still occur even though it just meets the 2% refusal specification at N300 in this 

case. 



 

 

 

Fig. 2: Internal Shear Stress of mixtures 2% < voids at N300 gyrations 

 

Fig. 3: Internal Shear Stress of mixtures ≤ 2% voids at N300 gyrations 

The example provided in TABLE I, showed that the material had difficulty overcoming the 

compaction stresses and through the process experienced mechanical breakdown.  The resultant 

finer gradation can furthermore give a false sense of mixture compaction as VMA is directly linked 

to 5 key factors namely:  

 Gradation;  

 Shape;  

 Strength; 

 Texture; and  

 Type and amount of compactive effort [9].  
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Fig. 4: Granite Colto Medium Internal Shear Stress Pattern 

TABLE XIX: Material gradation change due to compactive effort 

Mix Colto Medium Mix - Granite 

N300 voids 2.27% 

Gradation  

Sieve Size (mm) Before Compaction After Compaction Gradation Change 

20.0 100.00 100.00 0.00 

14.0 100.00 100.00 0.00 

10.0 97.31 99.77 2.46 

7.1 82.63 85.51 2.88 

5.0 64.81 68.86 4.05 

2.0 38.37 42.07 3.70 

1.0 28.35 30.61 2.26 

0.6 21.34 22.98 1.64 

0.3 13.96 15.35 1.39 

0.15 7.97 9.05 1.08 

0.075 4.90 6.10 1.20 

BC % 5.25 5.24 -0.01 

Although each of the individual aggregates that make up the mixes provided in Fig.1, Fig. 2 and 

Fig. 3 conformed to the minimum strength specifications underwritten by COLTO [10], the order of 

magnitude by which it exceeds the minimum specifications can be considerably different.  Here in 

lies the possibility of the use of uneconomically strong aggregates and pavement durability issues.  

Even though it is desirable to build stronger pavements using the best aggregates possible, the 

downsides to this are not always clearly defined.  Improper compaction of a pavement layer can 
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have disastrous consequences to the road as a whole, as permeability problems and exposed 

surface area to oxidation can increase pavement deterioration exponentially [11].  In addition to this, 

it must also be kept in mind that permeability is in general tested on laboratory prepared specimens 

and may result in lowered indicators than those that would be obtained from in-situ specimens [12].  

The problems faced with improper layer densification can thus result in drastic levels of premature 

pavement failures considering that asphalt pavement lift thicknesses in SA is comparatively low and 

commonly placed on granulated layers.  The need for the aggregates to not undergo breakdown of 

any form under the high level of gyrations to ensure the N300 voids specified is attained on the other 

hand, may force aggregate sources local to a project to be avoided in favour of much stronger parent 

rock and in so doing, increase costs of materials and/or transport.  

As stated previously, the need to focus more on how a specimen reaches ultimate or refusal 

density can thus be far more important than that of the single data point obtained at the end of the 

compactive effort.  To this end, evaluation of the Pine 3-2-2 locking point was performed on the data 

sets used in Fig. 1, Fig. 2 and Fig. 3 to determine if any correlation could be found.  The Pine locking 

point by definition is the gyration number where the sequence of consecutive gyrations has 

specimen height pattern as indicated within the mix example in Fig. 4 [1, 13, 5].  The locking point 

highlighted in the example is in specific the gyration number where the three consecutive equal 

height values is attained.  This locking point value is furthermore thought to pin the compaction level 

at which further compaction may cause aggregate degradation.  It is recommended that a study be 

performed to fully relate the perceived crushing point described here, to the material breakdown 

observed earlier after N300 gyrations to better understand how South African aggregates behave in 

this regard.  

Applying the locking point principle to the data set used for the shear stress evaluation in Fig. 1, 

Fig. 2 and Fig. 3, it was found that the Pine locking point has some correlation, be it small with both 

the peak shear stress of the sample as well as the gyration number at which the peak internal shear 

stress occurs (See Fig. 5 and Fig. 6).  What is however of more interest to note, is that most of the 

locking points established for these mixtures fall between the Ndes compaction levels for a Sabita 

Manual 35 [14] Level 1B and Level 2 mix design of 75 and 100 gyrations of compactive effort 

respectively.  Work performed regarding one of these mixes in terms of sensitivity to compaction 

has further indicated that for the specific gradation targeted, the Marshall Bulk density (after 75 

blows per side) also fell between the 75 and 100 gyration levels.  The locking point theory should 

therefore not be dismissed out of hand due to the relatively small data set and the fact that the mixes 

evaluated, are rooted in the Marshall design method and thus have no distinct Ndes level.  As further 

information stemming from the Manual 35 design process on South African mixes and materials 

become available, more focussed evaluation of the correlations reviewed should be done.  



 

 

  

Fig. 5: Pine 3-2-2 Locking Point Visual Example 

     

Fig. 6: Pine 3-2-2 Locking Point vs. Peak Shear Stress 

 

Fig. 7: Pine 3-2-2 Locking Point vs. N Gyrations @ Peak Shear Stress 

With the understanding of the origin and measure of resistance to compaction evaluated, the 

following section will look deeper into the premise, that mixes meeting the refusal density 

specification at N300 set for a large proportion of SA mixes, should have improved resistance to 

permanent deformation. 
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Using N300 Gyration Parameter for Rut Prediction 

Thinking purely from a material mechanics perspective, it leads that if aggregates lock together 

and no breakage or slip occurs, the risk for permanent deformation should decrease.  It is thus 

understandable why many in the past have thought coarse graded mixes to be inherently more 

resistant to permanent deformation than fine graded mixes.  Research in this respect, has however 

shown this theory, to be false [15, 16].  

Analysing data on various mixes containing both modified and unmodified binders from two 

different laboratories in SA, has shown that though there appears to be a trend between rut potential 

and N300 voids content, it is not a strong and direct correlation and therefore not a rule (See Fig. 7).  

With both Model Mobile Load Simulator (MMLS) and Hamburg Wheel Tracking Test (HWTT) data 

reviewed, the correlation was found to be low when taking mixtures that exhibited only rutting, into 

consideration.  Upon adding mixtures into the review that also exhibited stripping inflection points 

(SIP), the correlation increases slightly, however it must be mentioned that when evaluating these 

mixtures for susceptibility to moisture damage using Modified Lottman testing, all were found to 

have Tensile strength ratios (TSR) in excess of 0.8.  This information gives rise to an interesting 

conundrum whether or not these mixtures disintegrate due to cascading rutting failure or whether it 

is the moisture susceptibility that causes the complete collapse of the mixture.     

If one were to consider the mechanical action and climatic conditions under which permanent 

deformation takes place, the probable reason for the ‘rule’ not holding, rests with mixture viscosity.  

In the past when predominantly virgin mixes using unmodified binders were utilised, the comparison 

between the flow point of the in-situ binders were closer to that of the maximum pavement 

temperatures and subsequently the temperatures at which rutting is simulated.   

  

Fig. 8: N300 Gyration Air Voids vs. Permanent Deformation 
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The use of reclaimed asphalt (RA) and bitumen modifiers can however significantly alter the 

rheology of a binder and in doing so, also change the overall mix viscosity at the testing and critical 

field rutting temperatures.  Add to this, an asphalt mixture will not likely ever reach the same viscosity 

nor show the subsequent effect on particle orientation seen during initial compaction during its in-

situ life cycle. 

III. CONCLUSION 

 
The latest South African design guidelines for HMA have attempted to address the use and 

possible mis-use of SGC protocols, however the risk that uptake of the new design views pertaining 

to the measurement of rut resistance will not be expeditious, is still a reality.  The risk factors 

determined, include the continuation of the use of potentially uneconomical and harsh/low workability 

mixtures that though they can potentially have more rut resistance in the field, will be more 

susceptible to durability issues as primary and secondary compaction that could limit permeability 

and binder oxidation are stunted [17].  The research has determined that though implementing the 

Nmax specification limit at 300 gyrations can in certain instances ensure improved permanent 

deformation resistance, due to the level of aggregate interlock and the low probability of material 

breakdown under continual compaction stemming from the inherent material strength requirement it 

imposes, it does not have a strong correlation and is thus not a rule.  

Though it is not clear from literature what exactly lead to the drastic shift of Nmax from the initial 

205 and later revised proposal of 212 gyrations for traffic in excess of 30M ESALs to the 

specifications at 300 gyrations in SA, it is clear that it remained, regardless of the caveats placed 

against it [5, 18].  As materials in SA are in general more dense and stronger than that of the parent 

rock typically used in the USA, the use of Ndesign as it is currently structured within manual 35 coupled 

with the workability criterion set, should allow for more balanced and longer lasting pavements to be 

designed and constructed overall.  
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Synopsis—The Grey Water Study was initiated in 2014 after the City of Cape Town noted 
that roads in low income settlements required rehabilitation at least every 5 years. Grey water 
disposal on the surface of these roads was identified as a contributor to the evident failure 
and consequent rehabilitation thereof. A study group was established to address the 
problem identified. 

This study consisted of four phases as follows: phase one consisted of a status quo 
assessment of Mew Way, a road where several rehabilitation projects were initiated to 
address grey water related failures, phase two consisted of compiling an literature review to 
understand mechanisms of moisture failure and to investigate previous research on the grey 
water resistance of asphalt, phase three included the initiation of laboratory testing and 
interpreting results obtained. Asphalt mixtures were prepared under laboratory conditions 
with the aim of improving its grey water resistance based on theoretical solutions and 
subjected to performance based testing. Phase four consisted of a visual assessment of trial 
sections constructed on Mew Way, consisting of various asphalt mixtures with enhanced 
engineering properties.  

Based on the outcomes of this study, final recommendations were made by the study 
group to address problems related to the pavement structure in areas of grey water 
exposure. Some of these recommendations included the selection of an appropriate asphalt 
mixture and the updating of pavement material standards to make provision for the design 
of pavements in areas of grey water exposure. 

Keywords—Asphalt, grey water resistance, moisture insensitive pavements 



 

 

 

I. INTRODUCTION 

A. Study background 

 The Grey Water Study started in 2014 after the City of Cape Town noted that Mew Way, as well 
as various other roads in lower income settlements, required rehabilitation or replacement at least 
every 5 years. Closer investigation indicated that failure of the road surfacing occurred in areas 
adjacent to communal standpipes or in areas where grey water is disposed of on the road surface 
by local residents. 

 SABITA (Southern African Bitumen Association) was appointed by the City of Cape Town and 
requested to find a feasible solution to address premature failure of the asphalt surfacing in areas of 
grey water exposure. SABITA appointed Mycube Asset Management Systems (Pty) Ltd to establish 
a project team to address the problem identified. The project team consisted of: 

 Gerrie van Zyl (Mycube Asset Management Systems (Pty) Ltd) 

 André Greyling (BVi Consulting Engineers Western Cape (Pty) Ltd) 

 Kim Jenkins (Stellenbosch University) 

 Riaan Briedenhann (Stellenbosch University) 

 Marais Nel (Stellenbosch University) 

 Jonathan Pearce (Zebra Surfacing (Pty) Ltd) 

B. Study objective 

 Mew Way, a Class U3 minor urban arterial according to the TRH26, situating east of Cape Town 
just off the N2 within Khayelitsha, was identified as a prime example of a road that experienced 
continued grey water damage. This road was also identified by the City of Cape Town for 
rehabilitation during the second half of 2014. This made Mew Way the ideal focus point for this study 
as it enabled the construction of trial sections that afforded the opportunity for in service performance 
monitoring. 

C. Overview of study 

 The Grey Water Resistant Asphalt study was divided into four phases: 

 Status Quo Assessment 

 Literature Review 

 Laboratory Testing and Results 

 Trial Sections 

The status quo assessment started in January 2014 and included: 

 A visual assessment of Mew Way, 

 Workshop held with representatives of the City of Cape Town, 

 Assessment of previous rehabilitation investigation reports of Mew Way, and 

 Moisture sensitivity analysis of pavements with different compositions. 



 

 

 An literature review was compiled to investigate and identify materials and design considerations 
that may improve the grey water resistance of asphalt. Based on the outcomes of the literature 
review, a laboratory test protocol was developed to test the grey water resistance of various asphalt 
gradings and binder combinations under grey water and traffic conditions. The final phase included 
monitoring of trial sections constructed on Mew Way as this provided information on the in service 
behaviour of four selected and constructed asphalt mixtures. This paper will focus on a detailed 
discussion of these four phases. 

II. STATUS QUO ASSESSMENT 

A. Visual assessment 

 A visual assessment of Mew Way was completed on 30 January 2014. From the visual 
assessment the following failure mechanisms were identified: 

 Displacement of asphalt: Loss of bitumen mastic and aggregate (cohesion and adhesion 

failure) 

 Cracking 

 Patching 

 Potholes 

 Resurfacing of the pavement at least every 4 to 5 years was required to address surface distresses 
in localized areas and areas of stand pipes as a result of grey water disposal on the road surface 
and shoulder. Error! Reference source not found. shows typical damage of the asphalt surface 
near a stand pipe. 

 
Fig 1. Damage (ravelling, cracking) to asphalt surface near stand pipe -note flow of greywater across 

surface 



 

 

B. Workshop with City of Cape Town Representatives 

 A workshop was held on the 31st of January 2014 with representatives responsible for 
maintenance in the various municipal regions of the City of Cape Town. One of the outcomes of this 
workshop was establishing that damage to asphalt surfaces caused by grey water, is a significant 
problem in all regions of the municipality. Solutions to this problem were divided into short, medium 
and long term solutions: 

 

a) Short Term Solutions 

 The short term solution was based on finding a cost effective solution to ensure no grey 
water/asphalt contact. The condition of the asphalt surfacing and road pavement was deemed 
the most visible and an urgent problem that required urgent attention. Therefore, the objective 
of this study was to find ways of making the asphalt surfacing and pavement structure more 
resistant to the effects of grey water. 

b) Medium Term Solution 

 A medium term solution was identified which included a complete road design strategy rethink. 
Some of the salient points identified included: 

 Geometric design changes: Increased slopes for improved drainage. 

 Stand pipe position changes: Move stand pipes away from road edges, as well as 

the installation of proper drainage. 

 Pavement and surfacing design changes: Consider pavement layers that are less 

sensitive to moisture. 

c) Long Term Solution 

 The long term solution identified focused on educating, training and raising of the social 
awareness of grey water damage to roads and the environment. 

C. Concluding the status quo assessment 

 Completion of the status quo assessment report was critical as it confirmed the extent of the 
problem, as well as formulating strategies envisaged for the completion of this study. 

III. LITERATURE STUDY 

A. Introduction 

 Once the extent of the grey water damage was confirmed it was decided to undertake an literature 
review to identify the causes and mechanisms of failure with the aim of finding theoretical solutions. 
The strategy followed to complete the literature study portion of this project can be summarised as 
follow: 

 Define grey water and its typical ingredients and composition. 

 Identify the influence and damage caused to bitumen and asphalt by water and grey water.  

 Understand the failure mechanisms of asphalt based on available literature. 

 Identify the most important factors that will influence the grey water resistance of asphalt. 



 

 

 Propose possible theoretical solution to increase the grey water resistance of asphalt. 

B. Defining Grey Water, Typical Composition and Damage caused to Asphalt 

 Although there is no absolute consensus on the definition of grey water, it is widely accepted that 
grey water is defined as the wastewater from bath tubs, showers, washbasins and washing 
machines. It does not include black water or industrial effluent. 

 Detergents commonly found in greywater contain surfactants which are considered “surface-
active agents” and serve the function of lowering the surface tension between two liquids or a liquid 
and a solid [7]. The hypothesis that surfactants accelerates the displacement of the bitumen film 
from the aggregate surface leading to adhesion failure, was therefore established. 

C. Understanding the Failure Mechanisms of Asphalt 

 Literature sources indicated that little damage is done to aggregates and bitumen when exposed 
to surfactant in its individual components. However, the interaction between the aggregate and 
bitumen in an asphalt mixture is influenced by the presence of water.  

 The causes and effects of moisture/water damage was used as a starting point to understand 
the effect of grey water damage to asphalt. Moisture damage is theoretically defined through the 
following disbonding mechanism as described in the Shell Bitumen Handbook [1]: 

 Detachment 

 Displacement 

 Film Rupture 

 Chemical Disbonding 

 Hydraulic Scour 

 Pore Pressure 

 The major failure mechanism associated with moisture damage to asphalt was identified as 
disbonding or adhesion failure. Adhesion failure occurs when there is a break in the 
bitumen/aggregate bond leading to stripping, ravelling, loss of stiffness and strength, and other 
adhesion related failures. 

D. Important Factors that will Influence the moisture Resistance of Asphalt 

 The literature review identified the following factors that will influence the extent of grey water 
damage: 

 Aggregates: Acidic rock groups generally show lower adhesion with bitumen compared to 

basic rock groups [1].  

 Bitumen properties: Ethylene Vinyl Acetate (EVA) and Styrene-Butadiene-Styrene (SBS) 

modified binders have showed increased resistance to chemical and moisture damage. 

Fisher-Tropsch (F-T) waxes are expected to increase compactability as well as chemical 

resistance [2]. 

 Asphalt mixture volumetric: 1) Void Content – Decreasing the void content in an asphalt 

mixture will decrease the moisture permeability and the consequent moisture damage. 2) 



 

 

Binder Content – Higher bitumen contents will result in decreased void content and 

permeability as well as increased film thickness. 3) Filler Type – Hydrated lime may 

increase the mixtures adhesive properties. 

 External factors: 1) Traffic – Traffic will directly increase moisture damage, through 

hydraulic scour, build-up of pore pressure or general pavement fatigue. 2) Humidity – High 

humidity may influence the evaporation of water and will increase the moisture/asphalt 

contact time. 3) Rainfall – High rainfall areas will result in increased exposure to moisture.  

E. Proposed Theoretical Solution 

 Moisture ingress negatively influences the pavement life by deteriorating interaction between 
pavement materials. Recommendations for improving the moisture sensitivity of pavements were 
summarized as follow: 

 Limit the time of water contact on the asphalt surfacing though geometric design processes. 

 Decrease the void content of the asphalt mixture so as to reduce its permeability. 

 Improve bitumen/aggregate adhesion by more careful selection of materials and additives. 

The last two recommendations were considered and investigated in detail during this study. 

a) Decrease Void Content 

 Continuously graded asphalt mixtures are known to have or could be designed with fewer 
voids in mix (VIM) which will make it less susceptible to moisture ingress. Semi-gap graded 
mixtures, with a sand matrix, on the other hand are known to have less interconnected voids 
even at higher percentage VIM.   

 It was recommended for areas exposed to grey water, that the post traffic compacted layer 
should have approximately 2.5% voids. This is a requirement for chemical resistant asphalt 
mixtures designed for airports [3].  

 In addition, a void content less than the pessimum air void range of 8% to 10%, produces an 
asphalt mixture with disconnected voids which is also relatively impermeable [4]. Therefore, a 
post construction void content of less than 7% should be implemented in areas of grey water 
exposure. 

 Increasing the layer thickness in areas of grey water exposure to 40 mm, will ensure higher 
compaction reliability but also facilitate more resistance to moisture damage. 

b) Improving Bitumen/Aggregate Adhesion 

 In the presence of water unexpected adhesion related problems may occur. From the 
literature review, possible solutions to adhesion problems were identified as follow: 

 Hydrated lime active filler: In quantities of 1-2% of the aggregate mass, hydrated lime 

has been used to improve the bitumen aggregate interaction.  

 Material selection (aggregates): Depending on availability, both acidic and basic 

rocks are used in the production of asphalt in South Africa. Basic rocks are preferred 



 

 

for grey water resistant mixtures due to their adhesive properties, however acidic 

aggregates can be improved to promote adhesion through anti-stripping agents. 

 Material selection (binder): Literature sources indicated that SBS and EVA modified 

binders have superior adhesive as well as fuel and chemical resistance properties on 

its own and in combination with a F-T waxes [2] [3] [5]. Bitumen anti-stripping agents 

are also commonly used to improve the adhesion between the bitumen and the 

aggregate. Improved resistance by the bitumen to being replaced by water at the 

aggregate interface is the benefit of using anti-stripping agents. 

F. Concluding Literature Review 

 As very little information was available on solutions to limit the damage caused by grey water, it 
was concluded from the literature review that the best theoretical solution would be to utilise asphalt 
mixes on a moisture insensitive pavement that complies with the following requirements: 

 Continuously graded asphalt mixture 

 2.5% Post traffic compaction VIM 

 Field construction VIM less than 7%  

 1-2% Hydrated lime active filler 

 EVA or SBS polymer modified binder  

 Fischer-Tropsch (F-T) wax as a compaction agent  

 Polyamine as an anti-stripping agent 

 Layer thickness greater than 40 mm 

 Mineral filled modified emulsion sealant in critical areas  

 To incorporate all, or combinations of these requirements into practical asphalt mix designs 
required laboratory testing to determine the ideal mix compositions.  

IV. LABORATORY TESTING 

 Laboratory testing was required to test the practicality and suitability of these requirements for 
improving the grey water resistance of asphalt. Laboratory tests for this study was completed at 
Stellenbosch University and consisted of two phases. 

A. Phase 1 – Laboratory Testing 

 Phase 1 laboratory testing formed part of an initial investigation to determine the grey water 
resistance of asphalt mixtures with the mixture requirements as identified in the literature review.  
The reader is referred to the paper Testing the Greywater Resistance of Popular Bitumen Modifiers, 
August 2015, [13] for complete details on the outcome of this phase. The significant conclusions 
are summarised as follows:  

 Based on indirect tensile strength (ITS) tests, results obtained during phase 1 indicated 
that grey water causes significant damage to asphalt mixtures. This correlated with 
findings from a visual inspection of Mew Way. 



 

 

 Semi-gap graded asphalt mixtures showed potential for increased grey water resistance, 

however, this mixture has other performance limitations such as lower rut resistance that 

needed to be considered.  

 The use of binder additives indicated a definite increase in grey water resistance. This 

was especially true when anti-stripping agents were combined with polymer modified 

binders. EVA modified binders performed better than SBS modified binders. 

 Increasing the compaction effort also yielded improved grey water resistance, this was 

especially the case for the continuously graded asphalt mixtures.  

B. Phase 2 – Laboratory Testing 

 Due to the absence of performance based testing during phase 1, a second phase of laboratory 
testing was initiated to address this and will be the focus in this paper. 

a) Asphalt Gradings and Binder Combinations Selected 

 Asphalt gradings and binders selected for performance based testing was based on the 
outcome of phase 1. In addition, it was decided to expand the test matrix and include additional 
asphalt gradings: 

 COLTO continuously medium graded  

 COLTO continuously fine graded  

 City of Cape Town continuously graded fine (CCC Fine) – Standard mixture used by the 

City of Cape Town in residential areas and follows a continuous grading. 

 Semi-gap graded  

 Much Asphalt fine graded (Much Fine) – This was a wild card entry to this study, 

prepared by Much Asphalt.  

The following binder types were tested during phase 2: 

 50/70 Penetration grade 

 SBS Modified binder 

 EVA Modified binder 

 A 50/70 penetration grade binder served as a reference binder whereas EVA and SBS 
modified binders were further modified with combinations of a F-T wax and Polyamine. A 
organosilane additive (OA), showed potential for improving the grey water resistance of asphalt 
mixtures and was also selected for testing.  

 Hydrated lime formed part of the mix design of medium and fine continuously graded asphalt 
mixtures, of which the content ranged from 1% to 2%.  

b) Compaction Effort 

 From phase 1 it was concluded that increasing the compaction effort resulted in increased 
grey water resistance. However, during phase 2 it was decided to keep the compaction effort 
constant at 100 gyrations (NDesign).  



 

 

c) Test matrix and test protocol: Phase 2 – Stage 1 

 The test matrix for phase 2 were divided into two stages. Stage 1 formed part of an initial 
investigation, to confirm the results of phase 1 and to determine the grey water resistance of 
additional asphalt gradings and binder combinations selected for testing during phase 2. The test 
matrix for stage 1 is shown in Fig. 2. 

 

 

 
Fig. 2. Test matrix for stage 1 of phase 2 laboratory testing. 

 The test protocol for phase 2 stage 1 consisted of preparing six 150 mm diameter asphalt 
briquettes compacted to 100 gyrations using a gyratory compactor. Thereafter the volumetric 
properties were determined according to SANS 3001-AS11 and SANS 3001-AS10. 

 Three asphalt briquettes were not subjected to any form of conditioning whereas the 
remaining three asphalt briquettes were subjected to grey water conditioning using the MIST 
device. The MIST device consists of a tri-axial cell, pump, pressure tank, pressure regulator and 
solenoid valves as shown in Fig. 3. Samples are submerged in the tri-axial cell and subjected to 
150 kPa pressure pulses at a frequency of 0.5 Hz. The duration of conditioning was 6 hours at a 
temperature of 60°C. Conditioned asphalt samples were subjected to ITS tests to measure the 
retained strength of asphalt samples after conditioning. ITS tests were performed at a 
temperature of 40°C and at a loading rate of 50.8 mm/min. 
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Fig. 3. MIST device setup. 

The grey water concentration was similar as that used during phase 1.  

 A grey water concentration consisting of 0.5% laundry detergent and 0.5% dishwashing liquid 
per 100 litres of clean water was prepared in case of grey water conditioning as suggested by 
Pietersen (2013). Clean water MIST conditioning was also performed on three additional 
prepared asphalt briquettes for selected asphalt gradings and binder combinations. This form of 
conditioning was completed as spot checks to determine the influence of the grey water on the 
performance of these mixtures. The effects of the grey water were already confirmed during 
phase 1 of laboratory testing, therefore it was decided to not apply clean water conditioning on 
all asphalt mixtures. ITS tests were performed after conditioning according to ASTM D6931-12. 

d) Test matrix and test protocol: Phase 2 – Stage 2 

 From the results of phase 2 stage 1, asphalt gradings and binder combinations that showed 
potential grey water resistance were selected for performance based testing during stage 2. The 
test matrix for stage 2 laboratory testing is shown in Fig. 4. 
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Fig. 4. Test matrix for stage 2 of phase 2 laboratory testing. 

 During phase 2 stage 2, laboratory prepared asphalt briquettes were subjected to MMLS3 
(Model Mobile Load Simulator) trafficking under dry (no water) and wet (grey water) conditions. 
Trafficking tests were performed on a laboratory scale, using the MLS (Mobile Load System) test 
bed system as illustrated in Fig. 5. 

 
Fig. 5. MMLS3 and MLS test bed system 

 Prepared asphalt briquettes were subjected to 100 000 MMLS3 load cycles with traffic 
variables selected from the SANS 3001-PD1 standard. Testing was done at a temperature of 
40°C.  

 During trafficking tests, laser profilometer measurements were completed. This provided an 
indication of deformation and change in texture as a result of grey water and traffic conditions. 
The change in material loss, as a result of grey water and traffic conditions, was also determined. 
This was done by weighing asphalt briquettes before and after MMLS trafficking. After trafficking, 
asphalt briquettes were subjected to ITS testing according to ASTM D6932-12. 

C. Phase 2 – Laboratory results 

 Results obtained during the execution of the second phase of laboratory testing included: Indirect 
tensile strength (ITS), permanent deformation and change in material loss.  

a) Stage 1 – Laboratory results: Indirect tensile strength (ITS) 

 Stage 1 was an initial investigation to determine the grey water resistance of laboratory 
prepared asphalt mixtures as per the test matrix established for phase 2 laboratory testing. ITS 
results for medium and fine graded asphalt mixtures after MIST conditioning are presented in 
Fig. 6. 
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Fig. 6. ITS results after MIST conditioning. 

 The results showed that the presence of surfactants accelerated the damage to asphalt 
mixtures when compared to the results of clean water conditioned mixtures. Most of the 
unconditioned mixtures conformed to COLTO Standards Specification as indicated by the red 
line, however this was not the case after grey water conditioning. The penetration grade binder 
combination was the most sensitive to grey water exposure. EVA modified binder combinations 
showed greater strength after grey water MIST conditioning compared to SBS modified binder 
combinations. The addition of the organosilane additive (OA) to an EVA modified binder showed 
a significant improvement to the mixtures’ strength, which could be related to the nano-
technology of this product. Higher ITS result obtained after MIST conditioning, when compared 
to grey water conditioning for this binder combination, may be related to ageing of the binder. 

 Fig. 6 also shows, that the fine graded asphalt mixtures were significantly more sensitive to 
grey water exposure compared to the continuously graded medium asphalt mixtures. The semi-
gap graded asphalt mixture prematurely failed during MIST conditioning, therefore no ITS result 
was obtained. Similar failures occurred for the CCC continuously graded fine and the Much fine 
graded asphalt mixtures. The angularity of the natural sand fraction in the grading of the semi-
gap and CCC continuously graded fine mixtures was assumed to contribute to poor adhesion, 
which was related to premature failure. A high void content was related to premature failure of 
the Much fine graded mixture. 
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b) Stage 2 – Laboratory results: Indirect Tensile Strength (ITS) 

 During stage 2, ITS results provided an indication of the strength of asphalt mixtures after 
trafficking under dry and wet conditions. ITS results for medium and fine graded asphalt mixtures 
tested are shown in Fig. 7.  

 
Fig. 7. ITS results after MMLS3 trafficking. 

 The results indicated that 67% of the medium graded asphalt mixtures obtained an ITS result 
greater than 800 kPa and conformed to the COLTO Standard Specification, even after trafficking. 
No specific trend between penetration grade and modified binder combinations were established 
in producing medium graded asphalt mixtures. However, the addition of the organosilane additive 
to an 1% F-T wax and EVA modified binder seemed to increase mixture strength which could be 
related to the nano technology of this product. 

 It furthermore, follows that the COLTO continuously graded fine asphalt mixtures sustained 
the greatest damage after trafficking under dry and wet conditions. However, an EVA modified 
binder in combinations with 1% F-T wax and the organosilane additive significantly increased the 
strength of this mixture compared to the 50/70 penetration grade binder.  

c) Stage 2 – Laboratory results: Permanent Deformation 

 A laser profilometer was used to determine the cumulative permanent deformation for asphalt 
mixtures trafficked to 100 000 MMLS3 load cycles under dry and wet conditions. Permanent 
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deformation results provided an indication of the shear resistance or rutting potential of asphalt 
mixtures tested. Fig. 8 shows the cumulative permanent deformation for the medium and fine 
graded asphalt mixtures. 

 
Fig. 8. Cumulative deformation after MMLS3 trafficking 

 From Fig. 8 follows, after 100 000 load cycles, that the permanent deformation of the 50/70 
penetration grade binder combination was the highest, whereas no significant difference between 
the rutting potential of SBS and EVA binder combinations were observed. The higher degree of 
deformation experienced by individual binder combinations under dry trafficking, when compared 
to wet trafficking, was not clear. It could be related to ageing and stiffening of the binder due to 
conditioning. 

 Results indicated that the fine graded asphalt mixtures were generally more sensitive to 
permanent deformation when exposed to grey water compared to the medium graded asphalt 
mixtures.  

d) Stage 2 – Laboratory results: Material loss 

 Material loss (displacement) was observed as one of the most important failure mechanisms 
during the initial visual assessment of Mew Way. Material loss results provided an indication of 
the asphalt mixtures resistance to ravelling. The increase in material loss was calculated by the 
weight of the wet and dry trafficked asphalt briquettes. These results are shown in Fig. 9 for both 
the medium and fine graded mixtures.  
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Fig. 9. Material loss results 

 From Fig. 9 follows, that there was a significant increase in material loss as a result of grey 
water exposure. However, modified binder combinations showed more resistance to materials 
loss when compared to the 50/70 penetration grade binder combinations.  

e) Performance Criteria 

 A performance criteria was established to combine results obtained during stages 1 and 2 in 
order to determine effective grey water resistant asphalt mixtures for higher and lower volume 
roads. In case of this study, higher volume roads refer to an ES1 to ES10 pavement class, while 
lower volume roads refer to an ES0.003 to ES0.3 pavement class, as per the catalogue designs 
presented in the Minimum Standards for Civil Engineering Service in Townships, Version 1, July 
2013.  

 A continuously graded medium asphalt mixture was recommended for use on a higher 
volume road, such as Mew Way, where a layer thickness of 40mm is required to contribute to the 
structural capacity of the pavement. A continuously graded fine asphalt mixture was 
recommended for lower volume internal roads in grey water affected areas, where an asphalt 
thickness of less than 40mm is usually specified. Variables considered and their abbreviation in 
the establishment of the performance criteria were: 

 Compactability (C) 

 Tensile strength ratio (TSR) (Moisture Susceptibility and Mixture Strength) (T) 
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 Rutting resistance after dry MMLS3 trafficking (Shear Resistance) (RD) 

 Rutting resistance after wet MMLS3 trafficking (Shear Resistance) (RW) 

 Ravelling or displacement (Material Loss) (R) 

 It proved impossible to assign fair weights to each of the performance criteria’s variables. 
This does not, however preclude the client from prioritising certain performance parameters. The 
performance criteria were purely based on ranking each of the mixtures results obtained during 
the laboratory phase for a given variable. A ranking of 1 was allocated to the mixture that showed 
the best performance of all the mixtures evaluated. These rankings were then averaged to show 
the mixture that performed the best over both phases and the complete range of tests. 

 The outcome of the performance criteria for medium and fine graded asphalt mixtures are 
shown in Table 1. Two COLTO continuously graded medium asphalt mixtures were identified 
that indicated significant grey water resistance (indicated in red). Similarly, two COLTO 
continuously graded fine asphalt mixtures were also identified (indicated in orange). 
 

TABLE I.  Outcome of performance criteria. 

Rank 
Binder combination and 
grading 

Phase 1 - MIST Phase 2 – MMLS3 

C T Ave C T RD RW R Ave 

Outcome for medium graded mixtures 

1 
EVA + 2% Lime + 1% F-T 
wax + 0.1% OA - CM 

1 1 1.0 4 5 1 2 1 2.6 

2 
EVA + 2% Lime + 1% F-T 
wax - CM 

2 3 2.5 1 2 6 3 2 2.8 

3 
SBS + 2% Lime + 1% F-T 
wax + 0.1% OA - CM 

4 5 4 6 3 4 1 5 3.8 

4 EVA + 2% Lime - CM 4 5 4.5 3 4 2 4 7 4.0 

5 SBS + 2% Lime - CM 3 4 3.5 2 1 5 7 6 4.2 

6 
SBS + 2% Lime + 1% F-T 
wax + Polyamine - CM 

7 2 4.5 7 6 3 6 4 5.2 

7 
SBS + 2% Lime + 1% F-T 
wax - CM 

5 6 5.5 5 7 7 5 3 5.4 

8 50/70 + 1% Lime - CM 7 7 7.0 5 8 8 8 8 7.4 

Table continues. 
 

 

 

 

 

 

 

 

 



 

 

 

Rank 
Binder combination and 
grading 

Phase 1 - MIST Phase 2 – MMLS3 
C T Ave C T RD RW R Ave 

Outcome for fine graded mixtures 

1 
EVA + 1% Lime + 1% F-T 
wax + 0.1% OA - CF 

   2 3 1 1 1 1.6 

2 
EVA + 1% Lime + 1% F-T 
wax - CF 

6 2 4.0 3 2 3 2 2 2.4 

3 
50/70 + 1% Lime + 1% F-
T wax - CF 

3 3 3.0       

4 
50/70 + 1% F-T wax - 
CCC 

2 5 3.5       

5 
50/70 + 0.07% OA - Much 
fine 

9 1 5.0 7 1 5 5 3 4.2 

6 50/70 - CCC 4 7 5.5 4 6 4 4 4 4.4 

7 EVA +1% F-T wax - CCC 5 6 5.5 6 7 2 3 6 4.8 

8 
50/70 + 1% Lime + 0.1% 
OA - CF 

5 6 5 1 5 7 7 5 5.0 

9 50/70 + 1% Lime - CF 1 8 4.5 5 4 6 6 7 5.6 

10 50/70 + 1% Lime - CCC 8 4 6.0       

11 50/70 – Semi gap 7 9 8.0       

 

f) Conclusion 

 The following conclusions were made from test results obtained during phase 2 of the 
laboratory testing: 

 Continuously graded medium and fine asphalt mixtures containing modified binders 

showed the highest resistance to grey water damage.  

 The addition of a plastomer modifier (EVA) showed improved performance and resistance 

to grey water damage. 

 A dune sand fraction in the asphalt grading should be avoided, as it contributed to poor 

adhesion. 

 The following asphalt gradings and binder combinations indicated significant grey water 

resistance and are recommended for use on higher and lower volume roads: 

 

 



 

 

 

TABLE II.  Asphalt mixtures identified with improved grey water resistance. 

Binder combination Asphalt grading 

EVA + 2% Lime + 1% F-T wax + 0.1% Organosilane 
additive  Medium Continuously 

Graded 
EVA + 2% Lime + 1% F-T wax  

EVA + 1% F-T wax + 0.1% Organosilane additive  
Fine Continuously Graded 

EVA + 1% F-T wax  

V. TRIAL SECTIONS 

 A visual assessment of Mew Way was carried out on 18 May 2016 by representatives of BVi 
Consulting Engineers Western Cape (Pty) Ltd. In addition, a mechanical survey was also 
completed. The mechanical survey included rutting, IRI and texture measurements. 

 The findings of the visual assessment and mechanical survey indicated that: 

 The pavement along Mew Way is still in good condition, however, certain areas are 

showing displacement of the asphalt as a result of grey water exposure. Distress 

appeared mostly in areas where a 50/70 penetration grade bitumen asphalt was used. 

This finding correlates with material loss observed through laboratory accelerated 

pavement testing.  

 Rutting and riding quality measurement do not currently show any correlation with areas 

impacted by grey water. 

 Macro texture measurements provided some evidence of the impact of grey water on the 

asphalt surfacing. However, it is still too early to reach a firm conclusion.  

 Texture measurements were lower along section where an A-P1 (EVA modified binder) 

asphalt mixture was paved and appeared to show improved grey water resistance. 

 A follow up trial section monitoring, consisting of a visual assessment and mechanical survey, 
was completed in November 2017. The following was concluded from the trial section monitoring: 

 The section of Mew Way under investigation in this study is still in a good condition. 

Significant aggregate loss was observed along the trial sections containing the 50/70 

penetration grade bitumen and A-E2 modified binder, at locations where grey water was 

observed on the road surface. Mechanical survey results also showed a significant 

increase in aggregate loss from May 2016 to November 2017 along these trial sections. 

 The A-E2 plus 1% F-T wax trial section showed the lowest change in texture from May 

2016 to November 2017. However, stand pipes located along this trial section are not as 

active when compared to other trial sections. 

 The A-P1 trial section show the lowest overall change in texture and appears to show 

improved resistance to the damage caused by grey water. 

 Riding quality and rut depth measurements currently still do not show any correlation with 

areas impacted by grey water, see Fig. 10. 



 

 

 
Fig. 10 IRI measurements taken in northbound direction of Mew Way (closest to standpipes). 

 It was recommended that a final visual assessment and mechanical survey be completed in 
November 2018.  

VI. PRESENT WORTH OF COST ANALYSIS 

 A PWOC analysis was performed for the Grey Water Resistant Asphalt Study to compare the 
economic viability of improving the grey water resistance of pavements located in areas of grey 
water exposure. The PWOC method as discussed in the TRH4 was used to perform this analysis. 
The following assumption were made: 

 Analysis period of 20 years. 

 Recommended discount rate of 8%. 

 Pavement alternatives are based on the minimum standards for a district distributor road 

(Road Category UB, Pavement Class 3) as given in the Minimum Standard for Civil 

Engineering Services in Townships, Version 1, July 2013. 

 Selected subgrade of G7 quality. 

 Only material costs were considered to estimate the PWOC. 

 Only virgin material was considered. Recycled materials will further reduce costs. 

 The complete calculation procedure for the PWOC analysis is available in the case study file: 
Grey Water Resistant Asphalt Study Volume 9 (2017) [14]. The PWOC analysis yielded the following 
conclusions: 

 Construction of a moisture insensitive pavement structure can reduce the life cycle cost of 

a pavement in grey water affected areas by 9% to 11% when compared to an existing 

pavement structure with a conventional asphalt surfacing.  

 Initial construction cost of a moisture insensitive pavement may be 23% to 35% higher 

when compared to the initial construction cost of an existing pavement with a convention 

asphalt surfacing.  
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 The rehabilitation cost over the life cycle of a moisture insensitive pavement is estimated 

to be 72% to 80% lower when compared to an existing pavement with a conventional 

asphalt surfacing.  

 The rehabilitation cost over the life cycle of an existing pavement with a grey water 

resistant asphalt surfacing is estimated to be 13% to 15% lower when compared to an 

existing pavement with a conventional asphalt surfacing.  

 The PWOC analysis highlighted the importance of selecting appropriate materials for pavement 
construction in areas affected by grey water disposal. It is acknowledged that the PWOC 
calculations are dependent on the assumptions made. However, applying some variation in the 
assumptions, which is believed to be sound, still results in the same recommendations being made. 
Based on the outcome of this analysis it is recommended to construct moisture insensitive 
pavements in grey water affected areas. 

VII. FINAL RECOMMENDATIONS 

 From this study a significant amount of information was obtained for improving the grey water 
resistance of asphalt. This information was combined by the study group to formulate six important 
final recommendations: 

1. Asphalt mixture 

2. Asphalt construction 

3. Pavement design 

4. Minimum standards update 

5. Trial section monitoring 

6. De-briefing workshop 

A. Asphalt Mixture 

 The first recommendation was that roads with potential grey water contact need to be surfaced 
with the following asphalt mixtures: 

1. High Volume Roads (ES1 to ES10) – COLTO continuously graded medium asphalt with: 

 EVA modified binder  

 1-2% Lime as active filler 

 1% F-T wax as compaction agent 

2. Low Volume Roads (ES0.003 to ES1)  – COLTO continuously graded fine asphalt with: 

 EVA modified binder  

 1-2% Lime as active filler 

 1% F-T wax as compaction agent 

B. Asphalt Construction 

 The second recommendation was that roads with the potential exposure the grey water be 
constructed according to the following specifications: 



 

 

1. High Volume Roads (Mix design) – COLTO Standard Specification for Road and Bridge 

Works for State Road Authorities (1998) with the following additional specifications for 

mixture design: 

 Gyratory compaction to NDesign equal to 125 gyrations should yield a theoretical maximum 

density (TMD) to not less than 93% (Less than 7% voids in mixture). 

 Gyratory compaction to NMax equal of 300 gyrations should yield a maximum theoretical 

density (MTD) of not greater than 98% (Less than 2% voids in mixture). 

 The maximum binder content should be selected to comply with the above 

recommendations. 

2. High Volume Roads (Construction) – The following additional specifications were 

recommended for construction: 

 An absolute minimum layer thickness of 40 mm. 

 Minimum compaction of 93% of MTD. 

 Maximum compaction of 98% of MTD. 

3. Low Volume Roads (Mix design) – COLTO Standard Specification for Road and Bridge 

Works for State Road Authorities (1998) and the SABS 1200 MH: 1996 Standardized 

Specification for Civil Construction (1996) with the following additional specifications: 

 Gyratory compaction to NDesign equal to 100 gyrations should yield a theoretical maximum 

density (TMD) of not greater than 93% (Less than 7% voids in mixture). 

 Gyratory compaction to NMax equal to 200 gyrations should yield a MTD of not greater 

than 98% (Less than 2% voids in mixture). 

The maximum binder content should be selected to comply with the above recommendations. 

4. Low Volume Roads (Construction) – The following additional specifications were 

recommended for construction: 

 An absolute minimum layer thickness of 30 mm. 

 Minimum compaction of 94% of MTD. 

 Marvel permeability test (1 litre/hour maximum). 

C. Pavement Design 

  The third recommendation was that pavement structures that run the risk of grey water or 
other water contact should be designed and constructed as moisture insensitive pavements with a 
combination of the following materials in the base course and subbase layers: 

 Bitumen Treated Base (BTB) 

 Bitumen Stabilized Materials (BSM) 

 Cement Treated Subbase  

D. Minimum Standards Update 

 The fourth recommendation by the study group was the revision and update of Table 1 and 
catalogue specification for pavements in grey water and wet areas as well as the addition of a new 



 

 

Table 3 in the Minimum Standards for Civil Engineering Services in Townships, Version 1, July 2013 
as shown in Tables 4 to 6. 

TABLE III.  Update of Table 1 in Minimum Standards for Civil Engineering Services in 
Townships. 

Updated Table 1 

Pavement Material Specifications 

Layer  Class 
Material 

Type 

Min 
CBR at 
Spec 

Densit
y 

Ma
x PI 

Min Compaction 
Grading SABS-

1200M 

Base 
Course 

G2 
Crushed 

stone 
80 6 85% BRD 

Table 8, Column 
2 

G3 
Crushed 

stone 
80 6 98% Mod AASHTO 

Table 8, Column 
3 

G4 
Crushed 

stone 
80 6 98% Mod AASHTO 

Table 8, Column 
4 

BSM
1 

Crushed 
Stone, 
Natural 

Gravel or 
Recycled 
Asphalt 

TG2 6 
100% Mod 
AASHTO 

TG2 

BSM
2 

Natural 
Gravel 

TG2 6 
100% Mod 
AASHTO 

TG2 

 
 
 
 
 
 
 

TABLE IV.  New Table 3 for Minimum Standards for Civil Engineering Services in 
Townships. 

New Table 3 

Greywater & Wet Areas Surfacing Specifications 

Road Category Surfacing Binder 
Min Compaction 

Strength 
Grading 

UB (Distributor) 

40mm medium 
continuously graded 

Asphalt on 
watertight/impermea

ble pavement 

A-P1 
(EVA) 
with 
1% 

Fisher-
Tropsc
h wax 

93% MTD (Rice) 
COLTO Table 

4202/7 



 

 

UC (Major bus 
route) 

40mm medium 
continuously graded 

Asphalt on 
watertight/impermea

ble pavement 

A-P1 
(EVA) 
with 
1% 

Fisher-
Tropsc
h wax 

93% MTD (Rice) 
COLTO Table 

4202/7 

UC (Minor bus 
route) 

40mm medium 
continuously graded 

Asphalt on 
watertight/impermea

ble pavement 

A-P1 
(EVA) 
with 
1% 

Fisher-
Tropsc
h wax 

93% MTD (Rice) 
COLTO Table 

4202/7 

UD (Access Street) 

30 mm fine 
continuously graded 

Asphalt on 
watertight/impermea

ble pavement 

A-P1 
(EVA) 
with 
1% 

Fisher-
Tropsc
h wax 

94% MTD (Rice) 

COLTO Table 
4202/7 or 

SANS1200 
MH:1996 Table 2 

Column 7 

 

TABLE V.  New catalogue design column for grey water and wet areas. 

Design Considerations Grey Water & Wet Areas 

Road Category Pavement 
Class 

E80's/Lane 
(mil) 

Moisture Insensitive 
Pavement Options UA UB UC UD 

        

ES0.003 <0.003 

      

            30mm AC* 

            150mm BSM2* 

            150mm G7 

        

ES0.01 0.003-0.01 

     
            30mm AC* 
            150mm BSM2 
            150mm G7 

        

ES0.03 0.01-0.03 

      

            30mm AC* 

            150mm BSM2 

            150mm G7 

        

ES0.1 0.03-0.1 

      

            30mm AC* 

            150mm BSM2 

            100mm G5 

            150mm G7 

        

ES0.3 0.1-0.3 

      

            30mm AC* 

            150mm BSM2 



 

 

            125mm G5 

            150mm G7 
 

Design Considerations Grey Water & Wet Areas 

Road Category Pavement 
Class 

E80's/Lane 
(mil) 

Moisture Insensitive 
Pavement Options UA UB UC UD 

        

ES1 0.3-1.0 

     

            40mm AC* 

            150mm BSM2 

            150mm G5 

            150mm G7 

        

ES3 1.0-3.0 

      

            40mm AC* 

            
150mm BSM1 or 80mm 

BTB  

            150mm C4 

            150mm G7 

        

ES10 3.0-10.0 

     

            40mm AC* 

            
150mm BSM1 or 80mm 

BTB  

            125mm C4 

            125mm C4 

            150mm G7 

Sidewalks and Cycle Ways 

    

      

    20mm AC 

    100mm G5 

    150mm G7 

Pedestrian Only Links 

    

      

    25mm AC 

    125mm G4 

    150mm G7 

* All Greywater asphalts to be mixed using an EVA Modified binder and 1% Fisher-Tropsch wax 
as a compaction agent 

Please refer to relevant Tables for the Surfacing and Pavement Material specifications 

 

E. Trial Section Monitoring 

 The fifth recommendation was that trial section monitoring should continue as discussed for 
another 2 years up to 2018. Visual assessments should be carried out at 6-month intervals with a 
mechanical survey at 1-year intervals.  



 

 

F. De-briefing Workshop 

 The sixth and final recommendation was that the outcomes of this study and final policy be 
conveyed to representatives that are responsible for maintenance in the various Municipal Regions 
of the City of Cape Town. 
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Performance Testing of Enrobé à Module Elevé Asphalt 
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Synopsis— The implementation of Enrobé à Module Elevé (EME) in South Africa started 

in 2011 with the construction of a base layer on the South Coast Road in Durban. Due to EME 

being a French based technology, South Africa is in the process of defining design 

parameters applicable to the South African road environment. This article focuses on 

performance testing of specimens obtained from the road on the truck crawler lane on the 

National Route 1 (N1) Section 1 utilising four-point bending and indirect tensile tests. Work 

completed by Botes (2016) and Clarke (2016) on laboratory prepared specimens are 

compared to that obtained from the field to aid in the specification of a laboratory based 

fatigue criterion. Further test results include the analysis of the frequency-stress curve using 

both free-shift and model implementation. The fatigue life results are compared to laboratory 

specimens and evaluated for the percentage stiffness reduction with cycles. 

Keywords— Enrobé à Module Elevé (EME); fatigue; four-point bending; indirect tensile; 

stiffness 

 

INTRODUCTION 

Enrobés à Module Elevé (EME), is a French based technology developed during the 1980’s to 
accommodate 130kN standard axle loads on the French highways as well as airports for the Airbus 
380 aircraft (Distin & Vos, 2014). South Africa has different design parameters than France and thus 
the need exists to determine our own set of parameters which is applicable to the South African road 
environment. Denneman et al. (2010) stated that a need exists in South Africa for road construction 
methods which can provide long-term serviceability, sustainable practice and minimal intervention 
with the road users, such as the case with EME.  

This article focuses on work by Thomas (2018) on the evaluation of EME base layer specimens 
extracted from the road (referred to as field specimens). The study emulated from the construction 
of a truck crawler lane on the National Route 1 Section 1 by Royal Haskoning DHV (Pty) Ltd in 
October 2014.  

The fatigue and stiffness performance properties of the field specimens were assessed using four-
point bending (beam) and indirect tensile (briquette) tests. In addition, previous research by Botes 
(2016) and Clarke (2016), focusing on the analysis of laboratory prepared beam and briquette EME 
specimens, was compared to the field specimens to check if a correlation exists between the different 
sets of specimens.  



 

 

This paper evaluates the EME specimens obtained from the field through performance testing and 
the comparison with laboratory manufactured specimens in the South African context. Furthermore, 
this paper also seeks to form a correlation between the fatigue properties of the field specimens with 
regards to various loading rates, strains, stresses and test configurations. Finally, the results 
obtained is consolidated to determine and give recommendations towards a performance criterion 
for EME which is applicable to the South African road environment.  

BACKGROUND INFORMATION 

Current Fatigue Criteria 

The current fatigue failure criteria for asphalt mixtures in South Africa typically consists of a 50% 
reduction in the initial stiffness of four-point bending beam specimens using controlled strain tests 
under repeated cyclic loading. Current test specifications recommend a frequency of 10Hz at a test 
temperature of 10oC for a specified strain. 

Using this method, the possibility exists to form a correlation between the number of load cycles 
(Nf) to 50% initial stiffness reduction (failure) and strain for a specified temperature.  

In addition, EME fatigue life was evaluated using indirect tensile tests. For this test setup, the 
fatigue failure criterion is achieved whenever there is crack initiation, failure of the specimen (typically 
through splitting) or the plastic deformation of a specimen until the maximum specified vertical 
displacement is achieved.  

Controlled Strain versus Controlled Stress Fatigue Tests 

(6)For structural design of thin asphalt layers, fatigue cracking is assumed to start at the bottom of 
the layer and propagate towards the top of the layers i.e. bottom up cracking. The failure mechanism 
for thin asphalt layers due to bottom-up cracking is the combined formation of small longitudinal 
cracks in the wheel path leading to crocodile cracking, typically found in South Africa. On the contrary, 
top-down cracking occurs for thick asphalt layers due to ageing at the surface and convex bending. 
The process entails the development of longitudinal cracks outside the wheel path on the top of the 
layer, followed by short transverse cracks that interconnect the longer cracks and yield crocodile 
cracks. 

(7)South African pavements are typically designed to be less than 50mm, which places an emphasis 
on bottom-up cracking of the layer. So strain controlled testing is standard in South Africa. Although 
EME is designed to use thinner asphalt layers, it still offers high fatigue life and resistance to 
permanent deformation. Furthermore, EME is thinner than conventional base layers supporting the 
use of strain-controlled testing.  

(8)EME specimens were tested at strain levels that fall within the international test protocols as 
specified in the AASHTO T321 and covers the range of strain levels experienced in South Africa. 
The use of strain controlled instead of stress-controlled tests is regarded globally as common 
practice. 

(9) 

Different Classes of EME 

(10)In South Africa, an EME layer can be classified either as Class 1 or 2, dependent on the mixture 
properties of the specimen evaluated. The current performance criteria requirement for the 



 

 

specification of an EME layer as Class 1 or 2 is presented in 0according to 2015 SABITA Manual 33 
(Sabita, 2015).  

Class 1 and 2 EME is classified according to the Richness Modulus (K) as specified in 2015 
SABITA Manual 33 (Sabita, 2015). In terms of mixture properties, Class 2 EME is characterized by 
superior fatigue life and a higher binder content present in the mixtures. 

PERFORMANCE CRITERIA REQUIREMENTS FOR CLASS 1 AND 2 EME ACCORDING TO 2015 SABITA MANUAL 33 

(SABITA, 2015), THE REVISED FATIGUE RESISTANCE TO REPEATED LOADING STRAINS ARE SUPPLIED. 

Performance 

criteria 
Test 

Test 

method 

No. of 

specimens 

Requirements for EME 

Class 1 Class 2 

Workability of 

the mixture 

Gyrator 

compactor, 

air voids 

after 

compaction 

ATSM 

6925 
3  

Durability with 

regards to 

climatic 

conditions 

Modified 

Lottman, 

TSR 

ATSM 

D4867M 
6 

Resistance to 

permanent 

deformation 

RSST-CH, 

55oC, 5000 

reps 

AASHTO 

T320 
3 strain

Dynamic 

modulus 

Dynamic 

modulus at 

10 Hz, 

15oC 

AASHTO 

TP62 
3 GPa GPa

Fatigue 

resistance to 

repeated 

loading 

Beam 

fatigue test 

at 10 Hz, 

10oC to a 

50% 

reduction 

in stiffness 

AASHTO 

T321 
9 

reps @ 

210

reps @ 

260

 

As stated earlier, this article analyses and consolidates the results obtained for the indirect tensile 
and four-point bending test. Recommendations are then made towards the establishment of a 
performance criterion applicable to the South African road environment.  

MATERIALS AND METHODOLOGY 

The two types of EME that were analyzed includes laboratory specimens prepared under 
controlled conditions and specimens extracted from the road (field) after the construction process. 
Following construction of the EME layers, the specimens were removed prior to the layer being 
opened for traffic.  



 

 

Fatigue and stiffness tests were carried out using the IPC Four-point bending test (4PBT) 
apparatus at Much Asphalt, Eerste River and the IPC Universal Testing Machine 25 (UTM) indirect 
tensile test apparatus at Stellenbosch University.  

This section describes the mixture properties of both the laboratory and field specimens, methods 
used for analysis of the stiffness tests, different test parameters and possible reasons for the 
variability between laboratory and field-tested specimens.  

Following the initial analysis, the results of Thomas (2018) on field EME specimens are compared 
to the four-point bending and indirect tensile tests completed by Botes (2016) and Clarke (2016) on 
laboratory specimens.  

For more information regarding the testing regimes, conclusions and result of the laboratory 
prepared EME specimens, refer to previous work by Botes (2016) and Clarke (2016). 

Mix Design Specifications 

Both sets of specimens analyzed in this paper made use of an unmodified 10/20 penetration grade 
bitumen for the laboratory manufacturing and field construction process. The mixture mass 
proportions along with the binder contents are supplied in 0 for the laboratory compacted beam and 
briquette specimens. The mixture proportions for the field specimens based on the target gradations 
is presented in 0.  

 MIXTURE MASS PROPORTIONS AND BINDER CONTENTS FOR LABORATORY COMPACTED SPECIMENS. 

Mixture Mass 

Proportions: 
Botes (2017) 

Clarke 

(2017) 

Binder content 
5.7 % 5.4 % 

Aggregate 

Type Mixture (%) 

13.2 mm Stone 36 43 

9.5 mm Stone 14 8 

Crusher Dust 49 48 

Lime 1 1 

 

The field specimens were constructed in two lifts of ±50mm labelled as top and bot. Top lift had a 
lower bitumen content (5.4%) compared to bot (5.7% bitumen content). Although Top had a lower 
bitumen content, the asphalt mixture for both layers was classified as EME Class 2. For both layers 
the richness modulus (K) was above the minimum specified value. Top is a stiffer layer, with 
increased resistance to permanent deformation due to the lower binder content. Bot in turns offers 
increased flexibility and resistance to fatigue due to the properties associated with a mixture of higher 
binder content. 

 

 

 



 

 

TARGET GRADATION FOR EME BASE LAYER EXTRACTED FROM THE ROAD (THOMAS, 2018). 

Gradation (% Passing Sieves) 

Passing Sieve Size (mm) 
20.0 14 7.1 5 2 0.075 

Target Value (%) 
100 95 63 54 32 6.6 

 

Through analysis of 0it is evident that specimens from Botes (2016) and Clarke (2016) are 
representative of Class 2 EME based on the binder contents. The higher binder content of the Class 
2 EME of Botes (2016) suggests specimens with increased fatigue life similar or greater than the 
EME obtained from the field in relation to the four-point bending beam tests. 

Void Content 

Other variables influencing the durability and fatigue life of the specimen’s tested include the void 
content.  

Field specimens obtained void contents in the range of 1.4 to 3% and 1.2 to 2.1% for the beam 
and briquettes tested, with top beam specimens having lower void contents in comparison to the bot 
layer. Laboratory specimens produced and tested for comparison to field specimens obtained void 
contents of ±4% and 3 to 5% for the beam and briquettes.  

Although there is correlation between the different test methods and the binder contents of the 
two sets of specimens tested, the different aggregate gradations, compaction methods and void 
contents all contribute to the variation in results.  

Stiffness and Fatigue Testing 

This section provides an overview on the stiffness and fatigue test parameters followed by  
Thomas (2018) for the analysis of four-point bending and indirect tensile tests including the methods 
followed for interpretation of the results.  

The stiffness temperature-frequency sweeps for the four-point bending tests were analyzed using 
the Christensen-Anderson (CA) model along with free shifting principles. This method provides a 
smooth curve, mathematical model and improved analysis for the stiffness and relaxation properties 
of the specimens over a range of temperatures. 

 Previous work by Botes (2016) and Clarke (2016) on laboratory prepared specimens applied free-
shifting principles to establish master curves for the temperature-frequency sweeps, which is a more 
robust method in comparison to the CA-model.  

Although Thomas (2018) analyzed beam specimens using the CA-model, comparison between 
field and laboratory results was based on the implementation of free-shifting principles. This method 
was used due to the limitations placed on previous research on laboratory EME specimens, which 
implemented free-shifting principles.  

Four-Point Bending Beam 
The flexural stiffness and fatigue tests for the four-point bending beam were completed in 

accordance with ‘AASHTO T321: Standard Method of Test for Determining the Fatigue Life of 
Compacted Asphalt Mixtures Subjected to Repeated Flexural Bending’ as specified in 2015 SABITA 
Manual 33 (Sabita, 2015). The standard specifies the use of a sinusoidal loading mode without rest 



 

 

periods for a maximum amount of 4 million load cycles, specimen failure or a 50% reduction in initial 
stiffness. A summary of the flexural stiffness and fatigue test parameters are presented in 0  

The stiffness at a specific frequency and temperature was calculated based on the average 
stiffness values obtained from the forward and backward sweep. A best fit linear regression line of 
the first 300 cycles was implemented to obtain the flexural stiffness at the 50th cycle for a specific 
frequency. In similar fashion to the CA-model, this method offers a more accurate representation of 
the data, due to the reduction of variability.  

 SUMMARY OF THE FLEXURAL STIFFNESS AND FATIGUE TEST PARAMETERS FOR FOUR-POINT BENDING TESTING 

OF FIELD SPECIMENS. 

Test Type Fatigue Flexural Stiffness 

Initial stiffness Taken at 50 cycles 

Based on linear 

regression at 50th 

cycle 

Loading mode 
Sinusoidal Sinusoidal 

Loading frequency 

(Hz) 
10 10, 5, 2, 1 and 0.5 

Peak-to-peak 

Strain (µε) 
100, 150, 200, 225, 250 and 350 250 

Testing 

temperature (oC) 
10 10, 15, 20, 25, 30 and 40 

Termination 

Cycles 
4 000 000 300 

Termination 

Stiffness 
50% reduction from initial 

stiffness 
--- 

 

Adjustments were made to the initial machine input parameters of the data for recalculation of the 
test results due to initial setup error of the fatigue testing machine. This resulted in higher strain 
values applied than specified to the specimens and lower flexural stiffness values. The average 
increase and decrease for the strain and flexural stiffness was close to 39% as presented in  
0. The adjusted values for the flexural stiffness and sinusoidal strain applied was used for the 
construction of frequency-temperature master curves and fatigue lines.    



 

 

SUMMARY OF THE FLEXURAL STIFFNESS AND FATIGUE TEST PARAMETERS FOR FOUR-POINT BENDING TESTING 

OF FIELD SPECIMENS. 

Tested Strain (με) 
Average Actual Strain 

(με) 

100 139 

150 209 

200 279 

225 314 

250 348 

350 487 

(11) 

Indirect Tensile Test 
The mixture stiffness (dynamic modulus) and fatigue test parameters was obtained using indirect 

tensile testing, through the application of a vertical load on a cylindrical specimen to produce tensile 
stresses perpendicular to the loading axis. In comparison, this method of testing applies a have sine 
loading mode with a minimum pulse width of 1000ms, whereas the four-point bending test applies 
sinusoidal loading with no rest period.  

Before stiffness and fatigue testing commenced, the indirect tensile strength (ITS) value and peak 
load was calculated to determine the cohesive strength of the mixture, through application of a 
vertical increasing load until specimen failure occurred. This method specifies the application of a 
vertical load until there is a significant drop in stiffness at a loading tempo of 50.8 mm/min, this force 
is measured to calculate the ITS value.  

Dynamic modulus testing was commenced in accordance with ‘ASTM D1432-8: Standard Test 
Method for Resilient Modulus of Bituminous Mixtures’. For the dynamic modulus tests, a pulse 
repetition period of 4000ms was used due to problems of recording data at long pulse widths.  

For the fatigue tests at 10oC, the shorter pulse widths of 100ms (10Hz) and pulse repetition period 
of 500ms was implemented, without any implications in capturing of the data. The dynamic modulus 
and fatigue test parameters are presented in 0 



 

 

SUMMARY OF THE DYNAMIC MODULUS AND FATIGUE TEST PARAMETERS FOR INDIRECT TENSILE TESTING OF 

FIELD SPECIMENS. 

Testing Mode: Dynamic Modulus Fatigue 

Loading mode 
Have sine Have sine 

Termination Cycles 
--- 1 000 000 

Peak loading force (N) 
53 653 53 653 

Poisson Ratios 
0.3 for 10, 15oC and 0.35 for 25oC 

Pulse width (ms) 
100, 200, 1000 100 

Pulse repetition period 

(ms) 
4000 1000 

Seating Force (N) 
10% of the peak loading force (536.5) 100 

Testing temperatures 

(oC) 
10, 15 and 25 10 

TEST RESULTS AND INTERPRETATION 

This section supplies the results obtained for the tests completed on the field EME specimens 
followed by the analysis, evaluation and comparison to laboratory prepared specimens.  

The EME field specimens were evaluated and compared against laboratory prepared specimens 
with respect to stiffness (dynamic modulus and flexural) and fatigue resistance for four-point bending 
and indirect tensile tests. Furthermore, comparisons were made of the temperature-frequency 
sweeps results for the different field specimens using the CA-model.  

Stiffness Tests 

This section consolidates the results obtained of the field EME core specimens through 
construction of temperature-frequency master curves. The temperature-frequency curves give 
indication of the mixture stiffness, including low and high temperature characteristics with regards to 
various loading rate.  

Using temperature-frequency master curves from cores tested in the dynamic indirect tensile 
mode, it is possible to extrapolate within the testing range to obtain stiffness values for different 
loading rates at elevated or lower temperatures with a specified reference temperature. 

For the field EME, specimens from the top and bot lift of the layer was tested to allow for 
interpretation of the design functionality and comparison thereof. The EME test specimens was 
selected based on the void contents, with the selected specimens being representative of the layer 
analyzed. First the dynamic modulus results are, followed by the flexural stiffness. 



 

 

Dynamic Modulus  
The CA-model parameters of the field specimens are supplied along with a discussion of the test 

results at a reference temperature (Tref) of 10oC. This is followed by the comparison of the field and 
laboratory specimens’ results using free shifting principles. 

0 represents a comparison between the two lifts of the field EME specimens, along with the CA-
model parameters in 0 for the reduced frequency vs complex dynamic modulus (E*). The shift factors 
used for the application of the CA-model is presented in (5) and (6). 

CA-MODEL PARAMETERS FOR THE DYNAMIC MODULUS OF SPECIMENS5TOP AND 6BOT AT TREF OF 10OC. 

Parameters 5Top 6Bot 

Gg (MPa) 
15 500 14 500 

Wo (Hz) 
0.045 0.04 

Log (2) 
0.301 0.301 

R 
0.985 0.876 

Error 
4.21% 2.89% 

 

Comparison between CA-models for field cores 5Bot and 6Top tested in ITT mode at Tref of 10oC. 

𝑺𝒉𝒊𝒇𝒕𝒇𝒂𝒄𝒕𝒐𝒓𝒇𝒐𝒓𝟓𝑩𝒐𝒕 = 𝟎. 𝟎𝟎𝟏𝐱𝟐 − 𝟎. 𝟏𝟐𝟐𝟕𝒙 + 𝟏. 𝟏𝟐𝟐𝟑   (5) 

𝑺𝒉𝒊𝒇𝒕𝒇𝒂𝒄𝒕𝒐𝒓𝒇𝒐𝒓𝟔𝑻𝒐𝒑 = 𝟎. 𝟎𝟎𝟏𝟐𝐱𝟐 − 𝟎. 𝟏𝟑𝟕𝟏𝒙 + 𝟏. 𝟐𝟒𝟖𝟐 (6) 

 Where: 

 𝒙 = Temperature (oC) 
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The results show that for both sets of field specimens, the curve gradient indicates similar 
relaxation properties occur at elevated temperatures of 20 and 25oC for the bot and top sections. At 
elevated temperatures, the top section has higher dynamic modulus (E*) values, concluding this 
layer offers increased resistance to rutting at elevated temperatures (20 and 25oC).  

Over the spectrum of temperatures and frequencies, both specimens have similar relaxation 
properties until 15oC. At 10 and 15oC, the gradient concludes that the bot section has superior 
relaxation properties, including better fatigue performance at lower temperatures. The properties 
described above are in correlation with the design functions of the two layers. The comparison 
between the field and laboratory specimens is presented in 0. 

  

Dynamic modulus comparison between laboratory and field cores for  Clarke (2016) and Thomas at 10oC. 

Both the field and laboratory specimens have similar relaxation properties, this indicates that the 
preparation method has a large influence on the mixture properties.  

Field specimens have better relaxation properties based on the gradient, suggestive of superior 
fatigue life properties in comparison. The laboratory specimens have higher stiffness values at 
elevated temperatures, indicating improved resistance to permanent deformation (rutting). 

Flexural Stiffness 
This section presents the comparison of the CA-models obtained for the flexural stiffness results 

of the field specimens and the comparison to the laboratory results by Botes (2016) for Tref of 10oC 
through free-shifting principles.   

The initial flexural stiffness is defined as the value obtained at the 50th loading cycle based on a 
linear regression of the stiffness values obtained over 300 cycles. The CA-model parameters for the 
two lifts is presented in 0, followed by the comparison in 0 of the reduced frequency and loading rate. 
Shift functions for the two sets of field specimens are presented in (7) and (8). The extension T and 
B that was made at the end of the specimen label refers to the top and bot lift. 

CA-MODEL PARAMETERS FOR FLEXURAL STIFFNESS OF EME FIELD SPECIMENS 2AAT AND 2BAB AT TREF OF 

10OC. 

Parameters 2AAT 2BAB 



 

 

Gg (MPa) 
22 513 19 123 

Wo (Hz) 
0.004 0.0034 

Log (2) 
0.30103 0.30103 

R 
0.9061128 0.8357406 

Error 
1.90% 2.81% 

𝑺𝒉𝒊𝒇𝒕𝒇𝒂𝒄𝒕𝒐𝒓𝒇𝒐𝒓𝟐𝑨𝑨𝑻 = 𝟎. 𝟎𝟎𝟏𝟒𝐱𝟐 − 𝟎. 𝟏𝟖𝟒𝟑𝒙 + 𝟏. 𝟕𝟏𝟖𝟕   (7) 

𝑺𝒉𝒊𝒇𝒕𝒇𝒂𝒄𝒕𝒐𝒓𝒇𝒐𝒓𝟐𝑩𝑨𝑩 = 𝟎. 𝟎𝟎𝟏𝟓𝐱𝟐 − 𝟎.𝟏𝟖𝟖𝟑𝒙 + 𝟏. 𝟕𝟓𝟖𝟗 (8) 

 

Flexural stiffness comparison between field EME beams at Tref of 10oC. 

The results conclude that both lifts have similar stiffness and relaxation properties over the range 
of tested temperatures, despite the different design functions based on the binder content. An 
increase in bitumen content did not have a significant effect on the relaxation properties.  

In contradiction to the dynamic modulus results, it is difficult to categorize the layers according to 
their design functions. Thus, no correlation exists for the stiffness versus loading rate properties 
between the two test type results of the EME (dynamic modulus and flexural stiffness).  

The comparison between the field and laboratory specimens for the flexural stiffness versus 
loading rate is presented in 0. The results conclude that the laboratory specimens have higher 
stiffness values for the temperature range between 15 to 35oC with regards to the loading rate. The 
higher gradient (relaxation) displays better relaxation properties for the field specimens in 
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comparison to the laboratory specimens suggesting better fatigue life over the tested range of 
temperatures. The fatigue life is compared, analyzed and discussed in the next section.  

Higher stiffness values for the laboratory specimens at elevated temperatures indicate increased 
resistance to permanent deformation (rutting), whilst the lower stiffness values at 10 and 15oC 
indicate a lesser chance of crack formation for cooler ambient road temperatures. 

It is evident that the laboratory specimens have superior high and low temperature properties 
(more resistance to permanent deformation at elevated temperatures and increased flexibility at 
lower temperatures) in comparison to field specimens from the test results. 

 

Flexural stiffness comparison between laboratory and field beams for Botes (2016) and Thomas at Tref of 

10oC. 

Fatigue Results and Transfer Functions 

Fatigue tests characterize the fatigue life of asphalt mixtures subjected to repeated loadings at 
intermediate operating temperatures to simulate in field conditions and performance. Results are 
used to obtain a fatigue relationship between the strain/stress and the number of load cycles to failure 
(dependent on test method) aka transfer functions.  

The fatigue life results are first supplied for the indirect tensile tests followed by four-point bending 
at Tref of 10oC, including a comparison and analysis between the laboratory and field specimens. 
This section includes the transfer functions obtained for the two test methods analyzed. 

Indirect Tensile Fatigue Results 
This section interprets the results obtained for the indirect tensile fatigue tests, which includes the 

percentage maximum ITS stress (σt max) value, maximum tensile strain (εt max) and the number of 
cycles to failure as presented in 0  
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An ITS value of 3.195 MPa was used in the calculations of the peak ITS force for the fatigue 
testing of the field specimens. The specimens highlighted in grey was not used in the setup of the 
fatigue transfer functions due to damage prior to testing and premature failure. This resulted in a 
limited number of specimens for the establishment of a fatigue transfer function.  

The fatigue-transfer function was developed based on 30 and 35% of percentage maximum  
ITS stress (σt max). The fatigue transfer function for the field specimens is presented in (9). This is 
followed by the comparison between the fatigue transfer functions for the field and laboratory 
specimens in 0. Previous research by Clarke (2016) on laboratory prepared specimens for indirect 
tensile fatigue tests were completed at a temperature of 15oC, which influenced the binder behavior, 
relaxation properties and fatigue life.  

INDIRECT TENSILE FATIGUE TEST RESULT FOR FIELD SPECIMENS AT 10OC (THOMAS, 2018). 

Specimen 

ID 

% σt 

max 

σt max 

(MPa) 
εt max (µε) 

Cycles to 

Failure 

1T 40% 1.278 144 44 331 

1B 30% 0.959 119 815 291 

3T 10% 0.320 40 898 491 

 35% 1.118 139 604 091 

3B ------- ------- ------- ------- 

5T 25% 0.799 99 ------- 

5B 30% 0.959 108 999 991 

6T 35% 1.118 139 116 381 

6B 35% 1.118 126 352 491 

  

 𝑵𝒇 = 𝟏𝟎(𝟏𝟎.𝟎𝟒∗(𝟏−
𝐥𝐨𝐠(𝜺𝒕𝒎𝒂𝒙)

𝟓.𝟎𝟒𝟗𝟑
)
(9) 

 Where: 

 𝑵𝒇 = Load cycles to failure 

 𝛆𝒕𝒎𝒂𝒙 = Maximum tensile strain at centre of specimen (µε) 

 



 

 

 

Comparison of fatigue transfer functions for field and laboratory EME specimens of Clarke (2016) and 

Thomas (2018). 

The field specimens have superior fatigue lives at increased strains levels, including similar 
percentages of σt max. The results conclude that the field EME is a superior material with regards to 
the higher 𝛆𝒕𝒎𝒂𝒙 applied to the specimens as presented in 0 for similar percentages of the maximum 
peak ITS values.   

Field specimens are less susceptible to an increase in the percentage σt max tested in the 30 to 
35% range as there is a small reduction in the fatigue life when compared to laboratory specimens. 

COMPARISON OF INDIRECT TENSILE FATIGUE LIFE TEST RESULTS FOR FIELD VS LABORATORY SPECIMENS. 

%σt 

max 

Specimen 

Type 

Specimen 

ID 

εt max 

(µε) 

Cycles to 

Failure 

30 
field 1Top 119 815 291 

field 5Bot 108 999 991 

laboratory 7 80 430 392 

35 field 3Top 139 604 091 

laboratory 5 102 225 382 

(12) 

Flexural Stiffness Fatigue Results 
The four-point bending fatigue test results are presented in 0, which includes the original test 

parameters, adjusted test parameters, specimen properties, volumetric properties and the number 
of cycles to fatigue failure.  

The strains at which tests were completed, were based on previous tests completed on the 
laboratory specimens by Botes (2016). For reference, the following section refers to the original strain 
values. 

Two tests completed at 100µε were omitted from the data used in the setup of the transfer 
functions, due to a premature cessation of data and power failure. Upon further analysis, it was 
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discovered that if the two 100µε results was extrapolated to 4 million cycles, this would have led to a 
reduction of the transfer function gradient. This suggests that it is necessary to increase the 
maximum number of load cycles for a fatigue test to prevent a reduction in the transfer function 
gradient at lower strains.  

The bot lift has better fatigue life properties for tensile strains between the 150 to 250µε (actual 
strain of 209 - 348 µε) when compared to the top layer, which is in accordance with the design 
function of the layer.  

The same behavior was not noticed at high strain values i.e. 350µε (an actual value of 487 micro-
strain), where the results exhibited large variations and the layers could not be distinguished based 
on the design functions. This is most likely due to high strains at which the stiff material was tested, 
resulting in rapid accumulation of damage and subsequent low fatigue life. 

FIELD SPECIMEN FATIGUE TEST RESULTS FOR FOUR-POINT BENDING TESTS AT 10OC. 

Peak-to-

peak 

Strain 

(µε) 

Adjusted 

Peak-to-

peak 

Strain 

(µε) 

Beam 

ID 

Voids 

Content 

 Initial 

Flexural 

stiffness 

(MPa)  

 

Adjusted 

Initial 

Flexural 

stiffness 

(MPa)  

 Cycles to 

50% 

stiffness 

reduction 

100 139 1ACT 1.10 36 878 22 496 561 888*  

100 139 1AAB 2.71 28 828 17 585 1 535 000** 

150 209 1BBT 1.52 34 839 21 127 1 297 237  

150 209 1CBT 1.49 33 177 20 119 1 330 531  

150 209 1CAB 2.48 33 243 20 825 2 788 770  

200 279 1CBB 2.51 31 835 19 305 226 891  

225 314 1ABT 1.32 33 837 20 519 230 127  

250 348 1CCT 1.73 34 448 20 890 121 047  

250 348 1ACB 2.50 35 135 21 307 159 298  

350 487 1BAT 1.38 34 085 20 670 30 434  

350 487 1BCT 1.63 31 339 20 808 10 397  

350 487 1BAB 2.62 36 828 22 333 9 379  

350 487 1BCB 2.7 35 074 21 270 23 132  

 

The transfer functions were initially set up using a general line gradient (m-value) for determination 
of the expected fatigue life at 10 to 50% initial stiffness reduction. Application of an averaged m-value 
resulted in large errors for determination of the number of load cycles to failure for establishment of 
the transfer function. Following the large variations in the load cycles to failure, the gradient (m-value) 
and cut-off point was supplied individually for each percentage stiffness reduction from 10 to 50%.  

The equation applied for the establishment of the transfer function is presented (10), followed by 
the constants for the setup of the top and bot layers as presented in 0 and 0 



 

 

 𝑵𝒇 = 𝟏𝟎(𝑨∗(𝟏−
𝐥𝐨𝐠(𝜺𝒕)

𝑩
)
 (10) 

 Where: 

 𝑵𝒇 = Load cycles to failure 

 𝐀,𝐁 = Constants 

 𝜺𝒕 = Peak-to-peak strain (µε) 

TOP EME FIELD SECTION TRANSFER FUNCTION CONSTANTS (THOMAS, 2018). 

Flexural 

Stiffness 

Reduction 

(%) 

Transfer Function Constants 

A B 

10 
18.206 3.515 

20 
18.375 3.487 

30 
18.695 3.444 

40 
19.721 3.341 

50 
20.343 3.244 

BOT EME FIELD SECTION TRANSFER FUNCTION CONSTANTS (THOMAS, 2018). 

Flexural 

Stiffness 

Reduction 

(%) 

Transfer Function Constants 

A B 

10 
20.06 3.394 

20 
20.029 3.378 

30 
19.813 3.369 



 

 

40 
20.476 3.298 

50 
22.104 3.175 

 

Following the field fatigue results, research by Botes (2016) and Steyn (2015) on laboratory EME 
specimens were added for comparison to the fatigue transfer functions obtained by Thomas (2018) 
as presented in 0 and 0.   

In comparison to the top layer, the bot section has superior fatigue life from analysis of the transfer 
function constants, which is in accordance with the layer design function. Furthermore, the fatigue 
transfer lines gradients for the two field EME sections were parallel with an increase in the percentage 
stiffness reduction, suggesting a steady accumulation of damage in the specimens.  

Both field and laboratory EME sections yielded lower fatigue life transfer functions in contrast to 
previous work by Steyn (2015) on laboratory specimens. Although Steyn (2015) obtained higher 
fatigue life over the range of tested strains, the field specimens achieved a similar gradient, indicating 
a correlation exists between the two sets of specimens for the 50% initial stiffness reduction.   

Due to limited data, fatigue transfer lines were only established at 20 and 30% reduction in the 
initial stiffness for the laboratory specimens by Botes (2016). The 20 and 30% initial stiffness 
reduction fatigue transfer lines by Botes (2016) has larger gradients in comparison to field specimens 
by Thomas (2017).  

The analysis concludes that at low strain levels, the laboratory specimens have superior fatigue 
life. From the fatigue line gradient, the laboratory prepared specimens by Botes (2016) is influenced 
more by the strain levels in comparison to the specimens tested by Steyn (2015) and Thomas (2017) 
with larger fatigue life reductions with increase in strain level and vice versa. 

  

Transfer functions for top EME field specimens compared to Botes (2016) and Steyn (2015). 
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Transfer functions for bot EME field specimens compared to Botes (2016) and Steyn (2015). 

CONCLUSION AND SUMMARY 

The performance of EME in-service in comparison of EME prepared in the laboratory is the focus 
of this paper. It includes the analysis of four-point bending and indirect tensile testing of specimens 
from these two sources i.e. laboratory and field. The response parameter i.e. resilient modulus, and 
the damage evaluation i.e. fatigue relationship of the EME are the subject of the comparison. 

The dynamic modulus results, as plotted in Master Curves, provide comparative trends between 
laboratory and field specimens over a range of temperatures and frequencies. This would indicate 
similar load spreading abilities at intermediate temperatures, for the different sources of EME 
materials. However, at higher temperatures, the laboratory specimens yielded higher dynamic moduli 
i.e. improved load spreading in a layer, than the equivalent field specimens. 

The fatigue evaluations did not provide comparative results between the two sources of EME 
specimens. Laboratory beam specimens provide superior fatigue life properties at low temperatures 
in comparison to the equivalent field specimens.  On the contrary, the lower dynamic flexural modulus 
values for the field specimens indicate improved relaxation properties, which provides an indication 
of an improved fatigue life.  

Evaluation of the EME fatigue results, concluded that for the four-point bending tests, research by 
Botes (2016) and Steyn (2015) on laboratory prepared specimens obtained superior fatigue life in 
relation to equivalent field specimens.  

The fatigue life of the two lifts (specimens) indicate bot obtained superior fatigue life, which 
correlates with the layers intended design function. Damage accumulation from 10 to 50% fatigue 
was constant for field specimens and obtained similar gradients to the work by Steyn (2015) on 
laboratory specimens. This implies steady damage accumulation occurred for the four-point bending 
test of the tested specimens. The indirect tensile fatigue tests, field specimens obtained superior 
fatigue life results when compared to laboratory specimens. Field specimens were not tested at lower 
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strain levels (less than 200 micro-strain), which will have affected the overall gradient of the fatigue 
transfer functions. 

Recommendations 

The following recommendations are provided following the analysis, conclusion and summary 
provided on the performance of in-service EME versus laboratory prepared specimens. The aim of 
the recommendations is to provide insight towards a test criterion which is in line and applicable to 
the South African road environment. 

With regards to the current four-point bending fatigue life criterion as specified in SABITA Manual 
33 (Sabita, 2015), the specification of 210µε for Class 1 EME to a minimum number of 1 million load 
cycles repetitions deemed to be satisfactory. From the results it emulated that the field specimens 
achieved fatigue life’s in the range of 1 300 000 to 2 800 000, exceeding the specified minimum of 
1 000 000. It should be noted that the abovementioned results were completed at 209µε. At 279µε 
the fatigue life decreased to 226 891 cycles, indicating a large reduction in fatigue life with increase 
in strain level from 209 to 279µε. This emphasizes that future tests be completed on EME specimens 
to establish the “turning point” resulting in the sharp decrease in fatigue life with increasing strain 
levels. Consequently, adjusting the strain level for Class 2 EME downwards. 

For the establishment of fatigue transfer functions, the maximum number of load cycles should be 
increased to 6 million at strains lower than 200µε and 4 million from 200µε upwards. Research by 
Thomas (2018) concluded that at lower strains, the specified 4 million maximum cycles result in a 
reduction of the fatigue transfer function gradient. 

Due to the nature of EME, which have high stiffness and brittleness at 10oC, the test temperature 
for the four-point bending fatigue tests should be revised and adjusted to a higher temperature in the 
range of 15 to 20oC. Research by Steyn (2015) indicate that higher ambient road temperature is 
more applicable to the South African environment and is a more accurate representation of in-service 
performance. Work by Anderson et al. (2001) support the statement for more accurate measurement 
and true representation of specimen fatigue life at elevated temperatures.  

At elevated test temperatures the number of cycles to a 50% reduction in stiffness will increase 
due to the reduction in EME stiffness, resulting in increased flexibility in the layer, less susceptibility 
to crack formation and improved relaxation properties. For an increase of the temperature, the strain 
setting for a stiffness reduction of 50% at 1 000 000 cycles must be adjusted upwards for the test 
protocol to satisfy the minimum requirements of the specified EME class. This is required to maintain 
a constant number of cycles to the 50% limit. My recommendation is that the four-point bending test 
temperatures is increased to between 15 to 20oC along with the minimum number of cycles to 50% 
stiffness reduction.  

(13)Previous research on laboratory specimens only included the analysis of flexural stiffness versus 
frequency i.e. Master Curves. The G* values and slope of the Master Curves provide some insight 
into relaxation properties of the EME mix. It is recommended, however, to expand the analysis to 
include Phase Angle as a parameter e.g. with Black Diagrams, which would provide additional insight 
into the effect of elevated temperature on relaxation properties. 
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Synopsis— The guidelines TG2 for Bitumen Stabilised Materials BSMs was first published 
in 2002, providing guidelines for the design and use of foamed bitumen treated materials.  
At that time, several emulsion stabilisation guidelines had already been developed. 
Supplemented by subsequent research, it became apparent that bitumen emulsion and 
foamed bitumen stabilisation provide pavement materials that perform similarly.  From that 
point on bitumen stabilisation became a generic term for the inclusion of either of the two 
bituminous binders.  The TG2 2nd edition of 2009 took a bold step recognising the shear 
properties of the bitumen stabilised material BSM as the key performance indicators. In 
addition, advancements in structural design and application of BSMs provided 
practitioners with robust guidelines. The subsequent decade has provided research 
developments including significant new performance data, mix design initiatives and 
application innovations that are taking BSMs to a higher level and need to be shared with 
the roads industry. These developments are encapsulated in the 2019 edition of TG2, 
including an extra chapter that covers site investigations optimising the benefits of 
recycled materials, especially recycled asphalt RA.  In addition, the entire design process 
has been updated with a streamlined mix design procedure and a new frontier curve for the 
Pavement Number design method, as well as a new mechanistic design function. These 
developments go further than solely addressing barriers to the technology, by enabling 
improved application BSM technology. 

Keywords—Bitumen Stabilised Materials, Bitumen Emulsion, Foamed Bitumen, Cold 

Recycling 



 

 

 

I.  INTRODUCTION 

It is necessary to look at the global status of road infrastructure to place the need for Bitumen 

Stabilised Material (BSM) technology into perspective. One third of the world’s global road 

infrastructure of 65 million km’s, is surfaced. Quite simply, if the average structural design life of the 

surfaced roads is 20 years, then 1 million kilometres of surfaced roads require structural 

rehabilitation annually. Based on the backlog of infrastructure maintenance that is widely publicized, 

many countries are not meeting their annual targets as a component of the millions of kilometres 

requiring structural maintenance. Cold in situ recycling coupled with BSM technology offers a unique 

solution to the challenging demand through sustainable, environmental and economic benefits. This 

technology is constantly being improved and refined, hence the need for periodic updates of the 

guidelines.  

As one of the pioneering nations of BSM technology, South Africa continues to take the initiative 

of updating the technology guidelines and addressing industry’s needs and concerns. In 2008, 

researchers and practitioners identified shortcomings of BSM technology applications [1]. These 

shortcomings were evident for the first edition of TG2 [2] (BSM-foam only) in 2002 and were related 

to:  

 Material characterization: sample preparation, moisture-density relationship and 

blending ratios,  

 Reliable BSM test methods: although ITS tests are an indicator of BSM behaviour, they 

do not provide a reliable link to in-service performance 

 Structural design: conservative, and included a two phase system, beginning with 

fatigue analysis followed by permanent deformation analysis. 

In 2009 the second edition of the technical guidelineTG2 [3] was published, for the first time 

providing an equal footing for bitumen stabilised material produced with either foamed bitumen 

(BSM-foam) or bitumen emulsion (BSM-emulsion). The guideline made provision for an improved 

compaction method (vibrating hammer), curing of specimens and testing method (triaxial) and the 

introduction of the Pavement Number. Notwithstanding the developments, a moratorium on BSM-

foam was subsequently introduced by SANRAL, emanating from an internal Materials Cluster 

meeting of October 2011. The moratorium was based on observations by SANRAL of poor 

performance of BSM-foam on specific contracts. This paper will explain how the concerns have 

been systematically addressed and the technology has been developed even further. 

Shortly after the initiation of the moratorium, SANRAL initiated an investigation into the concerns 

by arranging a task team to visit active both BSM-foam and problematic projects. The survey was 

carried out in various regions of South Africa and yielded meaningful findings. At the same time, 

additional issues were raised within industry at different forums regarding the use of BSM 

technology. As a backdrop to this paper, some of the pertinent issues related to BSMs are captured 

in order to explore their veracity and provide potential solutions to the challenges. The objective is 



 

 

to justify, or otherwise, the developments in BSMs over the past 10 years, as captured in the third 

Edition of TG2, published in 2019. 

 

A. Material Composition 

 Variability of materials due to non-uniformity, patching, fluctuating layer thickness etc can result 

in non-compliance issues. Findings/Solutions: pre-pulverise and cross-blend before stabilising, 

use in plant technology, blend with higher quality materials. 

 Field moisture contents above OMC result in a) poor compaction of BSMs and b) delayed 

break of the emulsion. Findings/Solutions: This issue is not unique to BSMs i.e. it is common 

to granular and cemented road building materials too, therefore, standard drying procedures 

apply. 

B. Mix Design 

 Typical duration of a full BSM mix design is 4 weeks. This was considered excessive. 

Findings/Solutions: This duration was found to be in line with that of other materials, e.g., 

asphalt. 

 Advanced level of testing and laboratory skill shortage: Inadequacies in skill levels of certain 

laboratory personnel leads to a perception that a BSM mix design that includes monotonic 

triaxial testing is too complicated. Findings/Solutions: Inadequate training of laboratory 

personnel is recognised in the roads industry and needs to be addressed. It is not limited to 

BSMs. Training courses in this field have been developed and implemented. In addition, the 

revised TG2 (2019) aims to show the benefits of reliable testing, both for quality management 

and for the link to inputs for structural design.  

 Additional mix designs may be required in the site laboratory during construction due to 

variable materials being encountered. This gives rise to additional laboratory costs. 

Findings/Solutions: Rehabilitation of a pavements by nature can include non-uniform 

materials. Mix design checks ensure reliable performance and can reduce the construction 

costs. 

C. Structural Design 

 A heuristic Pavement Number design system was developed to accommodate BSMs in 

pavement structures. The system makes provision for designs that include all standard 

pavement materials and has mechanisms to ensure pavement balance through inter-layer 

modular ratios. It uses an Equivalent Long Term Stiffness ELTS value for BSMs as a primary 

determinant for performance. However, some bias was detected in terms of the contributions 

of different layers to the pavement’s life i.e. asphalt over contributed and cemented layers 

were underestimated.  Findings/Solutions: The need for continuous upgrading with LTPP data 

to refine the PN system is recognised as important 

 The Mechanistic Empirical ME Design method developed for BSM-foam in 2002, provided 

pavement lives that could not match those of G1 or G2 bases. The system was based on 

limited in-service performance data. Findings/Solutions: The designs highlighted the 



 

 

weakness of the SAMDM ME method with very optimistic design lives for graded crushed 

stone. The need for more data and realistic distress mechanisms was identified. NB: this was 

not part of the original moratorium, but required attention. 

D. Construction 

 Start-up delays: Some recyclers had not been sufficiently maintained for deployment 

immediately at the start-up date. Several weeks could be required to prepare the 

recyclers. Findings/Solutions: Training of the machine maintenance crew, supervisors 

and operators is in place and an ongoing process 

 Concerns were raised regarding bitumen tankers that heat the binder to above 1500C and 

circulate it for excessive periods (sometimes more than six hours) before applying it as 

foamed bitumen. This could lead to oxidation and hardening of the binder before 

application. Findings/Solutions: The survey found that economics dictate that excessive 

heating of binder for extended periods is unaffordable for suppliers and contractors. 

Typically binder storage temperatures of 1200C were used and would only be ramped up 

to 1600C for application 

 Delays as a result of aggregate temperatures below the minimum 150C for foamed 

bitumen application can occur in winter months, particularly with inland sites. Climatic 

requirements such as this apply to other materials too, e.g., chip sealing and cement 

stabilisation.  Findings/Solutions: Bitumen stabilisation projects that are scheduled for the 

winter season with sites at altitude, should make allowance for delays.  

 Managing material variability: Cross-blending of variable materials to improve uniformity 

is effectively executed for in plant mixing but horizontal blending is notably limited for in 

place recycling. Findings/Solutions: Site investigations that provide for evaluation of 

variability have been identified and included in TG2 updates. This includes not only the 

selection of an appropriate construction method, but also the formulation of the mix 

composition e.g. a) blending variable in situ materials with imported uniform materials or 

b) pre-pulverising and cross-mixing materials. 

E. Post Construction 

 BSMs accommodating medium to heavy volumes of early trafficking can be prone to 

ravelling if the finished surface is segregated or final rolling does not take place with 

diluted emulsion (pseudo slushing). Findings/Solutions: Light slushing is generally carried 

out with an emulsion diluted to 15 to 25% of bitumen. Ravelling is a function of material 

type and grading (higher RA% is better), traffic volumes, bitumen content, material 

variability and climatic conditions (influencing moisture). Strict control of ravelling is 

required if the surfacing is a seal or thin asphalt. In addition, an inverted seal may be 

necessary to reduce embedment.  

 Quality control issues:  If sampling takes place behind the recycler but is not placed in a 

sealed bag, taken to lab, moisture content corrected to OMC and compacted, all within 4 

hours, test results compromised. Findings/Solutions: Laboratory staff awareness of these 

details through training is imperative.  



 

 

 Quality control testing: ITS testing can yield unacceptably variable results, according to 

selective contractors. Findings/Solutions: ITS testing suffices for QC if undertaken with 

150mm diameter specimens (not 100mm diameter), provided that the correct procedure 

is adhered to, followed by standard curing and testing. Common shortcomings include 

inadequate temperature conditioning time (at least 4 hours are needed from curing at 

400C to achieve a test temperature of 250C), actual temperatures not measured, non-

draft oven used for curing, “sardine-tin” packing of specimens in oven etc. This is 

addressed in training courses. 

 

One clear finding that emerges from the background is that bitumen stabilisation is not a simple 

technology. It requires sound knowledge of pavement materials and their classification, mix designs 

and laboratory testing, structural designs and their implementation. However, these key areas 

cannot be effectively mobilized without a sound strategy for evaluating the state of the road, what 

are the distress mechanisms and how can they be repaired. All of these areas are touched upon in 

the sections that follow.  

 

 

II. PAVEMENT INVESTIGATION AND EVALUATION 

 

Previous editions of TG2 did not include guidelines for pavement investigation and evaluation for 

the simple reason that most practitioners were experienced in these matters and TRH 12 had been 

in circulation since 1997.  The passage of time has shown that most rehabilitation projects are 

negatively affected by insufficient information on the existing pavement and the materials in each 

component layer.  The ever-increasing use of in situ recyclers for rehabilitation has highlighted this 

problem for the simple reason that recyclers can only recover material already in an existing 

pavement.  If the material in the recycled horizon is not known, or differs from what was believed to 

be in the road, problems result.    

Although the guidelines presented are applicable for all pavement rehabilitation projects, 

regardless of the stabilising agent used, they are of paramount importance when the intention is to 

recycle and stabilise with bitumen.  This is because BSMs are normally used in a base course 

(where stresses applied by traffic are high), protected only by a thin surfacing layer. 

The primary challenge on any pavement rehabilitation project is variability; variability of the material 

that will be encountered in the recycling horizon as well as variability in the underlying pavement 

that supports the new recycled layer.  Such variability can only be assessed by acquiring sufficient 

information about the existing pavement and this requires a detailed investigation involving several 

surveys and tests.  Figure 1 shows the recommended procedure to be followed, starting with the 

identification of uniform sections. 



 

 

Interpreting the information obtained from these surveys and tests is fundamental to pavement 

rehabilitation and is explained in the following section titled “Material Classification”. 

When recycling is envisaged, a preliminary estimate of the depth to which the existing pavement is 

to be recycled needs to be made together with the treatment to be administered to the recovered 

material.  A stabilisation mix design can then be carried out on representative samples taken from 

the recycling horizon.  Test results provide information concerning the properties of the treated 

material which, in turn, allows the thickness of the new layer to be refined.  However, since the mix 

design was carried out on material taken from an assumed recycling horizon, changing the 

thickness of the recycled layer changes the depth of recycling.  This often means that the material 

recovered from the new recycled horizon will be different, requiring a new mix design to be 

undertaken.  It is therefore an iterative process. 

Obtaining a truly “representative sample” of material from the recycling horizon can be challenging 

when the existing pavement includes thick layers of bound material (e.g. aged asphalt).  The 

sample used in the mix design needs to reflect the degree of pulverisation (i.e. grading) that will be 

achieved by the recycler.  The different options available for obtaining such a sample are explained 

in detail in TG2 (2019) [12], together with a description of situations where existing pavement 

materials should be recovered, pre-treated and mixed in an off-site plant rather than recycled in 

situ. 

 Also included is an explanation of the importance of understanding how recyclers work and why 

an assessment of the profile of the existing road needs consideration when in situ recycling is 

being considered.  Since recyclers run on the existing road surface with their cutting drum lowered 

into the pavement, imperfections in the existing profile will be reproduced in the cut horizon.  This is 

sometimes overlooked (or not realised) by design engineers and the consequences can result in 

premature failures. 



 

 

 

  Figure 1.  Flow Chart for Topics Covered in Chapter 3: Investigation and Evaluation 

 

III. MATERIALS CLASSIFICATION 

 

 

The Material Classification System was first published in 2009 and full details of this method 

appear in the TG2 guidelines [11].  The concept behind the system is to guide engineers in the 

interpretation of available pavement condition data, and to synthesize such information so that a 

holistic condition assessment can be made, and key design assumptions can be derived in a 

consistent and rational manner.  The result of the materials classification process is a Design 

Equivalent Material Class (DEMAC) denoted by pre-fix DE-, e.g. DE-G5. In the context of TG2, 

the determination of DEMACs for each pavement layer is a critical aspect of the structural design 

process, as it effectively dictates the structural design inputs.  Whilst the method has been widely 

used in the pavement design industry, potential improvements to the system were identified 

based on experience gained since its implementation.  

 Feedback from industry indicated that certainty factors (CF) associated with tests and 

parameters required more substance.  

 Some data sets show extreme variability between the intermediate certainties (or updated 

certainties that a parameter or test result represent a class) result in lower certainty levels 
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and vagueness of outcomes. These observations were especially evident when cemented 

(or previously cemented) materials were classified. 

 Bitumen Stabilised Materials: The original system was developed for new materials and 

practitioners largely rely on the mix design process to evaluate materials and classify BSMs.  

 Cemented materials: Parameters included in the original system were generally inadequate 

to classify cemented materials with acceptable certainties. Evaluation of a cemented material 

in a deteriorated state, i.e. “equivalent granular material” needed refinement. 

 Granular materials: Guidelines for the initial assignment of material type do not exist in the 

original system and was mostly based on subjective profile descriptions. The outcome of 

recent local research on granular materials as well as updated classification criteria included 

in the COTO Draft Standard [3] needed consideration.   

 Implementation: The interpretation of certainty outcomes associated with DE-classes could 

potentially be used to reflect the importance of the facility, in line with the required design 

reliability. Moreover, feedback from the industry indicated that clarification regarding the use 

and comparison with traditional classification systems (notably TRH) is needed.  

A. Validation and Update of Certainty Factors 

In the validation of the certainty factors (CF), an approach was needed that could quantify 

evidence of the ability of a test to serve as an accurate indicator of material performance. Whilst 

decisions about rejecting of hypotheses are based on p-values (significance) in classical 

hypothesis testing, decision rules in Bayesian hypothesis testing are based on Bayes factors. 

The main advantage of using Bayes factors is that it serves as a measure of the amount of 

evidence present in the data. In contrast to the classical approach, the Bayesian approach to 

hypothesis testing is comparative in nature, i.e. the Bayes factor is a ratio of the conditional 

probability of one hypothesis, H1, being true given the data D, and the conditional probability of 

the null hypothesis, H0, given the same data (Fenton and Neil) [6] and (Stefan et al) [8]: 

BF10 = P(H1/D)/(PH0/D) 

The following very simple interpretation of the results forms the basis of hypothesis testing using 

Bayes factors: 

 If BF = 1, then P(H1/D) = P(H0/D) then neither are more likely; 

 If BF > 1, then the data supports P(H1/D), and 

 If BF < 1, then the data supports P(H0/D). 

Researchers often adopt a rough heuristic classification scheme to define decision boundaries 

and interpret evidence from the Bayesian factor. The classification scheme proposed by Lee and 

Wagenmaker [8] is shown in Table 1. Using this scheme as basis, certainty factors as defined 

and used in the Materials Classification System were assigned. 

 

 



 

 

 

Table 1: Heuristic Classification Scheme for Bayes factors and assigned Certainty Factors  

Bayes factor Evidence Category Certainty factor assigned 

> 100 

30 – 100 

10 – 30 

3 – 10 

1 – 3 

1 

Extreme evidence for H1 

Very strong evidence for H1 

Strong evidence for H1 

Moderate evidence for H1 

Anecdotal evidence for H1 

No evidence 

0.8 – 1.0    

0.6 – 0.8   

0.4 – 0.6    

0.2 – 0.4     

 0 – 0.2   

0 

 

In this validation exercise, data sets from two projects were available that contain static and 

dynamic triaxial performance data, namely NCHRP 4-23 [5] and Theyse [9].  Correlation analyses 

confirmed the existence of good relationships between the basic shear parameters (friction, 

cohesion) and performance parameters such as repetitions to failure (failure).  In line with the 

philosophy originally adopted in the development of the Material Classification System, the 

friction and cohesion components are fundamental materials performance parameters. In 

addition, simple routine laboratory properties provide an assessment of one or both elements as 

described in the TG2, 2009 [11], confirmed through analysis in this study.  

The range of certainty factors assumed in the development of the current system forms an 

integral part of the calibration of the system and explicitly takes account of the fact that these 

tests only provides a relative indication of performance. The maximum value originally assigned 

was 0.45. This Bayes Factors are relative and could therefore be scaled conveniently to 

complement the current system, validate existing factors and at the same time update the factors 

for improved sensitivity, where warranted.  

 

B. Subsystem Update and Validation 

 

Table 2 summarises the strategy used to improve the subsystems of the materials classification 

system.  In the TG2 [12], the required BSM Class is determined using the updated mix design 

process as discussed in Section IV.  The material classification system complements this process 

by assessing the parent material class potentially based on larger sample sizes (samples from 

each test pit compared to number of mix designs) thereby addressing risks associated with in situ 

material variability.  

 

 

 

 



 

 

 

 

 

 

Table 2: Update and validation of subsystems 

Subsystem Rules Update Rules Added 
Classes 
Added/ 

Removed 
Validation 

BSM 

 System removed 

 New materials classified through updated mix design process and criteria1 

 Parent material and old existing BSM evaluated through Granular System 

Granular 

 General update 
 
Data/ References: 

 COTO DS 
(2019) 

 

 Assignment of 
material types  

 Crushed stone 
- Fractured faces 
- PI (P075), 

Grading 

 Linear 
Shrinkage 

 
Data/ References: 

 PPIS 

 COTO DS 
(2019) 

 Theyse (2010) 
 

None Data/ 
References: 

 PPIS 
 

Cemented 

 General update 
 
Data/ References: 

 PPIS 

 Selected 
projects 

 Visual condition 

 FWD maximum 
deflection 

 Grading, PI, 
CBR of broken-
up material 
 

Data/ References: 

 PPIS 

 Selected 
projects 

 Removed  
DE-EG 

 Added DE-
EG4, DE-EG5 

Data/ 
References: 

 PPIS 

 Selected 
projects 

Notes:  1 Refer to Section IV Mix Design of this publication 
Legend: COTO DS = Committee of Transport Officials (Draft Standard); PI(075) = Plasticity 
Index of material passing the 0.075 mm sieve; PPIS = Pavement Performance Information 
System [4] 

 



 

 

With this revision, calibration and validation of all subsystems were primarily based on data 

available from the Pavement Performance Information System (PPIS) developed as part of the 

Revision of the South African Pavement Design Method by Hefer and Jooste [4]. 

One aspect of the rule-based system adopted in the materials classification system is the initial 

and relatively broad assignment of a material type, defined as crushed stone (CS), natural gravel 

(NG), gravel soil (GS) and sand, silt or clay (SSC). Although the system makes provision for 

overlap of classes between material types, this part of the process essentially sorts the material 

in bin types to ascertain that outlier properties encountered for some material types do not result 

in unrealistic overall classification of the material.  A more objective approach to assignment of 

material types were introduced by formulating a set of simple rules utilizing the well-established 

and commonly used AASHTO classification system where material types are defined in terms of 

grain sizes fractions.  

An important aspect of this update was the alignment of the material class definitions, criteria or 

rules, with the recently revised South African COTO Draft Standard [3].  In the updated edition, 

emphasis is placed on the classification of crushed stone material and compatibility with the 

following updates in the new COTO Standard: 

 Grading specifications for G1, G2 and G3; 

 Introduction of crushed stone G4A and G5A with the same grading requirements. This 

envelope is the same as the TRH14 (1985) G4 envelope; This material requires multi-stage 

crushing and screening. 

 Introduction of G4B and G5B which can be natural gravel with pebbles and small cobbles, 

boulders and lumps of hard material, or soft rock that require single stage crushing or grid 

rolling.  

Additional parameters were added for sensitivity and to enhance the ability of the system to 

classify materials with higher certainties. These parameters include fractured faces (for crushed 

stone), the Plasticity Index of the material passing the 0.075 mm sieve (for crushed stone), and 

Linear Shrinkage. 

The cement stabilised DEMAC outcomes determined using the original system tend to produce 

low certainties due to limited information used in this classification.  In the 3rd Edition, the 

classification of these materials not only focuses on the in situ layer quality but also incorporates 

the laboratory tests to assess the quality of the broken-up material.  The system for cemented 

materials is adapted similar to the granular system and includes actual test or indicator results as 

well as ratings.  The traditional cemented material classes are supplemented with so-called 

equivalent granular (EG) classes that represent the condition of old cracked layers with stiffness 

values equivalent to good quality granular layers. This behaviour of cemented layers and the 

definition of EG classes have been adopted in South African pavement design methods.  This 

System was calibrated and validated utilising the PPIS database but was supplemented with a 

database compiled from selected rehabilitation projects focusing on cemented layers in a 

deteriorated state.     



 

 

C. Comparison with Traditional TRH Classification System 

Although the Material Classification System was originally developed for use in rehabilitation 

design applications, a need for analysis of new materials – excluding in-situ parameters – was 

identified. A database of virtual materials that conform to the material class limits specified in the 

COTO Design Standard (2019) was compiled. Simplified distributions for each of the parameters 

were set up with the specification limits representing the limits of a triangular distribution and 

midpoint representing the median. The results indicate that materials that conform to specification 

limits can generally be classified with a certainty above 0.8. The certainty cannot be 1.0 since 

specification limits overlap. Lower values were also obtained for sand-silt-clay (SSC) type 

materials and G10 in general since the specifications are not as well defined as higher quality 

materials by Johns and Hefer [7]. 

 

IV. MIX DESIGN 

 

 

The revision of the BSM mix design was challenged by the outcomes of 10 years of 

implementation of previous method as well as addressing issues raised by industry in the interim. 

Key considerations in this review included:  

 Materials variability: Selection of appropriate conditioning methods and reliable test methods  

 Specifications: Appropriate guideline limits to provide reliable performance 

 Duration: Streamlining of procedures to minimise the mix design time period 

 Resource economy: Minimisation of new testing equipment and procedures to the essentials 

 Performance related: Evaluate material properties with a reliable link to performance 

To achieve the objective of meeting industry’s needs, each set of issues needed to be considered 

and addressed.  

A. Pavement Investigation and Material Evaluation 

As explained in Section II, the pavement investigation has been tailored to address variability in 

rehabilitation projects by developing a better understanding of the extent of variation and the 

implications, as well as mitigation measures that can reduce variability. The strategy for gathering 

data and using it efficiently it important. Collation of data and presentation in strip-map format is an 

effective way of gaining a perspective of performance and material variability. 

As part of the quest to manage material variability, material classification for bitumen stabilisation 

has come under the spotlight. Research and experience has shown that BSM1 should comprise at 

least G4 (A or B) quality material and BSM2 at least G5 (A or B) parent material. In exceptional 

circumstances G6 can be considered for BSM2, but it must first go through a durability evaluation 

and meet Durability Mill Index limits. 



 

 

 

B. Optimising BSM Mix Composition 

A two part process is required to optimise a BSM mix. Each step requires testing of numerous 

specimens to take account of the mix composition variables and moisture conditioning of the 

specimens. To keep the sample size of the aggregate within manageable proportions, ITS tests are 

selected. Each specimen is 152 mm diameter and 95 mm high. The increase from the 100 mm 

diameter specimens in the previous decade is to reduce the coefficient of variation of the tests, 

dictated by the ratio of aggregate size to specimen diameter. 

Firstly, the selection of active filler must be undertaken. This is achieved by using three variables 

of active filler: 1% lime, 1% cement or no active filler and two variables for moisture conditioning: 

dry or wet. A standard bitumen content is added to each specimen. Three repeat tests are 

conducted for each set of variables. 

Secondly, the selection of optimum bitumen content is undertaken. This includes the selected 

active filler and four variables of bitumen content and two variables for moisture conditioning. The 

trend in ITS results including the three repeat tests, is plotted as an example in Figure 2 below. 

 

 

Figure 2. Selection of Bitumen Content from ITSDRY and ITSWET 

 

Taking account of material variability of the repeat tests, the ITS limits from Table 3 can 

be used to select the design binder content on Figure 2. 



 

 

 

 

Table 3. Indirect Tensile Strength Limits for Classification 

 

 

 

 

 

The flowchart for BSM mix design is captured in a sequence as provided on Figure 3. After 

the ITS testing there is one final step, i.e., triaxial testing. The challenge was to develop 

reliable but relatively simple and cost-effective equipment for the triaxial testing. This 

included: 

 Vibratory hammer compaction method: simulates field compaction in producing BSM 

specimens in the laboratory. Both ITS and triaxial specimens are produced this way. 

 Triaxial cell: comprises an inflatable tube in a confining cylinder for testing 150 mm diameter 

x 300 mm high specimens. It enables a standardised testing procedure. The shear 

parameters that are determined serve as BSM classification tool in accordance with Table 4, 

as well as input into performance models for structural design.  

 

 
     
Class 

ITS Limits 

ITS
DRY

 (kPa) ITS
WET

 (kPa) 

BSM1 > 225 > 125 

BSM2 > 175 > 100 



 

 

 

Figure 3. Flowchart for BSM Mix Design Steps 

For the first time, the shear strength properties of BSM take cognisance of the RA content 

for the classification. Research shows that the addition of high RA content generally results 

in an increase in the Cohesion and a slight reduction in the Friction Angle. At the same time, 

a higher RA content invariably leads to improved moisture resistance for the BSM. This is 

captured in an increased Retained Cohesion value measure for triaxial specimens that have 

been conditioned under water before testing. 

The new compaction methods and test protocols are currently being tailored into SANS 

norms, although in the interim they will be included in the revised TG2. 

 

 

 

Table 4. Shear Parameter Limits for Triaxial Tests 

  Class 
 

        RA (%) 

Triaxial 

Cohesion  
(kPa) 

Friction 
Angle (0) 

Retained. 
C (%) 

BSM 1 
         < 50%       250         40        75 

       50 – 100%       265         38        75 

BSM 2 
         < 50%       200         38        65 

       50 – 100%       225         35        75 

V.  STRUCTURAL DESIGN 

 

A. Optimising BSM Mix Composition. 

The second edition of TG2 in 2009 [11] introduced the Pavement Number method.  The last 10 

years have seen the method being widely used, and accepted into standard practise in South Africa.  

However, in the use of the 2009 Pavement Number, various shortcomings were identified: 

 

 Asphalt layers contribution to PN and pavement life:  For thicknesses exceeding 50 mm, the 

calculated pavement life is longer than expected, as the layer contributes too significantly to 

the PN, which is unconservative. To limit this shortcoming, a maximum asphalt layer thickness 

of 50 mm was imposed. 

 Asphalt bases:  The method was originally not developed for asphalt base pavements.  

Because asphalt layers contribute too much weight to the PN, it is not possible to simply adapt 



 

 

the current method to include thicker asphalt bases.  There is, therefore, a need to recalibrate 

the method with pavements with asphalt bases. 

 Cemented layers contribution to PN and pavement life:  Cemented layers do not contribute 

significantly to the PN and pavement life, and sometimes give no additional contribution when 

compared to a granular material.  This is primarily because of the adjustment made to consider 

the thickness of the cemented layer.  The over-contribution of the asphalt layers and under-

contribution of the cemented layers tend to balance each other out to give pavement lives that 

are reasonable in most cases.  

 Frontier curve for predicting pavement life from the Pavement Number:   

o The frontier curve is a segmented step-function and can result in no increase in 

pavement life with fairly significant increases in the pavement structure and PN, or the 

converse, significant increases in life with small increases in the PN.   

o The frontier curve is considered conservative. Some of the pavements used to develop 

the curve were in a sound or warning state, and would have carried more traffic before 

reaching a terminal condition.   

As part of the revision for the TG2 3rd edition, the PN was also revised to overcome the 

shortcomings.  In this revision, a considerably larger dataset was used, including: BSM data from the 

2009 Pavement Number development, the PPIS (Hefer and Jooste, 2009), N3TC Deterioration 

Modelling data, TRH4 catalogues and SATCC catalogues (for cemented and asphalt bases only).  

In total there are 9 different combination of bases and subbases, and both surfacing seals and hot 

mix asphalt surfacings.  The condition and traffic estimates for the BSM pavements used in the 

original development were updated with the latest information available.  A total of 69 actual 

pavement structures and 279 catalogue structures are included in the database and used to update 

the PN method inputs rules and calibrate the frontier curves.   

The following improvements have been made to the 2019 Pavement Number method: 

 Two new material classes were introduced, HMA bases and equivalent granular materials 

(EG4 and EG5).   

 The asphalt thickness allowed is 20 to 100 mm for surfacings, and 20 to 200 mm for bases.   

 A thickness adjustment factor has been introduced for all cohesive materials:  HMA surfacings, 

HMA bases, BSMs and Cemented layers. In attempting to correct the under contribution of the 

cemented materials, it was found that for these materials, as the layer thickness increases, the 

higher stiffness values contribute too much to the Pavement Number.  This is a result of the 

empirical nature of the method, and typically an issue associated with structural number 

methods where the thicknesses have a major impact and can lead to unrealistic estimates.  

The introduction of the thickness adjustment factors for cohesive materials has mitigated the 

increasing thickness effect.   

 The frontier curves for Category A and B roads have been modified.  The step-function has 

been removed.  The curves have 2 sections, at lower PN numbers the increase in the capacity 



 

 

is more gradual, but at high PN values the increase in capacity is steeper.  The maximum 

capacity for both categories has been increased to 40 million equivalent standard axles.  Figure 

4 shows the revised PN frontier curves, with all the data used in the calibration.   In the figure, 

the red, orange and green data are for the actual pavement sections and indicate a severe, 

warning and good condition.  The blue data are for the N3TC.  The grey data is for the TRH4 

catalogues and the green for the SATCC catalogues.   

Detailed investigation of the fit of the frontier curves to the actual pavement data showed that in 

overall, while the PN gave an unconservative fit to 13 sections, in only 4 sections (2 locations), were 

the fits considered unreasonable.  The large majority of the sections fit the PN system in a reasonable 

manner.  It must be emphasised that the actual traffic data and pavement structure are also subject 

to variability and inaccurate collection processes.  Any weaknesses in the PN system is not only due 

to the PN system itself, but also the collection of the LTPP data.  The fit to the TRH4 catalogues 

show that the catalogue structures are often conservative, which agrees with the widely held belief 

that the catalogues are conservative. The fit to the SATCC catalogue shows that the PN criteria are 

more conservative for the higher capacity pavements, but more unconservative for lower capacity 

pavements.   

It is believed that the revised Pavement Number method is an effective improvement, and will lead 

to its even wider application in the structural design of all pavement structures in South Africa.      

 

 

Figure 4.  Pavement Number Frontier Curves with All Calibration Data  

 



 

 

B. Mechanistic Empirical Design. 

Conventional materials pavement design such as asphalt, graded crushed stone, gravel, 

cemented materials and soil and their engineering properties for mechanistic-empirical (ME) design 

are catered for in the South African Pavement Engineering Manual SAPEM [10]. BSM is not, 

however, included, therefore a new structural design function has been developed for these 

purposes. 

There is a separate CAPSA 2019 paper authored by Bierman that explains the ME Design 

function. Suffice it to mention that the ME Design Model for BSMs uses the shear parameters 

Cohesion and Friction Angle as input, as well as Retained Cohesion, generated from triaxial testing 

in the mix design. 

 

 

VI. APPLICATION 

 

 

TG2 [12] explains how to construct layers of BSM, using an in situ recycler, conventional construction 

equipment (BSM-emulsion only) and material mixed in an off-site plant.  The primary difference 

between this 3rd Edition of TG2 and the previous one is the focus on the sequence of actions that 

need to be taken, from initial planning all the way through to applying the final surfacing layer.  If one 

step of this sequence is missed, problems can, and generally do, arise. 

In situ recycling occupies the lion’s share of the chapter for the simple reason that TG2 has been, 

and still is, the only truly independent publication dealing with this subject.  The focus on recyclers 

from one particular machine manufacturer has been dropped and, where necessary, attention is 

drawn to differences between the machines produced by these manufacturers with the explicit 

requirement to consult their respective technical guidelines for specific application details. 

The section on in plant mixing has also been revised drawing on lessons learned during the past 10 

years.  The benefits in terms of quality of the BSM produced using an in plant mixer have seen these 

materials applied on some extremely challenging projects and, having proved successful, continue 

to be used, especially where there are few alternatives (e.g. where a thick new base layer has to 

withstand heavy traffic loading soon after construction). 

However, the secret to success on any construction site is training and experience.  The importance 

of deploying appropriate personnel (in all departments, from operators, mechanics and foremen to 

site managers) who are responsible for carrying out the work cannot be emphasised enough. 

 

IV. CONCLUSIONS 

 



 

 

The past decade began with a paradigm shift in the design and application and Bitumen Stabilised 

Materials BSMs, followed by perceived inadequacies in the specification, construction and 

performance of these materials. The response to this has been developments of significance that go 

beyond solely addressing the issues, by taking BSMs forward in many strategic areas including: 

- Guidelines in site investigation for rehabilitation design that provide special attention on cold 

recycling technology and, for example, how recycle distressed asphalt effectively, 

- An updated material classification system that uses significantly more materials data to 

provide a more robust method for evaluation and design, 

- A more efficient and reliable mix design approach for BSMs that revises the test method, 

refines the specification guidelines and provides performance parameters that link into the 

structural design, 

- An upgrade Pavement Number design system that provides for a greater range of types of 

pavement structures and more accurate design outcomes based on an additional 10 years of 

LTPP data, and     

- Improved guidelines for the preparation and construction of BSMs, using both in place and in 

plant technology. 
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Synopsis-This paper describes the findings of a Heavy Vehicle Simulator (HVS) test on 

road D1884 in the Gauteng province of South Africa. The pavement structure was 

rehabilitated using an anionic nano-silane modified bitumen emulsion stabilising agent in 

the base and sub-base. The rehabilitation design traffic loading (20 year design period) is 

based on 3 million Equivalent Standard 80kN Axle Loads (ESALs). The 50 year old pre-

rehabilitated road exhibited severe distress with in-situ materials in the upper pavement 

layers that have weathered to a tested G8 quality – materials usually considered unsuitable 

for use in base/sub-base layers of a pavement structure. The HVS test subjected the 

pavement structure to an equivalent of at least 3.5 million ESALs (using calculated damage 

factors). Using the standard damage factor of 4,2, 7.5 million ESALs were applied.  Although 

the dual wheel load was increased to 80 kN and water introduced (in depth as well as on the 

surface), no structural failure could be induced during the test (a final rut of only 8 mm was 

measured). The in-situ stabilisation of available materials using an anionic nano-silane 

modified bitumen emulsion compared with the standard approach of importing high quality 

materials realised a saving of 43%. The HVS test was conducted on a site where materials of 

“unacceptable” quality stabilised with a laboratory proven technology were used.  This 

provided road authorities with quick results for the consideration of the future use of this 

technology which potentially embodies the cost-effective service delivery of high-quality 

roads. 

Keywords:  Anionic nano-silane modified bitumen emulsion, modified emulsion-treated 

materials, HVS testing, APT, cost-effective roads 

  



 

 

I.  INTRODUCTION 

The significant cost associated with upgrading, maintaining and rehabilitating of road infrastructure 

severely impacts the life-cycle cost and capacity of South Africa’s transport network. The Council for 

Scientific and Industrial Research (CSIR) is currently conducting and planning several studies 

associated with understanding the behavioural characteristics of innovative, modified road 

construction materials that could potentially be significantly more cost-effective than standard 

designs and materials. In order to determine the structural capacity of these modified road materials 

under different traffic demand classes and environmental conditions, a series of Heavy Vehicle 

Simulator (HVS) tests have been planned on different pavement classes across Gauteng, such as 

that on Provincial Road D1884 which was rehabilitated using an anionic nano-silane modified 

bitumen emulsion stabilising agent for the in-situ stabilisation of the base and sub-base of a 

pavement structure with an ES3 design (1 to 3 Million Equivalent Standard 80kN Axle Loads (ESALs) 

over  its design life). This was a bespoke design specifically for the chemistry of the virgin materials 

before modification whilst taking traffic and environmental conditions into consideration. The HVS 

programme and its impact is described elsewhere [1], [2]. 

This paper describes the findings of a Heavy Vehicle Simulator (HVS) test of road D1884 near 

Meyerton in the Gauteng province of South Africa. The pavement structure incorporated a nano-

silane-modified emulsion in the base and subbase and was designed for 3 million Equivalent 

Standard 80kN Axle Loads (ESALs). The virgin material used in the base and subbase was classified 

as a G8, which is usually unsuitable for use in a base or subbase.  The objective of this test was to 

assess whether this material, after being stabilised with silane-modified emulsion, can be used 

effectively as base and/or sub-base material without needing to haul expensive good quality 

materials to the site. This paper summarises the findings from the laboratory and HVS testing. 

Detailed analysis of the data is provided by Rust et al. [3]. 

 

II. BRIEF LITERATURE REVIEW 

 The ‘nanotechnology’ field refers to material particles at a nanoscale. Steyn [4] indicated that, 

nanotechnology is applicable in a number of science fields including physics and chemistry but has 

also found a purpose in road building materials. According to Kelsall et al [5] nanotechnology can 

be defined as the knowledge of the design, construction and utilisation of functional structures with 

at least one characteristic dimension measured in nanometres (nm). The minute size of the particles 

yields a significant change in the nature, function and properties of nano-materials. Much of this 

knowledge has however, not been utilized by road design professionals in South Africa [6].  

 

 It is well known that clays are problematic in road building materials [5]. It has been shown that 

emulsion is very suitable for the stabilisation of materials containing smectite and mica as well as 

some cohesion-less sands [7]. Road building materials modified with nano-technology (such as a 

nano-silane-modified emulsion) should therefore be characterized through X-ray diffraction (XRD), 

to allow the designer to alter the modifying agent to be suitable for a specific material [8]. 



 

 

 

 Polymer-modified bitumen emulsions are also widely used in road construction and can increase 

the viscosity and stiffness of the bitumen. However, it was noted that this modification type may not 

improve elasticity and elastic strength properties [9, 10]. 

 

 Jordaan et al [8] provided a preliminary material classification for nano-modified emulsions 

(NMEs) ranging from the highest quality NME1 (comparable to a G1 base), to NME4 (typically 

containing 0.5% to 0.7% modified emulsion) which is comparable to a G4 material. Material in the 

NM-EG5 classification requires a base material quality of less than that of a G5 material. The 

classification by Jordaan [8] calls for, inter alia, ITS values ranging from greater than 175 kPa 

(NME1) to greater than 80 kPa (NME4) in the dry state. Jordaan [8] furthermore indicates that NMEs 

should be treated differently from normal road building materials due to the fact that they do not 

conform to normal specifications for road building materials. In addition, nano-silanes and nano-

polymers contain chemicals that require alternative protocols for sample preparation and testing.  

 

 Nano-silane-modified emulsion has been used on a number of projects in South Africa with 

satisfactory early field performance. This includes road D1884 (the topic of this paper), the K46 

William Nicol drive in Johannesburg, the rehabilitation of Rural Road D3718 in the Limpopo province 

of South Africa, and road D29 in Swaziland (north of Manzini) [11]. 

 

 The Central Roads Research Institute in India reported positive results from the use of nan-

modification in both asphalt and soils [12]. NCAT reported positively on the use of a diluted cationic 

emulsion containing a nano-technology additive in tack coats, particularly as to their moisture 

resistance [13].  

 

  

III.  PAVEMENT DESIGN 

The conventional design for ES3 class roads used by the Gauteng Province and the alternative 

design using nano-silane modified bitumen emulsion are shown in Figure 1 below. 

 

The purpose of this project was to evaluate the bearing capacity and structural strength of the 

pavement constructed as part of the D1884 rehabilitation project which has been constructed using 

a nano-silane-modified emulsion material. Furthermore, the performance when used to improve the 

quality of marginal quality materials (i.e. poor-quality materials which will generally not be used in a 

road base or subbase) was evaluated. The virgin material was classified as a G8 material.  The 
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stabilising agent was a specially designed (material compatible) anionic nano-silane modified 

bitumen emulsion. It consists of an anionic SS60 bitumen emulsion with a emulsifying agent 

consisting of a Sodium Hydroxide basic molecule with a alkyl group consisting of a CH3(CH2)n, 

carbon-chain where n > 15. (Vinsol resin or equivalent). Jordaan et al [8] reported the details of 

recommended project specifications used for the rehabilitation of Road D1884. Since no design 

failure criteria are currently available for nano-silane modified bitumen emulsion stabilising agents 

the criteria developed from HVS tests using unmodified bitumen emulsion were used [14]. These 

failure criteria are considered conservative or “safe” for implementation, since the behaviour 

characteristics of the nano-silane modifications are expected to be considerably better. One of the 

outputs expected from this and future HVS tests is to either confirm these design curves or 

recommend adjustment to the analysis of normal bitumen emulsion stabilisation compared to that of 

anionic nano-silane modified bitumen emulsion. These recommendations should enable engineers 

to (in future) further optimise designs using this technology. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Conventional and alternative designs for the D1884 

 

IV. METHODOLOGY AND TESTING REGIME 

 

Laboratory work was conducted to characterize the materials in the pavement structure before 

and after modification. During the HVS test standard (80kN axle load) and a high load (120 – 160kN 

axle loads) tests were used to study the bearing capacity, structural strength and load sensitivity of 

this structure in dry and wet conditions. The following load applications were applied to the D1884 

HVS road section: 

 321,350 repetitions of a 40 kN dual wheel load (80 kN axle load) 

 372,600 repetitions of a 60kN dual wheel load (120kN axle load) 



 

 

 96,882 repetitions of an 80 kN dual wheel load (160 kN axle load) in the dry state, and 

 155,649 repetitions of an 80 kN dual wheel load (160 kN axle load) in the wet state. 

 

The total number of repetitions applied was 946,481. Water was applied both in depth through 

holes drilled at depths of up to 400 mm as well as on the surface while applying an 80 kN wheel load. 

The test section layout is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

Fig. 94. Layout of the HVS test section 

 

From Figure 2 it can be noted that the following measurements were taken during HVS testing: 

 Profilometer measurements to determine the surface deformation across the test section; 

 Road surface deflectometer (RSD) readings to determine the surface deflection 

characteristics; 

 Multi-depth deflectometer (MDD) readings at two points, and 

 Temperature readings using thermocouples on the test section as well as a control section. 

 

Light weight deflectometer readings were taken before the test commenced on both the test 

section and a control section. DCP analyses were conducted after the test, both outside the test 

section (“before” state) and inside the test section (“after” state). Post-test laboratory testing was 

conducted on cores taken both outside and inside the test section. 

In addition to the water added manually to the test section, significant rainfall was recorded during 

the HVS test (see Figure 3). 
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Fig. 95. Weekly rainfall during the HVS test 

 

V. MATERIALS TESTING 

 

 A summary of the materials testing prior to modification is given in Table 1 below. It can be 

noted that the materials were of very low quality for use in a base and sub-base supported by sub-

grade with a high clay content in each layer. Special attention needs to be drawn to the percentage 

passing through the 0.075 mm sieve size as these results have a significant influence on the modified 

stabilising agent implemented. These results are indicative of considerable weathering due to 

chemical decomposition over the past 50 years since the road was originally constructed. In fact, 

material from this site presented design engineers with considerable challenges and this work could 

well form a basis for the laboratory analysis of any potential material stabilisation/modification product 

earmarked for future laboratory testing and evaluation.  

  



 

 

TABLE I.  MATERIALS TESTING RESULTS PRIOR TO STABILISATION  

   

Base 

layer 

Subbase-

layer 

Upper 

selected 

Sieve 

analysis 

(mm) 

63.0 100 100 100 

53.0 100 95 96 

37.5 100 82 89 

28.0 100 76 88 

20.0 93 72 88 

14.0 77 65 88 

5.0 53 56 86 

2.00 46 50 83 

0.475 32 43 75 

0.075 13 22 32 

 SANS 3001 - PRS 

Fine Sand  4 10 17 

Silt & Clay  33 44 39 

Atterberg 

Limits 

LL (%) 24 23 21 

PI 7 4 3 

LS (%) 3.5 2.1 1.4 

GM GM 2.09 1.85 1.1 

Mod-

AASHTO 

OMC% 7.2 11.4 9.1 

MDD 2170 2030 1967 

CBR 

Comp 

MC 7 11.2 8.8 

% 

Swell 0.16 0.29 0.52 

CBR @ 

density 

100% 27 32 20 

98% 22 28 15 

97% 19 26 13 



 

 

 

 

 

 

 

 

 

 

The laboratory material design results for road D1884 in terms of Unconfined Compressive 

Strength (UCS) (dry and wet) and Indirect Tensile Strength (ITS) (dry and wet) were conducted using 

various percentage of anionic nano-silane modifications in combination with various percentages of 

anionic SS60 bitumen emulsions. A summary of the optimum design using an anionic nano-silane 

modified bitumen emulsion with the associated engineering properties in terms of compressive and 

tensile strengths are given in Table II. The test procedures followed are described in detail elsewhere 

[16].  

 

DESIGN LABORATORY RESULTS  

Material ITSdry 

(kPa) 

ITSwe

t 

(kPa) 

(ITSwet/ITSdry

) 

UCSdry 

(kPa) 

UCSwet 

(kPa) 

(UCSdry/

UCSwet) 

Base layer: 1.5% 

modified emulsion 

(1,5* liter / m3) 

232 184 79% 2620 1865 71% 

Sub-base layer: 1.2% 

modified emulsion 

(1,5* liter / m3) 

268 206 77% 4947 1670 34% 

Sub-base layer: 1.0% 

modified emulsion 

(1,5* liter / m3* ) 

420 321 76% 4807 831 17% 

 * Anionic nano-silane modifier 

Table II contains several results that emphasise the importance of detailed material design. The 

high percentages of material passing the 0.075 mm sieve of which more than 30% consist of clay 

with a crystal size of less than 1 nm have a marked influence on the results. A bitumen molecule is 

in the order of 2 – 6 μm in size – considerably bigger than clay crystals. The consequence is that 

higher percentages of bitumen results in lower tensile values with the clay crystals “swimming” in the 

95% 15 23 9 

93% 12 20 7 

90% 9 16 4 

TRH14 

material 

classification 

  G8 G7 G10 



 

 

binder resulting in lower tensile strengths. Hence the considerably higher tensile strengths at 1% 

versus the 1.5% anionic nano-silane modified bitumen emulsion [8]. 

In terms of pavement behaviour, the maximum tensile strain usually occurs at the bottom of the 

lower stabilised layer (in this case the sub-base) where the design should be such that these strains 

can be accommodated without failure. In addition, the maximum vertical compressive stress will be 

at the top of the base layer. In this case the design should ensure that the results obtained during 

the stabilisation process ensure that the base layer have the best resistance against compressive 

stresses and hence a high UCS (dry and wet) to also prevent quick deterioration against the ingress 

of water [8]. 

It should be noted that the “exceptional high” ITS values tested using a bitumen emulsion based 

stabilising agent are not unusual for anionic nano-silane modified bitumen emulsion tested on 

materials throughout southern Africa [15]. The performance characteristics and expected behaviour 

trends of the pavement structure may also differ substantially from the norm contained in the TG2 

[16] – several explanations to these differences exists [8] that may require a variation on the approach 

recommended for bituminous treated materials as contained in the TG2.  

 

VI. HVS TEST RESULTS 

 

A. Rut measurements conducted with the profilometer 

The rut depth as measured with the CSIR’s laser profilometer is depicted in Figure 4. Figure 5 

shows the progression of rutting across the test section. From the rut measurements indicated in 

these figures, the following can be seen: 

 The average rut depth is 8 mm which is excellent performance after about 7 million E80s 

(using a damage coefficient of 4.2) or 3,5 million E80s using the damage coefficients 

determined through this single HVS test (see below); 

 The maximum rut depth is 10.6 mm. 

 

During the test, the surfacing failed due to a number of factors including the very hot weather 

experienced during the HVS test combined with the very high wheel load (80 kN) being applied. 

There was also some oil spillage over the HVS section (that may have softened the binder) and 

contributed to the failure. However, the main objective of this test was to test the bearing capacity 

and structural integrity of the base and subbase and, as the subsequent data will indicate, the 

structural performance has been excellent. 
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Fig. 96. Average rut depth measurements on the total section 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 97. Progression of cross section rutting during the HVS test 

 

B. Road surface deflections 

The surface deflections as measured with the RSD under 40 kN, 60 kN and 80 kN test wheel load 

through the test are given in Figure 6. 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 98. Average surface RSD deflections (40 kN wheel load, tyre pressure 800 kPa) 

Figure 7 shows the progression of deflection measured longitudinally over the test section under 

a 40 kN wheel load (800 kPa tyre pressure) through the test - both longitudinal centre line deflections 

and off-centre deflections. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 99. Longitudinal and off-centre RSD deflections (40 kN wheel load, 800 kPA tyre pressure) at 

various stages (load repetitions) 

From Figure 6, it can be noted that the average deflection increased from an initial value of 0.36 

mm to 0.71 mm under a 40 kN wheel load (tyre pressure 800 kPa). The deflections under 40 kN did 

not vary significantly across the test section (see Figure 7). The maximum deflection measured 
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during the test under 40 kN was 0.89 mm. Detailed deflection measurements at 60 kN and 80 kN 

were reported by Rust et al. [3] 

 

C. Multi-depth deflectometer (MDD) measurements at Point 4 on the HVS test section 

The multi-depth deflectometer (MDD) measurements at Point 4 are depicted in Figure 8 

(permanent deformation measurements in depth) and Figure 9 (elastic deflections in depth). 

  



 

 

 

 

 

 

 

 

 

 

 

 

Fig. 100. Permanent deformation (PD) measurements at MDD 4 

 

 

 

 

 

 

 

 

 

 

Fig. 101. Multiti-depth deflections at MDD 4 (40 kN wheel load, 800 kPa tyre pressure) 

 

From the graphs in Figures 8 and 9 it can be noted that, although most of the permanent 

deformation came from the base layer, this deformation is still very low in terms of pavement design 

standards and is measured at about 3.6 mm within the base as it consolidated under traffic. The total 

deflection under the 40 kN wheel load is 0.59 mm, of which, at 490,000 repetitions, 0.11 mm came 

from the silane-modified base-layer and 0.18 mm came from the silane-modified subbase layer. 

 

D. Multi-depth deflectometer (MDD) measurements at Point 12 on the HVS test section 

The multi-depth deflectometer measurements at point 12 are depicted in Figures 10 and 11. 
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Fig. 102. Permanent deformation (PD) measurements at MDD 12 
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Fig. 103. Multi-depth deflections at MDD 12 (40 kN wheel load, 800 kPa tyre pressure) 

It can be noted from Figures 10 and 11 above, that once again, the permanent deformation was 

low - measured as 6.1 mm of which 4.8 mm came from the base layer. The total deflection under the 

40 kN wheel load is 0.59 mm (after 790,832 repetitions at the end of the dry phase) of which only 

0.08mm comes from the silane-modified base layer and 0.16 mm from the silane-modified subbase 

layer.   

 

VII. DAMAGE COEFFICIENTS AND EQUIVALENT TRAFFIC 

 

It is very difficult to determine damage coefficients from only one HVS test especially if the test 

section did not fail. Kekwick [17] suggested more than one approach to determine a damage 

coefficient from an HVS test. However, in this case an attempt was made by using the rut rate in mm 

per repetition applied which is the most common method. Due to the fact that this study is based on 

a single HVS test, the damage factors are at best estimations. The rut rate in mm rut per repetition 

that was used for the damage coefficient calculation is shown in Figure 12 below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 104. Rut (mm) rate per repetition used for damage factor calculation 

The first part of the rutting curve is due to settling in of the base and subbase and therefore, as 

usually interpreted during HVS testing, this part of the curve is not used for calculating the damage 

coefficient. The rut graph in Figure 12 indicates recovery of the test section in a number of cases. 

This was due to some stoppages due to maintenance and break downs as well as the fact that the 



 

 

rut levels were low. Particularly for the 60 kN part of the test therefore, the full test period was not 

used but rather only the latter part as indicated in the figure.  

 

The formula used for calculating the damage coefficient was (Kekwick [17]): 

d = log (M1/M2) / log (P1/P2)     (1) 

Where: 

• M1 and M2 are the slope gradients for loads P1 and P2, in rut (mm) per repetition, 

• P1 is the applied load, and 

• P2 is the standard 40 kN wheel load. 

 

Table 3 below indicates the damage coefficients calculated on this basis. The table also indicates 

the equivalent 80 kN axles applied using the calculated damage coefficients as well as the standard 

coefficient of 4.2. 

CALCULATED DAMAGE COEFFICIENTS  

Wheel 

load 

(kN) 

Total 

traffic 

repetitions 

Repetitions 

for the 

slope 

calculation 

Rut 

(mm) 
d 

E80s 

(HVS) 

E80s (d = 

4.2) 

40 321,350 229,800 0.63 1 321,350 321,350 

60 372,600 169,350 0.9 1.63249 722,287 2,045,626 

80 96,882 83,500 1.1 2.26461 465,542 1,780,611 

80 (wet) 155,649 133,400 4.738 3.69547 2,016,485 2,860,700 

TOT 

E80s 
    3,525,664 7,008,287 

 

One of the most important findings of this HVS test, although a single test only, is that the materials 

seems to be insensitive to the magnitude of the wheel load to some extent – hence the low damage 

coefficients. This implies that this structure will not be overly sensitive to overloading. It should be 

noted that at harvesting season there are a significant number of heavy trucks and harvesting 

machinery on the D1884, which should experience less damage from this type of traffic than a 

shallower pavement structure. 

 



 

 

VIII. VISUAL OBSERVATIONS AND TEST PIT RESULTS 

As mentioned above the surfacing failed probably due to a combination of high temperatures, the 

high wheel load applied, and some oil spillage from the HVS hydraulic system. However, in spite of 

the problems with the surfacing and the surface and in-depth water added, the base and subbase 

performed exceptionally well (which was the main objective of the test). Figure 13 shows the failure 

of the surfacing. Figure 14 shows the blocks of the modified G8 material that were taken from the 

test pit inside the test section after the HVS test. The strength and cohesion in the base material is 

evident and is in line with the laboratory test results discussed above. It is noteworthy that these 

blocks contained only 1,5% of the modified emulsion and no cement. It must also be noted that no 

cracking was observed at the surface. The detrimental effect of cracks in cemented layers that are 

active and cause crack reflection through surface treatments have been well-documented [18], [19]. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 105. Surfacing failure 

 

 

 

 

 

 

 

 

 



 

 

 

Fig. 106. Blocks of material taken form the modified base  

Data obtained from the test pit indicated that the moisture content as measured with the nuclear 

gauge varied from 9.1% to 11.7 %. In addition to the nuclear gauge data, samples were taken to 

determine the moisture content through oven drying. It can be noted that the moisture content in the 

subgrade was higher than that in the base and subbase layers and peaked at 13.1 % at 450 mm 

deep. This indicates that some of the added water did penetrate the subgrade layer. The base and 

subbase remained relatively dry due to the water resistance of the silane-modified emulsion treated 

material.  

IX. MODULUS CALCULATIONS 

 

The MDD measurements taken during the HVS test were used to back calculate the moduli 

of the pavement layers using the CSIR back-PADS programme. In addition, after the HVS 

test, Dynamic Cone Penetrometer testing was conducted both inside and outside the HVS 

test section. The results are given in Table 4. 

MODULI 

 Moduli (Mpa) 

DEPTH DCP 

outside 

section 

DCP in 

section 

MDD 4 

Average 

MDD4 

range 

MDD 12 

Average 

MDD 12 

Range 

Base 252 309 173 69 - 797 127 71 - 214 

Subbase 245 246 93 40 - 142 98 71 - 134 

350 - 500 mm 

deep 

145 193 154 75 - 316 174 82 - 606 

500 - 650 mm 

deep 

108 121 205 136 - 268 198 160 - 268 

550 - 800 mm 

deep 

99 220     

 

 

The progression of change in the MDD back-calculated moduli is shown in Figures 15 and 

16. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 107. MDD4: Back-calculated moduli  

 

 

 

 

 

 

 

 

 

 

 

Fig. 108. MDD12: Back-calculated moduli  

From Figures 15 and 16 the following can be noted: 

 Apart from one or two outliers, the moduli of the layers did not change significantly over the 

test period; 
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 However, the base layer seemed to stiffen initially as the base compacted under traffic and 

then weaken slightly as the base started to fatigue under the heavy 80 kN wheel load; 

 As observed from the test pit, there was a stiff, dry clay layer present in the subgrade, which 

may have influenced the back-calculation of the base and subbase moduli, seeing that it is 

well-known that linear-elastic theory has shortcomings when a stiff layer is present lower in 

the pavement structure. These moduli should therefore be viewed with discretion. 

 

The initial stiffening of the base and its subsequent fatigue can be seen if the moduli 

calculations are separated into three distinct zones: 

 Initial stiffening phase due to compaction under the HVS traffic; 

 Middle stable phase, and 

 End phase in fatigue. 

 

This is shown in Table V Below. 

 

 

CALCULATED MODULI OF THE BASE OVER THREE PHASES 

 

 Average Calculated Moduli 

LAYER MDD 4 

Base 

layer 

MDD 4 

Subbase 

layer 

MDD 

12 

Base 

layer 

MDD 12 

Subbase 

layer 

Phase 1 up to 108,000 repetitions  91 112 125 109 

Phase 2 from 108,000 to 679,000 

repetitions 

258 81 139 97 

Phase 3 from 679,000 to 903,000 

repetitions 

104 96 104 88 

 

From the data in Table V it can be seen that, at MDD4 there was a significant stiffening of 

the base form the initial Phase to the Middle Phase. The effect is less pronounced at MDD 

12. For both MDD’s there was a reduction in stiffness due to fatigue of the base layer in the 

end phase. The moduli for the subbase layer did not vary significantly. 

 



 

 

 

COST COMPARISONS 

According to the consultant responsible for the design of the D1884 rehabilitation project, the 

construction cost for the entire length of road was in the order of R 4 million per km for a 3 million 

E80 design using an anionic silane-modified emulsion stabilized layers. The equivalent conventional 

design alternative that would normally have been adopted for such a road project would consist of a 

40 mm asphalt layer, a 150 mm G1 base, a 150 mm C3/C4 stabilised subbase and a 150 mm 

selected layer. Based on industry estimations, this design normally costs the GPDRT in the order of 

R7 million per km, depending on the haulage distance for the G1 crusher run or other imported 

material. Therefore, the alternative design is seen to be potentially very cost effective in terms of 

construction costs. However, a full life-cycle cost analysis could assist in confirming this and verify 

the economic benefits of the alternative design used on the D1884. 

 

DISCUSSION OF RESULTS AND FURTHER WORK 

The work described here is based on a single HVS test and therefore the results should be verified 

through further testing. However, based on this initial study through a single HVS test, the following 

conclusions can be made: 

 The surfacing failed during the test – this could be the result of a combination of a number 

of factors: an oil spillage under the HVS; high temperatures and the high wheel load used. 

However, this did not affect the performance of the base and subbase, both of which 

contained the anionic silane-modified emulsion that repels water. 

 The resistance of the modified material to water was also borne out in the laboratory testing 

where the wet ITS results were excellent with high retained cohesion values (ratio of wet 

vs dry ITS). The virgin material was classified as a G8 which under normal circumstances 

cannot be used in a base or subbase layer. Based on the results of this single HVS test it 

therefore seems that the anionic nano-silane-modified emulsion treatment can be used 

effectively to upgrade substandard materials. However, it is recommended that further 

testing be done to verify this result. 

 During the HVS test 3,5 million equivalent axle loads were applied which led to only an 8 

mm rut depth. This indicates that the base and subbase will easily carry the design traffic 

of 3 million equivalent axles and possibly much more. 

 The average deflection at the end of the 40 kN test was 0.56 mm under a 40 kN wheel load 

(tyre pressure 800 kPa). Under the 60 kN wheel load the average 40 kN deflection 

increased from 0.56 mm to 0.63 mm and then decreased to 0,55 mm due to recovery after 

stoppages. During the 80 kN test the deflections under a 40 kN wheel load increased from 

0.55 to 0.71mm. The surface deflection under a standard 40 kN load therefore did not 

increase significantly. Consequently, the tensile stresses in the base and the subbase did 



 

 

not cause excessive fatigue damage. This is one of the reasons why the section did not fail 

during the test. 

 The base and subbase performed well under simulated wet conditions where in-depth as 

well as surface water was added continuously to the section whilst trafficking with an 80 kN 

dual wheel load. 

 The structure (apart from the seal) seemed to be relatively insensitive to high wheel loads, 

especially in the dry state as indicated by the low damage factors calculated through this 

single HVS test. 

 The results from the test pit indicated that the moisture content after testing was not high 

with the results varying from 7% to 12.5% as tested by the nuclear gauge. Oven-dry testing 

indicated moisture content of 13.1 % at 450 mm deep. It can be derived that the clayey 

material under the compacted subgrade was therefore relatively dry and therefore has a 

significant bearing capacity. 

 The moduli back calculated from the MDD data did not deteriorate significantly during the 

test, but the base layer did stiffen slightly in the early ages due to post-construction 

compaction and then decreased slightly as the base layer fatigued under heavy wheel 

loads. 

 The cost comparison indicated that the alternative design for these specific materials could 

be a very cost-effective solution in Gauteng using “sub-standard” in-situ materials. 

 

The results presented here are based on one single HVS test and therefore must be viewed with 

caution. However, the initial results were very promising. Further work should include the following: 

 Laboratory fatigue testing using the four-point beam apparatus to develop laboratory 

fatigue curves for typical road building materials modified with the nano-silane emulsion 

products. 

 Laboratory characterisation of nano-silane-modified emulsion treated materials with 

different virgin materials, taking into account the composition of the virgin material including 

the mica content. 

 Further HVS testing of the technology on weaker subgrades and using different types of 

virgin material. 

 The development of a design guideline based on the results from the testing. 

 

 



 

 

CONCLUDING REMARKS 

Although the initial work discussed in this report is based on some laboratory testing and a single 

HVS test, the results were very promising. The single HVS test on D1884 indicated that the section 

carried at least 3,5 million equivalent standard axles in a dry and wet state after which a rut of only 8 

mm occurred which is below a warning level of 10 mm (as described in TRG12). Water was added 

to the structure in-depth as well as on the surface towards the end of the test period but did not cause 

the section to fail. The structure at the location of the HVS test also seemed to be insensitive to high 

loads of traffic as depicted by the low damage factors calculated. The construction cost of the Road 

on D1884 was R4 million per kilometre. According to experienced consultants, the standard design 

for this road would have cost R7 million per km depending on the haulage distance for the G1 crusher 

run. This thus indicates a 43% saving by using the modified emulsion base and subbase - a saving 

of more than R18m on the 6,2 km project on road D1884. The work indicated that HVS and in-situ 

testing of these new materials has the potential to save road authorities significant amounts. The 

effectiveness of this technology to upgrade sub-standard materials to base standard should be 

investigated further through laboratory work and HVS testing. A design guideline should be 

developed for this technology 
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Synopsis—Traditionally, road pavement engineers developed material classification 

systems with the objective to classify materials in terms of applicable use in various 

pavement layers. It follows, that current material specifications aim to minimise the risk 

associated with the use of materials in terms of required load bearing and durability criteria. 

These specifications are often indirectly related to the minimisation of secondary minerals 

present in the materials that may adversely impact on the engineering properties of the 

materials, especially under wet conditions. These minerals are usually found in naturally 

occurring materials in climatic regions conducive to weathering due to chemical 

decomposition of the primary minerals comprising newly crushed stone. Most of the 

generally prescribed tests used to classify available road building materials have been 

empirically developed, some more than a century ago. Many of these tests, although very 

useful as indicator tests, are highly subjective in nature and are not adequate for the 

scientific introduction of “new-age” nano-technologies. These available technologies can be 

designed to neutralise the potential negative impact of secondary minerals, enabling most 

naturally available materials to be used in upper pavement structures at little or no risk. 

However, the successful implementation of “new-age” nano-technology solutions will 

require a basic understanding of the chemical interaction that will be required to neutralise 

the potentially damaging minerals present in available natural materials in order to 

successfully eliminate such risks and ensure long-term durability. This paper investigates 

and recommends appropriate test protocols that should form the basis for the successful 

introduction of material-specific designer nano-technologies in the field of pavement 

engineering.  

 

Keywords—pavement engineering, material testing, mineralogy, XRD testing, nano-

technologies, 

 



 

 

 INTRODUCTION 

Official road pavement design manuals currently in general use by various road authorities in 

southern Africa are mainly based on technologies dating back to the 1980s (e.g.  draft TRH14,1985 

[1], draft TRH4, 1996 [2], etc.). In addition, most of the material specifications in general use are 

based on empirically derived material tests developed in the northern hemisphere, some more than 

a century ago. These include tests like the California Bearing Ratio (CBR) developed by the 

California Division of Highways in ±1930, material grading envelopes in the1930’s [3] and Atterberg 

limits defined by a Swedish agriculturist, Albert Atterberg, in 1911 [4].  Among others, these tests 

form the foundation of material classifications used throughout the sub-continent.  

These test methods have been proven and refined over many years through practical experience 

and laboratory testing and observations by numerous material engineers. The main objectives of 

these tests are to ensure that materials used in road pavement structures constructed with good 

quality monitoring will, with a high degree of confidence, result in a low risk of pavement failure under 

conditions with adequate maintenance policies in place. However, the adoption of these tests and 

specifications developed in the northern hemisphere has led to a situation where: “Unfortunately, 

many of the naturally occurring roads building materials in the SADC region are disparagingly 

described as being “non-standard”, “marginal”, “low-cost”, or even “sub-standard” and rejected for 

conventional use! This is because such materials are often unable to meet the required 

specifications, which are usually based on European or North American practices that do not always 

make provision for local conditions” [5].  

The intention is not to question the importance of these material tests as a sound basis for the 

characterisation of materials. The strict testing and adherence to criteria using traditional material 

test procedures have a proven track record used with unstabilised materials, especially in the 

northern regions of the developed world. However, most roads in sub-Saharan Africa has a design 

traffic loading over 20 years of less than 3 or even 1 million standard 80 kN dual wheel axle loads 

(E80s) (considered as medium or mostly low volume roads). Structural bearing capacity is mostly 

not the primary mode of failure on these roads. Most of these roads fail prematurely (before the 

design period of e.g. 20 years) due to the deterioration of the surfacing materials. Primary distress 

usually develops due to the “ageing” (oxidation) of the surfacing materials resulting in a cracked and 

open surfacing which allows water into the pavement layers. In a low (or non-existing) maintenance 

environment under wet conditions (rain), a cracked (open) surface can quickly lead to secondary 

distress due to water ingress into the pavement layers resulting in extensive failures (shear 

deformation and pot-holes). 

The successful introduction of available, proven nano-technologies (such as nano-silane 

modification of existing stabilising agents) can assist in improving the durability of surfacing materials 

and enable the use of naturally available materials in the upper pavement layers. However, the 

successful introduction of these technologies will require scientific data, identifying the type of rock 

(primary mineral composition) and its condition (secondary minerals) which develops as a result of 

chemical weathering. The ability to determine the mineral composition of materials has been around 

for decades, is price-competitive and can supplement traditionally used tests to successfully 



 

 

introduce nano-technology solutions in the field of pavement engineering. This basic information 

about the “type of stone” and the “condition of the stone” has been identified in the built environment 

over a period of more than 150 years (in a period of trial and error before scientific tests were 

available) as being of fundamental importance to ensure that the correct type of nano-silane product 

is applied to successfully achieve the required protection to stone buildings, monuments and statues 

[6].  

Chemical weathering of basic rocks consisting of mostly primary minerals may be subjected to 

several stages of chemical weathering under climatic cycles of wet and dry seasons in combination 

with temperature variations. Materials subjected to chemical decomposition is for all practical 

purposes adequately described as consisting of primary in combination with secondary minerals. It 

should be noted that a pre-requisite of weathering due to chemical decomposition is the presence of 

water and all primary minerals with the exception of quartz are subject to chemical decomposition 

given certain climatic conditions [7]. Knowledge about the minerology of materials will also assist in 

the improved use of traditional reactive stabilising agents such as cement. Work done at the 

University of Pretoria, South Africa, has shown the detrimental effect that the presence of even 

primary minerals such as free mica (muscovite) can have on the behaviour of cement stabilised 

layers over a period as short as twenty eight days [8]. 

Nano-silane technology solutions are also reactive agents with considerable proven beneficial 

properties [9] [10] [11] [12] when used as a modified emulsifying agent in the manufacturing of 

traditionally used emulsions (such as bitumen emulsions). This modification has a dual impact in that 

it effectively: 

 acts as an aggregate adhesive firmly attaching the stabilising agent (e.g. the bitumen 

molecule) to the stone/aggregate/soil surface, and 

 renders the surface of the stone/aggregate/soil to be water-repellent and prevents water to 

access any secondary minerals that may have a negative impact on the behaviour 

characteristics of the material. 

 

The objective of this paper is to assess current commonly used practices in pavement 

engineering with specific reference to material test procedures and protocols. The recommended 

approach to material testing should take into account “lessons learnt” from the built environment [6], 

ensuring that the correct and adequate information in terms of primary and secondary minerals are 

obtained to facilitate the successful introduction of “new-age” nano-technologies. The successful 

introduction of these technologies could enable the use of naturally available materials in all the 

pavement layers of most of the roads in sub-Saharan Africa. The wide-spread use of naturally 

available materials in the upper pavement layers could impact meaningfully on the unit costs of 

infrastructure provision and hence, assist with the provision of basic transportation infrastructure. 



 

 

X. SOME BASIC CONCEPTS APPLICABLE TO THE IMPLEMENTATION OF NANO-TECHNOLOGIES IN THE FIELD 

OF PAVEMENT MATERIALS ENGINEERING 

A. Background – lessons learnt 

Nano-scale technologies have been used by mankind for millennia with the discovery of the 

unique properties of, for example, clay. Clay objects created through the baking of clay to create 

pottery are some of the oldest objects associated by archaeologists with the presence of intelligence 

of homo-sapiens in pre-historic times all over the world. In more recent times, the manipulation of 

nano-particles in the formation of different colours in glass and porcelain (especially in Asia and parts 

of Europe) has been perfected to create masterpieces still treasured and replicated in the modern 

world [6]. The nano-properties of especially clay, have been used through the ages to build shelters 

to protect against climate extremes. The same basic nano-properties of materials are used in modern 

brick factories all over the world to produce relatively weather-resistant, long-lasting and cost-

effective building materials. 

The modern scientific use of nano-silane technologies dates back to the early 1820s when the 

use of silicon-tetrachloride was recommended as a stone consolidant [13]. Since then, over the last 

two centuries, numerous scientists have contributed to the development of various silicon-based 

products including, various organo-silanes, alkoxy-silanes, alkylalkoxi-silanes, etc. These 

silanes/silanols/siloxanes have been used with various degrees of success on various types of 

stones to preserve and protect building materials against the detrimental effect of climate and 

pollution [14]. The variation in success achieved by numerous chemists and scientists over this 

period leads to the conclusion that knowledge about the chemical interaction between the treatment 

and the mineral composition of the building material (stone) is fundamental to the results to be 

achieved and the prediction of the success of the treatment [10]. From this era it is important to take 

note that [9]: 

 silicon-based nano-technologies can be used to protect natural stone against the influence of 

climate; 

 stone-type plays an important role in the success to be achieved through the use of a 

particular silicon-based technology, and 

 the condition of the stone plays an important part in the success to be achieved through the 

use of a particular silicon-based technology. 

It follows that the lessons learnt from the built environment will also be applicable to the use of 

these technologies in combination with different materials in the field of pavement engineering. 

Hence, the successful use of this available and applicable nano-silicon based technologies by 

pavement/material engineers will require basic knowledge about the: 

 primary minerals comprising the materials available in a specific area that can be utilised in 

the various layers in the pavement structure, and 



 

 

 condition of the materials, i.e. the secondary minerals that are already part of the material to 

be used and that should be considered in the application of an applicable silicon-based nano-

technology. 

B. Proven benefits and characteristics of nano-silane technologies facilitating successful practical 

implmentation 

 

In support of the lessons learnt from the historical use of available and applicable nano-silicon 

technologies in combination with naturally available materials (i.e. stone), engineering material test 

procedures should include scientifically based test methods, which will facilitate the understanding 

of the micro chemical integration between nano-technology molecules and the minerals comprising 

the materials with which pavement engineers are dealing with. Empirically derived tests need to be 

limited to their range of applicability. All basic materials used in road pavement structures consist of 

minerals, which in combination is defined as the minerology of the materials. The ability to identify, 

classify, analyse and understand the minerology and how to manipulate the minerals cost-effectively 

on a macro-scale using nano-silicon based technology solutions, has been in existence for decades. 

In order to effect and implement meaningful changes the following requirements in terms of materials 

testing are identified [9]: 

 basic scientifically-based test methods need to be implemented throughout the industry 

which enables engineers to identify the minerology and the various types and quantities of 

the minerals present in the available materials, i.e. the primary and secondary minerals that 

have formed during the weathering process as a result of chemical decomposition, and 

 scientifically-based test methods indicative of engineering properties must take its rightful 

place with empirically derived tests to assess the impact and applicability of the 

treatment/stabilisation of naturally available materials for general application in terms of 

basic required engineering properties (e.g. compressive and tensile strengths). 

The use of nano-silane technology in pavement engineering embodies the fundamental properties 

of an adhesive agent, “permanently” binding organic material (bitumen) to an inorganic material 

(stone/aggregate/soil) as shown in Fig. 1. [9]. It is not the purpose of this paper to address the 

chemical process preceding the bonding process which is explained in detail in various publications 

[e.g. 9]. Over and above the adhesive function nano-silicon science also effectively change the 

surface characteristic of materials to become hydrophobic in nature (water repellent). In a natural 

form, even freshly crushed stone is covered by several layers of water molecules, invisible to the eye 

and dry to the touch (a water molecule is in the order of 0.1 nm in size). However, the broken chemical 

bonds caused by the crushing of stone are especially susceptible to the attraction of water molecules.  

With the application of a nano-silicon technologies, the silicon element in the molecule is 

manipulated to contain a non-reactive organo-functional hydrophobic bond which, during the process 

of consolidation in a three dimensional attachment to the stone/aggregate/soil renders the surface of 

the stone/aggregate/soil hydrophobic and hence, repels water molecules. In the absence of water 

no further chemical decomposition of the material is possible [7]. It should be noted that numerous 



 

 

products have been developed and are still being developed using the basic chemistry involved in 

silicon science [6]. However, of these only a few known nano-silanes will “have the correct balance 

of volatility and reactivity and are harmful neither to people nor to stone” [6]. 

 

Fig. 1. Nano-silane modification to an organic material (e.g. bitumen in bitumen emulsion) acting as 

an aggregate adhesive [9] 

The combination of an applicable nano-silicon product is strongly influenced by the 

characteristics of the minerals in the available materials that can potentially be utilised in a pavement 

structure. As previously mentioned, the incorrect matching of the type of stone (aggregate) with a 

specific silicon-based consolidant is the very reason why scientists reported inconsistent results 

using the same silicon-based product and attempting to protect and strengthen various stone types. 

It follows that two crucial elements should be known by engineers in order to successfully introduce 

nano-silanes on a wide scale in the field of pavement engineering and reduce the risk of failure, i.e. 

knowledge about the: 

 behavioural characteristics of nano-based products and the chemical interaction of nano-

silicon functional and reactive groups as well as the interaction with potential stabilising 

agents which are to be modified using nano-technologies (the nano-silicon technology should 

be compatible with the stabilising agent and the mixing must be done in a controlled pH 

environment to ensure the long-term stability required for practical engineering purposes), 

and   



 

 

 mineralogical properties of the materials that are to be stabilised using a nano-silicon 

modified stabilising agent and the end product engineering requirements (e.g. compressive 

strengths, tensile strengths and durability) - these important aspects in essence forms the 

basis of the required test results to assess and control the successful implementation of 

nano-silicon modifications of emulsions.  

Most nano-silicon products have limitations in terms of their effective use with material containing 

relatively small quantities of silica. Materials in general can broadly be divided into silicate materials 

(containing high percentages of silica) and carbonate materials (containing high percentages of 

calcium-based minerals as shown in Fig.2. As demonstrated in Fig.1, most of the nano-silicon 

adhesive agents rely on the presence of fractured silicate bonds in the stone/aggregate/soil to form 

Si–O–Si bonds (of the strongest chemical bonds in nature). Hence, limitations in applicability may 

be present when attempting to use a nano-silicon technology solution not suitable to adhere to 

materials containing low percentages of silica-bonds available in materials to be stabilised. These 

limitations can be overcome using the applicable product [9]. 

 

Fig. 38. Silica contents of various materials naturally available for use in pavement material 

engineering  

Nano-technology products are associated with several characteristics that uniquely enable it to 

be of huge benefit in the built environment. At the same time the concept of “nano” is relatively new 

and to the uninformed is often perceived as a threat to health, environment, etc. Hence, it is of 



 

 

importance to be able to address these fears from the onset through knowledge of the products that 

are being used [9]. The fact that available and applicable nano-technology solutions are already in 

common use, and are positively influencing the daily lives of most humans should in no means be 

underplayed and is a powerful tool in the hands of the informed pavement engineer. 

The use of laboratory proven nano-silicon technologies makes it possible to use naturally available 

materials containing secondary minerals by neutralising possible negative impact of these minerals 

(e.g. the presence of significant percentages of clay) [9]. As indicated by the name, nano-science 

deals with extremely small particles of which at least one dimension is less than 100 nm in size [15] 

(with I nm = 10-9m). One of the major advantages of nano-scale technologies is the considerable 

impact in terms of the surface area covered versus dimensions (size). The area covered exposed 

surfaces of various size particles, is visually demonstrated in Fig.3 [16], where the exposed surfaces 

of 1 kg of particles of 1 mm x 1 mm is the same as that of the exposed surface of 1 mg of particles 

measuring 1 nm x 1 nm. In terms of products familiar in pavement engineering, the size of a bitumen 

molecule is in the order of 5000 nm (5 μm) in size as shown in Fig. 4 [9]. In practice it means that 1 

litre of nano-silane will have the same coverage as about a 1000 litres of bitumen. Hence, even a 

relatively expensive nano-silicon modification could literally have a relatively small impact in terms of 

costs. 

 
Fig. 39. Comparative exposed surface area versus reduction in dimensions [16] 

The limitations of the accurate determination of material particle sizes in practice below a size of 

0.075 mm using standard equipment together with knowledge about the minerals present in this 

fraction (clay crystals are in the order of 0.3 nm in size which are bound together in nano-scale layers 

[17]), complicates the practical implementation of nano-silane technologies without adequate 

scientific data. It follows that the percentage of material passing the 0.075 mm scale may vary in size 

from 0.0749 mm to less than 1 nm. These small dimensions and the type of minerals will have a 



 

 

significant influence of the amount of nano-silicon modification required to successfully treat and 

stabilise naturally available materials which have been subjected to severe weathering conditions. It 

follows that required tests must also determine the minerals present in the 0.075 mm fraction. 

 

Fig. 40. Relative size of a bitumen molecule to nano-scale technologies [9] 

 

XI. MATERIAL TESTING PRE-REQUISITES FOR THE SUSSESFUL IMPLEMENTATION ON NANO-SILANE 

TECHOLOGIES IN THE FIELD OF PAVEMENT/MATERIALS ENGINEERING 

A. Test equipment 

 

Technologies developed over the last three decades allow engineers to accurately, on a routine 

basis, identify the minerology, the mineral composition and engineering properties of natural road 

building materials [18] [19].  These include: 

 Microscopic analyses: “Microscopy is a category of characterization techniques which probe 

and map the surface and sub-surface structure of a material. These techniques can use 

photons, electrons, ions or physical cantilever probes to gather data about a sample's 

structure on a range of length scales” (The University of Edinburgh, 2018). Examples of 

microscopic analyses tools vary considerably in complexity and include instruments such as 

Optical Microscopes (quite common) to Atomic Force Microscopes (AFM) (relatively scarce). 

Most of the advanced instruments in this group  are currently still confined to specialist 

research and development institutes, 



 

 

 X-ray analysis techniques: “This group of techniques use a range of principles to reveal the 

chemical composition, composition variation, crystal structure and photo-electric properties of 

materials” [18]. These instruments include X-Ray Diffraction (XRD) scanning equipment for 

mineralogical analysis and X-Ray spectrometry for chemical analysis and are now generally 

available and affordable for everyday application. 

 Macroscopic testing: A large number of different techniques are used to characterise various 

macroscopic engineering properties of materials. This includes mechanical test equipment 

that is currently done routinely on road building materials, such as compressive tests (e.g. 

UCS) tensile tests, etc. 

Of all the above, Spectroscopy analysis techniques, and more specific XRD scans, are generally 

available and cost-effective [20] for road building material testing to identify the mineral composition 

of the road building materials, identification of problematic minerals, identification of weathering 

patterns in different climatic regions, etc. This information is of critical importance not only for the 

selection and matching of appropriate nano-silicon modifiers, but also for the prevention of premature 

failures using traditional stabilising agents such as cement [10].  

XRD scan equipment is currently the only laboratory technique commonly available to the material 

scientist/engineer that reveals structural information, such as mineral composition, crystal structure, 

crystallite size, strain, preferred orientation and layer thickness [20]. Materials researchers therefore 

use XRD scans to analyse a wide range of materials, from powders and thin films to nano-materials 

and solid objects.  

B. Recommended protocol for XRD analysis 

The objective of the advanced testing of naturally available materials is to ensure that these 

materials can be used more cost-effectively with available nano-silicon technologies and stabilising 

agents to lower the unit costs of road infrastructure. Standard tests currently used have little/no ability 

to detect the basic scientific properties (mineralogy) of the materials that may react with stabilising 

agents – a prerequisite to determine the compatibility of stabilising agents with the materials. These 

tests were also developed in the northern hemisphere where weathering and decomposition of the 

materials are generally not as severe compared to that present under wet/hot cycles commonly 

present is sub-Saharan Africa. Hence, in the northern hemisphere, the need for more scientifically 

based testing methods for naturally available road building materials received little attention due to 

the general effectiveness of the empirically derived tests.   

However, in an environment where the alteration of naturally available materials due to chemical 

decomposition is the norm rather than the exception, the scientific identification of the minerology of 

the materials is crucial to determine the impact and suitability of any reactive stabilising agent.  

Detailed knowledge of the basic mineralogy of the materials is required to prevent costly failures and 

enable pavement engineers to make informed decisions on the suitability of materials for use 

together with various available modifiers in combination with a specific stabilising agent.  

The testing equipment and related software required to obtain these basic mineral properties has 

been available for several decades and has, in recent years, become generally available for 



 

 

engineers to do these tests as part of normal testing procedures. X-Ray diffraction scans of naturally 

available materials have a two-fold purpose, i.e. to: 

 Firstly, determine/confirm the minerals present in the material – this will require a XRD scan 

of the total sample obtained from the borrow-pit or from the pavement layer that needs to be 

improved as part of rehabilitation (in the case of in-situ materials, the original material may 

have weathered over the past duration of the existence of the road, and 

 Secondly, (and from a point of view of possible in-situ stabilisation options - a more important 

aspect due to possible adverse reactions and chemical inter-actions between the stabilising 

agent and any clay/silt/organic materials that may be present in the material) the mineralogy 

of the fraction passing the 0.075 mm sieve. This information will be crucial to identify the 

presence of possible “problem” minerals that would determine the compatibility with possible 

stabilising agents. The XRD scan of the 0.075 mm fraction of material should identify, inter 

alia, the presence of secondary minerals including: 

 Clay minerals with such as Smectite (e.g. Montmorillonite), Kaolinite, Illite, etc., (the 

crystals of the clay particles are smaller than 1 nm in size and the amount of clay in the 

percentage of sample passing the 0.075 mm sieve can be crucial to the amount of 

nano-silane required to effectively protect against the negative impact of these 

minerals); 

 Mica minerals (e.g. muscovite) - present in most metamorphic, sedimentary or igneous 

rocks such as granites, shales, etc. (the free mica (especially muscovite) can be 

detrimental to the performance of the material even in an unstabilised state, but 

especially in combination with cementitious stabilising agents[8]); 

 Calcretes; 

 Sulphide and iron minerals; 

 Soluble salts; 

 Organic material including pulverised reef (e.g. East coast of Africa) and crushed shell 

(e.g. West coast of Africa) that are associated with high concentrations of calcite, 

 Etc. 

All of the identified minerals and observed organic material can adversely affect the reaction with 

stabilising agents. This information is crucial with regard to decision-taking in terms of the selection, 

testing and use of an effective stabilising agent which will not result in costly premature failures. In 

the absence of this information, early failures are too often blamed on poor construction practices.    

C. Appropriate test results influencing detailed material design 

It follows that a detailed analysis of the finer fractions of naturally available materials is essential 

to successfully implement nano-silicon technologies in practice. The XRD results together with the 

percentage of materials passing the 0.075 mm sieve will give the experienced engineer an instant 

relatively accurate idea of the percentage of the selected nano-silane technology that should be 



 

 

effective for the treatment of a specific material. In addition, the XRD results of the total material 

sample will be fundamental to determine the basic nature of the material as shown in Fig. 2. Materials 

containing high percentages of silica are usually much easier to successfully bind to an applicable 

stabilising agent. The chemistry behind the successful treatment of materials containing low 

percentages of silica are more complicated and may require the addition of a second nano-based 

technology [6] [9]. All of these factors could adversely affect the reaction with certain stabilising 

agents and are crucial to cost-effective decision-taking. 

The use of macroscopic test methods to assess the required engineering properties (e.g. 

compressive and tensile strengths) to be obtained by using “new-age” Nano-Modified Emulsion 

(NME) stabilised binders of naturally available materials should be promoted for determining the 

potential bearing capacity of available materials. The detailed test procedures [9] [12] measuring dry 

and wet samples as well as samples stored for 28 days will provide engineers with scientifically 

based results representative of the expected engineering properties of the materials. Fig. 5 to Fig. 7 

contain summaries of test results on materials of the measurements identified as scientifically based 

and recommended, together with some results from empirically derived tests for reasons of 

comparison. Of interest of the material in Fig.5 is the high percentage of clay (XRD results) in conflict 

with a measured Plasticity Index (PI) of Slightly Plastic (SP). Similarly, the grading of the material in 

Fig.6 does not conform in the slightest to an “ideal” grading as indicated by the green and blue dotted 

lines. 

The data from the material samples shown in Fig. 5 to Fig. 7 using the traditionally developed 

classification systems, classify all of these materials as unsuitable for use in the upper pavement 

layers. However, the engineering properties measured using various percentages of an anionic NME 

stabilising agent with these materials, classify these materials as totally different. In fact, the results 

of the Unconfined Compressive Strengths (UCS) and Indirect Tensile Strengths (ITS) of the materials 

indicate that adequate engineering properties can be obtained for the use of these materials in the 

upper layers of pavements carrying relatively high traffic loads. It should be noted that the materials 

in Fig. 6 and Fig 7 are the materials used in the sub-base and base layers respectively of the 

pavement tested with the Heavy Vehicle Simulator (HVS) during an Accelerated Pavement Test 

(APT) [21]. The APT test, as discussed in detail in the reference, exceeded the design traffic loading 

of 3 million E80’s by some margin. 

The results show the potential that can be achieved through the implementation of available nano-

silane technologies following and adhering to the basic test and design concepts as discussed. The 

scientific testing of the minerology together with the testing of the engineering properties of the NME 

stabilised materials, represents the real potential use of the materials that would under normal 

circumstances have been rejected. 



 

 

 

Fig. 41. Test results containing the scientifically based engineering properties together with 

some traditionally empirically derived test results of a material considered as poor and 

“unsuitable” for use in the upper pavement structure 



 

 

  

Fig. 42. Test results containing the scientifically based engineering properties together with 

some traditionally empirically derived test results of a material considered as very poor and 

“unsuitable” for use in the upper pavement structure 



 

 

 

Fig. 43. Test results containing the scientifically based engineering properties together with 

some traditionally empirically derived test results of a material considered as very poor and 

“unsuitable” for use in the upper pavement structure 



 

 

XII. CONCLUSIONS 

The need for improved service delivery also includes the need for surfaced roads. No relief is 

foreseen to address budget needs for the upgrading, maintenance and rehabilitation of road 

networks in sub-Saharan Africa due to budget constraints. The reality is that the unit costs of roads 

are too high for authorities to impact on the existing transportation infrastructure backlog.  

Nano-silicon technologies have been used for more than a century and a half to protect buildings 

and stone structures against the effects of climate and pollution in Europe. Scientists involved in the 

development of these technologies have over almost two centuries, through trial and error, concluded 

that the successful application of nano-silicon technologies depends largely on the: 

 type of stone to be protected, and 

 condition of the stone to be protected. 

These “lessons learnt” from the built environment also apply directly to the successful 

implementation of nano-silicon technologies in the road design and construction industry. Material 

classification systems for road materials have traditionally been based on empirically derived tests 

dating back many decades – some more than a century. These tests do not provide scientific data 

on material mineralogy and consequently does not allow for a scientific approach towards the 

assessment and effective utilisation of available and applicable “new-age” nano-technologies in 

terms of the required chemical interactions [9]. In fact, this also applies to the effective use of any re-

active stabilising agent, including cement and/or lime. Scientific knowledge about the mineralogy of 

materials can have a meaningful impact on the classification and successful use, modification and 

stabilisation of available road construction materials in all pavement layers. X-Ray diffraction (XRD) 

equipment (now in their sixth generation of development) is able to determine the mineral 

composition of available materials and is generally available at a reasonable cost. The introduction 

of XRD scans as a standard test method will enable engineers to scientifically determine the primary 

(type of stone) and secondary (condition of the stone) mineral composition of available materials.  

Knowledge of the mineralogy of available materials is deemed essential for the successful (low 

risk) implementation of applicable “new-age” nano-silicon technology solutions in the field of 

pavement/material engineering. It will allow for the selection of material compatible nano-silicon 

modified stabilising agents applicable (type and quantity) to be used with the available materials for 

use also in the upper pavement layers subjected to the high impact of traffic loads. Decisions on 

appropriate percentages of the modified stabilising agent to be added, should be based on the 

required engineering properties in terms of compressive and tensile strengths and durability. 

Pavement designs based on the scientific assessments of available materials, allowing for the low 

risk incorporation of “new-age” technologies to meet the required engineering properties, should 

have a positive impact on the unit costs of transportation infrastructure provision [21].   

The equipment available to do scientific analyses of available materials and assessing their use 

based on required engineering properties have been available (with analytical software) for decades. 

A change in mind-set is required among practitioners to embrace the need for scientific data and 



 

 

related test methods as essential for the improved assessment and decision-taking regarding the 

use of naturally available materials and the successful introduction of “new-age” solutions in 

pavement/materials engineering. A scientific approach could ensure an accelerated and successful 

(low risk) implementation of available, applicable and proven “new-age” nano-technologies to 

timeously address service delivery needs in terms of transportation infrastructure.  
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Synopsis—The development of bitumen emulsions in the early 1900s provided pavement 

engineers with a cost-effective alternative for the stabilisation of materials for use in 

pavement structures. However, bitumen emulsion is not a uniform single product exhibiting 

the same characteristics. Over and above the obvious differences between cationic 

(positively charged droplets), non-ionic (neutral), anionic (negatively charged droplets), 

Rapid Setting (RS), Medium Setting (MS) and Slow Setting (SS), the performance of bitumen 

emulsion is influenced by a number of factors, including the characteristics of the crude oil, 

the manufacturing process and the type of emulsifying agent (“soap” or surfactant). 

Specifications for bitumen emulsions only refer to an “emulsifying agent” leaving the 

selection of the product that is used in the manufacturing of the bitumen emulsion to the 

supplier as long as the bitumen emulsion passes the highly empirically defined 

specifications. In effect it is assumed that all “emulsifying agents” will result in the same 

end-product when used in practice during construction.  This paper compares the results of 

8 different “emulsifying agents” used to produce anionic SS60 (commonly used in practice) 

bitumen emulsions from 5 different suppliers. These 8 products are used with one material 

together with a single nano-silane modification to test and compare the UCS and ITS (dry 

and wet). In all cases three tests are performed to take into account inherent test variability.  

It is shown that the characteristics of the “emulsifying agent” can have a meaningful impact 

on the expected engineering behavioural measurements. It is concluded that specifications 

for emulsifying agents should be refined to include end-product performance guarantees 

from the suppliers to ensure that the end-result will give the required long-term results in 

practice. 
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I. INTRODUCTION 

The use of nano-scale material in the road industry (over and above the use of lime and cement) 

as stabilisation agents, dates back more than a century with the development of bitumen emulsions 

in the early 1900s [1]. As per definition [2], bitumen emulsion consists of bitumen, water and an 

“emulsifying agent” (also commonly referred to in industry as “soap” or as a surfactant). The 

emulsifying agent is in fact a nano-scale particle commonly referred to as a “Janus” particle [3] (from 

the Greek mythology meaning “two-faced”) due to the dual nature of the emulsifying agent particle, 

attracting oil on the one side and water on the other side. 

 However, bitumen emulsion is not a uniform single product exhibiting the same characteristics. 

Over and above the obvious differences between cationic (positively charged droplets), non-ionic 

(neutral), anionic (negatively charged droplets), Rapid Setting (RS), Medium Setting (MS) and Slow 

Setting (SS), the performance of bitumen-emulsion is influenced by several factors including the: 

 characteristics of crude oil; 

 manufacturing process; 

 characteristics of the “emulsifying agent” (surfactant and commonly referred to as “soap”), 

which enables (facilitates) the mixing of the bitumen (oil) with water, and 

 modification to the emulsifying agent and/or emulsion. 

It is recognised that any of the factors identified could influence the performance of the end-

product when applied a specific material. This study is limited to the comparison of the effect of 

different emulsifying agents used to manufacture bitumen emulsions used for the stabilisation of a 

single material using a single material compatible [4] nano-silane modification. The effect of the nano-

silane modification on bitumen and/or bitumen emulsions have been and are continuously been 

investigated throughout the world (e.g. [5], [6], [7], [8], etc.). In most of these studies a single bitumen 

emulsion is used produced by a single supplier using a specific emulsifying agent. These studies 

usually do not consider the possibility that different emulsifying agents (keeping all other variables 

the same) used to produce a bitumen emulsion within the current specifications could contribute to 

meaningful variations in results when used to stabilise a specific material. 

 Specifications for bitumen emulsions only refer to an “emulsifying agent” leaving the selection of 

the product that is used in the manufacturing of the bitumen emulsion to the supplier as long as the 

bitumen emulsion passes the highly empirically derived specifications. These specifications currently 

leave much room for variations that could influence the end-product (the stabilised material using the 

bitumen emulsion) considerably in terms of crucial practical characteristics such as stability and 

required engineering properties. In effect, the current specifications assume that all emulsifying 

agents will result in the same end-product when used during construction, given normal conditions.  

This paper compares the results of 8 different anionic SS60 bitumen emulsions (using 6 different 

emulsifying agents commonly used in practice) from 5 different suppliers.  



 

 

These 8 products are used on one relatively good naturally available material together with a 

single material compatible [4] anionic nano-silane modification to test and compare the engineering 

properties in terms of the Unconfined Compressive Strength (UCS) (dry and wet) and the Indirect 

Tensile Strength (ITS) (dry and wet). In all cases three tests are performed to take into account 

inherent test variability.  In each case, only the averages of the three test results are reported. It is 

shown that the characteristics of the “emulsifying agent” can have a meaningful impact on the 

performance of the bitumen emulsion in terms of required engineering properties.  

As a result of the variation of the test results, it is recommended that the specifications for bitumen 

emulsion should be reviewed to ensure that suppliers meet minimum performance criteria in terms 

of the required end-product specifications. These specifications should include practical 

requirements in terms of on-site stability that is crucial for practical application in rural areas, given 

the challenges facing road construction in a developing environment. Improved specifications in 

terms of minimum scientifically quantified chemical requirements will be to the advantage of the 

industry as a whole, ensuring  that influences due to the differences in the emulsifying agent do not 

adversely affect the performance of bitumen emulsions (with or without “new-age” modifications) as 

a stabilising agent in practice. 

II. BITUMEN EMULSION TECHNOLOGY 

A. General 

It is not the intention to discuss in detail the technology involved in the production of bitumen 

emulsions. This technology has evolved over the last century and made some substantial progress 

especially since the 1980/90s when the ability to observe behaviour impacts with the development 

of improved instrumentation [9] became available to chemists, scientists and engineers.  The science 

of bitumen emulsions and the behaviour thereof have been discussed by numerous authors (e.g. [1], 

[10], [11], [12], etc.). In the context of this paper it should be noted that bitumen emulsion is not a 

uniform single product with a uniform set of expected behavioural outputs. Over and above the 

obvious differences between cationic (positively charged droplets), non-ionic (neutral), anionic 

(negatively charged droplets), Rapid Setting (RS), Medium Setting (MS) and Slow Setting (SS) [1] 

bitumen emulsions, the behaviour of bitumen emulsions can vary depending on many factors 

including the: 

 origin of crude oil from which the bitumen is manufactured which influences the 

characteristics of the bitumen; 

 characteristics of and the amount (percentage) of the emulsifying agent added during the 

manufacturing of the bitumen emulsion, and 

 manufacturing process of the bitumen emulsion (e.g. the shear applied during the 

manufacturing of the bitumen emulsion). 

These variables can influence the particle size and stability achieved during the manufacturing of 

the bitumen emulsion which could directly influence the modification and effective mixing during the 

stabilisation of a material. It follows, that the complexity presented by the different characteristics of 



 

 

bitumen derived from different sources are dramatically increased by the variables introduced during 

the emulsification process to manufacture bitumen emulsions. Similarly, the modification of any 

bitumen emulsion with any “new-age” nano-silane [4] further ads to the complexity of the final mix, 

ready to be used for the stabilisation of materials during road construction. These additional 

complexities could have a meaningful impact on the practical and engineering properties required to 

be achieved through the modification of emulsions using applicable and proven material compatible 

nano-silane modifications [4]. It follows that inadequate specifications, leading to meaningful 

variations in engineering properties when stabilising the same material, could lead to negative 

perceptions with regard to the general use of bitumen emulsion (with or without any modification) as 

a stabilising agent. Hence, it is imperative to ensure that possible influences to the end-product be 

addressed throughout the manufacturing process.   

Unstable products could lead to dramatic changes in engineering properties, resulting in 

uncertainty and resistance in the use and specification of a product as a viable stabilising agent in 

the engineering industry. It is in the interest of the industry as a whole to ensure that the specifications 

to which bitumen emulsions and the modification thereof are manufactured include a set of minimum 

performance criteria which will guarantee the manufacturing of a product by all suppliers, 

guaranteeing end results within an acceptable allowable performance variation. 

B. Manufacturing principles of bitumen emulsions 

There are a number of methods to manufacture bitumen emulsions covered by various patents 

[13] and it is not the objective to repeat the explanation thereof. However, it should be noted that 

various factors such as the viscosity/temperature of the bitumen and the pressure under which the 

bitumen emulsion is manufactured as well as the applied shear during the mix with the water, etc. 

[13], all play an important role to ensure that a product with the required properties is manufactured. 

C. Emulsifying agent 

By definition, bitumen emulsion is a mixture of oil and water (substances which, under normal 

conditions, do not mix). The mixing of the two mediums is achieved through the addition of a chemical 

nano-particle (commonly known as the emulsifying agent, soap or surfactant). Mixing is achieved 

under high shear conditions where the oil and water is forced together with the emulsifying agent 

through small openings or between plates. Under these conditions the bitumen (oil) particles are 

separated, mixed and attached to the emulsifying agent already mixed and attached to water 

molecules [14], [15], [16]. The emulsifying agent typically has a hydrophilic (water-loving) head and 

a lipophilic (oil-loving) (hydrophobic) tail consisting of between 12 and 18 carbon atoms [1]. A typical 

emulsifying anionic nano-molecule is shown in Fig. 1. The Hydro-carbon tail is often replaced in 

chemical formulas by the letter “R“. 

The higher the number of carbon atoms in the hydro-carbon tail, the more firmly the emulsifying 

agent will attach to the bitumen molecule. The hydro-carbon tail embeds itself in the bitumen 

molecule. In comparison, if the earth resembles the size of a bitumen molecule the hydro-carbon tail 

of a good emulsifying agent (high number of carbon atoms) will typically penetrate the earth to a 

depth of approximately 8 km and covers an area of approximately 10 km2 [12]. 



 

 

A cationic emulsifying agent normally contains positively charged nitrogen (N) atoms in their group 

heads (in the place of the negatively charged oxygen (O) atoms shown in Fig. 1) in combination with 

a negatively charged chloride (CI) atom. Depending on various factors, the percentage of emulsifying 

agent added to the mix to produce bitumen emulsion could vary between 0.15 to 2.5 per cent, with 

lower percentages usually associated with cationic RS emulsions and the higher percentages with 

anionic SS emulsions, typical examples of which are given in Table I [12]. 

 

Fig. 1. Typical composition of an Anionic emulsifying agent 

TABLE I.  TYPICAL PERCENTAGES OF THE EMULSIFYING AGENTS USED [12] 

Emulsion type Percentage Emulsifying Agent Emulsion pH 

Cationic rapid setting 0.15 – 0.25   2  -  3 

Cationic medium setting 0.3 – 0.6   2  -  3 

Cationic slow setting 0.8 – 2.0   2  -  5 

Anionic rapid setting 0.2 – 0.4 10.5 - 12 

Anionic medium setting 0.4 – 0.8 10.5 - 12 

Anionic slow setting 1.2 – 2.5  7.5 - 12 

 

It is seen that within a specific group considerable variation in the percentage of emulsifying agent 

is possible to produce a required type of emulsion (in excess of 100 per cent variation). In an 

environment without any end-product performance specifications of engineering requirements in 

place (where manufacturers have to compete on a cost basis), the tendency will be to use lesser 

percentages of the emulsifying agent in order to be competitive. The same principle applies in the 



 

 

choice of an emulsifying agent within a specific grouping. The emulsifying agents with a preferred 

relatively long, more stable hydro-carbon tail also tend to be the more expensive product. Again, the 

end-product specification in terms of engineering requirements, needs to be in place to ensure that 

the desired properties be met by the various suppliers. 

D. Additives/modifiers 

Through the years several additives have been developed as modifiers to bitumen emulsion to 

improve the performance of the product in terms of its intended use and the environment in which it 

is to be used [15], [16]. The science of emulsion additives or modifiers has evolved especially since 

the development of instrumentation in the 1980s/90s that enables scientists, chemists and engineers 

to observe and manipulate/develop products at a molecular level nano-scale [9]. These additives or 

modifiers include products such as [12]: 

 Calcium chloride - reduce the osmosis of water into the bitumen and reduce the risk of an 

increase in viscosity during storage; 

 Sodium tripolyphosphate - acts as a water “softener” and improves the emulsion quality; 

 Bitumen peptizers - improve adhesion properties, promote smaller particles and reduce the 

risk of settlement and higher viscosities; 

 Latex polymer modifications - improve the bitumen characteristics in terms of crack 

resistance at low temperatures or resistance against deformation and flow at high 

temperatures (the type of latex need to be compatible with the type of emulsion used with 

control of pH balances to ensure that latex is added successfully to the emulsion and create 

a stable mix); 

 Fisher-Tropsch (FT) wax modifications - used to improve the bitumen characteristics in 

terms of low temperature crack propagation and high temperature deformation [17][18];  

 Emulsion thickeners - introduced to the mix to increase the viscosity to reduce emulsion 

run-off (these products could also negatively affect the breaking and adhesion of the 

emulsion), and 

 Adhesion promoters - added to the bitumen or the emulsion to improve the adhesion 

characteristics of the emulsion – (similar restrictions in compactability as related to the 

addition of latex modifications apply). 

III.  NANO-SILANE MODIFICATION OF BITUMEN EMULSIONS 

Nano-silane modification of bitumen emulsion can broadly be classified as an adhesive promotor 

in that it firstly facilitates the bonding between organic substances (e.g. bitumen) and an-organic 

substances (stone/aggregate/soil) as shown in Fig. 2 [4]. Importantly, stabilisation of naturally 

available materials with an applicable material compatible [4] nano-silane modified emulsion will also 

make the material hydrophobic (water-repellent) (a characteristic that has been utilised in the built-

environment for more than a hundred and fifty years to protect stone buildings against the effect of 

climate in Europe [19]) as illustrated in Fig. 3. The discussion of the various factors influencing the 



 

 

performance of bitumen emulsions (discussed in short in Section II) to a large extent also applies to 

the use of nano-silane science as a modifier of bitumen emulsions. 

 

Fig. 44. Nano-silane modification to an organic material (bitumen in the bitumen emulsion)  
acting as an aggregate adhesive [4] 



 

 

 

Fig. 45. Hydrophobic (water-repellent effect of the addition of nano-modified emulsions 

 The application of an applicable available nano-silane in a cold process during a second 

“emulsification process” results in smaller particle sizes [20] that increases the stability of the 

emulsion with improved characteristics, including: 

 Improved distribution (almost immediate and uniform dispersion) of the Nano-Modified 

Emulsion (NME) in a cold process into the construction water during construction. This 

aspect is demonstrated in Fig. 4 and 5 [7] during the stabilisation of a 150 mm layer using 

conventional equipment to mix in 0.7 per cent of “New-age” nano-silane Modified Emulsion 

(NME) (about 0.4 per cent residual bitumen) – normally considered “impossible” with 

unmodified emulsion stabilisation. The effective distribution of the smaller bitumen particles 

throughout the pavement layer during the stabilising process is clearly seen in Fig. 5. The 

stabilisation process can effectively be described as mixing with “dirty water” to achieve 

Optimum Moisture Content (OMC) before compaction. It should be noted that this layer 

performed as a stabilised layer conforming fully to the Indirect Tensile Strengths (ITS) and 

Unconfined Compressive Strengths (UCS) as per specification [7]; 

 Smaller particles and the facilitation of water resistant built-in characteristics of the nano-

silane molecule assist with the “breaking” of the emulsion and the rejection of the water 

from the bitumen-aggregate bonding process, not requiring the addition of cement to assist 

with the “breaking” of the emulsion (i.e. the shedding of the water in the emulsion mix 

separating the bitumen from the water) – with the use of an NME stabilising agent  moisture 

is actively rejected from the stabilised layer and 50 per cent of Optimum Moisture Content 



 

 

(OMC) can be achieved within 24 hours [7], facilitating the fast-tracking of the priming and 

opening of constructed sections to traffic. (It should be noted that this action allows for the 

construction of layer thicknesses up to 300 mm without any retained moisture problems as 

practically implemented during application in the winter months in the Limpopo province.); 

 Smaller emulsion particles distribute much easier through the material, reducing the 

construction complexity and compaction effort needed to achieve the specified densities 

due to the lubrication nature of the bitumen-based stabilisation agent in the mix; 

 Smaller emulsion particles pass much easier through the spraying nozzles of the 

construction equipment (i.e. water bowser or recycler) resulting in the considerable 

reduction of the risk of clogged nozzles and the uneven distribution of the stabilising agent 

– the smaller bitumen particles are modified to adhere to an an-organic material 

considerably reducing the contamination of plant and even adhesion to flesh. However, 

nano-silane is an active ingredient added to the bitumen emulsion and any residue from 

previous works still in the equipment will be activated resulting in an unusable sticky 

substance – this is normally immediately detected during the start of any project when 

equipment is used that is not properly cleaned. 

 Reduced risk of clogged nozzles in the distributing equipment which ultimately also results 

in a lower risk of a pavement layer receiving an uneven distribution of the stabilising agent, 

and 

 

Fig. 46. Mixing of 0.7 % nano-silane modified bitumen emulsion stabilising agent (about 0.4% 
residual bitumen) using conventional equipment with a water cart and two graders [7] – 
showing the construction process achieved resulting in a uniform mix shown in Fig. 5. 



 

 

 

Fig. 47. Uniform mix achieved using 0.7% nano-silane modified bitumen emulsion stabilising 
agent (about 0.4 % residual bitumen)using conventional equipment with a water cart and two 
graders [7] – normally such small percentages of  emulsion is considered “impossible” to 
mix effectively into a 150 mm layer using conventional unmodified emulsions 

 Improved cost-effectiveness of the stabilisation process considering all the reduced risk 

factors. 

In effect the Nano-silane modifier is used as a second surfactant to the bitumen emulsion. It has 

previously been shown that the “combination of emulsifiers can produce more stable emulsions than 

using a single emulsifier” [21] – even in the food industry. The same principle may well apply with 

the nano-silane modification of bitumen emulsions in the pavement engineering field, as long as the 

basic principles in terms of compatibility with the type of emulsion (cationic versus anionic), pH 

balance and the manufacturing principles previously discussed are understood and followed during 

the emulsification process. Practical experience in southern Africa [7] has shown that with proper 

maintenance (circulation once a week with a normal circulation pump) NME mixes can remain stable 

on site without an increase in viscosity for periods in excess of a year. 

As mentioned, nano-silane modifications have been used for over 150 years in the built 

environment for the protection of stone buildings, statues and monuments [19]. Important lessons 

were learnt by scientist during the period prior to the development of advanced equipment in the 

1980s/90s that enabled scientists to observe the chemical processes in play in the application and 

use of nano-silane technologies. Through trial and error, scientists have concluded that the 

successful applications of nano-silane technologies are strongly linked to [4]: 

150 mm 



 

 

 The “type of stone” to be treated, and 

 The “condition of the stone” to be treated. 

The lessons learnt in the built environment can also be crucial factors in the successful application 

of available and proven Nano-technologies in the field of pavement engineering. All these factors 

should be considered as important by the bitumen emulsion industry to ensure that mixes are 

manufactured and applied successfully in the field. Similarly, to the introduction of any new 

technology, failures due to the uncontrolled application of “nano-technologies” could lead to rejection 

and resistance against the roll-out every-day use of a technology. This is of crucial importance where 

considerable effort has already shown [4] that nano-silane technologies can have a meaningful 

impact to address the need for service delivery through the provision of long-lasting, low-

maintenance transportation infrastructure at a considerable reduction in cost and risk to the road 

authorities when applied and designed taking elementary chemical material properties into account 

[4], [7], [22]. 

IV.  THE INFLUENCE OF THE EMULSIFYING AGENT ON THE ENGINEERING PROPERTIES OF A NANO-SILANE 

MODIFICATION OF BITUMEN EMULSIONS 

Over and above the various factors mentioned, the production and application of a nano-silane 

modified mix is firstly dependent on the manufacturing of a bitumen emulsion with minimum 

guaranteed engineering performance characteristics. As discussed under Section II of this paper, 

the current specifications applied in South Africa [2] do not include any specifications with regard to 

the emulsifying agent. As mentioned, the characteristics of the emulsifying agent (while still 

producing a bitumen emulsion adhering to the current National standards) could have a meaningful 

impact on the characteristics of the engineering properties of the bitumen emulsion and consequently 

also on the performance of a Nano-silane Modified bitumen Emulsion (NME). This aspect was 

investigated in close co-operation with a number of bitumen suppliers (5 in total) that supplied 8 

different anionic bitumen emulsions (all meeting the current National standards) for testing using a 

relatively good G5 quality [23] (granite) material sourced in Gauteng using a single material 

compatible anionic nano-silane.  

The material was treated with 1.2 per cent material compatible anionic NME. Three samples of 

each of the 8 bitumen emulsions from the 5 suppliers were prepared to determine the Unconfined 

Compressive Strength (UCS) (dry and wet) and the Indirect Tensile Strength (ITS) (dry and wet) of 

each of the products. In order to compare the results with any other stabilising agent the rapid curing 

and sample preparation procedures contained in TMH1 [24] and the South African National 

Standards (SANS) documents [25] [26] [27] as detailed in reference [28] was used. Due to the fact 

that no cement is added to the stabilising agent the samples are not wrapped in plastic bags during 

the rapid curing of the samples in the oven.  

The bitumen emulsion suppliers are identified by the alphabet letters A to E. The number of 

different emulsions received from each supplier is shown by the number following the alphabet letter, 

e.g. A1, A2. Where the emulsifying agent is known and to compare the same emulsifying agent using 

different mixes, these emulsifying agents are identified by a further number, e. g, A1-1 and D1-1. 



 

 

The average values of three samples each of the UCS dry and wet tests and ITS dry and wet tests 

and the retained strength (%(UCSwet/UCSdry)) and retained cohesion (%(ITSwet/ITSdry)) are 

summarized in Table II. It is to be noted that it is not the objective of this paper to demonstrate the 

effect of the NME versus unmodified bitumen emulsion. This aspect, using the same material, has 

been addressed previously by Akhalwaya and Rust [8]. 

UCS (DRY AND WET) AND ITS (DRY AND WET) RESULTS OF EIGTH DIFFERENT BITUMEN EMULSIONS USING 

DIFFERENT EMULSIFYING AGENTS/MIX DESIGNS FROM FIVE SUPPLIERS 

Stabilising agent 1.2% anionic Nano-Modified bitumen Emulsion (NME) 

Material G5 (Granite) 

Supplier A1-1 B1 B2 B3 C1-2 C2-2 D1-1 E1-3 

Sample no. 1 2 3 4 5 6 7 8 

UCSdry(MPa) 4.2 4.1 3.5 3.5 3.5 3.3 3.6 4.1 

UCswet(MPa) 3.8 3.8 3.0 2.5 3.5 2.5 3.2 1.4 

% Retained UCS 

(RCS) strength 

(UCSw/UCSd) 

90 93 86 71 100 76 89 34 

ITSdry(kPa) 400 323 400 295 291 279 400 334 

ITSwet(kPa) 340 290 400 268 289 228 400 202 

% Retained 

Cohesion (RC) 

(ITSwet/ITSdry)  

85 90 100 91 100 82 100 60 

 

As per experience from various materials tested throughout southern Africa [7] “unusually” high 

UCS and ITS measurements can be achieved with NME stabilisation using naturally available 

materials (refer Akhalwaya and Rust [8], using the same material) - as also evident from the values 

shown in Table III. Notwithstanding the relatively high measured compressive and tensile strengths, 

clear differences are evident between the various suppliers using different emulsifying agents as well 

as different manufacturing procedures (e.g. different percentages of the same emulsifying agent as 

shown in Samples C1-2 and C2-2). Given the fact that the material used is a relatively good naturally 

available material, these differences may be more pronounced and could prove crucial when using 

normal in-situ materials with qualities varying from a G6 to a G8 [23]. 

From the eight samples tested all but three showed a retained UCS strength (calculated as the 

(UCSwet/UCSdry) percentage) in excess of 80 per cent. However, it should be of some concern that, 

although all the products were manufactured to conform to existing National Standards, a 

comparable retained UCS strength as low as 34 per cent could be measured. The Retained 



 

 

Compressive Strength (RCS) is of importance at the top of a base layer when exposed to moisture 

and traffic and can logically be indicative to the resistance of the layer to the formation of potholes 

(this definition is subject to a future research). The Retained Cohesion (RC), calculated as the 

(ITSwet/ITSdry) percentage, show values in excess of 85 per cent for six of the eight samples tested. 

Again, some concern exists that one of the samples only measured a RC of 60 per cent.  

The data contained in Table II are analysed and compared in more detail in a visual format in Fig. 

6 to Fig. 8, in which the relative differences in measurements of the eight products from the five 

suppliers are highlighted. 

  

Fig. 109. Differences in UCS dry and wet measured between the different bitumen emulsion products 

used to prepare a nano-silane modified emulsion stabilising agent 
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Fig. 110. Differences in ITS dry and wet measured between the different bitumen emulsion products 

used to prepare a nano-silane modified emulsion stabilising agent 

 

Fig. 111. Percentage differences in retained UCS and ITS stengths measured between the different 

bitumen emulsion products used to prepare a nano-silane modified emulsion stabilising agent 
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Fig. 6 shows that three products gave very good comparative results in terms of UCSdry strengths. 

However, one of the products (E1) performed very poorly when subjected to water with less than 40 

per cent retention in compressive strength compared to the rest of the products. A further two 

products (B3 and C2-2) showed a less than 70 per cent retention in compressive strength when 

subjected to wet testing. Although some differences are evident from the comparison shown in Fig.7, 

the same three products again compared poorly with the rest with one product only managing ITSwet 

measurements of 50 per cent when compared to the other products. The same three products from 

three different suppliers also performed worse in terms of UCS retained strengths, although some 

differences in performance are noted when considering Retained Cohesion (RC) in terms of ITS 

measurements. Consistently poor results are obtained when considering the relative measurements 

obtained using product E1. 

When considering the above results, it should be noted that these differences in test results are 

obtained using a relatively good material and that all eight bitumen emulsion products are currently 

manufactured conforming to the National Standards [2]. All five of the bitumen emulsion suppliers 

are within the Gauteng province of South Africa which reduces the influence of difference bitumen, 

due the origin of the crude oil used in the production of the base bitumen. 

V.  CONCLUSIONS 

Bitumen emulsion is defined as a mixture of bitumen, water and an emulsifying agent without 

addressing the complexity and numerous factors that could influence the engineering properties of 

the final product. National standards for the manufacturing bitumen emulsions currently applied in 

South Africa do not contain any specifications with regard to variations within the emulsifying agent 

used by the various suppliers of bitumen emulsions. By default, it is assumed that the emulsifying 

agent used will not, in a meaningful way, affect the use of the bitumen emulsion manufactured and 

produced within the specifications contained in the National Standards. The modification of bitumen 

emulsions using nano-silane additives adds another layer of complexity to the manufacturing 

process. In order to successfully implement nano-silane modification technology, it is imperative to 

ensure that all bitumen emulsions produced by industry will result in a product which will not have a 

meaningful influence on end-product engineering performance requirements. The nano-silane 

modifications of bitumen emulsions have been shown to potentially have a considerable influence 

on the cost-effective provision of long-lasting, low-maintenance road transport infrastructure [4]. 

However, successful introduction of any new technology needs to ensure that basic specifications in 

terms of the use and end-product engineering requirements are adequately addressed in order to 

prevent the rejection of the technology due to influences other than that of technology.  

As a test of the end-product engineering properties of a nano-silane modification, 8 different 

anionic bitumen emulsions from 5 suppliers all based in Gauteng, South Africa were sourced and 

modified using the same material compatible anionic nano-silane. All the suppliers produce anionic 

bitumen emulsions complying to the National Standards currently applied in the industry. The nano-

silane modified bitumen emulsions (NME) were used as a stabilising agent to stabilise and prepare 

samples (three each) of a relatively good G5 [23] quality material for UCS(dry and wet) and ITS(dry and wet). 



 

 

Care was taken to ensure that the G5 material was mixed and sampled to represent a uniform 

material. The focus of the testing was to establish the influence (if any) of the different emulsification 

agents and the mix proportions used by the different suppliers on the compressive and tensile 

engineering properties of the material stabilised with 1.2 per cent of the prepared anionic nano-silane 

modified emulsions. 

Although all emulsions used conformed to the National Standards currently used in practice, some 

alarming variations in the tested engineering properties were measured. Depending on the property 

tested, variations of 30 to more than 50 per cent in the average measurements between the eight 

different products were recorded. Given the relatively good material used to compare the engineering 

properties, these results are alarming and could result in end-products not meeting the requirements, 

especially when used in combination with naturally available materials of poorer quality. It is 

concluded that the variations in the manufacturing and modification of bitumen emulsions within the 

current National Standards are inadequate to sufficiently protect the industry as a whole. In the light 

of these results and to protect a potentially meaningful technology roll-out, it is recommended that 

careful consideration should be given to produce minimum end-product specifications to which all 

bitumen emulsion suppliers should comply.   
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Synopsis—The City of Cape Town (City) has extensive stockpiles of reclaimed asphalt 

(RA) material. This material consists of high-quality aggregates and residual bitumen, 

making it a valuable resource. The City currently has various uses for this material, such as 

creating hard stands for temporary relocation areas, alleviating flooding in low lying areas 

and for gravel shoulder surfacing.  

In order for the City to get the best value out of this high-quality material, this material 

should be used in the rehabilitation of roads. It is with this in mind that the rehabilitation of 

Camps Bay Drive was used as the first trial from the City of Cape Town in the off-site static 

mobile mixing of a foamed bitumen stabilised material (BSM) using the stockpiled RA 

material for use in the base layer of the road. The base layer on Camps Bay Drive was 

constructed using 100% reclaimed asphalt with nominal quantities of cement and foamed 

bitumen.  

This paper will provide a solution on how to use this valuable resource with a cost-

effective engineering solution and will provide key data and lessons learnt on the production 

and construction of this material. Furthermore, this paper will provide feedback on how this 

project resulted in the City implementing its vision in creating a more sustainable solution 

for using material in a world where virgin materials are rapidly depleting.  

Keywords— sustainability; bitumen stabilised material (BSM); cold recycling; foamed 

bitumen; in plant mixing; pavement rehabilitation; reclaimed asphalt 

I.  INTRODUCTION 

Camps Bay Drive is a major scenic route within the City of Cape Town (City) and provides access 

from the Cape Town CBD to Camps Bay and Hout Bay. Based on the project brief and geometric 

analysis, Camps Bay Drive required widening to safely accommodate the high volumes of tourists 



 

 

and additional planned MyCiti bus traffic. In order to minimize the impact on traffic, the design brief 

targeted construction outside the summer peak tourist season and also required investigation into 

shortened construction periods. 

The City has extensive stockpiles of reclaimed asphalt (RA) material. This material consists of 

high-quality aggregates and residual bitumen, making it a valuable resource. The City currently has 

various uses for this material, such as creating hard stands for temporary relocation areas, alleviating 

flooding and flood damage in low lying areas and for gravel shoulder surfacing. 

In order for the City to get the best value out of this high-quality material, this material should be 

used in the rehabilitation of roads. Virgin aggregates are a scarce commodity, particularly within the 

Western Cape, and reusing these high-quality aggregates reduces the need for virgin aggregates 

thus optimising our natural resources. 

It is with this in mind, that the rehabilitation of Camps Bay Drive was used as the first trial from the 

City in the off-site static mobile mixing of a foamed bitumen stabilised material (BSM) using the 

readily available stockpiled RA material in the base layer of the road. Key data and lessons learnt on 

the production and construction of this material will be discussed as well as the how Camps Bay 

Drive formed the base of the strategic vision for RA use within the City. 

II. BACKGROUND 

Camps Bay Drive is a scenic route situated along the Atlantic seaboard of the Western Cape and 

more specifically Cape Town. Camps Bay Drive was originally constructed in 1848 by John Montagu 

to provide access over Kloof Nek between Cape Town and Camps Bay. In 1902 the tram line was 

installed over Kloof Nek with the route being converted to a motor road in 1933. This motor road was 

constructed with no attempt to alter the tram route by straightening curves so as not to attract greater 

speeds and detract from the beautiful scenery. An important foresight from the designers at the time 

was to construct the surrounding infrastructure wider so as to allow for widening at a later date should 

traffic warrant it [6].  

With this in mind, the City’s implementation of the Integrated Rapid Transport System, MyCiti, 

meant a substantial increase in traffic volumes, vehicle loading and vehicle sizes on Camps Bay 

Drive. The investigation into the use of Camps Bay Drive as a feeder route for the IRT resulted in the 

rehabilitation of Camps Bay Drive. 

  

III. DESIGN ASPECTS 

A. Traffic Design 

No traffic data was readily available for Camps Bay Drive and a 7-day traffic count was obtained 

for evaluation. The results of the traffic counts are shown in Table I: 

TABLE I.  7-DAY TRAFFIC COUNT ON CAMPS BAY DRIVE [8] 

Station Date Lane Traffic Counts 



 

 

No Description ADT ADTT 
% 

Heavies 

111204 25/02/2014 
RLn 02 Towards Cape Town 6813 165 2.4 

RLn 01 Towards Camps Bay 7113 220 3.1 

 

Based on the data obtained in Table I, it is noted that Camps Bay Drive has a low heavy vehicle 

traffic volume ranging between 3,1% and 2,4%. The heavy vehicle traffic spectrum consisted of small 

delivery vehicles, the 8.8 m MyCiti complementary bus and the City Sight Seeing bus. Discussions 

with the City yielded the potential for the City to upgrade the 8.8m MyCiti complementary bus to the 

12 m long IRT feeder bus.  

It should be noted that the legal axle loading for buses as defined by the National Traffic Act, 1996 

(Act No. 93 of 1996) as amended by the National Traffic Regulations is 10,2 tonnes with a Bus Rapid 

Transit (BRT) feeder bus increasing to a maximum of 12 tonnes. This was taken into account when 

analysing the cumulative traffic design for the pavement. 

A sensitively analysis was carried out on the data with the following assumptions: 

 Traffic data was based on the actual traffic counts conducted in the year 2014; 

 A 57.1% directional traffic split; 

 Exponential traffic growth rate varying between 1% and 3%; 

 An E80 per heavy vehicle factor varying between 1,25 and 2,25. 

The cumulative traffic design for a 20-year design horizon is tabulated in Table II. 

CUMULATIVE DESIGN TRAFFIC – 20-YEAR DESIGN HORIZON [8] 

E80/hv 

vehicle 

Expected cumulative Traffic 

(MESA) over 20-year Design 

Horizon 

1.0% 1.5% 2.0% 2.5% 3.0% 

1.25 2.28 2.40 2.54 2.68 2.83 

1.50 2.73 2.88 3.04 3.22 3.40 

1.75 3.19 3.36 3.55 3.75 3.97 

2.0 3.64 3.84 4.06 4.29 4.53 

2.25 4.10 4.33 4.57 4.83 5.10 

LEGEND   

  

  

ES3 1.0 - 3.0 MILLION E80'S 

ES10 3.0 - 10.0 MILLION E80'S 

 

The existing road can be classified as varying between an ES3 to ES 10 (2.28 to 5.10 MESA) 

pavement class for a 20-year design horizon. 



 

 

B. Geometric Design 

The existing road cross section along Camps Bay Drive varied over the entire route with no 

constant crossfall, camber or super-elevation and had a road width of approximately 6.0 m.   

Analysis of the existing horizontal curve data showed that 16 of the 25 curves along the route did 

not meet the design criteria of 60 km/hr. in addition, a vehicle tracking analysis was carried out for 

two design vehicles on these curves: 

 A 12 m IRT feeder bus; 

 The 8.8 m MyCiti complementary bus. 

The analysis was used to indicate where the existing road required widening to allow safe 

manoeuvres for each bus type. The following situations were noted: 

 When the bus encroaches over the centre line of the road; 

 When the bus requires additional road width on the outside of the road; or 

 When two buses were not able to pass each other when travelling in opposing directions. 

Outcomes of the analysis yielded the following [8]: 

 For the future implementation (2 x 12 m IRT feeder buses), approximately 80% of the road 

required widening; 

 For the current system (2 x 8.8 m MyCiti complementary buses), approximately 50% of the 

road required widening; 

 A combination (8.8 m MyCiti complementary bus and 12 m IRT feeder bus) approximately 70% 

of the road required widening. 

It was agreed to widen the existing cross section by 1.4 m to allow future implementation.  

C. Pavement Design 

No major interventions have been undertaken on Camps Bay Drive for approximately 40 years 

with numerous holding interventions implemented by the routine road maintenance over this period 

resulting in varying non-uniform pavement. It was agreed to rehabilitate Camps Bay Drive to meet 

the 20-year design horizon.  

 

 

1) Existing Pavement Condition 
The existing road was recorded in a moderate to severe condition with numerous severe defects 

noted. These defects included crocodile cracking with associated pumping, moderate rutting, 

shoving and potholes.  

Generally, the defects were more severe in the southbound (downhill) direction than the 

northbound (uphill) direction. The lack of subsoil drainage together with varying poor-quality materials 

contributed to these severe defects.  



 

 

2) Mechanical Surveillance Data 
No surveillance data was available or undertaken on the pavement design. 

3) Materials Investigation 
The following materials investigation data was obtained: 

 Nine Test Pits; 

 Six Test Trenches; and 

 Twenty-one DCP tests. 

A summary of the data is as follows [8]: 

a) Surfacing 

The existing surfacing consisted of numerous asphalt overlays varying in thickness between 60 

mm and 195 mm. The condition of the asphalt appeared to be aged. Asphalt patches were displaying 

signs of severe distress and reduced riding quality.  

b) Base Layer 

The base layer generally consisted of a Penetration Macadam Base varying in thickness from 60 

mm to 170 mm. A G2 quality material was noted at sections of additional turning lanes and bus bays 

which were widened for the MyCiti implementation. 

c) Subbase Layer 

The subbase layer was inconsistent throughout all test pits and test trenches. The subbase layer 

consisted of gravel Ferricrete, Sandstone or decomposed Granite conforming to a G7 quality material 

with the exception of one test pit. Boulders were also noted in this layer. The subbase material for 

these test pits has a Grading Modulus (GM) varying from 1.96 to 2.15. 

The CBR for the subbase layer varied from 21 to 25 @ 93% mod AASHTO density. The Plasticity 

Index (PI) for this layer varies from NP to 7. The optimum moisture content (OMC) for this material 

ranges from 5.2% to 9.3% with the maximum dry density (MDD) ranging from 1926 kg/m³ to 2211 

kg/m³. 

d) Subgrade 

The subgrade generally consisted of residual Sandstone with cobbles, boulders and lumps of clay. 

The finer aggregate within the layer varied from a G7 to G10 quality material. 

The subgrade material had a GM ranging from 0.98 to 2.60 and PI varying from 4 to 14 except for 

four test pits which were non-plastic. The CBR for this layer varied between 12 and 42 @ 93% mod 

AASHTO density. The OMC of the material varied from 5.9% to 10.5% with the MDD varying from 

1926 kg/m³ to 2196 kg/m³. 

A summary of the materials data is displayed in Fig. 1: 



 

 

 

Fig. 1. Summary of Test Pit and Test Trench Data [8] 

The DCP data revealed that the insitu subgrade varied from an equivalent G10 quality material to 

a G6 or better-quality material. This combined with the materials test results and TG2, 2009 materials 

classification system [1] indicates that the existing insitu material can be analysed as a G7 to G8 

quality material with isolated areas being classified as a G10 quality material. 

4) Pavement Design 
The pavement design options were generated using the South African Mechanistic-Empirical 

Design Method (SAMDM) and assessed using the TG2 Pavement Number Method.  

Rehabilitation design options were to serve the following purpose: 

 Protect the base layer; 

 Improve the ride-ability of the existing pavement; 

 Extend the bearing capacity of the pavement until the next scheduled maintenance period, and 

 Provide uniformity over the entire pavement structure. 

 

 

 

The following pavement design options were derived [8]: 

Option 1: Crushed Stone Base 

This option involves the following: 

 Removal of 390mm of the existing pavement materials and stock piling; 



 

 

 Backfilling the road widening areas using the excavated material to achieve a uniform G7 

selected subgrade; 

 A 200mm thick stabilised subbase of C4 quality material; 

 A 150mm thick crushed stone base layer of G2 quality material; 

 A 40mm thick asphalt surfacing using a A-E2 COLTO continuously graded medium asphalt. 

Option 2: Asphalt Base 

This option involves the following: 

 Removal of 370mm of the existing pavement materials and stock piling; 

 Backfilling the road widening areas using the excavated material to achieve a uniform G7 

selected subgrade; 

 A 250mm thick (2 x 125mm) stabilised subbase of C4 quality material; 

 A 80mm thick asphalt base course using COLTO 50/70 penetration grade continuously graded 

asphalt; 

 A 40mm thick asphalt surfacing using a A-E2 COLTO continuously graded medium asphalt. 

Option 3: Asphalt Surfacing and Off Site Processed BSM1 Base 

This option involves the following: 

 Milling off of approximately 120mm of existing asphalt and stockpiling at the Ndabeni Depot; 

 Removal of approximately 120mm of the existing penetration Macadam layer; 

 Backfilling the road widening areas using the excavated material to achieve a uniform G7 

selected subgrade; 

 A 200mm thick BSM1 quality material, using crushed RA and foam bitumen; 

 A 40mm thick asphalt surfacing using a A-E2 COLTO continuously graded medium asphalt. 

Although numerous other options were derived, options were omitted for further consideration 

based on discussions with the Employer.  

The materials cost of the three main options are summarised in Table III:  

 

 

COST ANALYSIS FOR PAVEMENT DESIGN OPTIONS (BASE YEAR 2015) [3] 

  
200 mm BSM @ 15 

km haul distance 

150mm G2 + 

200mm C4 

80mm BTB + 

250mm C4 



 

 

Cost assuming 

production of 300 

m3/day  

R173.08 R179.15 R387.65 

Excavation R51.00 R89.25 R84.15 

Total R224.08 R268.40 R471.80 

 

These costs were purely material related and did not include preliminary and general costs nor 

reduced construction times or traffic accommodation costs.  

The BSM option was selected based on the following: 

 Ability to apply traffic directly after construction [2]; 

 Employer has extensive volumes of RA; 

 Reduced construction time; and 

 Increased future maintenance options available. 

D. BSM Mix Design 

At the time of tender, various RA stockpiles were available throughout the City for use on Camps 

Bay Drive however, to ensure adequate control and reduce variability of the materials stockpiled, the 

Employer designated approximately 2000 m3 of RA from two resurfacing projects near the Ndabeni 

depot. Additional milling from Camps Bay Drive would amount to approximately 1300 m3 with the 

remaining 1200 m3 shortfall being obtained from the Employer’s existing stockpile.  

The material was screened to -19mm and the grading was testing in accordance with SANS 

GR3001 GR1 (TMH1 Test A1 and B4 [1]). The stockpiles were tested and the materials grading are 

illustrated in Fig. 2: 

 

Fig. 112. Summary of Gradings obtained from RA Stockpiles [3] 



 

 

The material fell on the coarse side of the BSM-Foam envelope [1]. To address this issue, level 1 

mix designs were undertaken using the following blends: 

 100% RA; 

 90% RA + 10% Crusher Dust; and 

 75% RA + 25 % G4. 

The aggregate (G4, RA and crusher dust), active filler (cement 32.5N and road lime) and bitumen 

(70/100 penetration grade) were supplied to the laboratory for the mix designs. The bitumen was 

originally specified from the SAPREF refinery based in Durban due to the known long history of 

foaming properties and reduced variability compared to Chevron crudes. During the set-up phase, 

the contractor supplied bitumen from the Chevron refinery based in Cape Town which was tested for 

foaming properties. The tests carried out at 170˚C and 180˚C yielded similar percentage water 

requirements with a significant difference in the percentage water required for foaming at 160˚C, 

where the Chevron refinery bitumen required more water to reach the foaming requirements as 

illustrated in Fig. 3. 

 

Fig. 113. SAPREF and Chevron Refinery 70/100 Penetration Grade Bitumen Foaming Properties [3] 

The Chevron refinery bitumen met the required specification and was accepted for use on the 

project. The percentage water used for the project was 2% as the laboratory pressure is assumed to 

be half of the pressure measured in the field [1].   

Level 1 mix designs [1] revealed that cement as the active filler had the greatest influence on the 

Indirect Tensile Stress (ITS) values in the dry condition with varying results noted in the wet condition. 

For this reason, as well as the cost implications, cement was chosen as the active filler for the project. 

TG2, 2009 LEVEL 1 ACTIVE FILLER TEST RESULTS [3] 

Material 
Active 

Filler 

ITS Values at 2% Bitumen and 

Active Filler 

1% Lime None 
1% 

Cement 

Stockpile 1 
ITSDry 

(kPa) 
216 223 228 



 

 

 

 

 

 

 

 

 

 

 

The mix designs were carried out on the various material blends to determine the optimum 

bitumen content.  A summary of the test results is tabulated in Table V.  

TG2, 2009 LEVEL 1 BITUMEN CONTENT TEST RESULTS [3] 

 ITS values at 1% Cement and % Bitumen (kPa) 

Material  Test 1.8% 2.0% 2.2% 2.4% 

Stockpile 1 
100% RA 

ITSDry 197 228 250 269 

ITSWet 124 151 177 191 

Stockpile 2 
100% RA 

ITSDry 193 232 235 260 

ITSWet 155 153 163 179 

Stockpile 1 
90% RA + 10% CD 

ITSDry 109 129 166 157 

ITSWet 67 99 122 116 

Stockpile 1 
75% RA + 25% G4 

ITSDry 229 248 236 245 

ITSWet 143 163 142 153 

 

The test results from stockpile 1 using 90% RA and 10% crusher dust were further interrogated 

and the grading of the RA sampled was not representative of the samples obtained from the 

stockpiles and these results were not considered further.  

The 100% RA option was proposed for further testing as this option had a reduced cost of 

construction and the material met a BSM 1 specification [1].  

Level three testing [1] was carried out on the two available stockpiles of material using the 100% 

RA options with 2.1% net foamed bitumen and 1% cement. The results of the testing are tabulated 

in Table VI: 

TG2, 2009 LEVEL 3 BSM MATERIAL PROPERTIES TEST RESULTS [3] 

 
Failure Stress σ1f at Confining 
Pressure σ3 (kPa) 

Material Properties 

ITSWet 

(kPa) 
168 100 152 

Stockpile 2 

ITSDry 

(kPa) 
222 218 232 

ITSWet 

(kPa) 
142 122 153 



 

 

Confining 
Pressure 

σ3 0  50 100 200 
C 

(kPa) 

Φ 

(˚) 

Retained C 

(%) 

Stockpile 1 
100% RA 

σ1f 1106 1464 1761 2199 251 43.1 63% 

Stockpile 2 
100% RA 

σ1f 1038 1333 1724 2217 217 45.4 81% 

 

The materials tested did not meet the BSM 1 specification as per TG2, 2009 based on the 

following: 

 Stockpile 1: Retained Cohesion less than 75%; 

 Stockpile 2: Cohesion less than 250 kPa. 

In order to assess the impact of these results on the pavement design, a sensitivity analysis was 

carried out on the pavement design using the Deviator Stress Ratio (DSR) [5] and varying the 

stiffnesses, cohesion, angle of friction and traffic loading.  

The following parameters were used in the sensitivity analysis: 

 Varying the cohesion from 200 kPa to 250 kPa; 

 Varying the angle of friction from 40˚ to 46˚; 

 Varying the BSM stiffness from 400 MPa to 800 MPa; and 

 Assessing the traffic load for a typical E80 and 120 kN MyCiti IRT Feeder bus.  

Outcomes of the sensitivity analysis are tabulated in Table VII: 

  



 

 

DEVIATOR STRESS RATIOS ON BSM BASE FOR VARYING STIFFNESS, COHESION, ANGLE OF FRICTION AND 

LOADING  

 
DSR Values for Stiffness, Cohesion and 

Angle of Friction for 80 kN Load (E80) 

DSR Values for Stiffness, Cohesion and 

Angle of Friction for 120 kN Load (Bus 

Limit) 

Stiffness 

(MPa) 
400 600 800 400 600 800 

φ (˚) 
4

0 

4

3 
46 40 43 46 40 43 46 40 43 46 40 43 46 40 43 46 

C 

(kPa) 

200 0.26 0.24 0.23 0.28 0.26 0.25 0.30 0.27 0.26 0.35 0.32 0.30 0.35 0.32 0.30 0.39 0.36 0.34 

250 0.21 0.19 0.18 0.23 0.21 0.20 0.24 0.22 0.21 0.28 0.26 0.24 0.28 0.26 0.24 0.31 0.29 0.27 

300 0.17 0.16 0.15 0.19 0.17 0.16 0.20 0.18 0.17 0.23 0.21 0.20 0.23 0.21 0.20 0.26 0.24 0.23 

 

Table VII above shows that the absolute maximum DSR expected is 0.30 for a standard 80kN 

wheel load and 0.39 for a 120kN wheel load. For the 80kN wheel load, the maximum absolute DSR 

falls within the documented safe limit of 0.30 [5] while for the 120kN wheel load, the maximum 

absolute DSR falls within the 0.40 limit (less than 1% permanent axial strain [4]). Based on the low 

DSR, the decision was made to continue with the 100% RA mix as the risk was considered to be 

very low. 

E. Traffic Accommodation  

The construction of Camps Bay Drive was undertaken in five phases as described below: 

Phase 1 – Geneva Drive to Prima Avenue (SV 0.000 to 0.470) 

This section of road was constructed in half widths under 24-hour stop and go controls and 

included the construction of a scenic look out area.  

Phase 2 – Prima Avenue to Ravensteyn Road (SV 0.470 to 0.920) 

This section was constructed under a full road closure with limited access to site staff only.  

Phase 3 – Ravensteyn Road to Fiskaal Road (SV 0.920 to 1.280) 

This section was constructed in half widths under 24-hour stop and go controls. Due to the MyCiti 

bus operations, this portion of road required access for the buses between 5:00 and 22:00.  

Phase 4 – Fiskaal Road to Rontree Avenue (SV 1.280 to 1.780) 

This section was constructed under a full road closure with limited access to site staff only.  



 

 

Phase 5 – Rontree Avenue to Houghton Road (SV 1.780 to 2.400) 

This section was constructed in half widths under 24-hour stop and go controls for a short portion 

of the contract’s duration.  

Phase 1 was implemented at the start of the contract with phases 2, 3 and 4 following the 

construction process. Phase 5 was constructed towards the end of the project duration to limit the 

impact on traffic. The use of the BSM allowed for construction in half widths with the MyCiti buses 

being accommodated on the constructed BSM sections. 

IV. CONSTRUCTION 

Construction commenced in March 2015 with a 6-month construction period. This was later 

revised due to variations in the traffic accommodation requirements and unforeseen ground 

conditions with a final completion date of 30 November 2015.  

The batching plant was set up at the Ndabeni Roads and Stormwater depot in Maitland, 15 km 

away from the site (the nearest commercial source was approximately 30km away). The depot 

provided sufficient space to establish the offsite static mobile mixing plant, which was the Wirtgen 

KMA in this case, as well as allowing for the stockpiling of the unprocessed RA, screened RA and 

processed BSM. The specification called for crushing of the RA to remove the oversized fractions. 

An alternative proposal in the form of only screening the material to minus 19mm in place of crushing 

the material was accepted provided the fines fraction (0.075mm) met the specification of 4%. This 

was monitored for the duration of the project with a fines fraction of between 2% and 4% recorded. 

The screened RA was processed using the KMA to form a BSM 1 which was stockpiled for up to 7 

days at the depot. Issues noted during the processing of the BSM were as follows: 

 Low aggregate and bitumen temperatures together with high moisture contents resulted in 

balling and stringers produced in the BSM mix. Balling and stringers are excess binder than 

has not adhered to the finer aggregate and hence collect together to form balls or strings of 

bitumen;  

 Maintaining bitumen temperatures within the bitumen tanker, between 160˚C and 180˚C, was 

crucial for obtaining the required bitumen foaming properties. Low ambient temperatures 

resulted in the bitumen being delivered at temperatures lower than 160˚C, which resulted in a 

delay in commencing with mixing; 

 Due to the Cape Town climate, the number of days were limited for mixing and placing of the 

BSM. The minimum mixing temperature was specified at 15˚C however, this was lowered to 

12˚C during the project as the daily aggregate temperatures rarely exceeded 15 ˚C; 

 The KMA had experienced technical issues with regards to reliability in the start of the project 

which is expected when transporting machinery over long distances, however this was 

resolved during the project; 

 Previous experience and sound technical knowledge of BSM production is required to ensure 

the correct mix was achieved.  



 

 

A quality control system was tailored and implemented for the BSM production using the KMA [7] 

to ensure an adequate quality and consistency of the BSM was achieved.  

The material was either placed on site immediately or stockpiled directly after production at the 

depot and protected using plastic sheeting to maintain the moisture content and prevent crusting and 

oxidation of the binder on the outside of the stockpile.  

The BSM was paved using a tracked paver and heavy-duty screed in two 100mm thick layers. 

The 200mm layer required special construction techniques to ensure compaction and a good quality 

finish. The process used to achieve the required 100% Maximum Dry Density (MDD) compaction 

was as follows: 

 Paving 100mm thick BSM layer with bulking of 30 mm to 40 mm; 

 Applying primary compacting using a 12 t tandem drum roller; 

 Paving the second 100 mm thick BSM layer on top of the lower constructed 100 mm layer; 

 Applying primary compaction using a 12 t tandem drum roller; 

 Applying final compaction using two pneumatic tyre rollers (27 t PTR) until compaction was 

achieved.  

The moisture control of the BSM stockpiles was crucial especially when the material was not 

immediately used in construction. The BSM stockpiles were kept moist through watering by hand 

and protection to prevent the material from drying out.  

TG2, 2009 [1] recommends placing BSM layers at OMC’s of between 75% and 100% MDD. The 

contractor found it problematic to control the moisture contents of the BSM in the stockpile and during 

construction as this is very feel dependant. The effect of the moisture content on compaction is 

discussed under the lessons learnt section of this report.  

Prior to the construction of the trial section, a training session was co-ordinated between the 

consultants, external specialists and the construction team including paver and roller operators and 

the quality assurance team. The main discussions revolved around the rolling patterns of the BSM, 

which are very different to that of an asphalt and treating the material as a granular material [2]. This 

ensured technology transfer and a proactive approach before construction.  

Testing of the BSM was undertaken by a laboratory, that specifically established a testing rig in 

accordance with the TG 2, 2009 specification. Acceptance control was carried out on the ITS and 

MDD taken from the batching plant and site samples.  

Due to inclement weather, stockpiling of the processed materials was required for longer than the 

specified 7 days. The effect of stockpiling the BSM was monitored and ITS results for two different 

batches using the same stockpiled RA are displayed in Fig. 4: 

 



 

 

 

Fig. 114. ITS Results versus Days Stockpiled for Two Batches using the same Stockpiled RA [3] 

The ITS results were highly variable with little or no trends noted due to stockpiling. It was therefore 

decided to allow stockpiling for more than 7 days should inclement weather disrupt construction.  

The ITS results were evaluated for varying material and ambient temperatures during the project. 

The data obtained taking all tests into account are represented graphically in Fig. 5 and Fig. 6: 

 

Fig. 115. ITS Results versus Material Temperatures [3] 



 

 

 

Fig. 116. ITS Results versus Ambient Temperatures [3] 

The data in Fig. 5 and Fig. 6 reinforces the need for protecting the RA stockpiles prior to 

processing of the BSM and construction of the BSM during summer periods in Cape Town. 

Outcomes of this have led to the implementation of BSM being restricted during the traditional seal 

embargo periods in Cape Town by certain authorities.  

The effect of compaction equipment on compaction of the BSM was evaluated during the 

construction period. In order to get an understanding of the material behaviour, as well as forming 

part of the contractor’s quality assurance plan, the compaction versus number of passes using the 

construction equipment was measured and are illustrated in Fig. 7: 

 

Fig. 117. Compaction versus Number of Roller Passes [3] 

The initial compaction of the lower 100mm layer with 4 to 5 roller passes would result in a 

compaction of between 85% and 90% MDD as indicated in the compaction curve in Figure 4.3. This 

ensures the lower layer provides a decent platform for the paver to drive over and that compaction 

of the top 100mm BSM layer can take place and achieve the required density.  



 

 

Compaction up to 95% MDD was obtained using the 12-ton tandem drum roller and increasing 

the number of passes at this stage of construction resulted in very little increase in compaction. The 

use of the pneumatic roller is essential in obtaining the required 100% MDD on this particular 

material. 

V. OUTCOMES AND LESSONS LEARNT 

The project provided numerous lessons when dealing with BSM’s and more particularly 100% RA 

BSM’s. The following lessons were learnt during the project: 

 Static mobile mixing of BSM’s should be undertaken in the summer months in the Western 

Cape due to the weather conditions. Low temperatures and high moisture contents result in a 

poorer quality product; 

 An impact crusher should be used to crush the oversized RA. This may create more fines in 

the mix as well as reduce the need for stockpiling of the oversized RA;   

 Planning and training of the operators prior to the trial section is crucial as different placement 

and compaction methods apply to that of an asphalt;  

 The 100% RA BSM has voids within the mix due to the coarse grading and hence when 

inclement weather is imminent, the BSM should be sealed with a tack coat to prevent the 

ingress of water;  

 The mixing of the material is very feel dependant and relies on experience and a hands-on 

approach to ensure the mixture is correct; 

 Moisture control of the BSM while stockpiled and prior to transporting to site for placement 

requires a very hands-on approach and is very feel dependant. Adequate controls for 

monitoring moisture within the stockpile are required to ensure the material is generally kept 

at 75% of OMC.  

Addition of water to achieve the correct moisture content on the stockpiled BSM was critical and 

varied over the duration of the project. Initially, results indicated poor quality control of the moisture 

content which resulted in lower compaction achieved in construction. This was mainly due to the 

quality assurance plan of the contractor, who targeted a dry density reading using the Troxler. With 

the increased moisture content and bitumen in the BSM mix, the dry density was over calculated on 

site by the quality assurance staff, resulting in the contractor prematurely curtailing his compaction 

effort and hence the materials not meeting the required density specification.  

The compaction data obtained for the construction of the BSM prior to discovery of the issue 

mentioned above is illustrated in Fig. 8: 



 

 

 

Fig. 118. Moisture Content versus Percentage Compaction – Before Corrections [3] 

However, once this issue was addressed by the contractor and site monitoring staff and the 

moisture contents were controlled more effectively, the contractor targeted a wet density, based on 

results obtained from the laboratory, which resulted in the compaction being more consistent and 

achieving the required density specification. The compaction results after correction of this issue is 

illustrated in Fig. 9: 

 

Fig. 119. Moisture Content versus Percentage Compaction – After Corrections [3] 

A comparison of the data from before and after corrections to the moisture content control is 

illustrated in Fig. 10: 



 

 

 

Fig. 120. Moisture Content versus Percentage Compaction - Comparison [3] 

The following positives were established during the project when using the 100% RA BSM: 

 The design is very versatile and minor changes to the RA and mix design do not have a 

significant effect on the quality of the BSM; 

 The material behaves extremely well under early trafficking provided a fog spray is applied 

before opening to traffic; 

 There is a large cost saving when using the 100% RA which amounted to approximately 

R44.32 per m2 (only material cost saving calculated);  

 This cost could be further reduced by producing the material closer to the site as the greatest 

cost component of the production of the BSM was the haul to the site; 

 A saving on haulage of 63 000 m3km was achieved compared to using the same quantity of 

virgin material. 

During the project, approximately 8150 t of RA (4200 m3) was processed using 165 t of Bitumen 

and 78 t of cement. 

VI.  CITY OF CAPE TOWN’S RA IMPLEMENTATION STRATEGY 

The City still has large stockpiles of RA stored at various depots within the municipal area. This 

high value, good quality material can be utilised in many ways to extract the maximum value for the 

City while at the same time ensuring that the City is responsible in terms of recycling and maximising 

sustainability in its maintenance, rehabilitation and upgrading projects.  

RA in the City stockpiles is typically very varied and inconsistent particularly the material grading. 

It also contains granular base materials of varying types and qualities, albeit in reasonably small 

proportions. To optimise use of these materials, it is important to process them in such a manner to 

obtain as much consistency possible. One of the lessons learnt from the Camps Bay Drive project 

was the importance of crushing the material using an impact crusher. 

This lesson was used to set up a framework tender for the crushing and screening of RA materials 

at City Depots for a period of three years. This is the first step in maximising the potential of this 



 

 

material as the processed materials can be used not only in BSM’s but in various other sustainable 

applications such as: 

 Supplementing commercial G5 material for the construction of cement stabilized subbases, 

thereby reducing the amount of virgin material required in new capital and rehabilitation 

projects; 

 A base in sidewalks for the non-motorised transport projects; 

 A lower maintenance surfacing in gravel parking areas or low volume gravel access roads by 

“slushing” in an emulsion onto the surface; 

 Hardened gravel shoulders where agricultural equipment requires the use of the shoulders 

and verges.  

These are however lower order uses and the goal is to use this high-quality asphalt aggregate 

and residual binder for high quality and high-volume applications where the maximum benefit can be 

derived. It is with this goal and the now proven success of the Camp Bay Drive project in mind that 

the City has implemented the second stage of its RA utilization plan by initiating a framework tender 

for the in-plant stabilization of milled and granular materials. This will allow the crushed and screened 

materials to be used to produce BSM’s throughout the City.  

The other advantage of a framework tender is that the City does not always have the economies 

of scale available in projects and budgets to make the establishment of an in-plant stabilization 

machine such as the KMA economically viable. With the possibility of establishing a machine 

permanently in Cape Town, the establishment costs are much lower and hence projects become 

more viable, allowing for a larger roll out on road rehabilitation and capital implementation projects.  

BSM’s are not the solution to every problem however, they are well suited to the congested City 

environment, where quick construction techniques such as same day milling and replacing are 

preferred due to high peak traffic volumes. As a BSM can be trafficked, they are ideally suited to the 

City’s environment, especially where the existing subbase is not stabilized and not well suited to a 

bitumen treated base (BTB).  

VII. CONCLUSIONS 

The use of RA and BSM’s in the City significantly increase the sustainability of road construction 

by reducing the use of virgin aggregates, reducing emissions from transport and asphalt heating and 

by creating a cycle of material that can be recycled. While asphalt bases can use up to 30% recycled 

RA in Cape Town at present, BSM’s can use between 90% and 100% RA, thus providing a much 

more cost effective and sustainable solution for the future with our depleting aggregate resources. 
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Synopsis - The application of surfacing seals on roads during periods of relatively low 

temperatures has traditionally presented engineers with some challenges. Although day-

time temperatures may meet the minimum criteria for seal placement, practical experience 

has shown that these seals often result in stone loss when temperatures decrease to levels 

below 20°C before orientation of the stone under trafficking has taken place. Several 

developments in binder technologies have taken place over the last few decades which have 

not been tested for seals under typical winter conditions (including nano-technologies). In 

this paper an investigation into the potential early-life performance of three seals applied 

during low ambient temperatures is described. The paper provides information regarding the 

materials used for the seals, the abnormal environmental conditions during application of 

the seals. It is followed by a description of a scaled Accelerated Pavement Testing (APT) 

evaluation of each section at temperatures below 20°C and decreasing. No traffic was 

allowed on the seals before testing to avoid any possible reorientation of the stone before 

loading. The objective was to specifically evaluate the possible aggregate loss and 

reorientation of the stone of the seals under adverse temperature conditions normally 

expected to result in high stone loss due to a brittle binder under low temperature conditions. 

The data indicated that the novel materials used in the seal applications has potential to 

withstand the conditions under which it was placed, and the performance of the seals will 

now be further evaluated under normal traffic. 



 

 

Keywords—surfacing seals, cold ambient temperatures, APT, FT-wax, nano-silane 
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I.  INTRODUCTION  

Traditionally, the application of seals during winter months has presented road pavement 

engineers with some challenges in terms of adequate performance. Temperature effects influence 

numerous national specifications to such an extent that some specifications employ the practice of 

a “seal embargo” during winter months due to the high risk associated with the placing of seals during 

these periods [1]. The reduction of such risks is of high importance as is demonstrated by the number 

of papers presented on a continuous basis at major conferences which addresses the various 

aspects related to the improvement of the placement of bituminous seals during low temperatures 

during winter months. These papers deal with binders, modified binders, test procedures, etc. which 

could improve the behaviour of seals placed during winter months (e.g. CAPSA 2015 papers [1] to 

[6]). It is not the intention of this paper to re-address any of the important aspects already covered in 

literature.  

Practical experience has shown that these seals often suffer stone loss when temperatures 

decrease to levels below 20°C before orientation of the stone under trafficking has taken place 

(“break like glass under trafficking”) [7]. Several binder technologies developments over the last few 

decades have not been tested for seals under typical winter conditions. In this paper an investigation 

into the potential early-life performance of three seals applied during low ambient and road surface 

temperatures is described. The paper provides information regarding the materials used for the 

seals, the abnormal environmental conditions during application of the seals and the road on which 

the seals were applied.  

It is followed by a description of a scaled Accelerated Pavement Testing (APT) evaluation of each 

section at road surface temperatures below 20°C and decreasing. No traffic was allowed on the seals 

before testing to avoid any possible reorientation of the stone before loading. The objective was to 

specifically evaluate the possible aggregate loss and reorientation of the stone of chip seals under 

adverse (low) temperature conditions normally expected to result in high stone loss due to a brittle 

binder. 3-D scanning techniques have been used to scientifically determine the effect of APT loading 

on each of these sections.  

The data indicated that the novel materials used in the seal applications has potential to withstand 

the conditions under which it was placed. The scientifically quantified performance characteristics of 

the seals (incorporating Fischer-Tropsch (FT) wax modified binders [8] and nano-silane additives [9]) 

together with the quantification of the surface characteristics of the seals using 3-D scanning 

evaluation techniques, provide the basis for the further investigations of the various novel 

approaches introduced in this paper in practice.  

 



 

 

BACKGROUND  

Recommended practice for the application of winter seals 

The general specifications [10] currently applicable for the use of seals is contained under Item 

3401: “General limitations and requirements”. These recommendations are to a large extent in line 

with recommendations published in CAPSA’15 [1] and practitioners are referred to these documents 

for detailed information. Over and above additional considerations, only the relevant data in terms of 

this paper is repeated and summarised in terms of climatic conditions [1]: 

 Hot binders with 0% solvents…. 25°C and rising, and 

 Emulsions….   10°C and rising. 

The surface temperature can be reduced by 1°C for each percentage of a Low Flash Point Solvent 

(LFS) (e.g. paraffin) added. For single and double seals with an S-E1 binder a maximum of 4 per 

cent LFS is recommended, while for a bitumen-rubber S-R1 binder a maximum of 8 per cent High 

Flash Point Solvent (HFS) is recommended [1]. 

Lowering of temperatures will lead to an increase in binder stiffness with an increasing risk of 

adhesion failure [1]. Adhesion failure risk is considered specifically high during winter periods after 

placement of seals, before orientation of the seal has taken place and with temperatures decreasing 

to below 20°C [7]. This specific aspect will be used as a guideline for the APT testing of newly placed 

seals to determine the stone loss that occurs using the novel binders, and applying APT loading 

during early night and morning times with temperatures varying between 12°C and 18°C. 

Characteristics of FT – wax modifications of bituminous binders 

 
The FT-wax modification [12] of bituminous binders was developed more than 25 years ago and 

has been proven throughout the world to have benefits, inter alia, in terms of [11]: 

 increased resistance to cracking; 

 increased resistance to deformation, and 

 benefits in terms of construction – allowing asphalt compaction to continue down to 

temperatures as low as 80°C. 

These benefits are due to the characteristics of the commercial wax in contrast to the wax that 
naturally occurs in bituminous binders [8] [11] [12] [13]. These enhanced performance characteristics 
can mainly be attributed to the following important attributes of the commercially produced FT-wax 
products when compared to the natural waxes present in bitumen: 

 typically commercially produced FT-wax have double the number of carbon atoms in a 

molecule compared to that on natural waxes – hence a dendritic “tree branch structure” versus 

a “bee-hive” structure is formed within the binder which increases the resistance to cracking; 

 due to the higher number of atoms the molecular mass is increased with a resultant increase 

in the melting point from about 70°C to about 100°C. This results in a higher resistance to 

deformation at accelerated temperatures typically found in South Africa during the summer 



 

 

months. During the heatwave experienced in South Africa in December 2018 with ambient 

temperatures soaring above 40°C in Gauteng, road surface temperatures in excess of 75°C 

were measured on construction sites, and 

 the paraffin contents of the FT-wax increases from 10 per cent (natural waxes) to about 85 per 

cent (FT-wax) which leads to a reduction in viscosity measured at 135°C from about 15 to 9 

Pa.s (FT-wax) that facilitates the compaction window to be lowered from about 120°C (normal 

unmodified bitumen) to about 80°C (FT-wax modified bitumen). 

In 2016 an improved modified FT-wax was introduced [14]. This modified FT-wax (FT-wax-M) 
consists of FT-wax with a crude oil additive that does not influence the main characteristics of the 
bitumen and is classified as non-hazardous in terms of European standards. Several trail sections 
using typically 1.5 per cent FT-wax-M modifier in the binder has shown a further decrease in the 
compaction window to about 60°C [14]. The comparison between unmodified bitumen, 3 per cent 
FT-wax modified bitumen and 1.5 per cent FT-wax-M modified bitumen is shown in Fig.1. 

FT-wax crystalizes from about 90°C and forms a lattice structure in the binder which significantly 
increases the stiffness of the binder at lower temperatures. In comparison, FT-wax-M crystalizes 
from about 60°C and does not significantly change the stiffness of the modified bituminous binder 
because the stiffness of the FT-wax-M is very similar to that of an unmodified bituminous binder [14]. 

Characteristics of nano-silane modifications of bitumen emulsions 

The influence of nano-silane modifications in southern Africa have been discussed in several 
papers [9] [15] [16] [17]. The main advantages of anionic nano-silane modifications of bitumen 
emulsions for this paper are that it: 

 acts effectively as an aggregate adhesive which “permanently” bind the bitumen to the 

aggregate; 

 renders the aggregate hydrophobic and repels water from the mix, and 

 assist in the stability and improved distribution of the bitumen particles, effectively reducing the 

percentage of binder required to achieve the same engineering properties in terms of tensile 

and compressive strengths. 

 



 

 

 

Fig. 1. Working principles behind the use of unmodified bitumen, FT-wax modified bitumen and FT-

wax-M modified bitumen [14] 

Novel use of APT testing equipment 

In order to test the adhesive properties of the seals using the modified binders, the different 
experimental seal sections were subjected to APT evaluation using the MMLS3 [18] scaled APT 
equipment that is typically used for the testing of the deformation characteristics of asphalt mixtures 
for highways [19]. The tyre inflation pressures of the scaled down APT equipment is equivalent to 
that of heavy vehicles commonly found on southern African roads (690 kPa to 850 kPa) and loads 
are applied on the 300 mm diameter tyre at 2.9 kN at a rate of 7 200 repetitions per hour [18]. 

The standard test as contained in the SANS specification [19] was only applied to the Cape seal 
sections containing various novel modifications in terms of the tack coat and the slurry mix. The main 
purpose of the APT evaluation was to assess the low temperature performance of the various seals 
subject to initial simulated traffic loading during which stone orientation takes place and which often 
results in stone loss at temperatures below 20°C [7].  

3-D Scanning to determine seal surface characteristics  

The surface characteristics of the different seals before and after APT were determined and 
compared using a hand-held 3-D scanning system [20].  After each scan of the sample, the digitised 
mesh was stored in an STL file format. The mesh was processed using Blender to obtain 
representative samples followed by analysis using CloudCompare to generate cloud points and 
conduct statistical analyses.  
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Due to optical limitations, the EinScan is best suited for scanning lightly coloured, opaque 
materials. Dark coloured geometry is not captured during the scan. Hence, a thin layer of evenly 
distributed white paint was applied to the area of interest. The minimum suitable sample size was 
determined as 100 x 100 mm. This sample size mitigates the effects of small, hollow sections and is 
at least an order of magnitude larger in dimensions than the largest typical aggregate size 
encountered. As with any instrument, especially optical instruments, calibration before each test or 
experiment is required. The calibrated accuracy falls within a range of 10 to 15 μm. 

3-D printed reference arrows were used to capture information related to the sample orientation in 

the environment as part of the mesh itself and as a scale reference for visual clarity. The arrows 

delineate the edges of the scanning area, the line separating APT and non-APT sections and the 

direction of (adjacent) traffic flow (Fig.2). 

 

Example of markers and dimensional reference arrows placed on the surface 

For adequate coverage, approximately 16 scans are required around the circumference of the 
sample with 2 to 3 different pitch angles for a total of 32 to 48 scans. Typically a point-cloud in excess 
of 5 million points is indicative of a complete scan. The scanning process takes approximately 20 
minutes per sample. The final mesh is exported as an industry standard STL file. 

Analysis of the samples is performed using CloudCompare (freeware) that is designed specifically 
to work with large point-clouds. Distributions of roughness, curvature and point-densities can be 
performed and compared for different samples and specimens with the built-in functionality. All 
calculations are performed on a point-cloud instead of the original mesh as only individual points are 
required for the analysis. Considering the resolution of the scanner and the sample size, a point-
cloud density of 100 points/mm2 was found to have sufficient resolution. This equates to a total of 
1 000 000 points for a 100 mm x 100 mm sample. A typical example of an imported mesh of the 
20 mm stone prior to APT loading is shown in Fig.3. 



 

 

 

 

Typical example of an imported mesh of the 20 mm single seal 

DESIGN AND IMPLEMENTATION OF NOVICE WINTER SEALS  

An opportunity was identified in June 2018 with the construction of a 250 m long bypass along a 
road in South-East Gauteng to test the effect of the application of different binders under low-
temperature conditions. Since low-temperature adhesion of the stone is of major importance in the 
long-term performance of seals, the use of a FT-wax modified binder was identified as a possible 
binder with possibilities as a winter-seal option. FT-wax was developed more than 30 years ago in 
South Africa [8] and has been successfully applied all over the world. Of specific interest is the lower 
temperature window open for the compaction (down to 80°C) of the mix allowed for by the addition 
of the modified binder in the placement of asphalt layers [11]. The hypothesis is that the same 
properties that made the compaction at lower temperatures possible through the FT-wax modification 
should also apply to the construction of seals during winter periods. In order to test this hypothesis, 
the bypass was used to test 3 different seal scenarios (Fig.4). 

The sealing of the bypass was done on 25 July 2018 using a FT-wax-M (1.5 per cent) modified 
bitumen tack coat placed at 1.6 l/m2 at a road surface temperature of 18°C (Fig.5 (a)). The 
application of the double seal section (Section A in Fig.4) was also done at a temperature below 
25°C (Fig.5(b)).  

The slurry part of the Cape seal (Section B in Fig.4) was mixed on site using a standard concrete 
mixer and applied labour intensively by hand in one application using squeegees (Fig.6(a) and Fig. 
6(b)). The slurry was made using an anionic nano-silane modified SS60 bitumen emulsion containing 
0.5 per cent anionic nano-silane. In order to achieve a working window of 6 hours to allow the workers 
with enough time to  fill most voids and achieve a smooth surfacing, the nano-silane modified binder 
had to be diluted with water at a 1:1 ratio during the mixing of the diluted binder with the aggregate. 
The nano-silane modification effectively resulted in the lowering of the percentage binder added. The 
aggregate used consisted of a quarry dust mixed with river sand.  

The last 10 m of the bypass (Section C in Fig.4) was only covered with a single 20 mm stone with 
the specific intention to look at the orientation of the stone and possible loss thereof during APT 

   65 mm 

 



 

 

testing at temperatures lower than 20°C [7]. After compaction, the whole of the bypass was closed 
to all traffic to allow for the evaluation of the early stone orientation using APT loading. 

 

 

 

 

 

 

 

 

 

 

 

   

 

Experimental layout using 3 different seal types for APT testing at temperatures < 20°C 

  

     (a)             (b) 

Placement of FT-wax-M tack coat (first binder application) and 20 mm stone (a) followed by an S-

E1 binder 7 mm second seal (Section A in Fig.4) 

10 m 

250 m 

120 m 120 m 

20 mm Pre-coated chips 

1.6 l/m2 Modified (FT-wax – M) 50/70 Pen Bitumen tack coat 

7 mm Pre-coated chips 

0.6 l/m2 S-E1 Bitumen  

Slurry: anionic nano-

silane modified anionic 

SS60 bitumen emulsion 

a. Temperature of applying modified FT-wax binder - 18°C and rising 

A B C 



 

 

 

      (a)            (b) 

On site mixing of the slurry mix (a) with the initial mix showing a short working window of only 3 

hours (b) due to the accelerated water repellent nature of the anionic nano-silane modification of the 

anionic SS60 bitumen emulsion binder 

APT LOADING AND EVALUATION OF ALTERNATIVE WINTER SEALS 

APT loading and evaluation of the 3 different seals using the MMLS3  

 

The MMLS3 was used to test the early performance of the three seals under loading at 

temperatures below 20°C (14 to 17 August 2018). The tests were done from 19:00 to 21:00 and 3:30 

to 5:30. A total of more than 28 000 wheel loads were placed on each of the different seal types 

using a wheel with a 300 mm diameter at a wheel load of 2.9 kN and tyre inflation pressure of 

6 900 kPa. The test protocol prescribed is as follows: 

3 seals to be tested: 

 20 mm single seal with 1.5 per cent FT-wax-M modified binder in the 50/70 pen bitumen tack 

coat applied at 1.6 l/m2; 

 Cape seal with an anionic nano-silane modified SS60 bitumen emulsion slurry applied on the 

20 mm stone with FT-wax-M modified tack coat, and 

 Double seal (20 mm + 7 mm) with FT-wax- M modified tack coat (1.6 l/m2) and S-E1 binder 

second seal (0.6 l/m2). 



 

 

Test procedure for each of the 3 test sites: 

 Set up MMLS3 on selected seal in the bypass area. Mark out borders of wheel tracking area 

with paint for clear evaluation; 

 Mount camera on tripod covering tracking area and take pictures at 15 minute intervals, and 

 Run wheel at highest load and speed and stop every 15 minutes. Record surface temperature 

and take a picture.  Continue for two hours in late afternoon/early evening and also early 

morning at the lowest road surface temperatures. Testing only to commence after the road 

surface temperature has decrease to below 20°C. 

APT sections  

The temperatures during each of the 3 tests are shown in Table I. The positions of the tests are 

shown in Fig.7 to Fig.9. In Fig.7 the stone reorientation that occurred on the 20 mm single seal under 

the action of APT loading at temperatures between 12°C and 19°C is clear. No stone loss could 

visually be detected to have occurred during the orientation of the stone during the APT loading done 

at these temperatures. Also, no stone penetration into the anionic nano-silane modified bitumen 

emulsion stabilised base (using G8 materials) could be detected. No clear visual difference could be 

detected on the sections with the Cape seal (Fig. 8) and the double seal (Fig. 9) between the surface 

with and without the APT test at low temperatures. 

TABLE IX.  SUMMARY OF 3 APT TESTS DONE ON THE 3 DIFFERENT SEALS TO OBTAIN EARLY 

PERFORMANCE CHARACTERISTICS AT TEMPERATURES BELOW 20°C 

Test 1 – 20 mm single 

seal 

Test 2 –Cape seal Test 3 – 20/7 double 

seal 

Time Temperature [°C) Time Temperature 

[°C) 

Time Temperature [°C] 

19:00 19 19:30 18 20:00 17 

19:30 17 20:00 18 20:30 17 

20:00 17 20:30 17 21:00 16 

20:30 16 21:00 17 21:30 16 

21:00 15 21:30 16 22:00 16 

21:30 14 22:00 15 22:30 16 

22:00 14 22:30 15 23:00 15 

22:30 13 23:00 14 23:30 14 

03:30 12 04:00 14 24:00 13 

04:00 12 04:30 15 03:30 13 

04:30 12 05:00 16 04:30 13 

05:00 13 05:30 17 05:00 14 

05:30 13 06:00 18 05:30 14 

6:00 14 06:30 18 06:00 15 

6:30 15 07:00 19 06:30 16 

07:00 16 07:30 19 07:00 16 



 

 

 

 

 

Condition of the 20 mm single seal APT done at < 20°C (28 000 repetitions)  

 

Condition of the Cape seal after the APT done at < 20°C (28 000 repetitions) 

No APT 

APT 



 

 

 

Condition of the 20/7 double seal after the APT done at < 20°C (28 000 repetitions) 

3 – D SCANS OF DIFFERENT SEALS 

Mean Profile Depth (MPD) & Mean Texture Depth (MTD) Calculations: Basic principles 

The surface characteristics of the different seals before and after APT loading were determined 

and compared using 3-D scans [20]. The Mean Profile Depth (MPD) is calculated as the average 

profile depth of two sections (using the highest peak on each section) over a 100 mm long baseline 

[21]. 

The sand patch test (ASTM E965) uses a volumetric approach of measuring pavement 

macrotexture [22]. The Mean Texture Depth (MTD) [23] can be expressed as the ratio of the volume 

of material that is required to fill the surface, divided by the area that is covered by the volume of 

material. Unlike the ASTM method, the surface area of the sample remains fixed when using 3-D 

scanning technology, with the volume of material filling the surface texture acting as the variable 

quantity. The benefit of this calculation is that the sand patch test method can directly be calculated 

using the software. The volume of both the cuboid surrounding the sample (area multiplied by the 

greatest difference in height) and the volume of the aggregate are known. The difference in the 

volume is occupied by the virtual sand particles that fill the surface until the entire surface is covered 

uniformly. 

Quantitative Metrics for calculation of the APT loading versus the no-loading areas 

Two quantitative metrics are used for describing the relevant characteristics that are provided with 

the CloudCompare software. For each sample, the “kernel” size is configured to be between 25 per 

cent and 100 per cent of the nominal aggregate dimension. Smaller kernel sizes provided improved 

representative statistics of the samples. The two metrics that were found to provide good results are 

Curvature and Roughness. 

The built-in curvature tool provides an assessment of the extrinsic mean curvature that is derived 

from differential geometry. The curvature of each point is estimated by best fitting a quadratic around 



 

 

that particular point. A histogram provides the distribution of the metric. The roughness distribution 

is based on a best fitting plane of the surrounding neighbours. The roughness will thus be highly 

dependent on the volume and shape of the aggregate protruding from the seal or binder surface. 

The statistical data can be expressed using either a Weibull distribution with a- and b-parameters 

describing the scale and shape respectively, or an exponential distribution. The goodness-of-fit is 

highly dependent on the aggregate dimensions and shape for each test. 

After each sample scan, the digitized mesh was stored in an STL file format and then processed 

to obtain a representative sample with correct orientation. Finally, CloudCompare was used for cloud-

point generation and statistical analyses. 

 

COMPARING 3-D SCANS OF DIFFERENT SEALS SUBJECTED TO APT LOADING WITH ADJACENT AREAS 

SUBJECTED TO NO LOADING 

General 

The three APT sections were evaluated using the 3-D scanning equipment and statistical 

evaluation tools described. The main objective of these analyses is to determine the stone 

reorientation and possible stone loss of these different seals during cold periods (below 20°C).  

Test 1: 20 mm single seal with a 1.5 per cent FT-wax-M modified tack coat (first binder application) 

The interpretation of the different maps is the same for all the different seals. The height maps of 

the 20 mm seal produced from the 3-D scans are shown in Fig.10. The map after the APT loading is 

shown on the left and without any loading on the right. The blue to red 3-D generated pictures show 

the relative differences in height within the scanned areas. The less red in the scan after the APT 

loading (on the left) is an indication of the reorientation of the stone that has taken place and the 

“filling” the vacant blue areas. The statistical evaluations of the data of the two scanned areas data 

sets are given in Table II. 



 

 

 

3-D scan of the 20 mm single seal: Left – APT loading; Right no loading 

 

VOLUME AND VOID RATIOS CALCULATED FOR THE 20 MM SINGLE SEAL FROM A STATISTICAL ANALYSIS OF 

THE 3-D SCANS SHOWN IN FIG. 14 

Parameter 
APT loading No- 

loading 

Solid volume (VT) [cm3] 156.22 178.88 

Sample area [cm2] 100.2 100.2 

Largest height difference [mm] 15.622 17.888 

Aggregate volume (Vs) [cm3] 84.83 110.40 

Void volume (Vv) [cm3] 71.39 68.48 

Void ratio (Vv/Vs) 0.8416 0.6203 

Void ratio (Vv/VT) 0.4570 0.3828 

MTD [mm] 7.14 6.85 

MPD [mm] 7.32 7.03 

 

Test 2: 20 mm Cape seal with 1.5 per cent FT-wax-M modified tack coat (first binder application) 

and anionic nano-silane modified bitumen emulsion slurry 

The height maps of the 20 mm Cape seal produced from the 3-D scans are shown in Fig.11. The 

statistical evaluations of the data of the two data sets are given in Table III. The APT loading sample 

(left) illustrates more pronounced visibility of the 20 mm aggregate from below the slurry mix. This is 

likely due to the reorientation of the smaller particle sizes in the slurry mix moving toward the most 

stable state.  



 

 

From the roughness analysis it is shown that the APT area (left) illustrates loss in micro texture 

and exposure (appearance) of the larger 20 mm aggregate. This could be an indication that all voids 

were not filled during the placement of the slurry mix. 

 

3-D scan of the 20 mm Cape seal: Left – APT loading; Right no loading 

VOLUME AND VOID RATIOS CALCULATED FOR THE 20 MM CAPE SEAL FROM A STATISTICAL ANALYSIS OF THE 

3-D SCANS SHOWN IN FIG. 15 

Parameter APT loading No- loading 

Solid volume (VT) [cm3] 52.805 58.918 

Sample area [cm2] 100.2 100.2 

Largest height difference [mm] 5.27 5.88 

Aggregate volume (VS) [cm3] 21.668 28.010 

Void volume (VV) [cm3] 31.137 30.908 

Void ratio (VV/VS) 1.437 1.103 

Void ratio (VV/VT) 0.590 0.525 

MTD [mm] 3.11 3.08 

MPD [mm] 3.11 3.08 

 

Test 3: 20/7 mm double seal with a FT-wax-M tack coat (first binder application) and a S-E1 second 

application followed by a fog spray 

Although there was no visual difference observed between the area subjected to the APT loading 

and the adjacent areas of the seal, the 3-D scanned generated matrix of the area subjected to the 

APT loading (left in Fig.12) showed a denser matrix when compared to the adjacent area (right in 

Fig.16). Hence, the smaller 7 mm stone were packed closer into the first 20 mm seal, leaving fewer 

gaps and moving towards a more uniform surface. 

 

 

 



 

 

The height maps for the 20/7 mm double seal developed from the 3-D scans are shown in Fig.13. 

The volume and void ratios calculated from the data sets are shown in Table IV. 

 

 

3-D scan of the area subjected to APT loading (left) and the adjacent area (right) that received no 

loading 

 

Height maps obtained from the 3-D scans of the area subjected to APT loading (left) and the 

adjacent section which received no loading. 

The area subjected to APT loading (left in Fig.13)) illustrates the reorientation of the particles with 

less protruding features above the surface. The distribution of curvature shifts correspondingly 

toward lower values, i.e. uniformity. The roughness distribution indicates roughness values between 

0.6 mm and 1.0mm which is likely a representation of surface roughness of the aggregates rather 

than the macroscopic dimensions. 

 

 



 

 

 

 

 

 

 

 

VOLUME AND VOID RATIOS CALCULATED FOR THE 20/7 MM DOUBLE SEAL FROM A STATISTICAL ANALYSIS OF 

THE 3-D DATA SETS SHOWN IN FIG.17. 

Parameter 
APT loading No- 

loading 

Solid volume (VT) [cm3] 81.504 93.158 

Sample area [cm2] 100.2 100.2 

Largest height difference [mm] 15.37 15.76 

Aggregate volume (VS) [cm3] 21.668 28.010 

Void volume (VV) [cm3] 59.836 65.248 

Void ratio (VV/VS) 2.761 2.326 

Void ratio (VV/VT) 0.734 0.669 

MTD [mm] 5.97 6.50 

MPD [mm] 7.18 6.40 

 

DISCUSSION OF RESULTS  

 

The test results confirmed that reorientation of the stone took place under the loading applied at 

temperatures less than 20°C without any apparent stone loss using the FT-wax-M tack coat. These 

observations were confirmed both visually and through the 3-D scans of the various surfacings. The 

tack coat (first seal application) on all the various test sections was applied at a road surface 

temperature of approximately 18°C. This is 7°C less than the minimum recommended temperature 

contained in the South African specifications [14] and recommended best practice [1].  

No apparent visual differences between the areas subjected to APT loading during cold conditions 

and the adjacent areas could be visually observed on the Cape seal and double seal sections. 

However, the 3-D scans clearly showed that reorientation of the stone did occur on both the Cape 

seal (protruding of the bigger 20 mm stone) and on the double seal (closer matrix due to compaction 

under loading and stone reorientation). No stone loss could be detected on any of the 3 experimental 

seal sections subjected to APT loading at temperatures below 20°C [11].  

Given the comparison of the results, the 3-D scans done to compare areas subjected to loading 

with the adjacent areas gave an accurate scientific measurement of the effect of the load applications 

through the generated 3-D surface maps and the statistical analyses of the data sets. The generated 



 

 

maps from the 3-D scans also enabled a visual observation with regard to stone reorientation and 

change in surface characteristics under the effect of the APT loading.  

CONCLUSIONS AND RECOMMENDATIONS 

 

The use of a FT-wax-M tack coat applied at a road surface temperature of 18°C (7°C less than 

the recommended minimum) can be considered successful. The performance of surface seals 

subjected to loading at temperature below 20°C, before stone orientation has been accomplished 

under loading, is considered as a high risk scenario [1] [11]. The application and testing of the 3 

different seal combinations, i.e. a 20 mm single seal, a Cape seal and a 20/7 mm double seal using 

novel different binder modifications was done with the specific aim to evaluate these modified binders 

for winter seal applications.  

The MMLS3 has been designed to evaluate the rut potential of asphalt materials for highways [22] 

[23]. In this experiment it was used to evaluate the early life performance of the different seals during 

critical temperature conditions. Reorientation of the stone was observed visually on the 20 mm single 

stone. Using  3-D scanning equipment and generating statistical models, the changes in all three 

seals applied and tested during “cold” conditions could be quantified. On none of the 3 different seals 

could stone loss be identified as a problem. The application of the tack coat (first binder application) 

with a binder modified with 1.5 per cent FT-wax-M [18] applied and tested under “cold” conditions is 

considered to be a success.  

The positive results obtained from the testing done using these novel binder modifications warrant 

further investigations. It is the opinion that the limits of the application of winter seals using FT-wax-

M modified binders is yet to be established. Given the results achieved, it is likely that these limits 

could be further reduced by some margin. The considerable advantages offered by a low risk 

modified binder to be used during low temperature periods that is also resistant to the detrimental 

effects of high surface temperatures could be significant. In addition, the advantages offered by the 

performance of the Cape seal with the various combinations of modifiers as a cost-effective 

alternative for use in residential areas could have a similar positive effect. 
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Synopsis—More than eighty percent of surfaced roads in South Africa are covered with 

surfacing seals, invariably comprising of single seals, double seals, sand seals, slurry seals 

or Cape seals. Although the percentage of premature failures recorded is relatively small, in 

most instances early stripping of single and double seals soon after construction has 

generally been identified as a primary mode of failure. 

Following several investigations regarding the cause of stripping, constructing fifty-four 

seals during winter in the coldest part of South Africa, and consultation with experienced 

practitioners, specific aspects have been identified as the most important causes for failure. 

These include inadequate evaluation of the existing surface conditions and prevailing 

climatic conditions, selection of an inappropriate seal type, binder and precoating binder, 

design errors, poor construction practices with specific emphasis on over application of 

aggregate and opening to traffic. 

The paper discusses the main causes of failure and provide guidelines to ensure correct 

interpretation of all the fundamental design input parameters, attention to detail during 

design, execution of specific preconstruction tests on site, construction and controlled 

opening to traffic. 

Shortcomings in existing design guideline documents and specifications are highlighted 

and recommendations made for improvement. 

This paper assumes even lateral distribution of binder, therefore stripping due to poor 

lateral binder distributuin is not considered. 

Keywords: Surfacing seals, surface dressings, surface treatments, stipping, aggregate 
loss 

 

 



 

 

 

 

 

 

INTRODUCTION 

A variety of surfacing seals, also referred to as surface treatments and surface dressings, are 
used in South Africa as initial construction seals or as reseals and comprise slurry seals, sprayed 
seals (Single, multiple and graded aggregate) and combination seals (Cape seals). 

Although stripping, also referred to as ravelling or aggregate loss of microsurfacings, slurry and 
Cape seals does sporadically occur, the highest occurrence of this mode of failure is on single and 
multiple stone seals and, mostly soon after construction or during the first winter.  

Stripping refers to the loss of seal aggregate from the road surface. Loss of adhesion between the 
surface seal and the existing road substrate is more commonly referred to as delamination or 
surfacing failures in [1]. 

In most cases of failures investigated, the binder and aggregate properties were within 
specifications. Therefore, the focus of this paper is on the combined risks related to other factors 
causing stripping. 

 

The key factors contributing to stripping, discussed or referred to in this paper are: 

The seal strength (resistance to stripping), which is a function of the seal geometry (structure), the 
cohesive strength of the binder and the adhesive bond strength between the binder and the 
aggregate 

External influences, with the main factors being climatic conditions (temperature and moisture) 
and traffic 

Based on observations and conclusions drawn from forensic investigations, the purpose of paper 
is to guide practitioners through the process of design, construction and controlled opening to traffic, 
highlighting sensitivities and typical errors. 

 

DESIGN CONSIDERATIONS 

Design philosophy 

The rational design method and simplified design graphs in [2] reflect a minimum application rate 
(to hold the stone) and a maximum application rate to obtain a selected macro texture depth (after 
aggregate embedment and orientation). The recommended envelope has been adjusted from [3] by 
changing the assumption of voids filled with binder, to match the application rates suggested by the 
different Provincial road authorities for similar conditions. The principle is shown in 0, with the 
minimum line simulating application rates as recommended by the former Transvaal Roads 
Department.  



 

 

 

Envelope for binder application rate 

The “lean approach” of this Department developed because of: 

More than 50% of vehicles in South Africa was then, as it is now, registered in the current Gauteng 
Province – increasing the risk of embedment, bleeding and poor skid resistance due to high 
volumes of attracted traffic after new construction 

Low risk of stripping due to good weather conditions during the summer sealing season in this 
Province 

Low risk of stripping due to good quality sealing aggregate  

History of binder rich seals using conventional binders with propensity to bleeding in wheel paths  

Maintenance contracts in place to apply additional binder, if required within short notice, in the 
form of diluted emulsion  

What is often neglected is the fact that this “minimum” line is really the bare minimum, not making 
provision for the five percent tolerance allowed in spray application and not considering the variance 
in potential embedment, existing macro texture and aggregate size.  

Most cases of stripping, reported in South Africa, occurred because of poor adhesive strength, 
with the binder/ aggregate contact area being inadequate for the prevailing conditions shortly after 
construction. 

The conclusion drawn by the practitioners involved, was that “there was just not enough binder to 
hold the aggregate” when the stripping took place.  

Recommendations in this regard are as follows:  

Taking cognisance of uncertainties e.g. attracted traffic, variation in road surface condition, quality 
of construction, climatic conditions, the designer must decide on an appropriate application 
rate within the suggested envelope. 

The current practice of using average values for design input parameters increases the risk of 
failure. The recommended approach for single and multiple stone seals, in terms of a design 
philosophy, is to rather have a “fatty seal” in a few years’ time than aggregate loss tonight. 

The suggestion would be to use the 80th percentile of macro texture, 20th percentile of corrected 
ball penetration and 80th percentile of the Average Least Dimension (ALD) of the aggregate. 



 

 

Alternatively, risks should be evaluated through a sensitivity analysis, using the full spectrum of 
measured design input parameters. 

Ball penetration testing and interpretation 

Potential embedment of seal aggregate is one of the main input parameters in the seal design 
method of South Africa [2] and estimated using the ball penetration test  (SANS 3001-BT10, 2013).  

High potential embedment results in less binder being applied. 

The risk of stripping related to over estimation of embedment has been described by Van Zyl, [4]. 
Since then, the standard method of ball penetration testing has been adjusted to allow for two blows, 
reporting observations i.e. embedment, displacement and crushing, or a combination thereof as well 
as providing additional temperature sensitivity values (k-factors). 

Unfortunately, up to this stage, there are no formal guidelines published regarding interpretation 
of results obtained from this test.  

In this regard the following recommendations: 

When a “half-moon” indent is created in the existing surface by the 19 mm ball after one blow of 
the Marshall hammer, without any significant displacement or crushing, it could be assumed 
that embedment of the stone will take place. In this case, the penetration value after the first 
blow is used for design purposes 

 

Ball penetration test indicating the “half-moon” effect 

When only crushing of the existing surfacing aggregate or only displacement of the substrate is 
observed, without the “half-moon” effect, then the potential embedment is considered to be 
very low. In these cases, only the second penetration value is used for design purposes. The 
first blow is considered a “seating” blow 



 

 

 

Ball penetration test indicating the “crushing” effect 

 

Ball penetration test indicating the “displacement” effect 

When an indent is observed as well as crushing and/or displacement, the recommendation is to 
use the average of the first- and second blow penetrations 



 

 

 

Ball penetration test indicating the “crushing and displacement” effect 

Unless the tester provides a full report with photographs of each test, the designer should be on 
site during testing 

Macro texture testing and interpretation 

The purpose of this test (SANS 3001-BT11,2014) is to determine how much binder will disappear 
into the voids of the existing surface without being in contact with the new seal aggregate. Not 
compensating for binder filling the texture of the existing surface, could lead to insufficient 
binder/aggregate contact area. 

It should be noted that the graph, Figure 7-2 Binder adjustment for existing texture, and Table K-
7 in [2] differ significantly, as shown in 0. 



 

 

 

Recommended additional binder required based on existing texture depth 

The simplified TRH3 guidelines [2], as indicated with solid lines in 0 suggests, for a traffic volume 
of 2000 Equivalent Light Vehicles per lane per day (ELV) and an existing macro texture depth of 1.0 
mm, addition of 0.38 l/m2 residual binder. The original Rational Design Method in [2] (Table K-7 in 
Appendix K) suggests a maximum of 0.26 l/m2 residual binder for this situation.  

For sake of interest, [6] would suggest an increase in the ALD with a factor of 0.7 x Td (Td = 
existing macro texture depth in mm), which in turn will increase the binder application rate.  

Additional concerns, not sufficiently dealt with in design guidelines are: 

Type of texture and stone size.  
Dependent on the type of texture, different stone sizes would require different volumes of 

additional binder or even no additional binder. The effect is explained in 0 

 

Effect of different stone sizes on additional binder demand 

Although the issue is discussed in [2],[4] and [6] the effects of different texture types and aggregate 
sizes are not properly quantified, resulting in the designer either applying one of the methods in [2], 
regardless of the seal type or, having to make his own decision.  

 



 

 

Use of average values 
Insufficient design guidelines and specifications exist to rule out the use of certain seal types if 

high variation occur in the existing macro texture. Although TRH3 recommends the use of a texture 
treatment (void-filling seal) as a pretreatment when the macro texture exceeds 1.0 mm or when the 
macro texture varies between coarse and fine, transversely over the road, no mention is made 
regarding acceptable variation.  

0 shows the variation in measured texture depths (ETD) of a crushed stone base on one project. 
The average of all measurements was calculated as 0.84 mm and used for the design. The coarse 
areas resulted in the 20/7/7 split application double seal being permeable, resulting in debonding 
and surfacing failures after the first rains. 

 

Variation in estimated texture depth on a crushed stone base 

Recommendations to minimise the risks of texture related errors are: 

Urgent research to quantify the additional residual binder requirement for different textures and, 

Establish criteria and limits for selection of seal types, based on both coarseness and variation 

Application of a texture treatment when macro texture variation exceeds 40% 

Seal geometry 

Binder split 
The rule of thumb for normal double seals is to split the total binder 60/40 between the tack coat 

(first binder application) and penetration coat (second binder application). This approach works well 
on low volume roads where the high volume of binder fills the voids within the seal structure. 
However, for high volume roads and seal types such as the 20 mm plus 10 mm double seal (20/10) 
or 20 mm plus a split application of 7 mm aggregate (20/7/7), this distribution results in too little binder 
to hold the top aggregate layer.  

Experience suggests, for these situations, that the bitumen distribution between the tack and 
penetration coat, after deducting 50% of the diluted emulsion cover spray, shall preferably be 45/55 
but not less than 50/50. Performance evaluation of this seal type over several years further suggest 
that the cationic emulsion cover spray (diluted 70/30 with water) should be applied at a minimum of 
1.0 l/m2 and up to 1.2 l/m2 if aggregates with low micro texture e.g. granite and quartzite are used. 



 

 

Run-in of penetration coat binder 
Calculated binder application rates are lower for seals on high volume roads than for low volume 

roads. Dependent on the spread of aggregate in the first layer of a double seal, this results in voids 
created within the seal structure, which allow low viscosity binders to run into these voids and not 
leaving sufficient binder on top of the large aggregate to hold the second aggregate layer. 

Therefore, only high viscosity binders e.g. hot polymer modified binders are recommended for this 
binder layer. 

Cover/ Fog spray 
Evaluating the performance of seals with and without fog sprays [5] has led to the recommendation 

to always apply a fog spray on 20/10 and 20/7/7 double seals. As discussed under “Binder split” 
above, the use of a cationic spray grade emulsion cover spray is suggested, diluted with maximum 
of 30% water and applied at a minimum of 1.0 l/m2. The binder creates bonds between the aggregate 
shoulders as shown in 0, reducing the risk of stripping. 

 

Bonds created between aggregate particles 

Current guidelines [2] suggest, for the design of double seals that 50% of the residual binder of 
the cover spray be subtracted from the total binder required, before distribution to the tack coat and 
penetration coat. This subtraction is based on an estimate of the amount of binder staying on top of 
the aggregate, thus not contributing to the adhesive strength of the seal. 

Concerns have been raised in industry regarding: 

True residual binder remaining on the stone when using different emulsions, dilutions and 
aggregate types 

The TRH3 only applies this principle on double seals and not single seals 

The following actions are recommended:  

Research is required to quantify the amount of binder staying on top of the aggregate, considering 
binders from different suppliers, the dilution, application rate, cleanliness of the aggregate, 
ionic charge of binder and aggregate, as well as the micro texture of the aggregate  

There is sufficient evidence that this adjustment should also be applied to single seals as well. 
Therefore, design guidelines should be updated.  

 



 

 

CONSTRUCTION AND TRAFFIC COMPACTION 

Aggregate orientation 

Based on experiences of constructing 54 seals during the winter in the coldest part of the country 
[5], one of the key issues identified to prevent “stripping” was orientation of the aggregate. The 
aggregate spread, type of binder and seal type used in specific climatic conditions, as well as rolling 
and traffic compaction, play a major role in orientating the aggregate to its least dimension being 
perpendicular to the road surface. 

Aggregate spread 

Over-application of aggregate, specifically for single seals, has been identified during several 
investigations, as a significant contributing cause for stripping in South Africa. The impact of over 
application is that the aggregate cannot orientate, resulting in insufficient area in contact with the 
binder and high risk of stripping. As stated in [2] the design application rates for single seals are 
based on the aggregate lying with its least dimension perpendicular to the road surface. 

Figure F-3 and Figure F-4 in [2] refer to a dense shoulder-to-shoulder matrix and an open 
shoulder-to-shoulder matrix, but does not state explicitly that these matrices should be obtained after 
traffic compaction and not after spreading. 

Aggregate spread rates provided in guideline documents are mostly based on the ALD of the 
aggregate and vary as shown in 0.  

 

Recommended aggregate spread rates according to various seal design guideline manuals 

 

 



 

 

The variation from the graph and table K-3 in [2] for an ALD of 8mm is approximately 20 m2/m3 
(123 – 103 m2/m3). For a loose bulk density of 1500 kg/ m3, this relates to 12.2 kg/ m2 versus 14.6 
kg/ m2 (Difference of 2.4 kg/ m2). Recommended rates suggested by [9] and [6] are between the 
values recommended in the graphs and table in  [2]. 

The table K-3 [2] recommendation is based on packing out aggregate in a dense shoulder-to-
shoulder matrix, with the ALD perpendicular to the road surface, whereas the graph in [2] originated 
from the principle of ordering sufficient aggregate and providing for waste due to stockpile 
contamination etc.   

Cognisance should be taken of the notes in manuals that the spread rates provided are only 
approximations and must be verified on site relative to the specific shape of aggregate delivered. 

Provisional recommendations regarding appropriate aggregate spread rates are as follows: 

For emulsions, 70/100 Pen bitumen and even S-E1 binder, the ideal spread rate for single seals, 
to minimise the risk of stripping and to obtain maximum area in contact with the binder would 
be closer to the rates recommended in Table K-3 of [2]. When the aggregate is spread, there 
must be voids visible between the aggregate particles to allow for orientation, as shown in 0. 

 

Orientation of aggregate 

Aggregate (preferably not precoated) is spread shoulder-to-shoulder by hand on one square 
metre with the ALD perpendicular to the road surface and then weighed. 

   

 Determining appropriate spread rates 

When this spread rate is applied by the chip spreader on the road, it will appear “open”. After 
rolling, it will still appear slightly open, as shown in 0. However, after traffic compaction for a couple 



 

 

of days during good weather conditions (appropriate for the specific binder to allow orientation), a 
dense shoulder-to-shoulder matrix would be obtained. 

   

Before and after traffic compaction 

For Cape seals, using emulsions, 70/100 Pen bitumen and S-E1 binders, the appropriate 
aggregate spread rate is similar to that of a single seal, providing an open “shoulder-to-
shoulder” matrix after rolling.  Traffic is not allowed before application of the first slurry layer. 
Therefore, the aggregate does not fully orientate, leaving sufficient gaps for the slurry to fill the 
voids   

For the higher viscosity modified binders, the design method [2] allows for increased application 
rates, mainly due to much slower orientation of the aggregate during construction and traffic 
compaction at road surface temperatures. To obtain a good dense shoulder-to-shoulder matrix 
after construction, the appropriate aggregate spread rate for S-E2 hot polymer modified binder 
is 5 – 10% more and for S-R1 bitumen rubber, approximately 10-15% more. 

Cognisance should be taken that the new S-R2 bitumen rubber binder contains additives which 
allows quicker stone orientation than the S-R1 binder, resulting in the need to investigate both 
appropriate spread rates and binder application adjustment factors. 

Climatic conditions during and soon after construction 

Current specifications (Committee of Land Transport Officials, 1998) require road surface 
temperatures of 25˚C, and rising, when spraying hot binders (without solvents) and 10˚C, and rising, 
when spraying emulsions or highly cut-back bitumen (MC3000). The reason for the 25˚C can be 
illustrated with a simple experiment increasing the binder temperature and testing the adhesion of a 
stone to the binder as shown in 0. 



 

 

   

Adhesion of aggregate with increasing binder temperature (Kobus Louw) 

Due to the very thin layer of binder applied, the temperature of the binder cools down rapidly to 
the road surface temperature as shown in 0. 

 

Rate of binder temperature reduction 

Variation in road surface temperature along the road due to shade, moisture, colour and cold wind 
are often ignored in the decision to commence sealing and result in poor adhesion.  

It should be noted that the road surface temperature could differ with up to 15˚C within one metre 
(sun to shade). 

The viscosity and stiffness of the binder drastically increase with reducing temperature (reducing 
the ability to “wet” the aggregate), emphasizing that spreading of the aggregate and rolling should 
commence immediately after spraying a hot binder.  

The general recommendation is to have the full width rolled immediately, at slow speed (5-8 km/h), 
using 2 to 3 rollers in tandem.  

However, even if the seal was constructed at temperatures within specification, orientation due to 
traffic compaction is still essential for a good performing seal. Complete orientation cannot take place 
if the road surface temperature is too low for the particular binder used to allow orientation.  
Therefore, even if the aggregate spread would allow orientation but the surface temperature is cold 
(binder very stiff/high viscosity), the aggregate cannot orientate. At this stage the cohesion of the 
binder is more than the bond strength (adhesion to the stone) on these not-yet orientated stones. 
When horizontal force is applied by vehicle tyres (increased with vehicle speed), the stone will 
dislodge. 



 

 

Current recommendations [2] allow for an increase in application rate from a penetration grade 
binder to a hot modified binder, with one of the reasons being the slower orientation of aggregate in 
the stiffer binder at operating road surface temperature. During development of the conversion 
factors, it was contemplated that no addition would be required for polymer modified emulsions as 
orientation would happen quickly during construction. However, even though light steel wheel rollers 
are used for the initial rolling, pneumatic tyred rollers (PTR) can only be used when the emulsion has 
cured to such an extent that, during rolling of the aggregate, adhesion to the PTR tyres will not occur.  

The implication is that, once the water has evaporated from the emulsion and curing has taken 
place, the product can be very similar to a polymer modified binder. 

Experience suggests that, for proper orientation to take place, the road surface temperature 
should be above 18˚C for unfluxed binders. 

Recommendations related to climatic conditions during and soon after construction are as follows: 

Research is required to establish the temperature limits for different binder types to allow 
orientation without cohesive failure or adhesive failure with different aggregate types 

Research is required, specifically for modified binders to develop products that would allow 
orientation during construction and early seal life at low temperatures 

Precoating of stone 

Experience [5] has shown that aggregate precoated with highly cutback precoating fluids can be 
sensitive to loss and may require several days to develop a proper bond.   

Experimentation with different precoating fluids on a quarzitic aggregate, confirmed that a diluted 
anionic emulsion precoat is preferable to ensure quick adhesion. The best results were obtained 
using an anionic emulsion (SS60 emulsion), diluted with 50% water at an application of 12 litres/m3. 
0 shows the comparison of bond strength development between aggregate precoated with a high 
paraffin content precoating fluid (after four days in cold weather) versus aggregate precoated with 
diluted anionic emulsion (within one hour). As could be observed from the photograph on the left-
hand side (high paraffin content), the binder still only adhered to the side of the aggregate after four 
days. 

   

Bond strength development. High paraffin content (left) versus no paraffin content (right) 

It should further be noted that binder suppliers are currently investigating products, containing no 
solvents, but with excellent adhesive properties. 

For selection of appropriate precoating fluids it is recommended that: 



 

 

Specifications allow for testing different products to suit the prevailing conditions during 
construction 

Guidelines for the selection of a suitable precoating fluid be incorporated in SABITA Manual 26 
(Guidelines for primes and stone precoating fluids) 

Opening to traffic 

A newly constructed seal should not be opened to traffic when: 

Rain or a cold spell is expected overnight  

The surface is still wet after sudden rain 

Unless proper bond strength has developed (adhesive and cohesive strength). This is specifically 
relevant when using emulsions or high paraffin content precoating fluids. Tentative guidelines, 
based on a “Pull-out” test, are available [8] 

Until road surface temperatures are conducive to orientation of the stone. As experienced during 
construction of winter seal experiments, it might be necessary to close the newly sealed lane 
overnight and only allow traffic during day time 

Further recommendations are as follows: 

Traffic speed should be controlled (preferably 40 km/h) and where possible, movement of the 
traffic transversely over the road width facilitated 

CONCLUSIONS 

Extensive studies carried out have identified that failure of surfacing seals due to stripping is due 
to numerous causes namely evaluation of the existing surface conditions and prevailing climatic 
conditions, selection of an inappropriate seal type, binder and precoating binder, design errors, poor 
construction practices with specific emphasis on over application of aggregate and opening to traffic. 

The paper provides guidelines to ensure correct interpretation of all the fundamental design input 
parameters, attention to detail during design, execution of specific preconstruction tests on site, 
construction and controlled opening to traffic 

Shortcomings in existing design guideline documents and specifications are highlighted and 
recommendations made for improvement. 
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Synopsis—Sprayed sealing of Australian airport pavements requires particular design 

solutions and construction provisions to ensure well performing airport pavement surfaces.  

The differences between airport to road sealing practices were traditionally reflected in a 

centralised specification, which was subsequently lost when the larger airports were 

privatised in the 1990s.  Since that time, significant flushing and loose stone loss have been 

reported by many regional and rural airports in Australia, leading to the re-development of a 

standardised specification in 2018.  The standardised specification provides guidance on 

seal selection, a catalogue of standard design solutions and airport-specific material supply 

and construction requirements.  Although this specification represents a significant step 

towards appropriate and standardised airport sprayed sealing practice in Australia, further 

work is required to incorporate innovation and new technologies in the future. 

Keywords—Airport; Pavement; Spray sealing; Specification 



 

 

 

 INTRODUCTION 

There are around 350 significant paved airports in Australia [1] of which it is estimated that around 

320 can be categorised as rural, regional or remote.  The remainder are more substantial, ranging 

from Sydney, Brisbane and Melbourne down to Mildura, Proserpine and Ayers Rock.  The thirty 

substantial airports are estimated to cater for over 90% of all passengers and many are profitable 

and privately-owned corporations.  In contrast, the majority of the regional airports were ‘gifted’ to 

local government authorities during the Commonwealth Government’s divestment out of airport 

ownership in the 1990s [2]. 

Regional airports in Australia face a number of challenges, including the high depreciation value 

of assets, limited local access to specialised technical expertise, the absence of internal works 

management expertise with airport experience, limited revenue generation capacity compared to the 

cost of operation and local political influences [3].  In fact, many regional Australian airports operate 

at a loss [4] and only remain open to provide infrastructure for the support of critical medical, 

educational and industry links to larger cities for the benefit of the community.  Consequently, many 

regional airports rely on State and Commonwealth Grants to fund significant infrastructure 

maintenance and upgrade projects. 

Arguably the greatest periodic cost for airport infrastructure maintenance is the resurfacing of 

runways, taxiways and aprons.  Without maintaining these assets in a sound condition, the airport 

can not support critical aviation activities.  Although some regional Australian airports have asphalt 

surfaces, economics and logistics all but force many airports to maintain sprayed seal runway 

surfaces. 

Historically, when the airports were managed, maintained and operated by the Commonwealth 

Government, standardised specifications were maintained by a centralised team of specialist 

Commonwealth employees.  However, when the larger airports were privatised, and the regional 

airports were gifted to local Government bodies, the centralised team was disbanded and 

specifications were either evolved by individuals or ignored altogether.  As detailed later, this has led 

to an increase in surface distress and a reduction in average airport seal life expectancy. 

This paper presents the development of a standardised airport sprayed sealing specification for 

Australia.  First, the need and basis of a specification are described before some of the critical 

requirements are detailed.  Finally, the limitations of current knowledge are outlined and further work 

is recommended. 

BACKGROUND 

Airport Sprayed Sealing 

Many regional airports in Australia have a spray sealed surface on their runway and other aircraft 

pavements.  Although this is surprising to airport managers and engineers from the USA and Europe, 

Australian airports have supported up to B737 aircraft operations on sprayed seals over marginal 

gravel pavements for many years [5].  The challenge for airports is to ensure the sprayed seal is 

designed and constructed appropriately for use by aircraft.  Unfortunately, in many cases, airport 



 

 

pavements have been sealed like road pavements and subsequent performance under aircraft traffic 

has been unacceptable [6]. 

The factors that require particular sprayed sealing solutions for aircraft pavements include 

(Table I): 

Low frequency, typically less than ten per day, of heavy wheel loads, up to 20 t. 

Concentrated traffic with distinct wheel paths 3-5 m each side of the centreline of a typical 30 m 

or 45 m wide runway. 

Requirement to retain 1 mm surface texture for wet weather skid resistance, as detailed below. 

Fragile aircraft engines requiring the surface to remain free from loose stones throughout its life. 

 

 

 

 

COMPARISON OF AIRCRAFT AND ROAD PAVEMENT FUNCTIONAL REQUIREMENTS [7] 

Characteristic Aircraft Pavement Road Pavement 

Load repetitions Low.  Typically 10,000 or less. High.  Typically 1,000,000 or 
more. 

Traffic wander High.  Wide spread of aircraft across 
pavement width. 

Low.  Very channelised traffic in 
designated lanes. 

Wheel load High.  Up to 25 t per wheel. Low.  Generally only up to 3 t 
per wheel. 

Tyre pressure High.  Typically up to 1,500 kPa and 
sometimes up to 2,500 kPa for small 
jets. 

Moderate.  Generally not more 
than 800 kPa. 

Water tightness High.  Especially for granular 
pavements. 

High.  Especially for granular 
pavements. 

Surface texture/ flushing Moderate.  Low traffic volumes do 
not generally flush seals. 

High.  Especially for 
maintaining skid resistance. 

Resistance to polishing Low.  With low traffic volumes, even 
aggregates prone to polishing do not 
typically polish. 

High.  Especially for high speed 
roads, especially at corners and 
intersections. 

Loose aggregate Extreme.  Loose aggregate can 
cause catastrophic failure of aircraft 
engines. 

Low.  Constituting only an 
inconvenience to road users. 

Durability High.  Especially in the touchdown 
zones where tyre ‘run-up’ occurs. 

Moderate.  Particularly at turns 
and intersections, less so on 
straight runs. 

 



 

 

Consequently, aircraft sprayed seals must be designed and constructed differently to road seals, 

with the main differences being [8]: 

Two seal layers for initial sealing. 

Larger upper seal layer aggregate sizes. 

Higher binder content compared to road seals. 

Increased rolling effort during construction compared to road pavement seals. 

Steel drum rolling to remove the sharp tops from the aggregate particles. 

A sanded-emulsion, or proprietary equivalent, final treatment to ‘lockdown’ the aggregate. 

Well designed and constructed seals provide a durable runway surface free from loose aggregate 

for up to ten years, such as the example in Figure 1.  However, many regional and rural airports have 

experienced poor seal performance and significant intervention has been required well before the 

ten year expected service life is achieved. 

 

Example of an appropriately designed and well constructed airport sprayed seal with a lockdown treatment. 

Sealing Challenges 

Challenges for airport sealing primarily relate to the requirement to achieve a surface that retains 

a minimum 1 mm surface texture as well as being free from loose stones that can damage aircraft 

undercarriage, structures and fragile engines [5].  Balancing these requires reduces the tolerances 

associated with the design and construction of airport sprayed seals.  As a result, even minor 

deviation from best practice often results in significant distresses, primarily presenting as either: 



 

 

Wheel path flushing. 

Loose stone generation. 

Wheel Path Flushing 
Flushing occurs when the aggregate pushes into the binder film to a point where it is effectively 

submerged in binder (Figure 2 and Figure 3).  Aircraft tyres then track on the binder on top of the 

aggregate particles, the tyres pick-up the binder and in the worst examples, loose aggregate and 

more binder form a clump which has then been freed from the tyre during take-off and become 

ingested into jet engines, resulting in significant turbine damage. 

 

Example of seal flushing. 



 

 

 

Close-up of example seal flushing. 

 

Airport seal flushing occurs for many reasons and a number of factors usually combine to allow 

the aircraft tyres to push the aggregate particles fully into the binder film.  Flushing most commonly 

occurs during the first summer after sealing, as the residual volatiles escape from the binder film, in 

areas of slow moving aircraft, and is most likely when: 

Cutter or fluxer is added to the binder. 

Sealing at other than the hottest period of the year. 

When too much binder is used for the shape/size of the aggregate, taking into account the existing 

surface texture. 

The rolling effort during construction is inadequate. 

The aggregate partially of fully punches into a soft underlying base course. 

Loose Stone Generation 
Excessive loose stones can damage aircraft engines and reduce the life of the surface.  At best, 

excessive stone loss results in an ongoing requirement to sweep the runway on a regular basis, but 

in the worst cases, the entire seal layer can be lost and a reseal required.  Either way, loose 

aggregate accumulates on the untrafficked edges of the pavement (Figure 4) while the underlying 

binder film and seal layer are exposed in the aircraft wheel paths (Figure 5). 



 

 

 

Example of aggregate accumulation outside the aircraft wheel paths. 

 

Example of underlying binder film seal layer exposure due to aggregate loss. 



 

 

Excessive loss of aggregate from the surface generally reflects a lack of adhesion between the 

aggregate and the binder film, usually resulting from one or a combination of factors, including: 

Wet, dusty or non-precoated aggregate. 

Excessively wet precoating of aggregate. 

Inadequate binder film thickness (or binder spray rate). 

Inadequate rolling to achieve full ‘wetting’ and adequate adhesion. 

Flaky aggregate that is held by its tips and subsequently comes loose. 

STANDARDISED AIRPORT SPRAYED SEALING SPECIFICATION 

A standardised airport sprayed sealing specification was developed in 2018.  The specification 

was based on: 

Use of a residual version of the traditional (Commonwealth) specification as the template. 

Incorporation of standardised design guidance and trial bitumen spray and aggregate spread 

rates. 

Updating to reflect current material test methods and specifications. 

Incorporation of new technologies and equipment. 

The outcome is a stand-alone document that can be used without change, regardless of the 

project location and requirements, except for the project particulars which are summarised in a single 

table at the back of the specification. 

SEAL SELECTION AND DESIGN 

Seal selection 

The majority of airport seals are intended to operate as long-term wearing surfaces.  A sprayed 

seal wearing surface can be provided as a new pavement surface, as a re-seal application or (less 

commonly) as a seal over an aged asphalt surface.  Other applications include temporary treatments 

and Strain Alleviating Membrane Interlayers (SAMIs) as described by Austroads [9].  Geotextile 

reinforced seals have generally not been used on runways due to concern for the risk of brake-

induced shear stresses leading to a rolling-up of the geotextile, with a typical aircraft landing inducing 

shear stresses around three times those associated with a heavily braking truck [8]. 

No different to road applications, the treatment type is a fundamental design decision and 

influences the design details and application rates, as described further below.  Common spray seal 

treatments for airports are: 

Initial seals 
Airport pavements that are to be surfaced with a sprayed seal are most likely to include an 

unbound base course layer.  Initial treatments are recommended to include a prime and seal rather 

than a primer seal.  This approach improves binder penetration and adhesion between the seal and 

the base course layer, assisting to resist the higher shear stresses associated with braking aircraft.  

Initial seals are recommended to comprise a minimum double-double (two layers of bitumen, each 



 

 

with a layer of cover aggregate) hot bitumen seal.  Single-single (one layer of bitumen and cover 

aggregate) treatments have also been used.  However, aggregate penetration into the base course 

can be problematic [10].  A double-double seal allows a larger aggregate size to be adopted in the 

first seal layer and reduces this risk.  The second seal layer also assists in compensating for any 

minor aggregate penetration that does occur. 

Re-seals 
By far the most common application for sprayed seals in airports is re-sealing exiting sealed 

pavements.  From time to time an existing asphalt surface may be spray sealed but this is not 

common.  Re-seals may include single-single or double-double treatments. A ‘lockdown’ treatment 

(see below) may or may not be provided as a final application.  Various seal sizes have proven 

effective in different environments and under different traffic conditions, with a 14 mm/10 mm/sand, 

a 14 mm/7 mm or a 10 mm (with or without sand) most common. 

Lockdown treatment 
Lockdown treatments (also referred to as choking treatments) are provided to airport surfaces to 

reduce the risk of aggregate being lost from the surface and becoming a risk to aircraft.  Traditionally 

lockdown treatments consisted of sprayed bitumen emulsion with a covering of rolled-in sand.  Due 

to the time taken to construct this treatment, a number of recent projects have instead used a sand-

filled polymer modified bitumen emulsion treatment.  These proprietary products are generically 

referred to as ‘seal coats’.  Seal coats were primarily developed to treat coarse asphalt surfaces.  

They have, however, also proven to be effective lockdown treatments for sprayed seals.  A seal 

coat’s material cost is higher than a sanded emulsion overspray, but the application time is much 

faster.  The time between application and re-opening to aircraft traffic is also significantly reduced 

compared to a sanded emulsion overspray. 

Design Requirements 

Binder spray and aggregate spread rates 
The specification includes a standard suite of designs that can be selected from.  The project 

particulars detail the number of seal layers and the nominal size of each seal layer.  The specification 

then details the initial binder spray rate (Table II) and aggregate spread rate (Table III). 

RESIDUAL BINDER SPRAY RATES AT 15°C 

Nominal aggregate size Binder Spray Rate 

7 mm 1.4 L/m2 

10 mm 2.0 L/m2 

14 mm 2.5 L/m2 

AGGREGATE SPREAD RATES 

Nominal aggregate size Aggregate spread rate 

7 mm 180 m2/m3 

10 mm 120 m2/m3 

14 mm 90 m2/m3 

 



 

 

The initial binder spray rate is intended to be for tendering and initial trialling only.  The aggregate 

spread rates are also for tendering and are adjusted during a dry-run spreading trial, as well as during 

the construction trial. 

Binder selection 
The most critical element of any bituminous surfacing design is the selection of an appropriate 

bitumen type and grade.  Austroads [9] provides advice on the selection of bitumen for spray sealing 

applications.  For Polymer Modified Bitumen (PMB) and Multigrade bitumens, Austroads [11] also 

provides guidance.  Bitumen for airport sprayed sealing should: 

Be durable and resistant to degradation during long transportation to site. 

Be compatible with a wide range of Australian aggregates. 

Be able to remain adequately liquid at reducing temperatures during the rolling-in of cover 

aggregate. 

Be able to remain hard at service temperatures of up to 75°C to prevent flushing during hot 

weather. 

Harden slowly when exposed to oxygen and ultraviolet radiation during service. 

Possess a low level of shear stress sensitivity. 

Traditionally, C170 was used for spray sealing of roads and for some airports, particularly those 

in cooler environments [10].  The more viscous C320 was used for airport sealing in hot environments 

to resist softening in service.  While the viscosity of C320 is almost double that of C170, the softening 

point is only marginally higher. 

During the last two decades, bitumen variability has increased with the introduction of new crude 

sources and refinery processes [12].  As a result, premium (PMB and Multigrade) binders have 

become more commonly used in airport sprayed sealing works [7].  Current practice varies widely 

across Australia and rightly takes account of the products that are locally available, the cost and 

available budgets.  The typical aircraft type/frequency and the experience of the client and designer 

are also important. 

The use of cutters and fluxes should be minimised in airport sprayed sealing bitumens.  These 

products tend to remain in the bitumen until the first period of significant hot weather and then soften 

the seal while evaporating.  This is likely to contribute to first-summer flushing.  The use of cutter is 

sometimes necessary when sealing in cooler weather.  However, airport spray sealing is already 

challenging and the use of cutters and fluxes further complicates the selection of bitumen application 

rates.  It should be avoided where possible and limited where essential. 

Lockdown Treatment 
When the project particulars require a lockdown treatment, the specification details the bitumen 

emulsion spray rate as well as the cover sand rate (Table IV).  The generic composition of the 

alternate proprietary lockdown treatment is also detailed (Table V). 

 



 

 

BITUMEN EMULSION SPRAY AND COVER SAND RATES 

Material Rate Units 

Bitumen emulsion 0.35 L/m2 of residual bitumen in bitumen emulsion 

Cover sand 200 m2/m3 

SAND-FILLED PMB COMPOSITION (BY VOLUME) 

Material Portion of Product 

Modified bitumen 30-50 

Sand filler 20-40 

Water 30-50 

SPECIFICATION REQUIREMENTS 

Sprayed sealing material supply and construction requirements are different to road specifications.  

These differences generally reflect the different airport sprayed seal functional requirements, 

compared to road seals, that are require a different approach to the design of airport sprayed seals.  

That is, the material supply and construction requirements reflect the need to provide a surface that 

is durable and free of loose stones, but retains not less than 1 mm surface texture. 

 

 

 

Material Supply Requirements 

Aggregate 
Aggregate is more tightly specified than for road sealing (Table VI and Table VII) and the 

frequency of verification testing is increased to ensure inconsistencies are identified.  The aggregate 

verification testing includes: 

Flakiness index.  Every 500 tonnes. 

Grading.  Every 250 tonnes. 

These parameters aim to reduce the variability in the aggregate shape and size, ensuring the 

design is not compromised. 

COVER AGGREGATE TESTS AND TEST LIMITS 

Test Property 
Test Method Requirement for 

Compliance 

Particle Density Coarse Aggregate AS 1141.6.1 Not less than 2300 kg/m3  

Water Absorption AS 1141.6.1 Not more than 2.0%  

Flakiness index AS 1141.15 Not more than 25% 

Soundness (using Sodium Sulphate) AS 1141.24 Not more than 3% 

Wet Strength AS 1141.22 Not less than 150 kN 

Wet/Dry Strength Variation AS 1141.22 Not more than 30% 

Los Angeles Value AS 1141.23 (B or K) Not more than 25% loss 

 



 

 

 

COVER AGGREGATE GRADING 

AS Sieve Size 
(mm) 

Percentage Passing 

7 mm 10 mm 14 mm 

19.0 NA NA 100 

13.2 NA 100 90-100 

9.5 100 90-100 0-30 

6.7 90-100 0-40 0.0-5.0 

4.75 0-40 0.0-5.0 0.0-0.5 

2.36 0.0-1.0 0.0-0.5 NA 

 

Sand 
The grading of the cover sand for the lockdown treatment is less important.  Generally, any natural 

sand will perform adequately but it must be free of material retained on the 2.36 mm sieve and must 

be completely dry.  If the sand is not completely dry it will not flow out of the spreading trucks, creating 

a significant construction challenge. 

Binder 
Hot binder is required to comply with the national binder specification, either for unmodified 

bitumen or for PMB.  Every load of bitumen is required to be tested to verify compliance and a sample 

is taken from every delivery for retention by the client.  The intention is that additional testing can be 

performed on the retained samples in the event of otherwise unexplained distress. 

Construction trial 

It is important to understand that airport sprayed seal designs must be validated or adjusted during 

the sealing trials.  This reflects the low construction tolerances and the associated need to target the 

optimum binder spray and aggregate spread rates, which can only be determined by a construction 

trial.  Therefore, the standard binder spray rates and aggregate spread rates contained in the 

specification are only indicative and provide a starting point for the sealing trial.  The presence of an 

experienced airport pavement engineer, with sprayed sealing experience, during the sealing trial is 

critical to success. 

The seal trial must be performed immediately prior to the work commencing, using the same 

materials and equipment.  Critically, the seal trial must be performed on a surface that is 

representative of the work and is best performed in a less critical area of the actual work scope.  The 

specification requires the trial to include: 

An area at least one sprayer width wide and at least 50 m long. 

The full construction process, including spraying, rolling, drag matting and sweeping. 

Each different sized seal layer trialled separately. 

Typically, two of three different spray rates are trialled before the optimum rate is determined.  To 

ensure the optimum rate is applied to the remainder of the surface, other work can not progress until 

the trial process is complete.  Furthermore, variable surfaces must be trialled and considered 



 

 

separately.  This is particularly important when significant asphalt patching or existing seals of 

different ages are being sealed over. 

Construction Requirements 

Weather Limitations 
As stated above, cutters should be avoided (or at least minimised) in airport sprayed sealing.  In 

practice, this requires sprayed sealing of airports to be performed during the hottest and driest period 

of the year.  This will ensure the aggregate penetrates as deeply as possible into the bitumen film, 

reducing the potential for post-construction flushing, as well as promoting adhesion between the 

bitumen and the aggregate particles.  Consequently, the specification limits spray sealing to periods 

where the pavement temperature exceeds 20°C and prohibits cutters in the binder.  In contrast, there 

is no practical upper temperature limit for airport sprayed sealing and the best performing airport 

seals are generally those constructed during the hottest dry weather experienced in that location. 

Working hours 
Sprayed seal performance relies on fine adjustment of both the bitumen spray rate and the 

aggregate spread rates.  The adjustments rely on visual assessment of the surface during 

construction.  Consequently, airport sprayed sealing at night is a high risk and is never 

recommended.  Airports that are too busy to be closed for sprayed sealing between aircraft 

operations are also considered to be too busy to be spray sealed and should be surfaced with 

asphalt. 

 

 

Spray Runs 
To increase control and to minimise delays to aggregate spreading and rolling, spray run lengths 

are generally restricted for airport sprayed sealing work.  A limit of 300-400 m has been common.  A 

typical 8,000 l bitumen sprayer will typically be able to complete two, 5 m wide runs of 300-350 m 

between replenishments.  This is a reasonably efficient approach.  The 5 m width also suits the 

spreading of aggregate by two tippers working in echelon.  It may be tempting to double the run 

length and spray one long run between replenishments.  However, a single tipper will usually not be 

able to completely cover the full length of the run.  A significant delay will then occur while the empty 

tipper re-traces its run and a replacement tipper follows the same route to the start of the uncovered 

bitumen.  Approaching or departing from the side is not viable due to the wet bitumen edge and the 

need to avoid turning on freshly sprayed surfaces. 

Rolling 
The very low traffic volumes and high degree of aircraft wander across the pavement width result 

in negligible post-construction rolling for airport seals.  Therefore, all the effective rolling that the seal 

will receive must be performed at the time of construction.  Austroads [9] targets a bitumen film’s 

height as a percentage of the aggregates average least dimension two years after construction.  For 

airport pavements, except in the central portion of the runway, turning nodes and parking positions, 

the bitumen film height would likely not be any higher after two years than at the completion of 

construction rolling.  With an emphasis on achieving a high degree of aggregate retention, providing 



 

 

significant rolling effort is therefore critical.  Consequently, the specification requires one hour of 

rolling for every 800 L of binder sprayed. 

A typical regional airport runway is 1,500 m long and 30 m wide.  A typical 14/10 mm seal, with a 

total of at least 4.5 L/m2 of binder, requires over 250 hours of rolling over the 45,000 m2 of pavement 

surface.  It would typically take a sealing crew only 2-3 days to complete the spraying of bitumen and 

spreading of aggregate.  However, it would take four rollers almost six days (12 hours per day) to 

achieve the specified rolling effort.  Consequently, an increase in the number of operating rollers is 

normal for airport sealing, especially where two or more seal layers are required.  As a guide, 6 rollers 

operating for 10 hours per day can effectively roll around 48,000 l of residual bitumen.  48,000 l of 

bitumen is around two full bitumen tankers and can be comfortably sprayed and covered with 

aggregate in a single shift.  At a typical 14 mm bitumen application rate, this also represents 

approximately two spray runs of 300 m length across the full width of a 30 m wide airport.  

Consequently, 50,000 l per day is a typical airport sprayed sealing productivity expectation. 

A relatively recent development for airport sealing is the introduction of vibrating pneumatic tyred 

rollers.  These rollers have been trialled and used on a number of airport reseal projects and are of 

great advantage.  With only a minimal number of passes, the vibrating rollers efficiently push the 

aggregate over, aligning each particle’s least dimension vertically and working the aggregate well 

into the binder.  Each vibrating pneumatic tyred roller has been subjectively assessed as being 

equivalent to two static rollers in terms of effective rolling time.  Aggregate breakdown under vibrating 

rollers has not been reported to date on any airport sprayed sealing project. 

Steel Drum Rolling 
When aircraft land, their tyres ‘spin-up’ to speed at the moment of touch-down.  Almost 

instantaneously the tyres go from non-rotating to rotating at a rate equivalent to the aircraft’s landing 

speed.  This creates a significant skidding effect at the moment of aircraft touch-down.  The touch 

down process can damage the sealed surface but also causes accelerated wear of the tyres. 

To prevent excessive tyre wear, the specification includes a requirement to roll the uppermost hot 

bitumen seal coat with a steel drum roller.  The steel drum roller removes the sharp edges and tops 

off the aggregate particles, creating a flatter and smoother finish.  With aggregates that are prone to 

crushing, steel drum rolling must be closely monitored.  At any sign of full depth aggregate crushing, 

the steel drum rolling must immediately cease.  The steel drum rollers should never be operated in 

vibrating mode on a spray sealed surface and any (not preferred) use of natural river gravels will 

likely preclude the use of the steel drum due to the tendency of river gravels to crush.  Five to six 

passes of the steel drum can typically be applied to good quality crushed aggregate without 

significant crushing of aggregates and a small roller is more effective because the smaller drum width 

is less likely to bridge any minor surface deviations. 

Sweeping 
Constructing multiple seal layers requires many sequential steps.  The pavement surface must be 

thoroughly swept between each of these steps.  Sweeping is therefore a significant requirement for 

airport sprayed sealing, and the specification requires that sweeping be performed: 

Prior to the first seal being sprayed. 



 

 

After the rolling of each layer and prior to commencement of the next layer of hot bitumen sealing. 

Prior to steel drum rolling of the uppermost hot bitumen seal layer. 

Following steel drum rolling of the uppermost hot bitumen seal layer. 

At the completion of rolling of the lockdown treatment. 

The width of a typical regional airport runway is 30 m or 45 m.  The effort and time required to fully 

sweep this width is significant.  However, during sanded-emulsion lockdown application, much of the 

sand is removed during the sweeping process.  When sweeping this material from the centreline of 

the runway to the runway shoulder, a significant windrow can accumulate.  The effort required to 

move this quantity of sand is often underestimated and multiple tractor brooms and a vacuum truck 

are recommended. 

Drag mat 

Any inconsistency in the aggregate (hot seal) or sand (lockdown treatment) spreading will result 

in patches of binder not adequately covered.  This is particularly likely with airport seals due to the 

lighter aggregate spread compared to roads, as well as the thicker binder film which grabs the 

aggregate immediately upon contact.  The uncovered binder can then be picked up onto tyres.  A 

drag mat can be employed after aggregate/sand spreading, but prior to rolling, to ensure the sand is 

spread fully over the sealed surface.  This is not always required, but the specification requires that 

a drag mat be available and used when appropriate. 

FURTHER INVESTIGATION 

Research and investigation are required to incorporate new technology and innovation into airport 

sprayed sealing practice in Australia.  Examples include the amount of credit given to vibrating 

pneumatic tyred rollers, which are believed to push the aggregate into the binder film at least twice 

as efficiently as the traditional non-vibrating rollers, as well as the use of plastomeric PMBs for better 

seal performance, without the risks associated with transportation durability of elastomeric PMBs.  

Use of laser-based surface texture measurement to monitor the effectiveness of the rollers and 

transitioning to a condition-based specification for rolling effort would also be valuable. 

CONCLUSIONS 

The Australian sprayed sealing specification for airports represents a significant return to a 

standardised approach to airport seal design and construction in Australia.  The intention is to reduce 

the risk of flushing and loose stone generation for improved whole of life seal performance.  However, 

further work is required to introduce innovation into airport sprayed sealing practice in the future. 
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Synopsis— Slurry seals and micro-surfacing systems are widely used as primary surface 

treatments for extending pavement life and restoring the serviceability function of 

structurally adequate pavements. Beside their prevalent use, current test methods and 

procedures for evaluating the workability properties of slurry surfacing mixtures remain 

empirical, with no apparent agreement among practitioners. The performance of slurry 

surfacing seals is dependent the quality of the construction process, which is in turn   

dependent on the workability of the mixtures during construction. This study evaluated the 

suitability of using the Automated Mixing Test (AMT) in determining the workability 

parameters of slurry surfacing systems. The results of this study showed that workability is 

highly affected by emulsion type (cationic vs anionic, modified vs unmodified), gradation 

and aggregate gradation.   

Keywords—slurry seals, workability, automated mixing test 

 

I.  INTRODUCTION 

Slurry and micro-surfacing seals are some of the most important tools used for the maintenance 

and preservation of pavements world over. A slurry seal is a mixture of a slow setting bitumen 

emulsion, well-graded fine aggregate, mineral filler, and water [1]. It is used for various purposes 

such as to fill cracks, protect aged pavements, address ravelling, or to make cape seals. A micro-



 

 

surfacing on the other hand can be described as a “high-performance slurry seal”. It is usually made 

with higher quality materials than those used for slurry seals, such as strictly 100% crushed 

aggregate and polymer modified cationic emulsion [2]. A micro-surfacing can be used to fill ruts in 

addition to the functions of a slurry seal. The two surfacing are similar in terms of the ingredients 

used, appearance, functions, and exhibit similar failures in the field. It for these reasons that the two 

seals are referred to as slurry surfacing systems/seals (SSS) in this paper henceforth.   

Slurry surfacing systems are cost-effective, energy efficient and environmentally friendly 

compared to the traditional hot mix asphalt (HMA) overlays. They are applied in smaller thicknesses 

that allow road agencies to resurface three to 5 times more kilometres of the road surface with the 

same budget used for HMA overlays [3]. Unlike HMA mixes, mixing and construction is carried out 

at room temperature, resulting in savings on heating and reduced greenhouse gas emission. 

Construction is carried out with relatively basic construction equipment, making them attractive 

alternatives for rural areas and developing countries.  

Slurry surfacing systems do not have any structural capacity; they are strictly applied to address 

the functional failures of pavements. When placed on the "right pavement at the right time" slurry 

surfacing seals can extend the life of the pavement for up to 5 years, depending on the road category, 

quality of the materials used and the quality of the construction process [3]. 

One of the key challenges faced by road contractors during the construction of slurry surfacing 

systems is poor workability. Current International Slurry Surfacing Association (ISSA) and ASTM 

laboratory test procedures for determining the workability parameters of slurry surfacing mixes are 

empirical and operator dependent. Secondly, although slurry seals and micro-surfacing systems are 

basically made-up with the same ingredients, the criteria for determining workability for each 

surfacing varies among practitioners and in current specifications and guidelines. Various equipment 

for evaluating the workability of slurry surfacing mixes, such as the Automated Mixing Test (AMT), 

have been reported to be promising in evaluating the workability of slurry surfacing seals in an 

objective manner [4]. However, the suitability of the AMT in determining the workability of slurry 

surfacing mixes has not been thoroughly evaluated, and there is not much information on the use of 

the AMT in determining the workability of slurry surfacing systems. 

The main objective of this study is to evaluate the suitability of the AMT in determining the 

workability parameters (mixing time, water content, mixture consistency) of slurry surfacing mixes in 

an objective manner. 

 

II. BACKGROUND 

A.  Workability of Slurry Surfacing Systems 

Workability can be defined as the ease with which a mixture of the slurry surfacing system can be 

mixed, placed and finished without experiencing problems [5]. The mixture should remain workable 

during mixing (i.e. should not experience premature breaking) to allow for all ingredients to be mixed 

into a creamy-smooth homogenous mixture. The fresh mixture should also remain workable enough 

to allow for ease of placement and finishing. The mixture should remain soft, creamy and 



 

 

homogenous to be able to flow from the mixing truck (in the case of mechanically placed slurry 

surfacing systems) or to enable spreading around with squeezes in the case of hand placed slurry-

surfacing systems [5]. The slurry surfacing systems must also be of a low enough consistency to be 

able to flow into surface cracks, but should have sufficient viscosity not to drain off the road surface 

on steep gradients and to prevent segregation.   

B. Factors Affecting the Workability of Slurry Surfacing Systems  

Factors affecting the workability of slurry surfacing mixtures include: the amount of mixing water, 

emulsion content, amount of filler, amount and type of additive, the chemical compatibility of the 

aggregate and bitumen emulsion used, mixing temperature, the chemistry of the emulsion and 

aggregate used [5-6]. Workability generally increases with increase in mixing water or emulsion 

content for a chemically compatible system, however, excess water can lead to segregation. The 

workability window may decrease with increase in temperature due the chemical nature of the slurry 

surfacing systems. Workability may also decrease if high filler (cement) content is used, but the filler 

generally helps in preventing segregation. While slurry surfacing mixtures made with aggregate-

emulsion combinations that are incompatible, will not give good workability no matter the amount of 

mixing water or temperature [6]. The amount of optimum mixing water and compatibility of the 

aggregate-emulsion combination (to be used) is determined during the mixture design process. 

C. Common In-service Failures Related to Workability 

 

Poor mixture workability can result in catastrophic failures of slurry surface systems in the field. 

One of the main workability related failures is insufficient mixing time. This occurs when the emulsion 

breaks during mixing of the components, such that satisfactory aggregate coating and proper mix 

consistency for placement cannot be achieved [7]. Mixes experiencing this problem are generally 

stiff in nature and tend to form “balls” and “lumps”, and as such cannot be placed and finished to a 

desired thickness. The mechanisms causing premature breaking are still not well understood. 

Factors contributing to insufficient mixing time include emulsion properties, aggregate properties, 

amount of premixing water added, amount of filler added, and temperature of the mixture at the time 

of mixing [6-8].  

The main factor reported to affect mixing time is the amount of premixing water used [7-8]. Water 

is generally added to slurry surfacing mixes in order to achieve a desired level of mixture consistency 

and workability window. If the amount of water added is not enough, premature breaking may occur. 

However, excess amount of premix water may result in segregation, which in turn leads to premature 

failure of surface treatment in service. Aggregate with high absorption or high zeta potential values, 

and/or high fine/filler or clay contents, have also been reported to cause problems with premature 

breaking [9-10]. High temperatures have also been report to contribute to premature breaking, as it 

tends to increase the breaking rate of emulsions which may result in an insufficient workability 

window [8]. 

Another common mixture failure is related to workability is segregation. Segregation occurs when 

there is physical phase separation between different components of the mixture due to differences 

in their density [11]. In the case of slurry surfacing mixes the emulsion and fine particles floats to the 



 

 

surface of the seals, while the coarser aggregate particles settle out to the bottom. The emulsion that 

rises to the top of the surface usually wears off due to traffic abrasion, leaving a harsh mixture behind 

with insufficient binder to bind the aggregate on the road under traffic [12-13]. As a result, the surface 

disintegrates quickly afterward in a form of aggregate loss, and may also de-bond from the existing 

substrate [13]. The main factor contributing to segregation is excessive premixing water content, 

although excessive use of additives has also been reported to result in mixture segregation [13]. 

D. Test Method for Workability of Slurry Surfacing Systems 

Test methods for evaluating the workability of slurry surfacing systems found in literature are given 

in Table I, including the advantages and disadvantages of each test method. This study focused 

mainly on evaluating the AMT because of its advantages of being automated and non-operator 

dependent, while current test methods in ISSA TB A143 [2]  and ISSA TB A105 [14] specification 

were used to validate the results of the AMT. 

 

TABLE I.  TEST METHODS FOR EVALUATING THE WORKABILITY OF SLURRY SURFACING SEALS 

Test 

Method 
Description 

Sourc

e 
Advantages Disadvantages 

Mix Time 

Test 

A sample of a mixture is 

mixed continuously in a 

paper cup by hand at 25 

°C. Mixture should remain 

workable for at least 120 

seconds. 

ISSA 

TB 113 

Simple and requires 

no sophisticated 

equipment or highly 

educated operator. 

Widely used. 

Subjective and operator 

dependent 

Automatic 

Mixing 

Test  

Measure time required for 

the mixture to reach a 

specified torque, when a 

sample of a mixture is 

continuously mixed by a 

shear mixer. 

Fugro 

[4] 

Automated test, 

measures 

engineering 

parameters that 

affects workability 

in the field.  

Lack of results, and not 

used by many people. 

Equipment 

specifications and 

testing parameters not 

yet well defined. 

Consisten

cy 

Measure the flow of a 

mixture sample from a 

standard cone, similar to 

the slump test used for 

determining the 

workability of concrete. 

The mixture must flow at 

least 2 to 3 cm to qualify as 

workable. 

ISSA 

TB 106 

Very simple, easy 

and straight 

forward.  Commonly 

used and very 

repeatable.  

Test is empirical and 

could be operator 

dependent. Not 

applicable to some 

polymer modified and 

quickset emulsion types. 

 

 

  



 

 

III. METHODOLOGY 

A. Materials Used 

 Bitumen Emulsions: 

Four emulsions with varying chemistry commonly used in the United States were obtained from 

various suppliers in Wisconsin. Table II presents the type and properties of the emulsions used. The 

emulsions were selected such that the effects of chemistry (cationic vs. anionic), and polymer 

modification on the mixture performance could be evaluated. All emulsions used met the ISSA 

A143/A105 [2] [14] guidelines for emulsions used for slurry seals and micro-surfacing applications. 

PROPERTIES OF EMULSIONS USED IN THIS STUDY 

Engineering Properties 
ASTM 

Standard 

Emulsion Type 

SS-1H CSS-1H CSS-1HL 

Saybolt Furol sec.viscosity @ 25℃ D7496 24 26 30 

Residual Bitumen Content (%) D7497 64.9 65 67.4 

MSCR, Jnr@ 64℃ D7405 5.2 4.1 2.1 

ER- DRS (%) - 15 18 32 

 

 Aggregates: 

All samples were prepared with one type of aggregate, a granite commonly used in slurry 

surfacing systems in Wisconsin. The granite had an absorption of 0.7 %, bulk specific gravity of 2.61 

and a sand equivalence of 64. The aggregates were taken from the stock piles of manufactured 

aggregate from suppliers, washed and dried at 120°C overnight to remove all water to allow for better 

control of the mixing water. 

 Aggregate gradations: 

Two aggregate gradations, fine and coarse, were selected. The gradations were all in the range 

of the two commonly used ISSA A143 gradations, Type II and Type III [3]. 

 Mixing water: 

All samples were prepared with deionized water to eliminate problems that may arise from 

incompatibility between the bitumen emulsion and dissolved-ions sometimes present in tap water. 

No other chemical additives were used. 

 

B. Experimental Plan 

The Experimental Plan used is presented in Table III. Testing was carried out using a sample size 

of 350g of dried aggregate, batched to match each gradation. Three replicates were measured for 



 

 

each level of water content, allowing for the repeatability to be established. All samples were 

prepared at a fixed emulsion content that gave a film thickness of 8 micron calculated using the 

Surface Area Method described in ISSA A105. The amount of mixing water was calculated based 

on the saturated surface dry condition (SSD) of the aggregate. The amount of water required to reach 

the SSD condition of the granite aggregate used in this study was 0.7% of the dry weight of the 

granite aggregate used. This approached of determining the mixing water content using the SSD of 

the aggregate as reference was deemed to be much more practical and accurate compared to 

current practice of determining the amount of mixing water as a percentage of the weight of the 

aggregate. The weight of the aggregate is dependent on the specific gravity of the aggregate, and 

thus cannot be used to compare aggregates of with different specific gravities.  

 

EXPERIMENTAL PLAN 

Factors Levels Description 

Emulsion Type 2.5 CSS-1H, CSS-1HL, SS-1H 

Water Content (× SSD)  3 4, 8, 16 

Gradation 2 Fine and Coarse 

Replicates 3 N/A 

Test Methods  2 ISSA A143 & A105 and AMT 

Total 90  

a. × SSD water amount added in relation to the amount required to reach the SSD condition of the 

aggregate.  

 

C. Test Method and Test Procedures 

 Hand Mixing Test (ISSA TB 113) 

The minimum allowed water to prevent premature breaking or to keep the mixture workable for 

three minutes was determined by the Hand Mixing Test contained in ISSA TB113. This test requires 

a sample of a slurry surfacing mixture to be mixed continuously with a spatula in a paper cup by hand 

at 25 °C. Mixes that do not remain workable for less than 3 minutes (or 2 minutes for micro-surfacing) 

are rejected. No guideline is given regarding the number of replicates to be prepared but three 

replicates were performed in this study. 

 Segregation Test (ISSA TB A105) 

The maximum allowed water to prevent segregation were determined with the segregation test 

following the guidelines of ISSA TB A105. To prevent segregation, ISSA TB A105 recommends 

running a combination of the Consistency Test (ISSA TB 106) and a Static Segregation Test (Also 

known as the Split Cup Method) [15]. The horizontal slump is required to be between 2 and 3.5 cm, 



 

 

while results of the segregation test are all limited to a maximum of 15% difference in residual 

bituminous binder content of the top and bottom halves of the mixture. 

 The Automated Mixing Test (AMT) 

The ATM test was first evaluated and recommended by Fugro [4]. The schematic of the AMT test 

device and its components is shown in Fig.1. The mixing stirrer connected to the electric mixer is 

immersed in the sample. The electric mixer has a torque transducer which allows for the torque of a 

mixture to be measured during the mixing process. The electric mixer is connected to a computer, 

which automatically records the torque level during the testing process. At the end of the test, the 

torque is plotted against time, and the resulting curve analysed for workability and constructability 

indices to establish optimum water content for workability.  

 

 

 

Fig. 1. Schematic of the various components required for the slurry system workability with 

the AMT test. 

The total system assembly used in this study comprises of the following components: 

i. IKA® EUROSTAR Power Control-Visc Stirrer kit with a speed range of 50 to 2000 rpm and 

a stirring capacity of 40 liters. 

ii. An RS-232-C analog interface for recording speed and torque.  

iii. A Labworlsoft 4.5 software by IKA Werke that enables simple and efficient automation of 

experiments. It allows for the mixing torque to be automatically recorded in Microsoft Excel 

during the experiment.  

iv. A stainless mixing bowl with a capacity of 296 cm3, 7 cm tall, 5 cm radius with a rounded 

flat bottom (Vollrath #99637). 



 

 

v. A mixing stirrer with the following geometries adapted from Gudimettla et al. [15]: the 

bottom blade is at 45° to the direction of rotation to lift the mix from the bottom of the 

container. The middle blade is at 90° to the direction of rotation of the shaft, but curved 

slightly to prevent segregation. The top blade is at 45° to the direction of rotation of the 

shaft to force the mix downward. The three blades have a length of 50 mm and a thickness 

of 2 mm. The diameter of the shaft is 10 mm. This stirrer was found to give better results 

compared to the Velp scientific stirring shaft 400 mm long and shaft diameter of 7 mm, with 

3 stainless steel blades, 60mm diameter recommended by Fugro [4]. The mixing stirrer 

recommended by Fugro [4] proved challenging as it was not able to keep the mixture 

homogenous for cationic emulsion, constantly resulting in a shear wall created in the 

mixture.    

 

 Sample preparation and Testing Procedure for the AMT 

The testing procedure used was as follows:  

1. The Labworlsoft 4.5 software was programmed to run the AMT at a constant speed of 50 

revolutions per minute (RPM) based on the recommendation of previous researchers [4] for 

a time duration of 10 minutes.  

2. Prior extensive testing was done to establish the proper clear distance between the bottom of 

the bowl that contains the mixture sample and the mixing stirrer. The testing gap of 13 mm 

was used for the coarse gradation and 6.5 mm for the fine gradation.   

3. The procedure for testing the samples in the AMT was established as follow:  

i. The AMT is allowed to run for one minute with no sample in the mixing bowl to establish a 

zero point. Aggregate premixed with water by hand are added into the mixing bowl without 

stopping the test. The test is further allowed to run for two minutes until the torque level 

reaches a constant value. 

ii. The emulsion is quickly added to the mixture and the equipment allowed to run for a total 

test time of 10 minutes. This time was deemed sufficient based on current practice that 

requires workability to be evaluated for a period of 2 minutes for modified emulsions and 3 

minutes for unmodified emulsions.  

The schematic of the testing procedure established is given in Fig.2. The result shows how the 

torque changes when different mixture components are added at different stages. The results 

also show that the equipment has a torque value of 10 N.cm when with sample in the bowl. 

The equipment manufacturer did not include calibration information.  The values of 10 N.cm 

was taken as the zero point, and was subtracted from all results that were later measured to 

obtain the true torque value. The median filtering method (MFM) was applied to the results of 

the AMT to remove the scatter. The test was found to give reasonably good repeatable results 

as the replicates were reasonably close as show in Fig.3. The results were evaluated at 

different intervals: immediately before the emulsion is added to the aggregate (taken as zero 



 

 

mixing time or reference point), at one, two and three minutes of mixing after the addition of 

the emulsion.   

 

Fig. 121. Schematic of the testing procedure used and examples of the filtered vs. unfiltered results 

 

Fig. 122. Examples of the results of three replicates 

 

IV. RESULTS 

A. Minimum and Maximum Allowable Water Contents from Current Test Methods 

The minimum water required to mitigate premature breaking and maximum water content to 

prevent segregation were determine with the Hand Mixing Test and Segregation Test. The results 

are presented in Fig.4. The results show that gradation appears to have little effect on maximum and 

minimum mixing water, irrespective of the emulsion type used. Emulsion type appears to have a 

slight effect on the maximum mixing water content. The amount of water content exceeding10 times 

the amount of water needed to reach the SSD condition (10SSD) is more likely to result in 

segregation for the emulsion type used.   



 

 

The minimum mixing water content appears to be significantly influenced by the type and 

chemistry of the emulsion used for a given gradation. For cationic emulsions, the minimum water 

content is 7 SSD for both the neat (CSS-1H) and latex (CSS-1HL) modified emulsion. The effects of 

latex modification appear to have minimal effect on the minimum mixing water content. The anionic 

emulsions had a minimum mixing water of 5 SSD. In summary, the minimum water content to prevent 

insufficient mixing time is influenced by the chemistry (cationic or anionic emulsion) with cationic 

emulsion requiring higher amount of water than anionic emulsions for a given gradation. These 

findings are well in-line with the trends that have been reported in the literature [6 -11].   

 

Fig. 123. Min 

and Max Water Content Allowed. 

 

B. Minimum and Maximum Allowable Water Contents Measured with the  AMT 

The results of the minimum and maximum water contents from the Hand Mixing and Segregation 

Tests presented in Section IV (A) were used to evaluate the suitability of the AMT in determining the 

workability of slurry surfacing mixtures. Samples for the AMT were prepared at three mixing water 

contents: (1) water content below the minimum allowed water content determined from the Hand 

Mixing Test (4SSD) (2) Optimum mixing water content which gave good workability (8SSD), and (3) 

High water content exceeding the maximum allowed water level (16SSD).   

The results for the mixes with insufficient mixing time prepared at 4 SSD are presented in Fig.5. 

All mixes, irrespective of emulsion or gradation type, prepared with the water content below 5 SSD 

experienced premature breaking before a mixing time of three minutes could be achieved, when 

tested with the Hand Mixing Test. The results in Fig.5 clearly show that the AMT is sensitive to 



 

 

emulsion type and gradation when samples with insufficient mixing time were prepared. Samples 

made with the coarse gradation (CG) show a high mixing torque than those made with the fine 

gradation (FG). This observation is in-line with the results presented in Fig. 5 which show that sample 

made with fine gradation has a lower minimum water content or requires less mixing water for a 

given workability than sample made with the coarse gradation.  

 

 

Fig. 124. AMT results for mixtures without sufficient mixing time (4 SSD) 

The results also show that the AMT is more sensitive to emulsion type than the results of the Hand 

Mixing Test presented in Fig.4. Mixes made with the latex modified emulsion (CSS-1HL) had the 

highest torque (or mixture stiffness) at one minute of mixing, followed by the CSS-1H and then the 

anionic SS-1H, which had the lowest mixing torque. All mixes experienced premature breaking of 

the emulsion within the first one minute. The value of the mixing torque ranged from 22 to 6 N.cm for 

the coarse gradation and 6 to 3 N.cm for the fine gradation at one minute of mixing time. At three 

minutes of mixing time, the results ranged from 5 to 5.8 N.cm for the coarse gradation and 4.4 to 4.8 

N.cm for the fine gradation.  

The results show that the stiffness of the mixture, as indicated by the mixing torque, does not 

remain high or continue to increase with time as breaking progresses as inferred to in the literature 

[4]. It appears that the stiffness of the mixture or mixing torque decreases after the mixture has gone 

through the breaking process. The reduction in the mixing torque after the breaking of the emulsions 

can be attributed to the extra lubrication of the aggregate particles from the water that is “freed up” 

from the emulsion [6]. The results indicate that the torque value at one minute of mixing time can be 

a potential indicator of mixtures experiencing premature breaking. However, the AMT alone cannot 



 

 

be used to identify mixes with insufficient mixing time because the slurry surfacing mixture are highly 

dependent on the chemical nature of the bitumen emulsions. The fact the mixing torque during 

breaking ranges from 4.4 to 22 N.cm depending on gradation and emulsion used, at different mixing 

times, makes it a challenge to specify the torque value or mixture viscosity or stiffness as a sole 

parameter for identifying mixes with insufficient mixing time as suggested by others [4].  

The results for mixes prepared with optimum water content or good workability with water amount 

of 8SSD are presented in Fig.6. All mixes prepared with 8SSD water content had a creamy 

homogenous consistency and a mixing time of over three minutes in the Hand Mixing Test. The 

presented results again show that the AMT is sensitive to emulsion type and gradation. Cationic 

emulsions show a higher mixing torque than anionic emulsions, and the coarse gradation show a 

higher mixing torque than the fine gradation. The torque level for mixes with good workability 

remained fairly constant from zero to three minutes of mixing time and beyond, with the exception of 

mixtures prepared with the latex modified CSS-1HL emulsion.  

Mixtures prepared with the CCS-1HL emulsion showed a slight peak at one-minute mixing time of 

13 N.cm and then the torque decreased to a constant level of 7.6 N.cm. This probably explained why 

the mixing time of mixtures with modified emulsions is determine at two minutes of mixing time. For 

unmodified emulsions, the mixing torque ranged from 5.9 to 7.6 N.cm for the coarse gradation and 

2.4 to 3.7 N.cm for the fine gradation at three minutes of mixing time.  The results presented appear 

to indicate that if the AMT is to be used for determining workability at three minutes of mixing time, 

different criteria may be required for different gradations. 

 

 

Fig. 125. AMT results for mixtures with sufficient mixing time and good workability (8 SSD) 

 



 

 

The results for samples with severe segregation prepared with a water content of 16 SSD are 

presented in Fig.7. The results of the Segregation Test showed that all mixtures prepared with a 

water content exceeding 10 SSD experienced severe segregation. 

 

 

Fig. 126. AMT results for mixtures experiencing severe segregation (16 SSD) 

 

The results presented show that the mixing torque for mixture experiencing segregation is fairly 

constant from zero to three minutes of mixing. However, the value of the mixing torque is also 

dependent on the type of emulsion and gradation used. The torque value ranged from 3.8 to 7.2 

N.cm for coarse gradation and 2.8 to 3.2 N.cm for fine gradation. Again, cationic emulsions 

experience high mixing torque than anionic emulsions irrespective of the aggregate gradation. The 

latex modified emulsions also showed the highest torque compared to unmodified emulsions. It 

should be noted that the results for the CCS-1HL (CG), CSS-1H (FG) and SS-1H (FG) for both 8 

SSD and 16 SSD water content are almost the same at three minutes of mixing time. Thus, it appears 

that the AMT used was unable to clearly differentiate between mixes with good workability and those 

experiencing segregation at three minutes of mixing time. 

  The results of the mixing torque for all mixes at one and three mixing times are presented in Fig.8 

for comparison. Current specification requires workability to be evaluated at three minutes (or two 

minute for micro-surfacing). There is also a general perception that the stiffness of slurry surfacing 

mixes increases with time as a result of the breaking of the emulsion. Another assumption is that 

mixture experiencing severe segregation have “very low” mixing torque value or stiffness compared 

to those with good workability and insufficient mixing time.  



 

 

 

Fig. 127. Mixing Torque Value of different mixtures at one and three minutes of mixing time 

 

The results show that the mixture stiffness as represented by the mixing torque value does not 

increase after breaking but rather decreases with time for the emulsion-aggregate combination used. 

This implies the criteria of using the torque value to identify mixes with insufficient mixing time at 

three minutes of mixing time could be misleading if used without supplementary subjective 

information from the visual observation of the mixture during the testing period.  It can also be noted 

that all emulsion type gave similar mixing torque values at three minutes of mixing. This makes it 

difficult to differentiate between mixes with insufficient mixing time, mixes with good workability and 

mixes experiencing segregation if the mixing torque value at three minutes of mixing time is used as 

the evaluation criteria. Therefore, the AMT in its current form is not suitable for determining the 

workability of slurry surfacing mixtures, as there is a high variability between the mixing torques of 

mixtures with insufficient mixing time (4SSD). The results also show that the test cannot clearly 

differentiate between mixtures with good workability (8SSD) from mixtures experiencing severe 

segregation (16 SSD) at three minutes of mixing time.  

 

V. CONCLUSION 

The main objective of this study was to establish if the AMT can be used to determine the 

workability parameters of slurry surfacing systems. The AMT has been reported and investigated in 

the literature as a potentially more objective test compared to the Hand Mixing Test, Split-Cup Test 

and Consistency Test currently used, which are highly depended on the experience of the operator. 

The following conclusion were drawn from the findings of this study: 

i. Mixing water amount below 5 times the amount of water required to reach the SSD (5SSD) 

condition of the aggregate resulted in mixes with insufficient mixing time, while mixture 

prepared with water amount more than 10 SSD value resulted in segregation for all 

emulsion, aggregate and gradation types used in this study. This information was 

determined using the Hand Mixing Test and Segregation currently specified in ISSA TB 

143/105 

ii. The results of the AMT test showed that:  



 

 

• The workability of slurry surfacing mixtures is mainly influenced by the chemistry of 

the bitumen emulsions, mixing water content, and aggregate gradation. Mixtures 

prepared with different emulsion types exhibited unique mixing torque versus time 

curves at the same mixing water content, besides being classified in the same 

category by the Hand Mixing Test (ISSA TB 113) and Segregation Test (ISSA TB 

111).  

• The mixing torque decreases when the mixture goes through the breaking and 

setting process during the 10 minutes of mixing time used in this study. Mixtures 

made with cationic emulsions showed high mixing torques than their anionic 

counterpart for a given gradation. In addition, latex modified emulsions showed a 

high mixing torque than their unmodified equivalent. Mixtures with coarse gradation 

had high mixing torques compared to mixtures with fine gradation. 

• While the results of the AMT helped to understand the complex behaviour of slurry 

surfacing systems in their fresh state, the AMT however, is not recommended for 

evaluating the workability of slurry surfacing mixes in its current state. High 

variability (about 150% difference) between the mixing torques of mixtures with 

insufficient mixing time (4SSD) was observed. The results also show that the test 

cannot clearly differentiate between mixtures with good workability (8SSD) from 

mixtures experiencing severe segregation (16 SSD) at three minutes of mixing time 

(percent difference of 5% at times), especially those made with fine aggregates. 
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Synopsis —The construction of a Gussasphalt (GA) layer on the surface of Africa`s 

longest steel suspension bridge in Mozambique is a first of its kind for the continent. This 

self-levelling non compacting asphalt was developed in Europe approximately 20 years ago 

and guarantees an extended lifetime in comparison to conventional paved asphalt. The 

report gives an overview of the material characteristics and technology used during the 

construction work in 2018. 

Keywords — Gussasphalt (GA), steel box bridge deck, long service life, state-of-the art 

waterproofing system, first use for southern Africa 

 

 



 

 

 

INTRODUCTION 

There are many applications for bituminous asphalt, one of them being a wearing course for steel 

bridge decks. For the first time “Gussasphalt GA-10” has been applied in Africa on an orthotropic 

steel deck comprising 57 box girders for a suspension bridge. The Maputo-Katembe Bridge (Fig. 

1), with a main span of 680 m is suspended over the international harbor and the bay of Maputo 

with approach bridges on each side, and is Africa’s longest bridge of this type. The inauguration 

took place in November 2018 and approx. 100000 vehicles traverse the bridge on a monthly basis. 

 

Maputo-Katembe Bridge during construction in 2018 

The bridge carriageway is 18.6 m wide with a pavement area of 12648 m2. The deck is built of 

four-lanes, two in each direction. This mega infrastructure bridge project consisting of the main 

bridge and the 2 approach bridges is more than 3011 m long.  

The number of steel orthotropic bridges designed and constructed all over the world has rapidly 

increased during recent years. A weight reduction of up to 20% of total bridge mass is realized using 

this method, therefore this type of construction represents the best design solution for long-span 

bridges. Based on experiences gained throughout the last decade mainly in China on similar types 

of bridge deck construction, the sequence of layering for the “system” of the surfacing of the steel 

deck has been as follows, see Fig. 2: 

a. Stone Matrix Asphalt SMA-10: 38 mm thick (Fig. 3) 

b. Gussasphalt GA-10: 35 mm thick 

c. Polymer Adhesive - high strength methacrylate 100 - 200 g/m2 

d. Waterproof membrane - Methyl Methacrylate (2 layers) 2500 - 3500 g/m2 

e. Anti-rust primer 100- 200 g/m2 

GA-10 is extensively used throughout Europe and especially in Germany from where it originates. 

In the UK Gussasphalt is the preferred material for bridge deck refurbishment due to its long service 



 

 

life and the fact it enhances in-situ performance before any maintenance is required as described 

in [1] and [2]. 

STATE-OF-THE-ART 

Steel Deck Pavement 

Bridge deck pavements must fulfil a stringent number of requirements, such as: resistance to 

permanent deformation, texture depth, skid resistance, rigidity, evenness, ageing resistance etc. It 

also must protect and seal the underlying supporting structure as this determines to a large extent, 

the service life of the structure under an increasing load of traffic and detrimental weather conditions 

[3]. 

 

Pavement structure of Maputo-Katembe Bridge on the steel bridge deck 

 

GA-10 with a thickness of 34 mm on top of the steel deck 



 

 

They must assist with the distribution of the traffic loads, transfer them to the supporting 

structures and be resistant to deformation and provide good anti-skid conditions for vehicles. They 

also need to be watertight to protect the steel surface and assist with the surface runoff. 

Due to all these varying requirements, these functions are generally not fulfilled by one material. 

It is an ”integrated system” consisting of several layers primarily composed of an asphalt pavement 

and including primers and paving membranes, bonding coats etc. In general the asphalt bridge 

pavement system can be spilt into four different layers: a sealing layer (primer), a waterproofing 

layer, a protecting layer (both are often called “waterproofing system”) and a surfacing layer. 

The general construction steps on a bridge deck start by surface preparation of the deck, followed 

by sealing layer, a waterproofing layer, a protecting layer and the surface layer on the top. 

Especially for the Maputo-Katembe Bridge a “system” of the highest quality was required due to 

the harsh marine environment of the Indian Ocean and the subtropical climatic conditions. 

European regulations 

The main standards and experiences from Europe are summarized in the document submitted 

by the European Asphalt Pavement Association (EAPA) [3]. Due to the experience of asphalt 

systems on bridge decks in respect to different climates and the long-term behavior in most 

European countries there are as many solutions for these systems as there are countries. EAPA as 

an active working group is trying to combine the experience based knowledge to benefit the 

durability and economy of bridge deck asphalt pavements. 

Different construction techniques have been used for paving surfaces on steel bridge decks. 

However, it is universal for all techniques that their materials must possess excellent engineering 

properties. Gussasphalt (GA) is one type of asphalt primarily used in steel deck bridge pavement 

construction. GA is composed of specifically graded aggregates and a high content of modified 

bitumen binder to form a coherent, void less and impermeable solid or semi-solid mass at ambient 

temperatures, but being sufficiently non viscous at construction temperatures. An additional 

important benefit is that no compaction is required. GA was developed in Germany approx. 20 years 

ago. Mastic Asphalt MA is the alternative choice to GA and was developed in Germany in the 1960s.  

Chinese Regulations 

The Chinese regulations are defined in national Standards, called JTG. English versions are 

available for international application and comparison. GA has to meet the requirements described 

in the Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004) 

and the material testing itself are given in different JTG documents like JTG E42-2005 T0328, 

T0340, T0333 in [4] and [5]. 

GUSSASPHALT GA-10 – MATERIAL AND CHARACTERISTICS 

GA was officially defined in the 2001 Edition of German Asphalt Concrete Mix Design 

Specification. As indicated by its original name, GA is characterized by its fluidity at construction 

temperatures because of its self-levelling capability at paving temperature, no compaction is 

required during GA pavement construction. Despite the differences, both GA and the MA have high 



 

 

bitumen content, high fine aggregate content and less coarse aggregate content, see Fig. 4. For 

GA it is normal to find the content of filler to be between 20% - 30%, bitumen content about 7% - 

10% and a mixing temperature of between 220 oC to 250 oC.GA can easily flow (self-leveling) at 

elevated temperatures during construction. 

The development of GA started in 1917 in Germany. It was also being used directly as 

waterproofing material in building and pavement construction. The void fraction of Gussasphalt is 

small and its pores are disconnected, this results in a highly impermeable pavement characteristic 

which is not found in other types of pavement wearing solutions. 

Most steel box girder projects adopt the Gussasphalt pavement method, which has proven to be 

the most successfully used system in steel bridge deck pavement construction for well-known 

bridges such as the Oberkasseler Bridge (Germany), Caiyuanba Yangtze River Bridge (China), 

Yellow River Highway Bridge (China) and others. It was later used in steel bridge construction in 

France, Poland, United Kingdom, Denmark, Sweden, Holland, Japan, etc. with good performance 

records.  

In 2006, the European Union (EU) defined the Mastic Asphalt standards in Chapter 6 of its 

specification BS EN 13108 [6] and GA according to the German Standard System should meet this 

specification. Germany has issued a specification where technical details are described for the 

bridges by its national Ministry of Infrastructure [7]. 

V. Since the void fraction of Gussasphalt is minuscule and the interior pores are disconnected, 

air and moisture are unable to pass through the substance. As a result, the performance 

deterioration and material damages caused by moisture or air can be avoided, such as aging, 

embrittlement, etc. Having these characteristics, GA is considered very durable having a low void 

ratio, increased flexibility and resistance to fatigue cracking is drastically improved. 

VI. Although subjected to traffic and climate conditions over a long period of time, GA pavement 

remains highly flexible due to its high bitumen content. It is able to tolerate repeated bending 

deformation without any damages like cracking and delaminating. GA is a self-leveling asphalt 

during the installation process. This performance allows the Gussasphalt pavement to have a 

definite improved resistance to vertical deformation and a strong cohesion in the horizontal plane. 

Thus, it ensures that the pavement will exhibit good integrity characteristics. Since Gussasphalt 

is a self-levelling asphalt, the process of molding and strengthening is done without the need of 

mechanical compaction. This is a major advantage as the potential risks of damages caused by 

rolling compaction are eliminated and the main concerns are to ensure correct asphalt laying 

procedures. To obtain adequate workability, the GA is mixed and paved at temperatures between 

200 oC and 250 oC. 



 

 

 

Asphalt Gradation GA-10 and SMA-10 

GA is a polymer modified asphalt using PG 82-22 modified bitumen with a 3% direct mixing 

modifier meaning the mass of the modifier is 3% of that of the bitumen.  

The structural feature of Gussasphalt determines its special properties that conventional rolled 

asphalt mixture does not have. It is these performance advantages that meet the requirements of 

special paving projects, especially steel deck pavement. 

MIX DESIGN OF GUSSASPHALT GA-10 AND RECOMMENDTAIONS 

China has a long and well documented history with regards to “unsuccessful” application of 

asphalt paving on steel decks. The longevity and durability of the asphalt was never achieved 

successfully [4]. 

The mix design for the GA-10 is based on the research of recent applications, successful 

experience and application by the Contractor China Road and Bridge Corporation CRBC of using it 

on steel decks in China. The different components of the mix have been individually tested on site 

and in an accredited national laboratory and has been approved for the intended application and 

climatic conditions in Maputo. 

The following Table I to Table VI presents an overview of the bitumen characteristics, binder 

testing results, aggregate mix proportions, fluidity performance, penetration measurement and 

Gussasphalt production data. With the test results combined data, the specific GA-10 for the MBLRP 

is clearly defined. 

PG 82-22 BITUMEN CHARACTERISTIC TEST RESULS 

Test Procedure Test Result Test Requirement Test Method 

Penetration (25°C) 51 40 – 60  

JTG E20-2011 Ductility (5°C) 26 ≥ 20 

0

20

40

60

80

100

120

0 . 0 7 5 0 . 1 5 0 . 3 0 . 6 1 . 1 8 2 . 3 6 4 . 7 5 9 . 5 1 3 . 2 1 6

P
ER

C
EN

T 
P

A
SS

IN
G

 (
%

)

SIEVE SIZE (MM)

ASPHALT  (GA AND SMA)  GRADATION DESIGN USED

GA SMA



 

 

Softening Point 

(°C) 

88 ≥ 85 

MODIFIED BINDER TEST RESULTS “3% DIRECT MODIFIER ADDED” 

Test Procedure Test Result Test Requirement Test Method 

Penetration (25°C) 35 10 – 40 T0604 - 

T0606-2011, 

Chin. Standard 
Ductility (5°C) 13 ≥ 10 

Softening Point °C 101 ≥ 95 

 

 

 

 

 

 

 

AGGREGATE MIX PROPORTION DESIGN TARGETS 

Aggreg

ate size 

mm 

Percentage passing the following sieve sizes Percent

. Of Mix 

Proportio

n 

13.

2 

9.5 4.

75 

2.

36 

1.

18 

0.

6 

0.

6 

0.

15 

0.

075 

6 ~ 11 10

0 

99.

5 

3.

6 

0.

1 

0.

1 

0.

1 

0.

1 

0.

1 

0.

1 

25 

3 ~ 6 10

0 

100 34

.5 

3.

6 

1 1 1 1 1 15 

0 ~ 3 10

0 

100 99

.9 

87

.1 

49

.5 

25

.3 

9.

0 

2.

9 

1.

2 

32 

Mineral 

Powder 

10

0 

100 10

0 

10

0 

10

0 

10

0 

10

0 

99

.6 

89

.0 

28 

Producti

on Mix 

Design 

Gradation 

10

0 

99.

9 

66 56

.4 

44 36

.3 

31

.1 

29 24

.6 

./. 



 

 

Target  

Mix 

Design 

Gradation 

10

0 

99.

8 

69

.4 

56

.4 

48

.5 

39 32

.2 

29

.5 

25

.8 

./. 

Gradati

on Range 

10

0/ 

10

0 

80/

100 

63

/80 

48

/63 

38

/52 

32

/46 

27

/40 

24

/36 

20

/30 

./. 

FLUIDITY PERFORMANCE OF THE MIXTURE WITH DIFFERENT BITUMEN/AGGREGATE RATIOS 

Bitumen / 

Aggregate Ratio % 

Test Result Technical 

Requirements 

7.6 Test Temperature 

°C 

240 220~250 

Fluidity s 40 ≤ 50 

7.9 Test Temperature 

°C 

240 220~250 

Fluidity s 25 ≤ 50 

8.2 Test Temperature 

°C 

240 220~250 

Fluidity s 12 ≤ 50 

The mixing and transport of the asphalt plays an important part of ensuring the quality of the 

asphalt. Therefore the following steps performed at the batch plant are of vital importance.  

 Asphalt binder heating: the asphalt binder is heated by indirect heating bitumen tanks and 

these tanks are equipped with Japanese style thermic oil heaters and automatic pressure jet 

burners with heating coils. The heaters heat up the thermic oil and pump it through the tank. 

The hot thermal fluid heats up the coils, which in turn, heat up the bitumen binder stored in the 

tank. 

 Aggregate drying and heating process: discharge of the aggregates on the dryer where the 

burners heat the aggregates. 

The temperature of the aggregate is elevated to the range of between 280 °C to 320 °C and the 

binder between 160 °C to 180 °C, the mineral powder is added at ambient temperature. The 

discharging temperature of the GA-10 is in the range of 220 °C to 250°C. 

 

 



 

 

PENETRATION AND INCREMENT MEASUREMENT OF THE GUSSASPHALT GA-10 

Performance Test Results Technical Requirement 

Binder/Aggregate 

Ratio % 

7.6 7.9 8.2 0.3 

Penetration 60°C 2.8 3.2 4.1 1 – 4 

Penetration 

Increment 60°C 

0.26 0.33 0.41 ≤ 0.4 

GA-10 PRODUCTION DESIGN 

Aggregate 

Size mm 

6 - 11 3 - 6 0 - 3 Mineral 

Powder 

Binder/Aggregate 

Ratio 

Mix 

Proportion 

25 15 32 28 7.9 

The mixing time of the various components is in the vicinity of 120 seconds. The time of dry 

mixing is 15 sec, addition of bitumen and mineral powder 10 seconds followed by a wet mixing 

period of 90 seconds and about 8 seconds to discharge the asphalt and start to prepare the next 

mix. 

Calibration of the mixing plant on a regular basis is of paramount importance to ensure a 

homogeneous product that is consistent with the mix design parameters. Testing all aggregates on 

a daily basis is to ensure the highest quality was also very important. 

TREATMENT FOR THE STEEL DECK OF THE MAPUTO-KATEMBE BRIDGE 

The steel deck pavement consists of a sand blasted anti-rust treatment, a waterproof bonding 

layer, 35 mm Gussasphalt GA-10 and 38 mm of modified asphalt SMA-10. The requirements of the 

surface after sandblasting is specified in Chinese and European codes for cleanness and 

roughness. For the lifetime guarantee the sandblasting is an important step of the quality assurance. 

The treatment of the steel deck structure follows the steps:  

 Cleaning of the surface from dust and rust, oil, paint etc.; 

 Sandblasting with a given roughness to be achieved; 

 Removal of any crater, pinholes, burr, sharp angles or welding spatter on the steel deck 

ensuring a smooth and uniform surface; 

 Preparing of the steel deck surface for antirust primer application according to its 

requirements as described on the product’s datasheet; 

 Anti-rust primer application; 

 Application of Methyl Methacrylate waterproof membrane and  

 Application of Polymer Adhesive (high strength Methacrylate). 



 

 

For the first application a trial section on the bridge of 200 m² was prepared. This was also 

required to test the skills of the workers. After approval of the test section the general works went 

on for the whole bridge deck of 12648 m². 

DESIGN OF DRAINAGE SYSTEM FOR SUB-SURFACE AND SURFACE 

A successful and effective bridge deck drainage system has to address both surface and sub-

surface drainage. Otherwise the water may collect in pools or run in sheets and its presence can 

slow traffic and cause hydroplaning. Proper bridge deck drainage provides an efficient removal of 

water from the bridge deck, enhancing public safety by decreasing the risk of hydroplaning and 

long-term maintenance and the structural integrity. 

 

Besides, its ability to disrupt the main traffic function of the bridge, rain may also transport 

corrosive contaminants, which may cause deterioration. Both wearing surface and sub-surface 

drainage should be taken into account for a successful and efficient bridge drainage system. If there 

is no sub-surface drainage, water absorbed into the asphalt layer rests on the waterproof membrane 

of the bridge deck. The impact of vehicles driving on the saturated asphalt can then cause 

weakening of the road surface and eventually the entire bridge structure. 

 

Polyester drainage pipes (Fig. 5) were placed along the entire length of the steel deck on top of 

the GA-10 before the SMA-10 layer was paved. Their function is to facilitate the water passing 

through the wearing course layer on the sections directly adjacent to the barriers where water would 

flow down between the side barriers and the SMA-10 layer. Water then flows along this conduit and 

discharges directly into the steel box girders storm water drainage system. 

 

 

Detail of polyester drainage pipe at the edge  



 

 

WATERPROOFING SYSTEM FOR PAVEMENT OF STEEL BOX BRIDGE DECK 

There are relevant physical and structural differences in behavior with regards to a steel box girder 

deck and a reinforced or a pre-stressed concrete deck. The steel box girder has high flexibility, 

localized deformability, smooth surface texture, low thermal inertia, high thermal conductivity and 

high sensitivity to corrosion especially in marine environments. 

Besides the first-rate level of adhesion between the steel box girder and the asphalt in general, 

there are other characteristics which require consideration during the design and planning phase: 

• Mechanical stability when exposed to compressive and shear stresses; 

• Resistance when exposed to corrosive environments; 

• Bonding materials have physical and chemically compatible properties which allows 

resistance to lateral slippage or detachment due to dynamic loads resulting from slow moving 

heavy traffic; 

• Adequate level of waterproofing and protection of the steel deck emphasis being placed at 

the edges of the deck and vertical steel elements; 

It is of importance that the best waterproofing materials and the correct application is applied to 

the properly prepared steel deck to prevent corrosion. The waterproofing system for the Maputo-

Katembe Bridge was selected from ELIMINATOR®. This system is a high performance 

waterproofing membrane based on a unique polymer technology. It has a proven track with 

thousands of structures waterproofed successfully worldwide with over 37000000 m² applied to date, 

applicable examples are the Bosporus Bridge and the Haliç Bridge (convey >330000 vehicles/day). 

Thorough planning of the construction of the waterproofing system was performed prior to 

commencement of the works. The ELIMINATOR® system has the structure as shown in Table VII: 

SYSTEM OF WATERPROOFING 

Sandblasting 
Sandblasting to meet the Swedish 

Standard SIS 055900 Sa2.5 

Anti-rust primer 
Single-component, anti-corrosive metal 

primer that dries by solvent evaporation 

Methyl Methacrylate waterproof 

Membrane 

100% reactive, fast curing, MMA based 

membrane 

High Strength Methacrylate Co-

Polymer Adhesive 
Pigmented MMA based resin 

The quality of the steel bridge deck treatment after sandblasting was required to achieve the 

following standards: 

 Roughness shall reach a level of Sa2.5 as specified in GB/T 8923-2011- Preparation of steel 

substrates before application of paints and related products. 



 

 

 Visual assessment of surface cleanliness, equivalent to ISO 8501- 1:2007(EN): Preparation of 

steel substrates before application of paints and related products. Visual assessment of 

surface cleanliness, and roughness shall reach Rz50～100µm. After completion of 

sandblasting, the next step could not proceed until the cleanness and roughness were tested 

and accepted. 

MIXING, TRANSPORT AND LAYING 

The organizational requirements for the onsite work, detailed laboratory and inspection testing 

program plus the fact that the asphalt plant was 50 km away meant that coordination had to be of 

the highest standard. The laying of the GA-10 and SMA-10 was performed with innovative and state-

of-the art equipment from Europe [8] to guarantee the highest quality and accuracy of the layers. 

This equipment is used in China and was shipped to Maputo; see Fig. 6, Fig. 7 and Fig. 8. 

Transportation of the GA-10 to site is done in preheated “Linnhoff & Henne Cookers” [8] at a 

temperature of 160°C. Constant stirring of the asphalt at between 220 °C to 250 °C ensures a 

homogeneous mix at the correct temperature. Transportation and paving is recommended to be 

completed within a 6 hour time frame. Asphalt temperatures of above 250 °C has to be placed within 

2 hours. A minimum mixing period of 40 min is required before discharge. 

 



 

 

 

Maputo-Katembe Bridge during laying of GA-10 lefthand site 



 

 

 

Laying of Gussasphalt GA-10 

 

  

Birdseye view of placing and distributing GA-10 

 



 

 

 

 

Delivery of Gussasphalt GA-10 for laying at a temperature of 220 oC – 250 oC 

Construction of the GA-10 layer does not require compaction as it is self-levelling and self-

compacting at the elevated temperatures of 220 °C. 

As a result of the asphalt having a temperature of above 220 °C, it is extremely non viscous and 

requires side “formwork” to prevent lateral flow. It flows out of the heater (Fig. 9) and steel baffles 

with dimensions of 35 mm wide x 30mm thick are used to restrict side flow. Timber boards are 

placed behind the steel baffles to prevent movement and also act as the tracks for the paver to ride 

on. 

The screed of the paver is automatically controlled to ensure the correct thickness of the GA-10, 

thickness is also manually checked on a continuous basis during the process.  

When the paver is in position, the cooker reverses and discharges the GA-10 directly in front of 

the paver which then spreads the asphalt by moving its arm from left to right while traveling forward 

to produce a homogeneous layer of uniform thickness, Fig. 10. Staff continuously, making use of 



 

 

wooden scrapers, ensure that the GA-10 is also of uniform thickness against the steel baffle boards 

and that no voids and irregularities remain. 

 

 

Distribution and laying of GA-10 at the paver 

During the spreading of the GA-10, air bubbles will form on the surface which will be eliminated 

with a sharpened tool ensuring that a sufficiently dense layer is achieved. 

The paver moves at a rate of 2-3 m/min which corresponds to the mixing and transportation of 

the asphalt from the batching plant which is at Bella Vista some 50 km south of the site. A total of 6 

mastic mixing and transportation trucks [8] were used for the contract.  

Premixed chips are spread manually behind the paver. When the mixture reaches the required 

spreading temperature, the premixed chips are spread at a rate of 4 - 8 kg/m² and the coverage rate 

should be controlled at between 60% - 80% to ensure a uniform texture. The chippings are then 

compacted by hand with a light roller to ensure embedment into the GA-10 surface, Fig. 11. The 

spreading of the chips can also be done automatically with the introduction of a chipping machine. 

The joint treatment and edge construction is an important detail. Longitudinal joints exist due to 

divided pavement construction. A release agent is applied to the side restriction boards to prevent 

the asphalt from adhering to the steel baffle boards. In this project, vegetable oil is adopted as the 

release agent. The side restriction boards are removed once the mixture is cooled and rigid in order 

to keep the joint section smooth and vertical without deformation occurring. 

Before the longitudinal joint construction, the existing cold joints exposed surface where it will be 

paved against, must be thoroughly inspected for abnormalities such as voids, loose or broken 



 

 

asphalt. These areas should be removed prior to the joint bond preparation. After the removal of 

any loose GA-10, a bitumen bonding tape “Road Joint Sticker” shall be applied to the exposed joint 

surface along the entire length that will be softened by the newly hot paved Gussasphalt creating a 

water tight bond between the two paved sections. 

 

Chippings on top of the surface of GA-10 

Precautions taken during transportation and paving are important to achieving the highest quality 

possible. If any abnormal operational conditions or problems are encountered at the batching plant, 

the Foreman in charge of paving is informed to take immediate precautions and he then prepares 

to install a cold joint in anticipation of a lengthy delay. Prior to the departure from the batching plant, 

serious inspection for any signs of leaking oil or diesel that will have a detrimental effect on the 

bridge surface and already paved asphalt needs to be performed and any remedial action needs to 

be taken before departure. 

In order to prevent any damage to the waterproofing, turning of vehicles or equipment on the 

bridge deck is forbidden. A uniform acceleration and deceleration is also required to prevent any 

damage to the complex waterproofing system. All personnel on the bridge deck during the paving 

operation, will be required to wear cloth boot covers to prevent any damage to the deck coating. 

Small hand towels are also required to be carried by all personal to prevent any perspiration from 

falling onto the waterproofing layer. 

All plant involved with the paving operation, will have the necessary safety protection to prevent 

any damage to the waterproofing surface. Speed control is extremely important to ensure a 

homogeneous surface after paving. The thickness of the layer is to be constantly checked. The 

asphalt is extremely viscous when at ambient temperatures, therefore cleaning of the equipment is 

a critical operation and cannot be left till the next day. 



 

 

The time frame between successive paving operations is 24 hours to allow the asphalt to cool 

sufficiently before taking loads. 

SMA-10: STONE MATRIX ASPHALT 

The wearing course to be placed above the Gussasphalt GA-10 was chosen as a Stone Matrix 

Asphalt SMA-10. For the Maputo-Katembe Bridge, the SMA-10 wearing course mixture used a PG 

82-22 polymer modified asphalt binder imported from South Korea. During the mixing procedure of 

the SMA organic fibers were added to the mixture.  

Table VIII to Table X displays related details for SMA-10 of the temperature ranges, binder test 

results and various trial mixes and mechanical test results as applied. 

MA-10 ASPHALT TEMPERATURE RANGES 

Heating temperature of SMA bitumen 160 °C to 170 °C 

Heating temperature of the aggregate 200 °C to 240°C 

Temperature of asphalt 175 °C to 190°C 

Paving Temperature not below 160°C 

Initial compaction temperature not below 150°C 

Minimum temperature during compaction not below 130°C 

Minimum temperature at compaction 

completion 

not below 110°C 



 

 

 

Compaction of SMA-10 on the steel bridge deck 

MODIFIED BINDER TEST RESULTS 

Test Procedure Unit Technical 

Requirement 

Test Result Test 

Method acc. 

to Chin. 

Standard 

Penetration 25 ° 0.1 mm 40 to 60 46 T0604-2011 

Ductility 5 °C cm ≥20 24 T0605-2011 

Softening Point °C ≥85 92.5 T0606-2011 

Viscosity 135 °C Pa.s ≤3 2.5 T0621-2011 

Elastic Recovery Rate 

at 25 °C 

% ≥75 92.3 T0662-2011 

Flash Point °C ≥230 252 T0611-2011 

RTFOT 

163 °C 

Change in 

Mass 

% -1 to 1 0.0044 T0610-2011 

Penetration 

Ratio 25 °C 

% ≥65 79.1 



 

 

Ductility 

5°C 

cm ≥10 12 

VARIOUS TRIAL MIXES AND MECHANICAL TEST RESULTS; GRADNG NO 2 CHOSEN 

 Grading 1 Grading 2 Grading 3 Requirements 

Fiber Dosage 0.3 0.3 0.3 / 

Bulk Volume 

Relative Density 

2.468 2.478 2.485 / 

Bulk Relative 

Density 

2.568 2.567 2.566 / 

Porosity in % 3.9 3.5 3.2 3 to 4 

Voids in 

Mineral 

Aggregate in % 

17.6 17.2 17 ≥16.5 

VCA Mix (1) 38.8 39.9 41.2 70 to 85 

VCA DRC (2) 41.5 41.3 41 
(1) ≥ (2) 

Stability kN 8.5 9.9 9.3 ≥6 

Flow mm 3.5 3.9 4.4 / 

For the manufacturing and transportation process the asphalt is heated with heat transfer oil and 

the temperature is controlled automatically, there is stringent control of the heating temperature of 

bitumen and aggregate as well as the discharge temperature of the modified bitumen mixture. 

Overheating of the bitumen will result in increased oxidation of the bitumen and it will become brittle 

at an earlier age. The mixing time and adding sequence of SMA asphalt mixture is as follows:  

Add the mineral aggregate and fiber first and after dry mixing for 15 s, add the mineral powder 

while mixing, then bitumen and wet mix for 45 s and the total production time is 60 s to 70 s. All the 

aggregate particles shall be attached to the asphalt binder and the asphalt mixture shall be mixed 

homogeneously. The laboratory inspection staff will take samples from the mixing plant in 

accordance with the inspection frequency and do the extraction test to check the binder-aggregate 

ratio and mineral aggregate particle size distribution.  

The trucks shall be covered with waterproof tarpaulin to prevent heat loss and protect against 

pollution. A completed delivery note is to accompany the truck showing the time of mixing and 

discharge with quantity. The temperature is recorded from the time of departure and checked again 

on arrival. 



 

 

SITE SPECIFIC ITEMS 

Specialized and experienced teams for laying GA-10 and SMA-10 were sourced directly from 

China with special equipment.  

Site traffic under 2 tons was allowed over the bridge only 3 days after the SMA-10 was paved, 

heavier vehicles were only granted access after 5 days. 

The deck pavement was concluded approximately 2 months before the official opening of the 

Maputo-Katembe Bridge. Inspections were performed on a weekly basis to control the asphalt 

behavior even though there was almost no traffic before the bridge opening. 

TRAFFIC LOAD DISTRIBUTION 

January to June 2019 - 6-month total traffic count (181 days) Traffic Count ADT 

Class 1 Light vehicles with trailers 518175 2863 

Class 2 Tractors, pickup & caravan, 3-ton vehicles 54741 302 

Class 3 Double axel vehicles 9981 55 

Class 4 Horse and trailers 1924 11 

    TOTAL 584821 3231 

Table XI gives an overview of the traffic count of Class 1 to Class 4 of the first 6 months (181 

days) since the opening of the bridge in November 2018. The values are presently low but there is 

an ongoing increase of traffic observed monthly. 

OUTLOOK AND RECOMMENDATION 

The use of Gussasphalt ensures the safest and highest riding quality currently available in the 

industry for steel decks. 

The asphalt combined with the well-designed waterproofing system, providing appropriate 

maintenance actions are taken where required, is presently the best solution in matching the current 

100 year design life mandated for bridges. Gussaphalt has a much longer lifespan compared to 

conventional asphalt with now 20 year long track record of its successful use in Europe. It is by far 

the best choice for orthotropic steel decks worldwide. 
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Synopsis— The National Route 2 Section 1, located in the Western Cape Province of South 

Africa, comprising of a Jointed Unreinforced (Plain) Concrete Pavement (JCP) was originally 

constructed between 1971 and 1972. During 1986, to preserve the integrity of the dual 

carriageway concrete pavement from any further Alkali Silica Reaction (ASR) deterioration, 

the majority of the dual carriageway was sealed with a 14 mm Stress Absorbing Membrane 

Interlayer (SAMI) and overlaid with a 40 mm gap-graded bitumen rubber asphalt (formerly 

known as a BRASO) mix. 

Field investigations done in 2016, confirmed that most of the existing overlay (SAMI + 

BRASO) was in a delaminated state. It was thus recommended to replace the existing 

surfacing with a new asphalt surfacing and Ultra-Thin Friction Course.  

One of the major concerns and issues pertaining to composite pavements is the ability of 

the asphaltic surfacing to bond securely and have full friction with the underlying concrete 

surface. The adhesion condition at the interface between these two consecutive layers 

highly influences the pavement stress distribution.  



 

 

In the absence of a standard method and apparatus to address this problem, an attempt has 

been made in this study to develop and document a multi-phase approach to ensure that the 

best fit-for-purpose bonding agent is used at construction stage. The study considers 

bonding properties in the form of both shear- and torque bond strength associated with 

numerous tack products as well as their dilutions and application rates, while having 

cognisance of the associated break times. 

Keywords— Tack Coat, Application Rate, Break Time, Dilution, Cationic, Anionic 



 

 

I. INTRODUCTION 

A. Project Background 

The National Route 2 Section 1, located in the Western Cape Province of South Africa, comprising 

of a Jointed Unreinforced (Plain) Concrete Pavement (JCP) was originally constructed between 1971 

and 1972. During 1986, to preserve the integrity of the dual carriageway concrete pavement from 

any further Alkali Silica Reaction (ASR) deterioration, the majority of the dual carriageway was sealed 

with a 14 mm Stress Absorbing Membrane Interlayer (SAMI) and overlaid with a 40 mm gap-graded 

bitumen rubber asphalt (formerly known as a BRASO) mix. 

Field investigations done in 2016, confirmed that most of the existing overlay (SAMI + BRASO) 

was in a delaminated state. It was considered to provide the carriageway with a new asphalt overlay 

only (onto the existing asphalt). Besides the fact that this option is less desirable, because of the 

aged and brittle nature of the existing asphalt surfacing (becoming a weak interlayer below the new 

overlay), it was also found in the mechanistic analyses that a thickening of the existing asphalt 

thickness (still delaminated) on top of the concrete, will increase asphalt strains substantially and 

thus result in even less structural capacity. This option was therefore not recommended.  

It was however recommended to replace the existing surfacing with new asphalt surfacing and 

Ultra-Thin Friction Course, which will be bound to the concrete surface and in doing so even increase 

the structural capacity of the concrete pavement.  

It was also recommended to use an asphalt mix which is best suited to accommodate the expected 

reflective cracking at the joints. It was proposed to use a Bitumen Rubber Asphalt Continuously 

graded sand skeleton mix (BRAC), especially suitable to restrict crack propagation from reflective 

cracking while maintaining a high stability even under high temperature conditions. Although the 

cracking is still expected to occur over an extended period of time it will contain the cracks much 

longer than conventional asphalts.  

To ensure full and durable adhesion between the new asphalt surfacing and the concrete surface, 

it was proposed to remove the existing asphalt by way of milling and cutting into the concrete between 

3 to 5 mm deep.  This has removed any dirt on the surface and roughened the surface sufficiently to 

improve the texture before paving, increasing the effective contact surface area and improving lateral 

friction between the two layers.  

The mill and replace operation in this project was conducted on a unique, composite pavement 

structure. Milling off the existing asphalt on top of the concrete base and replacing it with new asphalt 

required a tack coat of a specific chemical composition to compensate for the lack of bond at the 

asphalt-concrete interface due to the material differences. As a result hereof, an extensive 

investigation was launched into the bond strength evaluation of different tack products as well as 

their application rates and dilutions. 

 



 

 

B. Aims and Objectives of the Study 

The primary objective of this research study was to develop a test procedure for the evaluation of 

bond strength between layers in a composite pavement structure. A secondary objective of this study 

was to provide supportive information for the selection of the best type of tack coat in terms of break 

time and application rate to provide adequate bond strength between layers in a composite pavement 

structure. 

The development of a test procedure for the bond strength between layers in a composite 

pavement structure entailed the assessment of the effect of application rate, concentration of 

emulsion, breaking time and mixture type on the bond strength between the different surfaces. 

 

C. Scope of the Study 

The need to evaluate the quality and strength of the adhesive bond provided by the tack coat is 

as important as meticulous construction processes. There are currently several tests available for 

evaluating the quality of tack coat bond including the following [5]: 

 Texas DOT UTEP Pull-Off test, which is conducted on the tack coat before the construction of 

the overlay; 

 “Attacker”, developed by Instrotek Inc to evaluate the torque and tensile strength of the tack 

coat; 

 NCAT shear test performed on cores; 

 Layer-Parallel Direct Shear (LPDS) which is a modified version of the Leutner test, originally 

developed in Germany; 

 Torque Bond test, which was developed in the United Kingdom and can be used in the lab or 

in the field after paving; 

 Superpave Shear Tester (SST), which has been recently modified by the Louisiana 

 Transportation Research Center by building a shear mould assembly; 

 FDOT Shear Tester. 

 

A fabrication between the Layer-Parallel Direct Shear (LPDS) [4] and NCAT shear test [6,7] as 

well as the Torque bond test [5] were used in this study to investigate and evaluate the bond strength 

of different tack coats. The testing component of the study comprised of three (3) main phases, 

followed by the final project level evaluation of the tack: 

 Phase I: In-Field Application Rate, Dilution and Break Time Investigations 

 Phase II: Shear Bond Strength Testing 

 Phase III: Torque Bond Strength Testing 

 Phase IV: Project Level Feedback 



 

 

Each phase was fully completed before moving to the next one, as the results from the preceding 

phase influenced some of the parameters used in the next phase.   

 

II. PHASE I: IN-FIELD APPLICATION RATE, DILUTION AND BREAK TIME INVESTIGATIONS 

The tack coat population used in this phase were made up from a number of “off-the-shelf’ tack 

coat products as well as newly developed fit for purpose tack coats. The bitumen emulsion products 

can be split up based on their properties and usages: 

 Conventional Anionic Emulsion (CAEm) – latex modified which was traditionally found to be 

effective in tack application on concrete surfaces.  

 Conventional Cationic Emulsion (CCE) combined with a variety of different commercially 

available cationic adhesions promotors (CAP) some of which were used during the 

delamination repair work when moisture ingress and migration caused delamination on newly 

constructed sessions of Bitumen Rubber Asphalt Semi Open graded (BRASO) and a bitumen 

rubber stress absorbing membrane interlayer (SAMI) during the Gauteng Freeway 

Improvement Project (GFIP). 

 Trackless Tack Emulsion are Cationic Modified Emulsion (CME), where a rheologically 

modified base binder was used in combination with polymer modified to produce the desired 

ideal tack coat properties to allow early construction traffic with a reduced risk of pickup and 

mechanical damage during construction. 

 “New Generation” technologies were recently found to be effective in combination with 

bitumen emulsion in various applications.  Although these products are generally classified as 

Nano Technologies, it has been necessary to rather classify the products as Organo-Silanes 

(OS) which provide for a better technical description.  Although these technologies have been 

used for millennia in other application, it was only recently introduced for uses in combination 

with bitumen emulsions. 

 

During the formulation and selection process, the bitumen emulsion’s properties included various 

complementing and conflicting aspects. In general the aim was to formulate a product classified as 

rapid set bitumen emulsion with the ability of rapid curing. In addition it had to accommodate aspects 

related to emulsion stability, the dilution potential and involved the incorporation of a challenging 

population of various emulsifiers and additives where the compatibility of the chemistry of various 

types had to be balanced to provide a tack coat with superior bond strength.  

The net binder content of the potential emulsion formulations varied between 60 and 65 percent 

and was subsequently diluted in various ratios with water to adjust the residual binder on the road’s 

surface for the bond strength evaluation purposes. 

 



 

 

A. Implementation Strategy 

To fully cover a broad spectrum of possible application combinations, different dilutions and tack 

coat application rates were assessed. The tack coat application was done at a dilution of 50% 

undiluted tack and 50% H2O (30:70 bitumen to water ratio) as well as undiluted (60:40 bitumen to 

water ratio). Both emulsions were applied at three (3) different rates, 0.6 ℓ/m2, 0.45 ℓ/m2 and 0.3 ℓ/m2 

respectively (see Fig. 1). 

 

Fig. 1. In-Field Tack Coat Application Matrix 

 

Fig. 128. Plain Jointed Concrete Pavement (PJCP) before and after scarification 

The exposed Plain (unreinforced) Jointed Concrete Pavement (PJCP) was scarified with a steel 

brush to provide micro texture, while also removing the oxidised surface of the concrete (see Fig. 2). 

The surface was thoroughly cleaned of all dust and contaminates after scarification. 

A schematic design and in-field test layout of the tack coat investigation can be seen in Fig. 3 and 

Fig. 4 respectively. 



 

 

 

Fig. 129. Schematic Test Layout for Tack Coat Investigations 

 

 

Fig. 130. In-Field Test Layout for Tack Coat Investigations 

 

B. Tack Coat Application 

With the area to which tack coat had to be applied known (0.5 m x 0.5 m = 0.025 m2), the amount 

of tack could be controlled in terms of millilitres (mℓ) needed to achieve the respective application 

rates.  

To break the surface tension, a small amount of water was sprayed onto the exposed concrete 

surface (see Fig. 5). A liquid film which is adsorbed on a surface is able, to some extent, to neutralise 

the forces which act on the surface molecules. In this way, the surface energy is reduced [8]. The 

reduction in surface energy on the concrete, enables the tack coat to spread more uniformly and 

penetrate the concrete material to some degree. 

 



 

 

Fig. 131. Breaking the Surface Tension by applying water 

 

C. Results 

The results obtained from site were a combination of visual conclusions, in terms of application 

rates and dilutions, as well as physical measurements with regards to tack coat break time. The time 

at which the tack coat was applied as well as the time it appeared to be broken was individually 

recorded. The break time was calculated as the time difference between these measurements. The 

results can be seen below: 

TABLE I.  BREAK TIME RESULTS FOR THE RESPECTIVE TACK COATS 

Tack 
Application Rate 

(ℓ/m2) 
Break Time 

1 

CAEm – diluted 50:50 H2O 

0.6 1 h 34 min 

0.45 1 h 25 min 

0.3 1 h 16 min 

CAEm – undiluted 

0.6 25 min 

0.45 1 h 21 min 

0.3 1 h 59 min 

2 

CME – diluted 50:50 H2O 

0.6 1 h 04 min 

0.45 59 min 

0.3 55 min 

CME – undiluted 

0.6 40 min 

0.45 46 min 

0.3 12 min 

3 

CCE + CAP1 – diluted 50:50 H2O 

0.6 2 h 00 min 

0.45 1 h 42 min 

0.3 1 h 22 min 

CCE + CAP1 – undiluted 

0.6 1 h 10 min 

0.45 35 min 

0.3 37 min 

4 CCE + CAP2 – diluted 50:50 H2O 
0.6 1 h 17 min 

0.45 1 h 13 min 



 

 

Tack 
Application Rate 

(ℓ/m2) 
Break Time 

0.3 1 h 11 min 

CCE + CAP2 – undiluted 

0.6 31 min 

0.45 34 min 

0.3 37 min 

5 

CCE + CAP3 – diluted 50:50 H2O 

0.6 3 h 02 min 

0.45 2 h 08 min 

0.3 1 h 46 min 

CCE + CAP3 – undiluted 

0.6 51 min 

0.45 26 min 

0.3 15 min 

6 

CME-OS – diluted 50:50 H2O 

0.6 39 min 

0.45 37 min 

0.3 36 min 

CME-OS – undiluted 

0.6 44 min 

0.45 36 min 

0.3 30 min 

 

D. Conclusions and Way Forward 

Based on the in-field visual considerations, ease of application and film thickness, during and after 

the application of the respective tack coats the following conclusions were drawn with regards to the 

way forward: 

 The application rate will be controlled at 0.45 ℓ/m2 

 Emulsion with a dilution of 50% undiluted tack and 50% H2O will be used (30:70 bitumen to 

water ratio) 

 

In terms of the break time at the parameters listed above, the tack coats could be ranked as shown 

below: 

TACK RANKING - BREAK TIME 

Tack Break Time Ranking 

6 CME-OS – diluted 37 min 1 



 

 

2 CME – diluted 59 min 2 

4 CCE + CAP2 – diluted 1 h 13 min 3 

1 CAEm – diluted 1 h 25 min 4 

3 CCE + CAP1 – diluted 1 h 42 min 5 

5 CCE + CAP3 – diluted 2 h 08 min 6 

 

III. PHASE II: SHEAR BOND STRENGTH TESTING 

Shear testing is considered as the most popular type of interface bond strength evaluation. The 

overall concept of the test is similar to that being used extensively in the research of soil mechanics 

[2]. By adopting this testing mechanism, a shearing force is applied parallel to the interface of a 

double layered specimen until separation between the two layers occurs. 

 

A. Experimental Work 

1) Initial Sample Preparation 

The rigid layer of the composite pavement structure used in this phase of the study comprised of 

100 mm diameter cores drilled from the Plain (unreinforced) Jointed Concrete Pavement (PJCP) on 

National Route 2 Section 1. The PJCP cores all varied between 190 mm to 210 mm in height. The 

cores were sawn, at Much Asphalt in Eerste Rivier, into 80 mm high samples (see Fig. 6 and Fig. 7). 

  Fig. 132. Breaking IPC Autosaw II used to saw 80 mm high 

samples 

Fig. 133. PJCP cores used in study 

To simulate the texture of micro-milling, the surfaces of the 100 mm concrete cores were scarified 

with a handheld diamond blade grinder (see Fig. 8). The micro texture surface can be seen in Fig. 9. 



 

 

  Fig. 134. Handheld Diamond Blade Grinder 

used to scarify       concrete surface 

Fig. 135. PJCP cores used in study 

The prepared surfaces were all cleaned of fine dust left by the micro texturing by means of 

compressed air. Again, to break the surface tension, the cleaned surfaces were treated with a small 

amount of water before applying the tack coat. 

2) Tack Coat Application 
The diameter of each core was measured at three (3) different locations over the surface. The 

average of these measurements was used as the representative diameter to determine the amount 

of tack coat needed to achieve the application of 0.45 ℓ/m2 for each core individually. A laboratory 

scale was used to control the tack application, as the unit weight of 1 mℓ tack equates to 1 mg (see 

Fig. 10). Samples were placed under a fan for the tack to break; the time was recorded and noted 

as the most favourable break time for each tack coat respectively (see Fig. 11).  

 

 

Fig. 136. Tack Coat application using 

laboratory scale 

Fig. 137. Tack Coats left to break under favourable conditions 

The break time recorded under the favourable conditions for the respective tack coats used in this 

phase is summed up below: 

TACK RANKING - BREAK TIME UNDER FAVOURABLE CONDITIONS 



 

 

Tack Break Time Ranking 

6 CME-OS – diluted 19 min 1 

1 CAEm – diluted 21 min 2 

2 CME – diluted 26 min 3 

5 CCE + CAP3 – diluted 26 min 4 

4 CCE + CAP2 – diluted 34 min 5 

3 CCE + CAP1 – diluted 40 min 6 

7 CAEm – diluted @ 0.6 ℓ/m2 59 min 7 

8 Control Sample with no Tack Coat - - 

 

3) Final Sample Preparation 

The 100 mm diameter concrete specimen with tack was put into a gyratory mould (tack surface 

facing up). A fixed amount of rubber asphalt (A-R1) mix was heated up to around 140°C and placed 

on top of the tack surface inside the gyratory mould. All samples were compacted to fifty (50) 

gyrations. This compaction effort was suggested by West, et al., 2005 [7] to avoid over-compaction 

of the mix which could possibly result in excessive breakdown or disturbing of the tacked surface. 

The compacted samples were conditioned overnight at a temperature of 20°C (see Fig. 12 of 

compacted samples). 

 

Fig. 138. Compacted cores conditioned at 20°C 

4) Test Equipment and Procedure 

The device used for the shear tests were designed and manufactured by Much Asphalt for testing 

100 mm diameter laboratory specimens based on the concept of the Layer-Parallel Direct Shear 

(LPDS) developed by the Swiss Federal Laboratories for Material Testing and Research [4]. The 

shear tests were carried out in accordance with the draft test method for determining bond strength 

as described by The National Center for Asphalt Technology (NCAT) [6,7]. It is a shear type device 

on which vertical loading can be performed by a universal testing machine or a Marshall Press (see 

Fig. 13). For this study, a Marshall Press was used to apply a constant vertical pressure at a loading 

rate of 50 mm/min (see Fig 14). 



 

 

 

 

Fig. 139. Bond Strength Device based on the 

Layer-Parallel  Direct Shear [4] 

Fig. 140. Marshall Press applying vertical load 

 

The calculation of the bond shear strength, SB, can be summarised as follows: 

 

𝑺𝑩 =
𝑷𝑴𝑨𝑿

𝑨⁄  

where,  

 

 𝑺𝑩  =  bond shear strength (kPa) 

 𝑷𝑴𝑨𝑿  =  maximum load applied to specimen (N) 

 𝑨  =  cross-section area of test specimen (mm2) 

 

and, 

𝑨 =
𝝅.𝑫𝟐

𝟒
 

where,  

 

 𝑨  =  cross-section area of test specimen (m2) 

 𝑫  =  diameter of test specimen (m) 

  



 

 

The loading scheme of the bond shear tests, with cognisance of the shear device shown 

in Fig. 13, can be seen in Fig. 15. 

 

 

Fig. 141. Loading Scheme used for the Bond Strength Test 

 

 

B. Test Results and Discussion 

Three (3) test specimens were produced and tested for each of the eight (8) investigated tack coat 

conditions. Table IV provides the area, peak load and resultant bond shear strength for each sample 

individually. The tack coat conditions were ranked based on the resultant average bond shear 

strength for each population (three (3) samples per tack coat condition). Fig. 16 presents the results 

in a graphical format, with the black crosses indicating the average of each set. 

BOND SHEAR STRENGTH RESULTS 

Rank Tack Description 
Area 
(mm2) 

Peak 
Load (N) 

Shear 
Bond 
Strength 
(kPa) 

Average 
Shear Bond 
Strength 
(kPa) 

1 CAEm – diluted 

1-1 6.96 5810 835 

895 1-2 6.88 4850 705 

1-3 6.92 7920 1144 

2 CME-OS – diluted 6-1 6.81 5630 826 797 



 

 

6-2 6.94 5200 749 

6-3 6.93 5660 816 

3 CAEm – diluted @ 0.6 ℓ/m2 

D-1 6.80 4990 734 

789 D-2 6.87 6190 902 

D-3 6.76 4940 731 

4 CCE + CAP3 – diluted 

5-1 6.75 5480 811 

777 5-2 6.93 5010 723 

5-3 6.78 5410 798 

5 CCE + CAP1 – diluted 

3-1 7.03 5370 764 

733 3-2 6.85 5190 758 

3-3 6.82 4620 678 

6 CME – diluted 

2-1 6.78 4420 652 

563 2-2 6.93 4350 628 

2-3 6.75 2770 410 

7 CCE + CAP2 – diluted 

4-1 6.94 2100 303 

528 4-2 6.91 4640 671 

4-3 6.80 4150 610 

8 
Control Sample with no 
Tack Coat 

NT-
1 

6.77 1190 176 

276 
NT-
2 

6.79 2350 346 

NT-
3 

6.95 2130 306 

 

 



 

 

 

Fig. 142. Graphical presentation of Bond Shear Strength results 

 

The results from the break time investigations and bond shear strength tests were all taken into 

consideration to identify three (3) tack coats for further investigation: 

1. CAEm – diluted 

2. CME-OS – diluted 

3. CCE + CAP3 – diluted 

 

IV. PHASE III: TORQUE BOND STRENGTH TESTING 

The torque bond test was developed in Sweden for field testing of asphalt interfaces and has been 

adopted in the UK as part of the approval system for thin surfacing systems [9]. The test can be 

performed on both field and laboratory specimens to evaluate the bond strength between the two 

interfaces in contact by manually applying torque at a constant rate until failure occurred. 
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A. Experimental Work 

The procedures in terms of initial sample preparation, tack coat application and final sample 

preparation for this phase was identical to those followed in the previous phase, with the only 

changes being:  

 the diameter of the core samples changed from 100 mm to 150 mm; 

 the number of prepared samples per tack coat changed from 3 to 4. 

 

1) Break Time under Favourable Conditions 

Again, the samples were placed under a fan for the tack to break. The time was recorded and 

noted as the most favourable break time for each tack coat respectively. The break time recorded 

under the favourable conditions for the respective tack coats used in this phase is summed up in 

Table V. 

TACK RANKING - BREAK TIME UNDER FAVOURABLE CONDITIONS 

Tack Average Break Time Ranking 

1 CAEm – diluted 30 min 1 

2 CME-OS – diluted 37 min 2 

3 CCE + CAP3 – diluted 47 min 3 

4 Control Sample with no Tack Coat - - 

 

2) Test Equipment and Procedure 

The torque bond test was done in accordance with draft for development Torque Bond test [5]. 

The test procedure entailed the following details: 

1. From the 150 mm diameter samples, drill a 100 mm core through the asphalt surfacing layer 

into the concrete substrate, taking care not to damage the surface layer of the core or the 

bond interface with the substrate (see Fig. 17). 

2. Trim the 150 mm diameter concrete substrate vertically on two opposing sides for clamping 

purposes (see Fig. 17 and Fig. 18). 

3. Use a bonding agent to secure a metal plate with the following requirements: 

- The metal plate shall be of mild steel having a diameter of (95±5) mm and a thickness of 

(14±5) mm; 

- The metal plate shall incorporate a fitting enabling it to be coupled to a torque meter. 

4. Fix or clamp the concrete substrate to a suitably rigid surface (see Fig. 18). 



 

 

5. Apply torque to the core at a steady rate, until failure of the bond occurs (see Fig. 18). Care 

must be taken to ensure that the torque is applied parallel to the core surface. 

6. Record the following information: 

- Torque at failure (M) in Newton metres (N.m); 

- The mean core diameter (D) to an accuracy of 1 mm, measured at two locations 

approximately 90° apart using callipers; 

  Fig. 143. Cored and trimmed sample Fig. 144. Torque Bond test 

Taking the procedure described above into consideration, the torque bond strength, STB, 

calculation can be summarised as follows: 

 

𝑺𝑻𝑩 =
𝟏𝟐𝑴 ×𝟏𝟎𝟔

𝝅𝑫𝟑
 

where,  

 

 𝑺𝑻𝑩  =  torque bond strength (Pa) 

 𝑴  =  torque at failure (N.m) 

 𝑫  =  mean core diameter (mm) 

 

B. Test Results and Discussion 

As an addition to this phase, moisture susceptibility of each tack coat was also assessed by 

saturating one sample per tack coat population in water before testing. Moisture damage in asphalt 

mixtures refers to loss in strength and durability due to the presence of water [1]. These “conditioned” 

samples will be referred to as WET as opposed to the “unconditioned” or DRY samples.  



 

 

Table VI provides the diameter, torque at failure and resultant torque bond strength at a dry 

(unconditioned) state for each sample individually. The tack coat conditions were ranked based on 

the resultant average torque bond strength for each population (three (3) samples per tack coat 

condition). Fig. 19 presents the results in a graphical format, with the black crosses indicating the 

average of each set. 

 

TORQUE BOND STRENGTH RESULTS - DRY CONDITION 

Rank Tack Description 
Diamete

r (mm) 

Torque 

at 

Failure 

(N.m) 

Torque 

Bond 

Strength 

(kPa) 

Average 

Torque Bond 

Strength 

(kPa) 

1 CCE + CAP3 – diluted 

3-1 100 200 764 

789 3-2 100 190 726 

3-3 100 230 879 

2 CME-OS – diluted 

2-1 100 180 688 

764 2-2 100 210 802 

2-3 100 210 802 

3 CAEm – diluted 

1-1 100 190 726 

637 1-2 100 150 573 

1-3 100 160 611 

4 
Control Sample with no 

Tack Coat 

CS-

1 
100 90 344 344 

 

Table VII provides the same information as in the above table, but for the wet (conditioned) 

samples. The most notable difference in the two tables is the change in ranking from the 

unconditioned to the conditioned state. In terms of resistance to water susceptibility the CME-OS 

achieved the desired outcome, as it attained the same Torque Bond Strength in both states.  

TORQUE BOND STRENGTH RESULTS - WET CONDITION 

Rank Tack Description 
Diamete

r (mm) 

Torque at 

Failure 

(N.m) 

Torque Bond 

Strength 

(kPa) 

1 CME-OS – diluted 2-4 100 200 764 



 

 

2 CCE + CAP3 – diluted 3-4 100 190 726 

3 CAEm – diluted 1-4 100 150 573 

4 
Control Sample with no 

Tack Coat 

CS-

2 
Asphalt delaminated before testing 

 

 

Fig. 145. Graphical presentation of Torque Bond Strength results for the dry condition 

 

V. PHASE IV: PROJECT LEVEL FEEDBACK 

The final phase of this study provides an overview of the implementation of the tack coat on site 

based on the tests and observations covered in the preceding phases of this study. The results 

obtained from these phases laid the foundation to a successful tack coat selection and application 

on a project with multiple challenges.  

 

A. Break time discussion 

The working hour restriction and the limitations associated with the permitted time frames made 

the break time component of the tack coat vitally important. Because of the nature in which an anionic 

tack coat breaks (water break), the negatively charged drops of bitumen are applied to a mostly 

negatively charged surface [3]. All components repel each other and the only way the emulsion can 

break is through the loss of water by evaporation. Because of the extremely cold night time weather 
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conditions encountered on National Route 2 Section 1, no water evaporated restricting the breaking 

potential of CAEm. 

With the cationic emulsion, positively charged drops of bitumen are applied to a mostly negatively 

charged surface. The bitumen drops are immediately attracted by the surface and starts “breaking” 

chemically, resulting in a reduced break time. 

Trial sections constructed at night confirmed that the CME-OS outperformed CAEm in terms of 

breaking time. 

To further optimise the breaking potential of CME-OS, special spray nozzles were imported from 

America, capable of spraying 0.3 ℓ/m2. Due to the specially developed chemical formulation of CME-

OS, together with the imported nozzles, a distributor could spray the tack in an undiluted form while 

still obtaining the desired residual application rate (0.135 – 0.18 ℓ/m2). The tack was sprayed at 60°C 

and broke within 45 - 60 min (see Fig. 20): 

 
Fig. 146. CME-OS breaking at 5 min intervals on 14 August 2018 

B. Concrete Surface Preperation 

The existing asphalt surfacing were firstly milled of with a 2 m standard milling drum (LA18 with 

148 picks) to expose the Plain Jointed Concrete Pavement (PJCP). Because of the delaminated 

state of the existing asphalt this process was executed fairly easy. To remove the oxidized top layer 

of the existing Plain Jointed Concrete Pavement (PJCP) and to obtain a micro texture 5 – 8 mm of 

concrete was milled of using a second milling machine equipped with a 2 m fine drum (LA6x2 with 



 

 

672 picks). The concrete surface was washed and broomed extensively to remove all dust particles 

from the milling operation. Finally, the concrete surface was cleaned using high pressure 

compressed air removing the fine dust particles before tacking. 

 

C. Application Procedure 

As mentioned previously, CME-OS was applied by a distributer at a spray rate of 0.3 ℓ/m2. To 

minimise tracking by the asphalt transfer vehicle and prevent tack deposits on the newly paved 

asphalt, nine nozzles in the centre of the wheel tracks were closed, leaving an unsprayed track for 

one of the wheels, with the other wheel traveling on the flexible shoulder (see Fig. 21). The unsprayed 

track was hand-sprayed between the asphalt transfer vehicle and the paver. 

 

Fig. 147. Unsprayed track strip for the transfer vehicle 

 

D. Bond Strenght discussion 

Six cores were drilled through the newly constructed A-R1 and the existing PJCP layers on 

National Route 2 Section 1. The cores were used to confirm the bond strength and compare it to the 

anticipated bond strength obtained from the preceding lab tests. Shear bond testing was performed, 

in accordance with the procedure as discussed in Section III of this document, and with the same 

apparatus used during Phase II. In this phase, the three lab tested CME-OS samples had an average 

bond strength of 797 kPa. The six cores from site yielded a higher average bond strength of              

848 kPa. The higher bond strength might be attributed to the slightly higher effective binder quantity 

applied on site. 
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Synopsis— The Technical Guidelines (TG3) document “Asphalt Reinforcement for Road 

Construction” was originally released in 2008 and focused on the use of geosynthetics 

within the surface course of road pavements. The geosynthetic industry has since grown 

significantly, with investment in R&D to improve, innovate and invent new technologies. The 

use of geosynthetics is now widely accepted globally for subgrade stabilisation, 

optimisation of the structural pavement layers as well as asphalt reinforcement. Applications 

of these products have demonstrated whole lifecycle costs savings through reductions of 

overall maintenance requirements as well as the capital cost savings by allowing the use of 

thinner pavement layers without compromising on performance. Successful use of 

innovative materials such as slag, recycled asphalt, polymeric and natural materials, and 

marginal natural materials; contribute to greener construction practises. In-as-much as 

geosynthetics can reduce construction programmes, they also lend themselves to labour-

based construction practises.  Whilst geosynthetics are nowadays commonly accepted as 

solutions in geotechnical engineering projects, its use in pavement engineering in South 

Africa has been hampered by a lack of national design guidelines and specifications.  The 

TG3 guideline is currently being revised under the auspices of the South African Bitumen 

Association (SABITA) to incorporate the full spectrum of geosynthetic types and to provide 

guidelines for optimum use of these products in all pavement system components. This 

paper provides a brief update on the process that is being undertaken to fulfil this mandate.  

The proposed framework for the revised guideline is introduced and highlights of proposed 

sections are presented. 

Keywords—Geosynthetics, Aspahlt, Pavement Design, Reinforcement, Stabilisation. 



 

 

 

I.  INTRODUCTION AND BACKGROUND 

Originally published in 2008 by the Asphalt Academy the Technical Guidelines TG3 [1] document 

concentrated on Asphalt Reinforcement for Road Construction.  This was as a result of a resolution 

passed at the Road Pavement Forum (RPF) in 2003 that a technical group be formed to investigate 

the development of a national guideline (or code of practice) on the use of Asphalt Reinforcement. 

The purpose of this document was to provide guidance for new entrants into the profession, provide 

a toolbox that could assist engineers in the design and implementation of Asphalt Reinforcement by 

creating a best practise document specific to South African Conditions. It was hoped that this 

document would allow practitioners to develop a better understanding of Asphalt Reinforcement 

Interlayers (ARI) by disseminating the results of research thereby enabling technology transfer 

ultimately resulting in better quality and more widespread implementation of innovative ARI 

technology. 

Since 2008, the geosynthetic industry has grown significantly with a diverse variety of product 

types and application areas connected to all components of road pavement layers. At the 2017 RPF, 

a resolution was taken to revise the TG3 document to incorporate the use of the full spectrum of 

geosynthetic products in all pavement applications.  

The purpose of the upgraded TG3 Guideline is to provide a synthesis document of practical, state 

of the art approaches to the use of geosynthetics in road construction.  It will be based on best 

practice knowledge and experience, both international and regional. 

This paper provides an insight into the anticipated outcome of the process that is being undertaken 

to fulfil this mandate with regards to the TG3. 

II. INTRODUCTION TO GEOSYNTHETICS 

According to ASTM D4439 [2], a geosynthetic is defined as follows: 

“Geosynthetic, (noun) a planar product manufactured from polymeric material used with soil, rock, 

earth, or other geotechnical engineering related material as an integral part of a human-made project, 

structure, or system." 

Various geosynthetic types exist, and the selection of an appropriate geosynthetic solution 

depends on the application [3]. Geosynthetic types and broad functions are summarised in Table 1.   

TABLE 1: GEOSYNTHETIC TYPES AND FUNCTIONS 

Type Reinforcement Stabilization Separation Filtration Drainage 
Moisture 
Barrier 



 

 

Geotextile 
      

Geogrid 
      

Geocomposite 

      

Geonet 
 

 
    

Geomembrane 

 

 

    

Geocell 
 

 
    

Note:  The TG3 will provide detailed definitions of the Geosynthetic Terms and Products used in 

Road Construction 

Geosynthetics have been in existence for many decades and have now gained global acceptance. 

Early applications were pioneering in nature, particularly for mechanically stabilised layers used over 

very weak ground conditions, as the applications of geosynthetics was a developing process starting 

from a limited knowledge base which was refined by continual empirical observations. 

Progress in terms of range and number of applications was rapid. Leading Universities also began 

pioneering fundamental research work into various applications for geosynthetic. This helped in the 

development of early design understanding and methodology. Over the years, the geosynthetic 

industry has built on this, investing in independent trials in order to derive actual data on the use of 

geosynthetics in a range of applications.  

The current industry challenge is to continue to move geosynthetic development on and not let it 

stagnate; this requires vision and purpose and needs to be undertaken in a concerted action across 

the geotechnical sector. 

The ability of geogrid structures to utilise recycled and site-won material to improve project 

sustainability and low carbon emissions is a particular aspect of growing importance. 

Geosynthetic products now cover a wide range of applications from providing access over soft 

subgrades to reducing structural layer thickness by increasing the effective stiffness of granular 

layers thereby giving a modulus increase effect. Asphalt specific applications also continue to 

improve and range from high strength reinforcing applications which improve the fatigue life of 

asphalt surfaces to fabric membranes which provide a moisture barrier effect. 



 

 

III. APPROACH 

A working group was setup which initially consisted of industry professionals including consultants, 

suppliers and employees. When available, members from the Contracting fraternity will be added. 

The TG3 revision document was broken down into Work Packages and each Work Package was 

assigned a leader. Contributing members indicated their preference for the Work Package they 

wanted to join with many contributing to more than one. In keeping with the spirit of the original 

document the ‘local participation’ is maintained but the industry stands to benefit from the exposure 

that the working group members have to international research, symposiums and conferences which 

they benefit from due to their international affiliations. Thus, the needs of the region will still be 

addressed facilitating wider application with emphasis on local ownership whilst improving prospects 

for sustainable implementation. However, the latest developments by the leading local and 

international manufacturers and academics in the industry will also be included. Great care is being 

taken to maintain a generic focus on products and systems. Product types rather than trademarked 

names are utilised throughout. 

Collaboration of the TG3 Working Group with national committees responsible for the 

development of local standards are also facilitated, such as the new COTO Standard Specifications 

for Road & Bridge Works for State Road Authorities.  In 2015, the ISO/TC211 committee initiated the 

development of a suite of standards covering all major functions and applications of geosynthetics.  

Some TG3 group members are also members of the SABS committee on geosynthetics 

(SABS/TC081/SC05), representing the national mirror committee of the ISO technical committee on 

geosynthetics.  

 

Fig 1. Sources of information. 



 

 

IV. TG3 GUIDELINE STRUCTURE  

Although the original TG3 document only focused on asphalt reinforcement, its basic components 

still address generic aspects of the use of geosynthetics, such as types and selection, design, 

material specifications, and quality control and testing during construction.  As the new edition 

considers the full spectrum of geosynthetic products and pavement application areas, these 

components have to reconstituted to produce a practical guideline.   The diagram in Figure 2 provides 

the proposed concept. 

 

Fig 2. Concept structure of guideline 

V. TYPE, SELECTION, SPECIFICATION 

The TG3 revision aims to provide guidance on the selection of the optimum product for use in 

specific applications within different pavement components. This can be influenced by: 

 The in-situ site conditions,  

 Available granular fill materials (type, cost and haul distance). 

 Site location as this relates to climatic conditions, establishment costs of specialist sub-

contractors and freight distances.  

 Class of road 

 Anticipated whole life-cycle management of road 

 Experience of contractor 

 Design life of road 

The aim is to provide a generic table with geosynthetic types and not manufacturer specific 

information. The designer can then contact individual manufacturers for further assistance and to 

gather product specific information.  The following geosynthetic types will be covered in guideline. 



 

 

A. Geotextiles 

These are fabrics that are manufactured from polymeric raw materials and can be either woven 

or nonwoven. Nonwoven geotextiles can be made of individual relatively short polymeric staple fibres 

or continuous filament processes. Continuous filament products are produced by randomly spraying 

individual extruded polymeric fibres in a random orientation while maintaining uniform overall 

thickness across the sheet. Geotextiles are often used in drainage application alongside roads (but 

that is not the focus of the TG3 document). The separation function of geotextiles can be very 

beneficial when used on muddy subgrades to hold back the fines from pumping up into the granular 

fill that is placed whilst relieving pore-water pressures by allowing the passage of water across the 

geotextile as well as within its plane. Most commonly in road applications geotextiles are used in 

asphalt reinforcing applications. Sometimes referred to in this application as paving fabrics, they 

have been included by the TG3 2008 document as a type of asphalt reinforcing interlayer (ARI). 

Typically, they act as a substrate for the absorption of bitumen performing a barrier function to stop 

the migration of moisture into the structural granular layers below. The TG3 revision will still cover 

these but as the original document was almost exclusively dedicated to ARI’s, we do not need to 

discuss this application further here  

B. Geogrids 

There are a variety of manufacture processes for geogrids depending on the make-up of the ribs. 

Polymeric and/or glass yarns can be woven, sewn or knitted. These can then be coated, usually with 

PVC, or left uncoated. Some of these products, glass most commonly, which are intended exclusively 

for asphalt reinforcing applications are then coated on one side with adhesives which activate when 

they are installed on the road surface.  Homogenous stabilization geogrids are manufactured from 

the punching and stretching of extruded polymer sheets producing either a square or triangular 

aperture product with integral nodes. Long flat extruded polymeric ribbons can be bonded together 

by either gluing or welding to form a geogrid structure. Each of these processes produces a grid-like 

planar product that interacts with the fill that is placed on it to enhance the performance of the 

pavement. Despite their planar nature, geogrids interact with the fill above them to improve the 

performance of the entire pavement layer [4].  

Apart from the asphalt reinforcing applications, polymeric geogrids can also be used to provide 

access over poor subgrades. This can afford some cost saving measures as the use of traditional 

dump rock for subgrade improvement are no longer essential. Geogrids can often provide cost 

effective solutions for projects that might have otherwise proved economically unviable. The 

stabilisation factor can also be applied to the structural layers of a road pavement allowing for thinner 

layerworks designs. This is termed pavement optimisation. 

C. Geocomposites  

These are created by combining any two or distinct geosynthetics into one composite product. In 

road applications, the most common combination is geogrids with geotextiles and any combination 

of the types listed earlier are possible. This gives the improved performance of the granular fill due 

to its interaction with the geogrid whilst providing the separation function provided by the geotextile 

[5]. The methods of combining the two products into one include heat bonding or welding, sewing or 



 

 

knitting and gluing. Consideration must be given to the individual operating mechanisms of each 

component so that they do not diminish the functionality of each other. The method of combining the 

two must also not have a negative effect on any of the components. 

D. Geocells 

Geocells are relatively thicker than other geosynthetics as they are formed by turning planar strips 

on their side and bonding them together such that they create individual pockets. These pockets 

have the appearance of honeycomb structures that are deployed on site and filled with bound or 

unbound granular material. The planar strips that constitute the 3D structures can be extruded 

polymer sheets or woven geotextiles and can vary in height and/or thickness. New generation 

geocells are manufactured from nano-composite polymeric alloy that offers the long-term strength, 

stiffness, creep resistance and durability required for a range of traffic loading and stabilisation 

applications [6]. The geocells provide a confining effect and are especially beneficial when used with 

fine grained fill [7]. Compared to conventional lateral restraint with enhanced aggregate interlock 

provided by geogrids (i.e. internal confinement), geocells facilitate full confinement over the height of 

the cell, also defined as external confinement by the ISO/TC 221 Technical Committee. The 

performance of these systems, underpinned by enhanced long-term load spreading or composite 

layer stiffness, is a function of the geocell properties as well as the infill material used.  

C. Wire mesh 

Used predominantly in asphalt reinforcing applications these products are manufactured from 

extruded galvanised metallic wire which is either twisted or welded to form a large aperture open 

mesh sheet [8]. The significant advantage that these products have over their polymeric counterparts 

is their heat resistance. 

With a wide variety of geosynthetic types, functions and mechanisms of operation it can be 

confusing and difficult to correctly specify geosynthetics. The TG3 revision aims to provide 

consultants, roads authorities and contractors a clear set of parameters to design and specify 

products based on internationally accepted norms and test protocols including ISO, ASTM, CEN 

amongst others. Distinction is made between performance-based specifications based on the actual 

rut depth of pavement layers in full-scale trafficking trials measuring soil-geosynthetic interaction and 

QC parameters which are a description of the mechanical properties of the geosynthetic measured 

in a laboratory without any soil interaction. 

VI. DESIGN 

Although numerous field, laboratory and numerical studies have demonstrated the benefits of 

using geosynthetics to improve pavement performance, official design guidelines have largely been 

unavailable or vague.  In recent years, the International Standards Organization (ISO Technical 

committee 221) embarked on the development of a suite of Technical Reports for high level guidance 

to designers using geosynthetics [9].  It is believed that the industry has reached a level of maturity 

where design methods can be implemented with confidence.  Therefore, with the 2nd Edition of TG3 

it is aimed to identify and recommend design methods for use in southern Africa and to provide 

detailed guidance for implementation. 



 

 

Various pavement design methods evolved over time as depicted in Figure 3.   A recent survey 

conducted by the Geosynthetic Institute in the USA shows that the AASHTO Method (American 

Association of State Highway and Transportation Officials) is widely used to design pavements 

including geosynthetics [10]. The use of this method is popular world-wide based on a review of 

international literature and the authors’ own experiences.  Whilst empirical methods are widely used 

to design pavements with geosynthetics, the South African industry is well acquainted with the 

mechanistic-empirical (M-E) design approach. The M-E approach is a more generic and therefore a 

more promising framework to facilitate the use of geosynthetics in pavement design [11]. 

 

 

Fig 3. Evolution of pavement design methods [12]. 

Methods based on more sophisticated analyses, such as finite element methods (FEM), have 

become more accessible and off-the-shelf software are readily available. However, packages 

tailored for pavement design are limited, and generic software may not be entirely suited for routine 

analyses given their complexity and user skill requirements.  Research using more sophisticated 

analysis methods historically focused more on asphalt reinforcement – as such, availability of these 

types of methods for routine analysis of reinforced asphalt are more likely.  

The approach to pavement design with geosynthetics adopted in TG3 recommends both empirical 

as well as calibrated mechanistic methods where available.  The following table contains candidate 

methods for design of reinforced asphalt considered for inclusion in the TG3 guideline.  Design of 

asphalt layers containing a geosynthetic interlayer generally caters for resistance against reflective 



 

 

cracking from existing asphalt layers, or structural improvement, or both.  Mechanisms related to 

traffic loading as well as thermal cycles are considered 

TABLE 2. CANDIDATE METHODS FOR DESIGN OF ASPHALT REINFORCED LAYERS 

Paved Roads – Asphalt reinforced layers 

Method 
Type/ Potential 
Implementation 

Description 

OLCRACK: Thom-2000 Mechanistic-
Empirical 

Design against traffic induced top-down and 
bottom-up cracking with and without 
reinforcement. Estimates rate of crack 
propagation based on approach similar to 
Paris’ law used in fracture mechanics, 
except that strain is used rather than stress. 

THERMCR: Thom-2000  Mechanistic-
Empirical 

Design against thermally-induced reflective 
cracking, using geosynthetic stiffness as 
input. Limited information available on the 
method in the literature. In general, these 
methods are specifically developed for 
overlays on jointed concrete or cracked 
cemented layers. 

Molenaar-1996 Mechanistic-
Empirical 

Design against traffic induced reflective 
cracking with and without reinforcement. 
Estimates rate of crack propagation based 
on fracture mechanics, Paris’ law. 

CAPA 3-D: Scarpas & 
Karsbergen-1999  

Mechanistic-
Numerical 
(Finite 
Elements) 

Design against traffic induced reflective 
cracking with and without reinforcement. 
Estimates rate of crack propagation based 
on fracture mechanics, Paris’ law. 

ARCDESO: du Bondt-
1999/2012   

Mechanistic-
Empirical 

Design against thermally induced reflective 
cracking with and without reinforcement.  

 

The table 3 outlines methods identified for the design of paved roads including geosynthetic 

stabilised granular layers and subgrades.  Whilst the ISO/TC221 Working Group has adopted the 

term “stabilisation”, use of this term may not be locally feasible as its association with chemical 

stabilisation is entrenched in the South African road building industry.  Specific reference to 

mechanical stabilisation may be more acceptable, although this term has also been “locally reserved” 

for blends between two or more granular materials. Local participation will therefore be needed to 

establish industry acceptable terminology.  

The use of geosynthetics in granular layers improves the stiffness and bearing capacity of the 

layer.  For unbound materials, mechanisms associated with the role and effectiveness of 

geosynthetics depend on the magnitude of allowable pavement elastic as well as permanent 

deformation.  Due to higher serviceability criteria specified for paved roads, geosynthetics in these 

systems generally operate effectively at relatively low strain levels.  The dominant mechanism 

associated with these conditions is lateral shear or confinement restraint. 



 

 

TABLE 3. CANDIDATE METHODS FOR DESIGN OF GRANULAR AND SUBGRADE LAYERS WITH 

GEOSYNTHETICS 

Paved Roads – Unbound layers and subgrade mechanical stabilization 

Method 
Type/ Potential 
Implementation 

Description 

AASHTO-1993: R50-
9-2009 

Empirical Most widely used method with geosynthetic 
contribution quantified through the Base Course 
Reduction (BCR) factor, Traffic Benefit Ratio 
(TBR), or Layer Coefficient Ratio (LCR). These 
factors have been established by most suppliers 
for their respective systems.  

SBRCURnet/CROW-
2018 
(Dutch Guidelines) 

Mechanistic-
Empirical 

The value of this approach is inclusion of the 
geosynthetic contribution through a modulus 
improvement factor. This ratio, similar to the 
modular ratio concept, can be used to determine 
stiffness inputs to generalized M-E approaches.  

 

Table 4 summarises candidate design methods for unpaved roads.  Unpaved road 

serviceability criteria inherently make provision for continual maintenance in the form of 

watering and grading. Rut levels in the order of 50 mm to 75 mm can be expected, whilst 

higher rut levels may be accommodated in heavy duty haul road design.  Although these 

pavements exhibit higher elastic and permanent strains, the dominant mechanism is similar 

to paved roads, namely lateral restraint, caused by confinement and thus aggregate interlock 

facilitated by the geosynthetic. 

Another mechanism traditionally associated with unpaved roads is the so-called tensioned 

membrane effect. High deformations are required to mobilize tension in the geosynthetic, 

thereby creating a vertical force component that enhances supporting conditions. However, 

this mechanism is secondary, and in most cases negligible due to the very high 

deformations required.    

TABLE 4. CANDIDATE METHODS FOR DESIGN OF UNPAVED ROADS WITH GEOSYNTHETICS 

Unpaved Roads – Unbound layers and subgrade mechanical stabilization  

Han & Giroud-
2004/2012 

Empirical – 
theoretical 
basis 

Based on limit equilibrium bearing capacity theory and 
soft subgrades, where influence of traffic on system with 
geosynthetic accounted for by modification of the stress 
distribution angle of base/wearing course. Uses geogrid 
aperture stability modulus as input. 

Leng & Gabr-2006 Empirical – 
theoretical 
basis 

In addition to reduction of stress distribution angle, this 
model also considers change in modular ratio. This 
model uses geosynthetic (grid) tensile strength at 2% 
strain as input. 

Thompson & Visser-
1996 

Mechanistic-
Empirical 

This method was developed for heavy duty haul roads. 
Vertical strain and deflection criteria calibrated for haul 
road performance and maintenance. TG3 committee 



 

 

proposes the modulus improvement factor approach to 
quantify the effect of geosynthetics.   

 

A key aspect that will drive successful implementation of any of the design methods outlined, will 

be the ability to quantify input parameters that distinguish performance of different geosynthetics. 

  Proposed tests associated with these parameters should: 

 capture the relevant improvement mechanism;  

 provide good repeatability; 

 show sensitivity under representative strain conditions, and 

 be relatively easy to do 

VII. CONSTRUCTION AND QUALITY CONTROL  

The construction and the quality control chapter will focus on aspects that relate to the 

construction of asphalt reinforcing and asphalts paving fabrics, geogrids, composite geotextiles, 

steel mesh and geocells.  The aim of the chapter will also be to guide practitioners with practical 

aspects regarding relevant quality metrics and checklists to consider in order to guarantee the 

required compliance with the available geosynthetics construction or installation specifications and 

to guarantee acceptable performance outcomes. 

The construction and quality aspects that the chapter will focus on are listed in Table 5 with their 

relevance to the geosynthetics type that are covered by the scope of this document update.  It is 

important to note that this list by no means exhaustive as more construction and quality control 

parameters might be deemed critical and could be considered for inclusion before the publishing of 

the final draft of the updated guide. 

TABLE 5. CONSTRUCTION AND QUALITY ASPECTS OF GEOSYNTHETICS 

Construction and Quality Control Parameters 
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Delivery, Storage and Handling Requirements ✓ ✓ ✓ ✓ ✓ 
Discarding of deleterious materials, oils, roots, vegetation 
etc. 

  ✓  ✓ 

Existing Surface Level and Shape Requirements ✓ ✓ ✓ ✓ ✓ 

Geosynthetic Manual or Mechanised Unrolling and 
Installation  

✓ ✓ ✓ ✓ ✓ 

Binding Medium: Tack Coat or Pressure Sensitive Backing etc. ✓     

Side to Side / End to End Overlap Width Requirements ✓     

Side to Side / End to End Tying, Stapling or Joining  ✓ ✓ ✓ ✓ 
Asphalt Paving Temperature Limits ✓     



 

 

Minimum Asphalt Thickness / Lift over Geosynthetic ✓     

Construction Traffic Restrictions: Speed, Steering, Blacking 
etc. 

✓ ✓ ✓ ✓  

Installation Ambient Temperature & Weather Requirements ✓ ✓ ✓ ✓ ✓ 
Tolerances for Wrinkles and Folds ✓ ✓ ✓ ✓  

Pre-tensioning Requirements ✓ ✓    

Underlying Layers Compaction Requirements   ✓  ✓ 
Securing Geosynthetic: Anchoring, Pegging, Stacks etc.     ✓ ✓ 

Fill Placement Lifts Restrictions    ✓ ✓ 
Fill or Asphalt Overlay Compaction Effort Limits ✓     

Fill End Dumping Requirements  ✓ ✓ ✓  

Fit for Labour Intensive Construction Methods      ✓ 
Health and Safety Requirements ✓ ✓ ✓ ✓ ✓ 

 

The construction and quality control chapter of the updated document will therefore focus on 

issues that are beyond just the asphalt reinforcing [13] interlay as was the case with the document it 

is replacing.  

Like the Practical Construction Issues chapter of the previous version of the TG3 document, this 

chapter will also make reference to the COTO Standard Specifications for Road and Bridge Works 

that is currently being reviewed.  It is anticipated that COLTO section 8114 referring to testing of 

geosynthetics will also be change as part of the current review [14]. 

VIII. IMPLEMENTATION 

The use of geosynthetics leads to opportunities for value engineering in projects.  The chapter on 

implementation will address the important aspects of sustainability in the southern African context, 

namely: 

• The reduction in the quantity of natural conventional construction materials; 

• The use of site-won marginal, low quality natural materials, or reusing materials; 

• Life Cycle Analysis demonstrating long term savings in rehabilitation and maintenance 

costs, 

• The reduction in carbon emissions from the reduction in granular materials and/or the use 

of construction waste. 

• The promotion of labour-based construction practices allowing for alignment with the 

Government’s Extended Public Works Programme (EPWP). The Infrastructure sector of the 

EPWP involves the use of labour-intensive methods in the construction and maintenance 

of public sector funded infrastructure projects. These provide work opportunities to local 

unemployed people whilst providing them with training and skills development to ultimately 

build cost effective and quality assets. 



 

 

IX. CONCLUSIONS AND RECOMMENDATIONS 

Geosynthetics have been in existence for over 50 years and though they have been utilised in 

South African roads in asphalt reinforcing applications for over a decade, we are only now starting 

to appreciate the full scope of benefits that they can offer.  The innovative use of geosynthetics in all 

components of pavement structures can reduce costs, save time, improve the ride quality and 

prolong the life of our roads.   

Primary goal of the TG3 guideline will be to contribute towards: 

• Reduction in cost of construction or rehabilitation 

• Increased effectiveness of the pavement structure design 

• Reduction in pavement thickness 

• Improvement in performance of materials and pavement structure 

The guide will: 

• Promote appropriate use of geosynthetic products in road engineering by providing access to 

knowledge for the designer and contractor.  This knowledge must include lessons learned, 

case studies and links to more information. 

• Be readable, simple and concise 

• Be repository of latest developments in TG3 field.  

• Be the Go-To document for practitioners. 
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Synopsis— The objective of this paper is to address viscosity challenges of cationic 

bitumen emulsions.  By rheologically modifying the emulsion, problems like run-off is 

addressed.  Cationic bitumen emulsions throughout the industry have viscosity challenges 

and run-off has been identified as one of the major concerns during the construction of 

seals.  The binder content percentage or thickening agents needs to be increased to limit the 

amount of run-off when applied in spray seal applications.  This paper will demonstrate how 

all ranges of cationic bitumen emulsions can be modified to allow the contractor to spray at 

higher application rates with various ranges of binder content with no run-off at super 

elevations, steep gradients and normal cross fall of the road camber.  This technology allows 

the thixotropic altered bitumen emulsion to be circulated and sprayed with ease due to its 

shear thinning properties obtained.  Once applied the material has a thixotropic affect, 

retarding the normal flow experienced with traditional cationic bitumen emulsions.  Various 

testing equipment was used to develop this product by applying and evaluating the shear 

stress, strain and determining the yield stress.  Empirical test evaluations like the Saybolt 

Furol are not sufficient and does not relate to practical experience.  Sophisticated testing 

equipment like the dynamic shear rheometer and Brookfield viscometer can be used as an 

alternative to measuring the behaviour of the binder properties. 

Keywords— Cationic Bitumen Emulsion; Chip Seals; Viscosity; Rheology; Thixotropy 



 

 

 

I.  INTRODUCTION  

South-Africa makes use of a vast range bitumen emulsions to construct, rehabilitate or maintain 

road surfaces.  Each of these bitumen emulsions can be classified under the following abbreviations, 

RS (Rapid-Setting), SS (Slow-Setting), QS (Quick-Setting), MS (Medium-Setting), HF (High-Float), 

C (Cationic) or A (Anionic).  These emulsions can be modified with various elastomers to enhance 

the binder performance, characteristics and properties.  

The use of bitumen emulsions in sprayed seal activities was the predominant product used prior 

to advancements in mechanical equipment.  These advancements changed construction principles 

and techniques, allowing the use of more visco-elastic hot applied binders.  Hot modified binders 

started to dominate the spray sealing market since the early 1980’s [1].  

Unlike hot applied bituminous binders, the use of bitumen emulsions extend the construction 

window, with no embargo period limitation.  Cutters can be incorporated into the bitumen emulsion, 

altering the bitumen’s viscosity.  Consequently, the softer binder would be more receptive to the 

stone when sealing in colder weather conditions.  TG1 [2] and COTO specifically excludes the use 

of these cutters in certain applications as it may contribute to binder rise and subsequent fattening 

of road surface pavements [3]. 

In this paper it will be demonstrated that in addition to the requirements for the properties specified 

in SANS4001: BT4 and TG-1, the viscosity can be significantly altered to prevent run-off.  This 

emulsion range was carefully reformulated at various binder contents to retard the flow properties, 

without requiring a significant amount of heat or pressure to spray the emulsions with conventional 

binder distributors or even hand spray equipment [4]. 

This emulsion chemistry has been engineered to achieve a desired reduction in flow.  Although 

the focus is mainly based on the flow characteristics, more benefits have been realised after the 

initial concept was introduced.  This binder is based on a low flow high shear technology.  Addressing 

mainly the low viscosity impediments experienced with conventional cationic bitumen emulsions.  

During circulation; the emulsion passes through the pump applying a shear action that reduces the 

viscosity, resulting in the consistency of a more liquid substance.  Once the binder has passed 

through the pump and nozzles, the binder will be liquid.  A very small time window is required for the 

thixotropic nature of the binder to materialise, resulting in a rapid increase in the viscosity whereby 

the emulsion will seize to flow.   

The chemical charges on the aggregate’s fractured faces reacts with cationic emulsifier ions, 

releasing the water, ensuring proper coating with bitumen on the un-precoated stone.  It is however 

important that the stone must be dust free and not too wet either for the system to allow the emulsion 

droplets to coalesce (Figure 1) [5]. 



 

 

 

Fig. 1. Different stages of breaking where emulsion coalecse reverting back to the original 
binder[6] 

The rheologically modified (referred to as RM) cationic rapid setting emulsion forms a larger 

meniscus against the stone, ensuring better adhesion and reducing risks of stripping of the road 

stone (Figure 2). 

 

 

 

 

 

 

 

Fig. 148. Meniscus formation on the stone [7] 

Depending on the geographical area where the product will be sprayed, the emulsion can be 

heated to approximately 10°C below the boiling point of water with a reduced risk of premature 

coagulation.  The higher application temperature of the emulsion results in the bitumen droplets being 

attracted to each other, therefore increasing the rate of evaporation as seen in Figure 3 [1].  

During field trials it was found that this rheologically modified emulsion has an increased 

resistance to flow against elevated gradients, slopes, super elevated areas and at gradients up to 

33°.  A higher binder application rate compared to conventional emulsions can effectively be sprayed 

without the risk of run-off.  This emulsion can be diluted as a fog spray application and can be applied 

to either adjust the final binder content or to give the final surface an aesthetically acceptable black 

top finish [5].  It must be noted that once this rheologically modified binder has been diluted, it loses 

all its resistance to flow properties. 



 

 

 

Fig. 149. CRSRM applied at 1.6ℓ/m2  

II. PROBLEM STATEMENT 

During construction, emulsions have relatively lower viscosities when compared to hot applied 

binders.  An increase in the emulsion binder content will result in an increase in viscosity.  However, 

viscosities for emulsions are still too low to prevent run-off.  Van Zyl, Muller and Sadler [8] highlight 

the following disadvantages:  Bitumen emulsions are more likely to run off the pavement surface 

compared to hot applied binders.  Due to the low viscosity, it is impossible to apply a single 

application of emulsion.  A 60:40 split application is required to achieve the effective net cold binder 

to cover 30% of the road stone’s average least dimension.  The desired application rate may in 

addition be compromised due to the emulsion flowing onto the camber of the road, down super 

elevations or cross falls.  Bitumen emulsions with a high viscosity have a direct impact on the 

transverse distribution through the spray bars, hampering the sprayability of the emulsion.  If the 

viscosity is too high tramlining can occur.  In an attempt to decrease the viscosity, heat can be applied 

with the possible risk of the emulsion coagulating and depositing in the form of bitumen.   

 

 

 

 

 

 

 

Fig. 150. Typical runoff illustrated  

Attempting to lower the risk of runoff (Figure 4), best practice guidelines are documented in TRH-

3.  The published literature for the recommended spray rates for emulsions limit the maximum spray 

rate at 1.5ℓ/m2 for conventional binders to prevent runoff [5].  Van Zyl, Muller and Sadler stated that 

these applications will only be applicable to course textures and fairly flat gradients.  These authors 

Notice the run-off 

of conventional 

cationic bitumen 

emulsions 



 

 

also state that even at low or high application rates, the runoff can’t be measured accurately due to 

adsorbsion taking place [8].  

Adsorbsion is a function of the wettability, which is the ability of bitumen to wet the aggregate 

surface, and is dependent on the surface energy of the bitumen and aggregate.  Surface energy or 

the surface tension at the interface is a measure of the energy required to form a unit area of new 

surface at the interface (Figure 5).  The contact angle is an indication of the potential wettability of a 

surface and the contact angle is the angle formed by the solid/liquid interface measured from the 

side of the liquid. A lower contact angle is associated with increased wettability [9]. 

 

Fig. 151. Comparison of differences in liquids’ surface tension  

 “Bahia, Jenkins and Hanz [10] state that aggregate has a higher affinity to water than bitumen 

and therefore would have a tendency to form bonds with water rather than bitumen as the emulsion 

breaks and cures.”  The surface tension on the negatively charged aggregate that consists of silica 

(SiO3) chemically attracts the polar water (H2O) in the positively charged bitumen emulsion droplets 

(Figure 6) [11]. 

 

 

Fig. 152. Aggregate surface before introduction of bitumen emulsion indicating the affinaty to H2O 

 

The charged ions in the water phase of the bitumen emulsion will therefore interact first with the 

aggregate, changing the surface tension of the aggregate.  The hydrophilic aggregates therefore are 

more susceptible to the positively charged bitumen emulsion [11].  However, due to the bitumen in 

the emulsion not having an immediate affinity to the stone, the excess water and bitumen will tend 



 

 

to flow in the direction of the lowest point.  Once the bitumen in the emulsion starts to coalesce, the 

flow will be reduced. 

A M.Sc. study conducted by A.A. Kashaya at the University of Stellenbosch highlighted the runoff 

potential (Figure 7) of emulsion seals identifying the restraints associated with the current SANS BT-

4 and TG1 guidelines for modified emulsions [9] [2] [4].  Guidelines in TRH-3 also highlight these 

associated risks [5].  In Table I it can be seen that by increasing the emulsion application rate, the 

amount of runoff increases and is influenced by associated textures [9]. 

TABLE I.  VALUE BEFORE RUNOFF STARTS TO YIELD 

 

Vertical and horizontal gradients are further limiting factors restricting the maximum super-

elevation that a horizontal curve can have.  The maximum super-elevation permitted on freeways is 

10% in South Africa [12].  Krammes & Garnham limits the maximum super-elevations for various 

types of roads as 6% for urban freeways, 8% for rural freeways and 10% for rural dual carriage and 

single lane roads [13]. 

 

Fig. 153. Average run-off versus sprayrate [9] 

 

Table II provides similar recommendations which are stipulated in TRH-3 [5] and Sabita Manual 

10 [14] for the maximum horizontal gradient and super-elevation on which emulsions can be used. 



 

 

RECOMMENDED MAXIMUM GRADIENTS AND APPLICATION VISCOSITIES [5] 

 

Kashaya [9] states that the following binder-related factors influence seal performance:  

 Binder type and binder content [5] 

 Binder application rate 

 Sprayability and run-off 

 Breaking and setting rate 

 Wetting of aggregates/wettability 

The compatibility of a cationic emulsion with an aggregate determines the adhesion.  

Depending on the climatic conditions at the time of binder application, the use of cutters or 

binder modification can be essential to the performance.  The correct application rate is 

predetermined in TRH-3 [5], relating the net cold binder to the seal type.  Special 

consideration must accommodate the possibility of runoff on steep slopes.   

The viscosity of the emulsion after application was identified as the most critical factor to 

prevent runoff measured for various seal types in Figure 7 [9].  The viscosity is influenced by 

the binder content, temperature of the emulsion, droplet size distribution, type and dosage of 

emulsifier, stabilisers and salt content [6].  Breaking and setting rates are related to the time 

it takes for the emulsion to be transformed to a bitumen film, after it has been sprayed water 

is discharged.  The breaking process (Figure 1) involves destabilisation and flocculation of 

the bitumen particles and a slower process called setting, which involves the coalescence of 

floccules and evaporation of water from the continuous bitumen film. 

 



 

 

III. SOLUTION FOR THE LOW VISCOSITY CHALLENGE 

The first thing that jumps to mind when attempting to address runoff against inclines, gradients, 

road cambers and super elevations is to make use of a high-float emulsion.  Although this emulsion 

has high-float principles, this emulsion is rheologically modified through thixotropy.  The alteration 

affects only the emulsion properties and has little to no effect on the residual binder.  The 

rheologically modified emulsion can easily be mistaken for a “HF emulsion”.  To distinguish the two 

emulsions the two emulsions need to be compared against one another.  When the prefix “HF” 

appears on tender documents what does it mean?  HF emulsion is a chemically engineered bitumen 

emulsion that adds value from chip seals to cold mixes.   

Once the emulsion has been sprayed, the emulsion starts to cure as the bitumen droplets 

precipitate out of the water suspension and coat the aggregates placed on top of the emulsion.  The 

colour will turn from brown to black.  As water is lost through evaporation, the particles are forced 

closer together until it can no longer be separated by a film of water.  Once this occurs, the droplets 

coalesce into larger drops and form a uniform sheet on the new road surface [15]. HF emulsion is 

not like conventional bitumen emulsions, as the high-float chemistry leaves more than just bitumen 

behind once the water evaporates.  High-float emulsifying agents create a gel structure in the residual 

binder [15].  The structure permits a thicker binder coating on the aggregate particles.  Conventional 

bitumen emulsion emulsifiers conversely will have very little or no effect on the residual binder 

properties once the water has evaporated.  The same thicker binder film formation can be observed 

on the rheologically modified emulsion, however without the gel structure in the residual binder. 

High-float residue is resistant to flow at high temperatures and less affected by low temperatures.  

The gel structure of the softer base bitumen can be used to resist bleeding at high temperatures and 

be less brittle at low temperatures [15].  The RM emulsion conversely has a resistance to flow on 

steep gradients due to the thixotropic swelling.  The HF emulsion residual binder will be resistant to 

flow once the water has evaporated.  Table III illustrates the significant differences of the recovered 

base binder properties.  

The float test is performed on the residue from distillation of HF emulsions.  The test is a measure 

of the resistance to flow at elevated temperatures.  In the test, a plug is formed by cooling the bitumen 

residue in a brass collar (Figure 8).  The collar is then screwed into the bottom of an aluminium float 

and placed into a testing bath of water heated to 60°C.  The time required for the hot water to break 

through the plug is measured in seconds [15]. 

 

Fig. 154. Illustration of the float test  

COMPARISON OF THE RESIDUAL BINDER PROPERTIES OF RM AND HF EMULSIONS 



 

 

 

This rheologically modified cationic bitumen emulsion can be post modified with a SBR-latex to 

increase the visco-elastic properties of the residual binder to improve the bituminous binder’s 

performance in the road application.  A similar technology has been observed in countries like New-

Zealand.  New-Zealand’s high viscosity emulsions are sprayed throughout the year and also has 

high resistance to flow (Figure 9) [7]. 

 

 

 

 

 

Fig. 155. Comparison of the flare for viscous New Zealand emulsions (left) [7] vs. CRS70RM (right)  

The most important aspect is an immediate increase in the viscosity after application.  The 

thixotropy in the bitumen emulsion allows this binder to be sprayed at much higher temperatures.  

Water evaporation will be more rapid due to a smaller droplet particle size distribution in the emulsion.  

This alteration allows the binder to be sprayed in unfavourable colder weather conditions, resulting 

in the coalescence to be accelerated.  Altering the viscosity of a non-Newtonian fluid can be done in 

various ways.  Incorporating thickeners (like carboxyl methyl cellulose) or rheology modifiers can 

address these challenges.  This rheologically modified binder creates an electric attraction that 

interacts with the cationic bitumen emulsion droplets and salt ions present in the soap.  This positive 

loaded emulsion will have an immediate attraction to the predominantly negative charged stone.  The 

flow will be restricted due to the interaction of the electric attraction (Figure 10).   

 



 

 

 

Fig. 156. The electric interaction of the rheological modifier with cationic bitumen droplets 

In an attempt to enhance the brake rate of the rheological modified binder a smaller particle size 

distribution was required to obtain a storage stable and more rapid setting emulsion (Figure 11).  The 

bitumen droplet size needed to be reduced to a 10 micron droplet size.  Laboratory tests indicated 

that: the rheological modification and the subsequent thixotropic nature had a significant 

improvement in storage stability and allowed the emulsion to be heated to 80°C.  This rheologically 

modified emulsion took 5 minutes to turn from brown to black when applied at 80°C with an 

application rate of 1ℓ/m2, compared to the control sample that took 1 hour to coalesce (Figure 11).  

These findings were interpreted by means of visual inspection under controlled conditions, not 

exposed to the elements.   

 

Fig. 157.  Comparison of particle size distribution RM emulsion 1 to conventional emulsion 2  

 

IV. COMPARISON OF DIFFERENT INSTRUMENTS USED TO MEASURE TRUE VISCOSITY OF EMULSIONS 

 

Emulsions are classified as non-Newtonian fluids and have a Pseudo-plastic viscosity 

(Figure 12).  All of the emulsions exhibit a shear-thinning behaviour.  Various instruments 

were considered to measure this viscosity phenomena and Bingham liquid behaviour.  

Saybolt Furol, Brookfield Dynamic Viscosity and the Dynamic Shear Rheometer (DSR) were 

used to measure and ascertain which instrument yields the true reflection of this behaviour.  

Standard results should reflect the actual behaviour of the product application and illustrate 



 

 

the true viscosity of the binder. Kashaya refers to the Brookfield viscosity ranges to be in the 

ranges of minimum 0.1 Pa.s referring to 51 Saybolt Furol seconds and maximum 0.42 Pa.s 

referring to 400 Saybolt Furol seconds as a safeguard against runoff for a bitumen emulsion 

[9].   

 

Fig. 158. Types of viscous fluids [16] 

In Table IV samples 1, 5 and 9 were used as standard control samples to indicate the 

viscosity of conventional emulsions.  Samples 2, 6 and 10 were rheologically modified and 

due to its thixotropic effect the Saybolt Furol reported higher test results compared to the 

standard control samples (Figure 13).  Due to the high shear low flow technology, when 

applying gentle agitation to the emulsion, the viscosity reverts to a lower viscosity.  When no 

shear is applied, the binder swells and the rate of flow is significantly retarded as observed 

in Table IV.  This effect cannot be seen in Figure 13 when plotting the Saybolt Furol against 

the Brookfield Viscosity.  The Brookfield viscosity only indicates the viscosity if a shear 

action has been applied to the bitumen emulsion and does not reflect the thixotropy of the 

binder once the shear has been removed. 

Sample number 3, 7 and 11 were made from the control sample and the SBR latex was 

added post addition.  The viscosity of the SBR latex modified binder is lower than that of the 

control sample reference in Table IV when comparing the control samples 1, 5 and 9 to 3, 7 

and 11.  Samples 4, 8 and 12 were rheologically modified with the post addition of SBR latex 

and reported a higher viscosity compared to sample 3, 7 and 11.   

 

 

 

 

 

 



 

 

 

 

 

 

 

 

INFLUENCES OF RM MEASURED WITH SAYBOLT FUROL AND BROOKFIELD VISCOSCOMETER 

 

 

 



 

 

 

Fig. 159. Comparison of Saybolt Furol and Brookfield instruments  

 

 

 

 

 

 

 

 



 

 

 

Fig. 160. RM emulsion versus standard cationic emulsion + thickener  

Some rheology modifiers can prevent emulsion to run off, once the emulsion is sprayed 

on the road surface (shear stress < yield stress) but their effect can’t be observed by STV 

(efflux time) viscosity.  A standard flow test used in testing bitumen rubber [2] can be used 

as an indication to measure the flow at a predetermined gradient with some adaptation to the 

test method.  A standard predetermined quantity of emulsion can be weighed as seen in 

Figure 14 and be poured on a base metal plate where the flow can be measured to ascertain 

if the required level of modification is sufficient.  A minimum and maximum flow rate can be 

specified (Table V).  However this test is not sufficient to obtain actual application 

performance on the pavement.  The pump’s capacity to displace the binder need little energy 

in the form of shear required to obtain the fluid phase of the emulsion through dissociation 

of the ions of the rheological modifier.  Once the emulsion has been placed on the pavement, 

the ions are attracted to each other and sets up the thixotropic reaction once more.  

This behaviour can be measured by a more fundamental test like the DSR where a low 

shear can be applied on the material, then a high shear and a low shear again (Figure 15).  

This change in oscillating movements will replicate exactly what happens to the material once 

it is circulated through a gear pump and the thixotropy that occurs immediately thereafter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

Fig. 161. Comparison of the Complex modulus of a RM emulsion and a standard cationic emulsion 
[16] 

DIN Specification91143-2 test method part 2: Thixotropy - Determination of the time 

dependant structural change, was used to distinguish the rheological behaviour of 

conventional CRS65 and the CRS65RM.  During the test a shear strain of 0.5% was applied.  

The shear strain was then increased to 50% and decreased to 0.5% at a temperature of 50°C.  

Figure 15 shows the comparison of the complex shear modulus for the neat CRS65 and the 

CRS65RM using the controlled shear strain method with a shear strain of 0.5% in the initial 

and the recovery element.  The modified emulsion shows the highest initial viscosity and also 

the most significant drop at the beginning of the high shear step.  The recovery within 480 s 

is 87.8 % versus 78.6% for the neat emulsion [16].  The complex modulus (Figure 15) for the 

CRS65RM emulsion is significantly higher than the complex modulus of the CRS65.  This 

recovery on the complex modulus is a direct indication of the thixotropic nature of the 

CRSRM.  A high viscosity at rest (or at low strain) usually slows down effects like phase 

separation and sedimentation and therefore improves the storage stability of emulsion 

formulations.  A low viscosity in the medium to high shear rate range is preferred for an easy 

application with low effort.  A delayed recovery improves the settling behaviour of an 

emulsion. 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 162. Comparison of the phase angle of a RM emulsion and a standard cationic emulsion [16] 

Figure 16 similarly shows the comparison of the phase angle for the neat CRS65 and the 

rheologically modified binder using the controlled shear strain method [16].  The lower phase 

angle of the rheologically modified emulsion shows that the material is more viscoelastic 

than the unmodified emulsion which is also an indication that the emulsion would not flow 

as readily as the conventional emulsion Figure 14. 

 

V. PRODUCTS CLASIFICATION AND THE INTRODUCTION OF THE RHEOLOGICAL BEHAVIOUR IN 

CONVENTIONAL AND  MODIFIED BITUMEN EMULSIONS 

In South Africa the viscosity limits for unmodified cationic bitumen emulsion are specified in 

SANS4001-BT4 and a classification for modified bitumen emulsions in TG1 [2].   As an example, a 

classification of SC-E2 (t) indicates that the binder is: 

S - Surfacing chip seal 

C - Emulsion 

E - Elastomer 

2 - Higher softening point than an SC-E1 

(t) - fluxing agent or cutter is prohibited 

 

 

 



 

 

PROPOSED SPECIFICATION FOR CRSRM [4] 

 

Table V and VI incorporates the use of a dynamic shear rheometer and a simple flow test.  These 
tests can be used to measure the thixotropic rheology of the emulsion. 

PROPOSED SPECIFICATION OF POLYMER MODIFIED EMULSIONS FOR SURFACING SEALS [2]. 

 



 

 

VI. FIELD TRIALS AND PRODUCT APPLICATION 

A. Field test 1:  Highest application rate with binder distributor 

The experiment was executed in Olifantsfontein with a 19mm un-precoated road stone.  

CRS 65RM was sprayed as a tack coat at 4ℓ/m2.  The binder was heated to 50°C and the 19mm 

road stones were placed with a chip spreader.  Due to the high application rate, the emulsion 

took 4 days before all of the water evaporated.  Highlighting the importance that, although 

this viscosity has been altered and more binder can be allowed per m2, sensible care should 

be taken. This was followed with a micro-surfacing (AC-E1) overlay as the final surface 

treatment (Figure 17) four days after the seal construction [2].  Field observations were: the 

product can be sprayed with ease and with a higher binder application rate compared to 

conventional cationic emulsions.   

 

Fig. 163. Schematic illustration of Cape Seal types [4] 

B. Field test 2: Determine if CRS 60RM emulsion could be applied with a hand sprayer 

Initially the viscosity of the binder proved to be a challenge in a drum due to the lack of sufficient 

shear thinning effect of the centrifugal pump.  The emulsion needed to be reformulated due to the 

flow ability being hampered on the first trial section.  The reformulated binder was placed without any 

run-off and could accommodate the centrifugal pump.  

C. Field test 3: Evaluate the effect of pre-coating fluid on CRS 60RM 

A single seal (Figure 20) was used, comparing precoated and un-precoated 13.2mm road stone.  

The chipping incorporated the use of labour intensive methodologies (Figure 21).  Both applications 

of 13.2mm road stone (precoated and un-precoated) were constructed with the CRS 60RM applied 

at 2ℓ/m2 for a tack.  However it is important to note that when applying an un-precoated chip, the rate 

of evaporation is slightly faster compared to the precoated road stone due to the ionic surface of the 

un-precoated stones that assists with breaking the surface tension.  

 

Fig. 164. Schematic illustration of a single seal [4]. 



 

 

D. Field trial 1: Precoated dust applied with the CRS 60RM and increased spray temperature 80°C  

The geographical area was done in Kwazulu-Natal, 21 metres above sea-level. During this field 

trial the air temperature was 15°C and rising.  The binder was applied at a rate of 1.6ℓ /m2 and at a 

gradient of approximately 23° (Figure 19).  Even at a higher allowable application rate, the binder did 

not flow against the gradient [3].  The rate of evaporation was much faster compared to the 

conventional binders.  It was established that the emulsion can be applied at higher temperatures 

enhancing the coalescence time.  Although the binder appeared to have fast curing attributes it was 

not advised to open the surface to traffic too quickly. The CRS 60RM contains 40% water and air 

temperatures were unfavourable therefore posing an unknown risk.  More studies need to be done 

to measure how quickly the road can be opened to traffic. 

 

 

 

 

 

 

 

Fig. 165. Kwazulu-Natal construction with the use of CRS 60RM with no evidence of runoff 

Outcomes of the field trial indicated that the emulsion was stable even when heated for prolonged 

periods.  No blocked nozzles or coagulated material was observed during the field trial.  The air 

temperatures was 15°C and rising (Figure 20). 

 

 

 

 

 

 

 

 

 

 

Fig. 166. Sand Seal Construction after binder have cured and been broomed (left) Binder starting to 
coalesce (Right) 



 

 

E. Commercial application 1 

The first small contract was done in a new development in the township of Etete in 

Kwazulu-Natal where a binder distributor could not access the tight turning circles, short 

streets, gradients of +/-30°.  The construction technique was a Cape-seal (Figure 21).   

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 167.  Township of Etete Kwazulu-Natal. 

The binder was sprayed at ambient temperature with no run-off.  Labour intensive 

methodology was used for chipping and the binder application was done with a hand sprayer.  

The single seal was constructed using 13.2mm road stone, the binder application rate of 

1.4ℓ/m2 was successfully achieved with a hand sprayer.  The road construction with unskilled 

labour yielded an aesthetically pleasing road surface in an area where the use of 

sophisticated equipment was impossible.  The typical equivalent light vehicle (ELV) traffic on 

these roads is very low.  The road performs very well under these designed circumstances.  

F. Commercial application 2 

The second contract where the use of a CRS 65RM was approved for Cape Seal 

construction was in Namibia (Figure 22).  Due to the unique micro climatic conditions with 

low road temperature and high levels of fog not permitting the use of a hot applied 70/100 

penetration grade in the seal construction, an emulsion alternative was proposed.  The 

Consulting Engineers and the Client (Namibian Road Authority) approved the alternative cold 

binder approach.  The pavement that was surfaced required two binders respectively; CRS 



 

 

65RM and SC-E1RM yet still conforming to the requirements of SANS and TG1 [4] [2].  The 

base was primed with a quick penetrating emulsion prime at 1ℓ/m2.  Tack coat was applied at 

an application rate of 1.58ℓ/m2 chipped with a 13.2 un-precoated aggregate, followed by a 

penetration application at 1.29ℓ/m2.  The Cape Seal consisted with two applications of slurry 

with a binder content of 250ℓ/m3.  The road was designed to accommodate low volume traffic 

(<10 000 ELV).  The surface was visited a year after construction and performed well. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 168. Cape Seal construction in Namibia with the use of CRS 65RM and SC-E1RM 

G. Commercial application 3 

The third contract (Figure 23) was for the section upgrade on the KZN - DR534 where a CRS 

70RM was specified.  The binder was heated to 50°C and used in the construction of a 13.2 

single seal, designed for low traffic volumes (<10 000 ELV).  The road was inspected a year 

after construction.  There was some mechanical damage observed and stripping in one 

section where the road was opened to traffic a few hours after construction.  The section that 

was not opened to traffic performs well. 

 

 

 

 

  

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 169. Kwazulu-Natal construction with the use of CRS 70RM 

VII. CONSTRUCTION TECHNIQUES AND LIMITATIONS 

In this paper there have been numerous references to high viscosity advantages with very little 
reference to the limitations of the CRSRM binder.  Although the binder has a lot of advantages the 
following criteria need to be considered when constructing a seal with this binder and adhere to the 
industry standard guideline documents.   

COTO makes reference to the following limitations for traffic where traffic shall not be allowed [3]: 

 On a single seal or double seal prior to application of the cover spray, if designed with a 
cover spray  

 On the first layer of aggregate of a double seal, a second layer of a triple seal (split 
application double seal) or Cape seal (single seal with slurry)  

 On non-completed longitudinal joints  

 Stop/go positions shall not be allowed at steep grades  

 Speed restriction of maximum 60km/h shall be enforced for at least 24 hours after opening 
to traffic or for such time as determined by the engineer  

 The contractor shall not allow any construction equipment which is likely to cause damage, 
over the completed seal  

Opening to traffic [3]: 

 The road shall not be opened to traffic until sufficient adhesion has developed between 
the binders and aggregate, cover sprays, fog sprays have lost its tackiness.  

 When non-fluxed binders are applied and cold temperatures are expected, the road shall 
only be opened to traffic when the surface temperature increases above 20°C  

 When rain is imminent, the road shall only be opened to traffic once the surface is dry  

 Where road widths allow, traffic shall be directed through placement of delineators to 
compact the full width of the applied seal 

Weather limitations [3]: 

 Minimum road surface temperature must be a minimum of 10°C and rising 

 During fog or imminent rain conditions  



 

 

 If there is any wind interference  

 If the surface is wet, i.e. more than damp 
In constructing a seal the following factors will still be applicable [3]: 

FACTORS FOR CONVERTING NETT COLD BINDER[3]. 

 
In Table IX the factors for converting the nett cold binder is suggested to remain the same for the 

rheologically modified binder.  In Table X the traffic limit is recommended to be the same as 
conventional emulsions [5]. 

TRAFFIC LIMIT[5]. 

 

 

 

VIII. CONCLUSIONS 

 Micro emulsions can be beneficial in the rapid setting emulsions, assisting with faster 

coalescence time 



 

 

 Super elevations, steep gradients, cross falls and cambers use to restrict the use of 

conventional cationic bitumen emulsions 

 Drainage was a major concern even at minor gradients 

 The CRSRM has a thixotropic effect that addresses the previously known restrictions due to 

the run-off potential and storage stability 

 Due to the high shear low flow properties of the binder, it will have a liquid consistency during 

the circulation with a pump.  Once the binder has been applied to the road, the thixotropy has 

an immediate effect and no run-off is observed 

 The limitation for the run-off for conventional emulsions has been compensated for in the TRH-

3 and COTO reference documents.  It must be highlighted that this rheologically modified 

binder will not require this compensation 

 Further studies regarding the restriction in flow will have to be considered for various existing 

surface textures as the limitation in flow may result in an over applied residual binder content   

 Limited reseal work has been done with this binder indicating that the conventional conversion 

factors would be sufficient 

 The only specified property that will potentially be affected according to requirements in SANS 

BT-4 would be the viscosity.  The viscosity can either be adjusted to fit into the national 

specifications framework or a new range of emulsions could be included in the specification 

 Fundamental research equipment like the dynamic shear rheometer can act as the vehicle 

driving new guidelines into the future.   

 The challenges identified in TRH-3 and A.A Kashaya’s M.Sc. study can be overcome by 

utilising this technology 

 Under chapter VI the field trials / experimental data have been reported and confirmed the 

experimental observations 
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Synopsis

During 2014 a gap-graded high modulus asphalt, that was originally developed as a 

proprietary product in France, was used in the rehabilitation of a section of Solomon 

Mahlangu Drive, heavily trafficked urban arterial in Durban, South Africa. Approximately 12 

000 tonnes of this product was paved as asphalt base, with a stone mastic asphalt (SMA) 

surfacing. Although this gap-graded high modulus asphalt is used in other countries this 

was the first trial in South Africa.  

The main emphasis of this paper is the performance of the proprietary gap-graded high 

modulus asphalt under heavy traffic since it was paved over five years ago. It explores the 

performance of the pavement subsequent to the completion of the project in terms of 

deflection, rutting, cracking, riding quality, surface texture and skid resistance, using 

automated data capturing equipment. Particular attention is paid to the performance of the 

pavement where an asphalt reinforcing grid was installed due to severe cracking of the 

underlying layer. The performance of a section where   was used as the surfacing was found 

to be similar to that of a conventional SMA surfacing. The paper also includes background 

information regarding the manufacture and paving of the gap-graded high modulus asphalt.  

Conclusions are drawn that the proprietary French gap-graded high modulus asphalt has 

performed well under extreme traffic loading conditions over the five-year period since it 

was constructed and that it can be recommended for use in similar heavy-duty pavements. 

Keywords: Proprietary French gap-graded high modulus asphalt; heavily trafficked road; 

performance monitoring; asphalt reinforcement 

 

 

 



 

 

I. INTRODUCTION 

With ever increasing volumes of traffic worldwide, and in particular of heavy vehicles, the road 
building industry has recognized the need for specialised asphalt mixes that can mitigate  or even 
prevent  premature rutting or cracking under extreme loading.  

 

This has led to the development and use of high modulus mixes, one being a gap-graded mix, which 

was developed by Eiffage and has been extensively used in France. This product consists of a stone 

skeleton type mix that utilises a modified binder. The aggregate grading requirements are strictly 

controlled as the aggregate packing, together with the modified binder, are the main contributors to 

the mix’s typically high modulus of over 14 000 MPa.  The modified binder comprises 35/50 

penetration grade bitumen modified with Styrene-butadiene-styrene (SBS). In some instances 

reclaimed asphalt (RA) can be used as an environmentally friendly and cost saving measure.  

 

 

After a thorough investigation a local asphalt supplier realised the potential for the use of the 
proprietary high modulus asphalt on heavily stressed roads and bus routes, and reached an 
agreement with the developer to introduce it into South Africa.  

 

In March 2014 eThekwini Municipality’s Road Provision Branch agreed to proceed with a trial using 
the gap-graded high modulus asphalt on a section of Brighton Road, on Durban’s bluff. This was 
followed by the larger trial on Solomon Mahlangu Drive, a heavily trafficked dual carriageway.   

 

The main purpose of this paper is to report on the performance of the rehabilitated pavement after 
more than five years of service. This paper includes, inter alia, some background information on the 
design, mixing, and paving of the proprietary gap-graded high modulus asphalt, extracted from a 
paper presented by  DJ de Beer at SATC 2017 [1].  

 

II. OVERVIEW OF TRIALS ON BRIGHTON ROAD 

 

The trials were carried out in three distinct stages to reduce the level of risk to the client and the 
asphalt supplier, with meetings between each of the stages to decide whether there was sufficient 
confidence to proceed with the next step or if further information was required before carrying on.  

Discussions to assess the test results, preparation work and paving were held at frequent intervals 
throughout the course of the trials with the aims of addressing, inter alia: 

 Communication between the various parties 

 Supervision and monitoring, at the mixing plant and at the paving site 

 Traffic accommodation, especially during morning and afternoon peaks 



 

 

The laboratory mix design, which was carried out in France, included 20% of reclaimed asphalt 
(RA). It yielded a 3.5% void content and an optimum binder content of 5.0%.  The binder was 
produced by modifying 35/50 penetration grade bitumen from SAPREF with SBS. A mixing 
temperature of 165°C and a binder content of 5.0% were targeted and approximately 200 tonnes 
was manufactured in a batch-type mixing plant and paved on Brighton Road. 

One of the main findings of the trial was that the use of a PTR (pneumatic tyred roller) was not 
required or desirable for the gap-graded asphalt. Compaction of the 70 mm layer could best be 
achieved using around 2 or 3 passes of a 12-ton 3-point steel wheeled static roller followed by a 10-
ton double drummed vibratory roller. Finishing was achieved using a 4-ton double drummed roller.  

Laboratory tests showed the Dynamic Modulus (Stiffness) of the mix to range between 18 GPa and 
20 GPa while tests using the MMLS3 yielded a rut depth of just 1.1 mm after 100k repetitions, 
indicating excellent rut resistance 

After appraising these results and discussing the positive experience gained with paving and 

compacting the gap-graded high modulus asphalt, the client agreed to the further, more extensive, 

use of this product on Solomon Mahlangu Drive [1].    

 

III.  FULL-SCALE USE OF PROPRIETARY FRENCH GAP-GRADED HIGH MODULUS ON 
SOLOMON MAHLANGU DRIVE 

A.  Location 

Solomon Mahlangu Drive, which is located on the southern side of the city, forms part of a major 
arterial carrying cargo to and from Durban’s port and in addition provides access to the large 
residential suburbs ofthe Bluff and Wentworth. The section under review is from the Ikhosi Albert 
Luthuli Freeway (M4) to Bluff Road, a length of approximately 2.4 kilometres. This dual carriageway 
facility serves the adjacent light industries as well as a large container depot. Figure 1 indicates 
Solomon Mahlangu’s location and shows the positions of the various intersections. 

 

 

Fig. 1. Location of Solomon Mahlangu Drive  



 

 

B. Traffic 

Classified traffic counts at the various intersections along Solomon Mahlangu Drive, provided by 
eThekwini Transport Authority (ETA),, were assessed and used to estimate the loads to which the 
pavement has been subjected since the rehabilitation was carried out in 2014.  

It is evident from these estimates that traffic loading increases significantly from east to west. During 
the four-year period between 2014 and 2018 the project has already carried around 5 million 
equivalent standard axles (ESALs) near Bluff Road to approximately 15 million ESALs near the M4, 
close to the western limit of the project. 

C. Construction  

Over the years the condition of Solomon Mahlangu Drive had deteriorated under this heavy traffic 
loading, exhibiting cracks and localised rutting, mostly in the slip lanes at the intersections as well 
as in other areas where there is a concentration of slow moving or stationary heavies. It was 
therefore included in eThekwini Municipality’s road rehabilitation programme with the investigation 
and design being carried out by the Road Provision Branch.  

The rehabilitation design included the milling of the existing lanes to a depth of 110 mm, inlaying 
with 70 mm asphalt base and 40 mm stone mastic asphalt (SMA) surfacing.  

The same paving and compaction equipment was used as on the Brighton Road trial. [1] 

A photograph of the typical paving operation is shown in Fig. 2. 

 

 

Fig. 170. Paving on Solomon Mahlangu Drive, May 2014  

Compaction of the 70 mm thick layer was generally achieved after 3 passes of the static roller and 
the large vibratory roller, respectively. There was usually some movement in the mix during the 



 

 

static roller passes, however the mix settled down and movement stopped during the application of 
the passes using the 10-ton vibratory roller. [1] 

An asphalt reinforcing grid was installed below the 70mm base layer, mostly in the slip and turning 
lanes, where severe cracking was evident, to assist in load spreading as well as to retard crack 
propagation.  In these areas the depth of milling was increased so that a 20 mm layer of finely 
graded asphalt could be paved on top of the comparatively rough, milled surface. Figure 3 shows 
the installation of the reinforcing grid on top of the finely graded asphalt. Once the reinforcing grid 
had been installed the 70 mm layer of the high modulus asphalt could be paved. [1] 

 

 

 

Fig. 171. Installation of asphalt reinforcing grid  

 

The surface texture of the gap-graded asphalt was found to be similar to that of the SMA surfacing. 
A short section was therefore paved with a thickness of 110 mm; the gap-graded high modulus 
asphalt therefore serves as both base and surfacing. 

Tests carried out during the trial showed the quality of the proprietary gap-graded asphalt to be 
similar to that of the first trial on Brighton Road, with an average binder content of 5.0%, average 
void content of 3.8%, and average field compaction of 95.8% of maximum voidless density. 

 

 



 

 

IV. PRACTICAL EXPERIENCE GAINED 

The trials enabled a wealth of experience to be gained in the manufacture, paving and compaction 
of the gap-graded high modulus asphalt, while the test results provide useful information on this 
product’s properties. 

Quality and uniformity of the aggregates supplied by local commercial quarries was found to be 
satisfactory to enable the gap-graded mix to be manufactured within its tight grading requirements 
without additional screening being required; it was however found necessary to monitor the gradings 
regularly, particularly those of the crusher dust. Sampling and testing was undertaken during each 
new delivery to the asphalt paving plant.  

Selection of sufficient quantities of RA with generally similar qualities in terms of grading and binder 
content is necessary. Screening to obtain a uniform sized product must be undertaken otherwise 
the gradings are likely to be too variable.   

Penetration grade (35/50pen) bitumen produced by SAPREF was successfully modified off-site to 
meet the proprietary French gap-graded high modulus design requirements. 

The trials verified the laboratory mix design carried out in the developer’s laboratory in France, with 
similar results being achieved in both laboratory and full-scale mixes. 

No problems that could be directly attributable to the manufacturing of the gap-graded high modulus 
mix were encountered during the mixing process using the asphalt supplier’s batch-type asphalt 
plant. The mix required the addition of 4% of bag-house filler. This required the erection of a silo to 
store the filler that was obtained from other mixes. 

Paving of the gap-graded asphalt was straightforward and very similar to the techniques used for 
other conventionally asphalt mixes. The compaction method followed was to use a 12-ton 3-point 
steel-wheeled roller, followed by a 10-ton double drum vibratory roller, with a 4-ton double drum 
vibratory roller carrying out the final compaction and finishing.  It was found that around 3 passes of 
each of the aforementioned  rollers was sufficient to raise the level of compaction to 93% of 
maximum voidless density.  The use of a PTR was avoided to achieve a good surface texture, akin 
to that of SMA. 

It is noteworthy that after the initial breakdown rolling using the 3-point roller, compaction increased 
gradually, and there were even further small increases in compaction when the smaller 4-ton roller 
was used. No sudden stiffening up of the layer as it cooled during the compaction process was 
evident; it was not necessary therefore to take special precautions so that the layer did not become 
too stiff before the compaction and finishing had been completed. [1] 

The trial section carried out using the gap-graded high modulus asphalt in a 110 mm layer, where 

it serves as both base and surfacing, proved successful and is currently performing well after over 

five years of trafficking. This has resulted in the inclusion of the proprietary gap-graded high modulus 

asphalt as a high performance surfacing in its Interim Agrément Certification.  

 

V. PERFORMANCE AFTER FOUR YEARS UNDER TRAFFIC 

The performance of the gap-graded high moduls asphalt trial on Solomon Mahlangu Drive was 
evaluated in terms of its: 

- visual condition 



 

 

- deformation (rutting) 

- deflection 

- riding quality 

- surface friction (skid resistance)  

Information on the pavement’s visual condition, as well as surface texture, rutting and deflection 
was collected using the iPAVe traffic speed deflectometer device (TSDD), a specialised vehicle that 
is capable of automated and integrated pavement data acquisition at normal driving speed.  Surface 
friction data was obtained using an ASFT T5 trailer. This is a fixed-slip friction-measuring device 
that enables continuous, automated gathering of surface friction. 

D. Visual condition 

The detailed visual inspection was limited to the road pavement. The condition of the pavement was 
carried out by rating images, taken at 20 metre intervals, in accordance with TMH 9 [2]. These 
ratings were then used to determine the surface and pavement condition indices, as prescribed in 
Draft TMH 22 [3]. 

The results of these analyses, shown in Table I, indicate the pavement along both carriageways to 
be in a “good” condition in terms of the limits given in TMH 22.  

 

TABLE I.  VISUAL CONDITION RATING 

TMH 22 Limits for “good “condition 70 to >85 

Carriageway 
Direction 

Section length (km) Surface 
Condition 

Index 

Pavement 
Condition Index 

East bound 0 to 2.14 74 79 

West bound 2.13 to 0 73 79 

 

E. Rutting 

As mentioned above the rut depth measurements were collected by the iPAVe and the results of 
these measurements are plotted in Fig. 4 and  summarised in Table II. 

 

Fig. 172. Plot of rut depths on both carriageways  



 

 

 

SUMMARY OF RUT DEPTH MEASUREMENTS 

Carriageway Mean rut depth (mm) Standard deviation 

West bound 4,9 2,6 

East bound 4,9 2,5 

 

LIMITS FOR RUTTING (TRH12) 

 

 

Table III shows the limits for “sound”, “warning” and “severe” categories of rutting. 

The results show the depth of rutting is variable but, except for a few very isolated areas, is well 
within the 0 mm to 10 mm limits for pavements in a “sound” condition in terms of recommendations 
given in TRH12 [4].  

F. Surface texture and friction (skid resistance) 

Surface texture and friction was measured over lengths of approximately 690 metres on each of the 
carriageways.   

Texture and surface friction values are plotted together for each carriageway in Fig. 5 and Fig. 6. 
Mean values and standard deviations for each parameter are shown in Table IV. It is evident that 
the surface texture is still satisfactory, with mean values on both carriageways above the 0,5 mm 
limit that, in terms of the COTO guidelines [5], can be regarded as the minimum texture depth 
required for adequate skid resistance  

Friction values obtained from the ASFT fixed-slip device were also found to be greater than 0,5.  
Assuming that the friction values obtained by the ASFT device and the Grip Tester are similar, the 
results in Table IV show that friction levels are within the 0,53 to 0,65 limits recommended in UK 
Standard HD24/04 for dual carriageway facilities with minor and major intersections. 

 

 

Fig. 173. West bound carriageway: Plot showing texture (MPD) and ASFT values  

 



 

 

 

Fig. 174. East bound carriageway: Plot showing texture (MPD) and ASFT values  

ASFT AND MPD VALUES FOR EACH CARRIAGEWAY 

Parameter West bound C/way East bound C/way 

 

Mean 

ASFT MPD (mm) ASFT MPD (mm) 

0,64 0,63 0,64 0,59 

Standard 
deviation 

0,05 0,12 0,12 0,11 

 

Requirements for surface friction are also provided in CAP 683 [6]. An extract of the limits specified 
for the ASFT T5 device, as used on Solomon Mahlangu, is given in Table V. 

 

EXTRACT FROM CAP 683 WITH RUNWAY SURFACE FRICTION REQUIREMENTS USING THE ASFT T5 DEVICE 

Equipment Test Speed 
(km/h) 

DOL MPL MFL 

ASFT T5 65 ≥0.82 0.60 0.50 

Where: 

DOL = the design objective level 

MPL = the maintenance planning level 

MFL = the minimum friction level 

 

Although these requirements are for aircraft runways rather than roads, they do provide an indication 
of the level of friction resistance required before the surface can be regarded as lacking adequate 
skid resistance. It is evident that surface friction on both carriageways, shown in Table IV, exceeds 
the ASFT value for friction at the maintenance planning level (MPL) given in Table V.   

G. Deflection measurements 

Deflection measurements captured by the iPAVe were analysed at intervals of 20 metres. Plots of 
the deflection indicators (Maximum deflections (Ymax), base layer index, middle layer index, and 
lower layer index for each carriageway are presented in Fig. 7 and 8. 



 

 

 

Fig. 175. East bound carriageway: Deflection indicators  

 

 

 

Fig. 176. West bound carriageway: Deflection indicators  

 

The limits for rating the structural condition of pavements with bituminous bases are given in Table 
VI [7].  

 

 

 

LIMITS FOR RATING STRUCTURAL CONDITION FOR PAVEMENTS WITH BITUMINOUS BASES 
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The 95th percentile values of the deflection indicators in Table VII indicate that the pavement along 
both carriageways falls within the “sound” category. In particular the low base layer indicator (BLI) 
indicates that the asphalt base is effective in spreading the traffic loads.   

 

ANALYSIS OF STRUCTURAL CONDITION RATINGS USING 95TH PERCENTILE VALUES 

Deflection Indicator East bound C/way 
(95th Percentile) 

West bound C/way 
(95th Percentile) 

Y max 241 339 

BLI 96 96 

MLI 71 86 

LLI 23 31 

 

H. Riding quality 

The riding quality on each of the carriageways, measured as International Roughness Index (IRI), 
is plotted in Fig. 9. It is evident from the plot that riding quality along Solomon Mahlangu is variable 
and generally poor. 

 

 

Fig. 177. Plot of riding quality along both carriageways  

The riding quality was no doubt influenced by the need to pave short sections of the asphalt base 
and surfacing due to traffic restraints, as well as having to pave across several busy intersections. 
The frequent changes that had to be made in the surfaced width could also have adversely affected 
riding quality. 

I. Summary of the pavement’s performance to date 

The performance of the pavement along both carriageways of Solomon Mahlangu Drive has been 
evaluated using a number of different parameters: 

- The visual inspection shows that the pavement is still in a good condition in terms of the 
rating system used in TMH 22. Very limited distress is evident along the sections where the 
asphalt reinforcement was installed; it is evident that this measure has been effective in 



 

 

limiting the cracking that had previously occurred in these areas of concentrated and slow 
moving heavies.  

- Minor rutting is evident with very isolated deeper rutting. 

- The pavement has retained good texture and still exhibits good skid resistance. 

- An analysis of the deflection measurements indicates that the structural capacity of the 
pavement is still adequate. In particular the asphalt base is performing well in spreading 
vehicle loads over the underlying pavement layers. 

- The pavement’s riding quality is generally poor. However, taking the evaluation of the other 
parameters into account, this is more likely to have originated during the rehabilitation of the 
pavement five years ago rather than through the deterioration of the riding quality since that 
time. 

In summary the evaluation shows that Solomon Mahlangu is performing well after 5 years under 
heavy traffic. Its performance is especially noteworthy nearer the western end of the trial section, 
where, at the time of the investigation (November 2018) it has already received over 15 million 
EASLs. Interestingly, the performance to date of the short section where the gap-graded high 
modulus asphalt was used as a combined base and surfacing is similar to that of the other sections 
where 40mm of SMA surfacing was paved over the 70mm high modulus base. 

VI. CONCLUSIONS 

Experience gained from these extensive trials shows that this gap-graded high modulus asphalt 
base mix could be used to advantage in situations where the pavement carries high axle loadings, 
such as busy freeways, urban arterials and bus routes.  

The work described in this report showed it to be practical to maintain the strict grading requirements 
using locally produced aggregates while the manufacture of the modified binder that is used in the 
mix is well within the capabilities of local suppliers. The use of 35/50pen bitumen produced by local 
refineries in the manufacture of the modified binder has logistical and pricing advantages compared 
to specialized imported binders.  

The installation of asphalt reinforcement is likely to have contributed to reduce cracking in areas of 
concentrated wheel loading.  

The short section where the proprietary French gap-graded high modulus asphalt was paved as 
both base and surfacing is performing well and could be considered for this purpose in the future.  
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Synopsis — Ultra-Thin Porous Surfacing (UTPS) are paved thinner than typical porous 

surfacing to provide water drainage and, in some instances, improve riding quality. UTPS or 

similar products produced with warm-mix rubberized bitumen, referred to in South Africa as  

A-R2 binder, are expected to have better durability due to the reduced handling 

temperatures; hence reduced ageing during production and construction. The reduced 

binder ageing during the initial life of the mixes will also assist in maintaining integrity of the 

film coating to ensure improved resistance to moisture-induced damage, therefore 

promoting extended life cycles. 

Conventional bitumen rubber, known in South Africa as A-R1, has earned its position in 

the pavement engineering industry as a durable, cost effective product with longer life cycle 

performance compared to mixes produced using conventional binders. However, the limited 

shelf life of A-R1, high demand for energy during production and health and safety 

considerations have led to the development of a warm-mix rubberized bitumen alternative 

A-R2 binder to address these issues. This binder, in comparison to conventional A-R1, is 

modified to have lower viscosities, allowing production and handling at reduced 

temperatures and improved workability during construction. Additionally, A-R2 has been 

noted to have a vastly extended shelf life, hence it can be economically utilised at remote 

asphalt plants and it allows for long distance haulage without negatively affecting binder 

stability, quality and asphalt handling. In this paper, experience with production and 

construction of A-R2 UTPS is discussed. A comparison of durability of UTPSs produced with 

conventional A-R1, as well as other modified binders was also performed to demonstrate the 

life-extension properties of A-R2. 

Keywords—rubberized bitumen; modified binder, warm-mix, durabilty; porous asphalt 

 

 

 



 

 

INTRODUCTION 

Ultra-Thin Porous Surfacing (UTPS) serves primarily as a water drainage layer that reduces 

aquaplaning, improves visibility, skid resistance and therefore road safety during wet weather.  Other 

benefits of UTPS such as providing good rideability and noise reduction are also realised. In order 

to function as a water drainage layer, UTPS mats have high void content in the range of 18-20%. 

The presence of air and water in these voids do however have the potential to cause oxidation and 

stripping of the binder respectively. Oxidative ageing and stripping of the binder are prevalent causes 

of ravelling of porous asphalt. The type of binder and applied film thickness have an influence in the 

longevity of porous asphalt [1]. Therefore, balance needs to be achieved in ensuring that the porous 

asphalt has adequate binder content to provide a durable uniform film coating around the mix’s 

aggregate, and at the same time the binder should not reduce mix voids lower than the specifications, 

nor drain down during production, transportation and placement of mat. This report presents a 

durability comparison of UTPSs produced using different binder types and content 

 

PERFOMANCE ASSESSMENT OF DIFFERENT UTPSS 

Performance of porous mixes is governed by the durability of its binder. Embrittlement of binder 

is inevitable as porous mixes have high voids.  The rate of embrittlement can be assessed by testing 

viscosity of binder after short term and long-term ageing.  However, the testing of binder viscosity 

alone does not consider the field conditions to which the porous mix will be subjected. Climate, 

amount and degree of interconnected voids in the mat and film thickness affect the rate at which the 

binder gets oxidized and embrittled. For this reason, durability comparison was done on the actual 

mix in the laboratory. In addition to laboratory assessment of UTPS durability performance, an 

inspection was done on a project where A-R2 UTPS was recently paved to assess the integrity of 

the mix within the early stage its service life.  

Binder Selection 

Due to the open grading of porous asphalts, modified binders are preferred over penetration 

grade bitumen,  as their relative higher viscosities allow for higher binder application rate and 

improved cohesion at a low risk of binder drain down [2]. Modified binders explored in this paper 

are described below:  

- A-E2, homogenous elastomeric polymer modified binder 

- A-R1, conventional non-homogenous polymer modified binder  

- A-R2, warm-mix alternative to A-R1. 

A-E2 was the chosen binder in this assessment as it is readily available. The modification of 

bitumen with   Styrene-Butadiene-Styrene (SBS) increases the softening point of the blend, in 

comparison to penetration grade binders. A binder with an inherent increment in softening point is 

desirable, especially during the ageing process of the mix when conditioning for the durability test 

using the Cantabro Abrasion Testing method. In order to minimize binder drain down, mix additives 

such as fibre and lime were added to the A-E2 blends.  

Conventional bitumen rubber A-R1 has been used in South Africa since the 1980s and has 

earned its position in industry as a durable, cost effective product offering asphalts and seals longer 

life cycle performance compared to those produced using straight or otherwise modified binders.  



 

 

With ever-growing need for greener solutions in the road surfacing industry, alternatives to 

conventional bitumen rubber have been developed. Warm-mix technology bitumen Rubber binder 

A-R2 is an alternative to conventional A-R1 that enables a considerable reduction in handling 

temperature.  A-R2 comprises of the same rubber crumbs as those used in A-R1 manufacturing in 

combination with, among other, Fischer-Tropsch (F-T) waxes. When temperatures exceed the F-T 

wax melting point 100oC [3], viscosity of F-T wax modified binder is significantly reduced (see Fig. 

1, extracted from [4]). Addition of F-T wax to rubberized bitumen reduces viscosities as illustrated 

in Fig. 2, extracted from [5]. The lower mixing and application temperatures are advantageous as 

they reduce the degree of short-term ageing of the binder [5]. With the viscosity remaining constant 

at elevated temperatures, A-R2 remains stable even when the blend is several days old. On the 

other hand, A-R1 viscosity deteriorates as time lapses at temperatures within the rubber digestion 

range [5]. At typical in-service road temperatures, the waxes are hardened, increasing the softening 

point of the binder as shown in Fig. 3, extracted from [5]. Table 1 lists the temperature requirements 

for both A-R1 and A-R2.  

 

 
Fig. 1 - F-T Wax effect on viscosity 
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Fig. 2 - Viscosity of A-R1 and A-R 2 

 

 

Fig. 3 - Softening point of A-R1 and A-R 2 

 

TABLE 1 - TEMPERATURE AND SHELF LIFE MODIFIED BINDERS 

 A-E2 A-R1 A-R2 

Blending Temperature - 200oC 180oC 

Mixing Temperature 170 - 180oC 175 - 180oC 140 - 150oC 

Paving Temperature 140 – 150oC Minimum 135oC Minimum 100oC 

Shelf life 12 hours at 180oC 4 – 8 hours at 190 - 

200oC  

7 days at 150oC 

Softening Point  65 - 85oC 55 – 65oC 65 – 80oC [6] 
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The extended shelf life of A-R 2 gives it a great advantage over the use of A-R 1, as: 

 A-R 2 terminal blend can be blended and tested at supplier’s premises before hauling to remote 

locations. This eliminates the costs associated with site establishment of A-R 1 blending units 

on site, especially for small volume projects.  A-R 1 has a limited shelf-life of up to 8 hours at 

elevated temperatures, hence it needs to be produced in very close proximity to the asphalt 

plant.  

 Storage stability assists with consistency of binder during the binder’s extended shelf-life.  

 Time delays due to weather, breakdown or force majeure do not pose a risk on blend 

deterioration, even at elevated temperatures of 200oC as A-R 2 is stable.  

 Warm-mix technology means a relatively lower energy demand.  

 Reduced volatile organic components (VOC’s) at reduced temperatures which has 

environmental benefits and poses less health risk to workers. 

 Lower mixing temperatures allow for long-haul deliveries of A-R 2 asphalt when compared to A-

R 1 due to the relatively smaller temperature-loss gradient.  

 The relatively smaller temperature gradient makes the A-R 2 asphalt lose temperature at a rate 

less than that of A-R 1, extending both paving and compaction window.  

 Improved balance of viscosity is such that there is no binder drain down during long-haul, yet 

workability that allows compaction at asphalt temperatures as low as 100oC [6] remains, giving 

it an advantage over A-R 1 during the cooler paving periods.   

Aggregate selection  

It is imperative that aggregate utilized within UTPS is resistant to crushing, has good resistance 

to stone polishing and internal friction angle of the coarse aggregate for interparticle interlock as the 

coarse aggregate skeleton carries the imposed traffic loads in porous surfacing. UTPS is a hybrid 

of Ultra-Thin Friction Coarse (UTFC) and porous asphalt. The grading of UTPS mix is coarser than 

that of UTFCs such that the target voids in the mix are between 18-22% [7], in comparison to the 

UTFC voids of 12-18% [8] The high void content of UTPS is congruent with the voids of porous 

asphalt. UTPSs are distinguished by their ultra-thin layer thickness of 18-22mm, whereas porous 

mixes are typically placed at 40mm [7].  

A coarse target grading was used as it creates voids in the mineral aggregate (VMA) required to 

accommodate the relatively high binder content when blending with rubberized bitumen [9]. The 

gradations were kept the same for all experimental mixes, to ensure a constant mineral aggregate 

surface area. However, binder type, content and film thickness were varied. Changing the grading 

for mixes blended with A-E 2 would change the mineral aggregate packing since 

 Absence of rubber crumbs in the A-E 2 blends requires a finer grading by mass to 

compensate for the open grading structure. In the event that the coarse aggregate and fine 

aggregate are not from same parent rock, the difference in the aggregate bulk densities and 

packing patterns will change the volumetrics of the aggregate blend. This can prove to be 

counter-productive should the fine aggregate density be higher than that of the coarse 

aggregate.  

 A finer grading would result in an increased surface area of the mix, and therefore less film 

thickness. Thick film thicknesses are desirable for cohesion and durability of the porous mix.  



 

 

 Increasing the binder content to ensure a thick film increases the risk of binder drain-down.  

UTPS blends   

UTPS mixes were produced in the laboratory using different constituents as stated in Table 2. 

Proportions are expressed as a percentage of entire mix by mass.  

 

TABLE 2.  - COMPOSITION OF VARIOUS UTPSS 

 A-R1  A-R2  A-E2 (Lime) A-E2 (Fibre) 

Coarse Aggregate Fraction (%) 74.2 74.2 75.0 74.8 

Fine Aggregate Fraction (%) 17.0 17.0 17.2 17.1 

Filler (%) 3.2 3.2 2.2 3.2 

Additives (%) - - 1.0 (lime) 0.3 (fibre) 

Binder Content (%) 5.6 5.6 4.6 4.6 

 

Optimum binder content for each mix was determined based on the following:  

 Grading with an open structure to enable voids in the mix ranging between 18-20%,  

 Density specimens were compacted by means of 50 blows on either side using a Marshall 

hammer, at compaction temperature for each binder type, 

 Schellenberg drainage tests performed to assess potential for binder drainage. Optimum binder 

content should result in less than 0.3% mass loss at the mixing temperature for each binder type 

[10].  

Once the optimum binder contents were established, briquettes for Cantabro Abrasion Test were 

batched. The asphalt mixes were aged in the oven before compaction. These briquettes were tested 

as per following: 

 Unaged briquettes, representing the condition of the porous asphalt during paving and early 

trafficking. 

 Aged briquettes by means of forced air draft at a temperature of 60oC for 48 hours then 107oC 

for 120oC hours [8]. These ageing regimes simulate the effect of oxidization of the binder film 

during service life of the porous asphalt.  

 Modified Lottman conditioning simulating the moisture induced damage when water in the 

porous mat may cause stripping of the binder film from the aggregate.   

 

RESULTS AND DISCUSSION 

The results obtained from the experimental evaluation has been summarized within Table 3 and 

yielded several interesting conclusions. It should be noted that the limits for Cantabro Abrasion 

mass loss are a maximum of 20% for unaged briquettes and a maximum of 30% for aged and 

moisture-damaged briquettes were used [7].    

Upon evaluation of the results it was noted that the Porous mix produced with A-R 1 and A-R 2 

were found to have excellent resistance to abrasion, even when the porous mix has been subjected 

to oxidation and moisture damage. The viscosity of the rubberized binders allows for thick film 

coating and cohesion of the mix.  A-R 2 proved to make the mix as durable as conventional bitumen 

rubber – with extra benefits as aforementioned in this report. 

 



 

 

TABLE 3 - RESULTS SUMMARY OF POROUS MIXES 

 A-R 1 A-R 2 A-E 2 

(Lime) 

A-E 2 

(Fibre) 

Binder content (%) 5.6 5.6 4.6 4.6 

Compaction temperature (oC) 145 115 145 145 

Average void content (%) 17.8 17.9 18.5 18.7 

Schellenberg drain test (%) 0.12 0.10 0.23 0.19 

Film thickness (µm) 12.74 12.74 10.33 10.27 

Cantabro 

Abrasion mass 

loss (%) 

Unaged  2.6 4.8 16.6 20.9 

Aged 6.7  6.9 24.0 22.8 

Moisture induced 

damage 

8.3 8.7 26.5 28.1 

 

The mass loss for unaged, aged and moisture damaged porous mix produced using A-R 1 and 

A-R 2 was significantly lower than that of mixes with A-E 2. The A-R 1 and A-R 2 porous mixes have 

a thicker film coating around aggregate, which aids in cohesion. On the other hand, a relatively 

lower binder content in the A-E 2 mixes resulted in thinner film coating around aggregate and less 

cohesion that led to high mass loss during the Cantabro Abrasion test. A domino-effect of ravelling 

of the mixes with thin film coating mixes can be attributed to this trend – low binder content to prevent 

binder drain down, resulting in film coatings that are relatively thin and compromised cohesion. Once 

one coarse aggregate particle has been lost, the adjacent aggregate particles in all directions lose 

their shield, hence they become more susceptible to the ravelling distress.  Due to the relatively 

higher viscosity of the A-R 1 and A-R 2 binders, binder content can be increased to achieve thicker 

film coating, increased cohesion and durability with limited risk of binder drain-down. The abrasion 

test results above show that porous mixes produced with A-R 2 perform as good as those produced 

with A-R 1. Use of A-R 2 binder would offer additional benefits aforementioned.   

 

CASE STUDY – A-R2 UTPS SURFACING ON N5, HARRISMITH 

Rideability deficiencies on a SANRAL project along the N5, Harrismith were such that remedial 

works were required. Ultra-Thin Porous Surfacing (UTPS) was selected to provide the rideability 

corrections and was paved at thicknesses ranging between 18 - 22mm on top of a Continuously 

Graded Medium Asphalt surfacing with A-E2 binder. 2200 tons of UTPS was produced using A-R2 

binder and paved for the rideability betterment.   

 

The A-R 2 binder blended by Tosas in Wadeville, Gauteng, was hauled 405km to the Much 

Asphalt branch in Bloemfontein. The A-R 2 blend proved to have extended shelf-life and storage 

stability even at elevated temperatures of 170-180oC during haulage from supplier to the asphalt 

plant, as binder properties did not vary between point of dispatch and asphalt plant. Due to the 

paving of the UTPS during the winter period and the long-haul distance of 370km to paving site in 

Harrismith, the UTPS was produced at elevated temperature of 170oC. Thermal blankets were used 

to maintain the temperature of the mix over such a long haul and the temperature of the mix at 

arrival was in the range of 150-160oC. Mix was noted to be in a free-flowing state upon arrival, with 

very isolated lumpy crusts. Additionally, there were no signs of drain-down of the mix during the 

long haul, as the back of delivery trucks were clean after offloading the mix into the material transfer 



 

 

vehicle. Additionally, there were no fumes when mixing and paving with A-R 2 as typically 

experienced with A-R 1. Fig. 4 depicts the manufacture, transportation, placement of the UTPS 

using A-R 2, and some comparisons to highlight the health and environmental benefits of using A-

R 2 versus A-R 1.  

With ambient air temperature of 19°C and road surface temperatures of 26°C by midday, the mat 

behind the paver still measured 115oC before the compaction activities commenced. Due to 

relatively low viscosity of the A-R 2, compaction was attainable at temperatures as low as 100oC. 

The construction of the UTPS improved rideability as depicted in Fig. 5.   
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Compaction of A-R 2 UTPS mat at 114oC 

Fig. 4 - Manufacture and placement of A-R2 UTPS



 

 

 
Fig. 5 – IRI measurements before and after paving UTPS 

 

On a site inspection done a year after construction, the A-R2 UTPS looked as neat as newly 

constructed. Fig. 6 shows the condition of the A-R2 UTPS during construction phase and Fig. 7 

shows the same section of the route a year after completion of the project. As seen on Fig.8, there 

is a distinct contrast in the pavement color where the UTPS surfacing was paved compared to the 

shoulder lanes overlaid with an A-E2 Medium Grade Asphalt only. The UTPS was constructed 

shortly after completion of the Medium Grade Asphalt, and its ability to retain its color better 

demonstrates the A-R2’s high resistance to weather elements which have an ageing effect on the 

binders.  

 

 

Fig. 6 -Visual condition of A-R 2 UTPS during construction 
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Fig. 7 - Visual condition of A-R 2 UTPS after a year of service 

 

 

Fig. 8 - Contrast between A-E2 Medium Grade Surfacing on Shoulder Lane vs A-R2 UTPS on 

Slow and Fast Lanes with similar service life 

 



 

 

CONCLUSION  

The most prevalent failure mode of porous surfaces is raveling. Raveling may commence at a slow 

rate, but as more coarse aggregate particles become exposed to traffic and weather elements, 

raveling rapidly manifests. In order to extend the service life of porous mixes, binders that promote 

cohesion via thick film coatings are to be utilized.  

Rubberized bitumen enhances durability of porous asphalts by providing thick film coating around 

the aggregate with minimal binder drain-down due to its high viscosity. Due to the viscous nature, 

conventional rubberized bitumen A-R 1 is handled at very high temperature during blending, 

production and placement. These high handling temperatures contribute to the rapid short-term 

ageing of the binder. With the need to mitigate the short-term ageing caused by high temperatures, 

warm-mix alternative A-R 2 has been developed to allow the provision of rubberized bitumen 

products that are as durable, if not better, those produced using conventional A-R 1. A-R 2 allows 

for handling temperature reduction in the range of 30oC when compared to conventional A-R 1 

resulting in less short-term ageing of binder during production stage, extending lifecycle of the 

products.  

From the assessment of the early service life of UTPS produced with A-R 2, it has been 

demonstrated that A-R 2 products have higher resistance to weather elements as they undergo less 

ageing during production. Additionally, the thick film coating attained when using the A-R 2 reduces 

the overall rate of ageing of entire film coatings around aggregates – making the products durable 

and aesthetically pleasing to the road-users. In addition to the extended life cycle, utilization of A-R 

2 binder offers stable binder with long shelf life, energy savings and healthier working conditions for 

all involved in the binder and asphalt manufacturing process. Future case studies of other types of 

asphalt produced using A-R 2 would be encouraged for realization of the benefits that this new 

technology has to offer.  
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Synopsis— The increasing need to cater for higher traffic loading in South Africa and other 

Southern African regions is popularising the use of asphalt layers with higher stiffness 

moduli. 

However, in contrast to the design philosophy adopted in Europe, where these new 

asphalt technologies such as EME (French acronym for High Modulus Asphalt) emanate 

from, asphalt layers in the Southern African context tend to be much thinner.  

In this developing context with increasing traffic loading, the higher stiffness modulus of 

EME, for example, is seen as an opportunity to maintain thinner asphalt layers. This 

approach is often motivated by economic and environmental sustainability reasons. 

The use of thinner EME layers has its drawbacks. Such layers are prone to thermal and/or 

fatigue cracking, especially when they are not adequately supported. 

A study was therefore conducted to evaluate how the embedding of Asphalt Reinforcing 

Interlayers (ARI) within an EME asphalt layer could assist the thin layer to resist fatigue 

cracking.  The fatigue resistance of unreinforced EME beam specimens was compared to 

that of reinforced specimens using a Four-Point Beam Fatigue Testing facility at different 

controlled strain levels. The comparison was also conducted using various dissipated 

energy models proposed in literature, as there seems to be a strong relationship between 

the fatigue resistance of asphalt layers and their ability to dissipate energy. 

This paper demonstrates that the efficiency of the reinforcing was significantly correlated 

to the ARI tensile strength. The paper also presents the testing procedure, testing challenges 

and other results of the comparison.    

Keywords—Fatigue, Dissipated Energy, FPBT, ARI, EME 

 

 

 

 



 

 

 INTRODUCTION 

It is often proposed for asphalt layers to be reinforced with Asphalt Reinforcing Interlay (ARI) in 

order them to better resist the initiation and the propagation of reflective cracks [Romero, 2008]. 

Indeed, some studies have indicated that increasing the thickness of asphalt overlays does not 

always mitigate the propagation of reflective cracks as effectively as the use of ARI’s [Jun et al. 

2004]. Instead of increasing asphalt layers’ thicknesses, the use of ARI’s has often resulted in 

thickness reduction [SABITA, 2013; Haritonovs et al. 2016].  

Asphalt layer thickness reduction has environmental benefits as they result in less quarrying of 

aggregates and less greenhouse gases and CO2 emission. These are added benefits as the use of 

pavement geosynthetics as ARI’s promote road users’ comfort and reduce the level of public 

inconvenience [James, 2004; Sanders, 2001].  

There are, nevertheless, some reservations to the use of thin asphalt layers especially when high 

modulus or stiffer asphalt layers are concerned. It is worth mentioning that South African’s asphalt 

layers tend to be thinner than their European counterparts. However, this has not always been a 

concern, considering that the South African “inverted pavement” structure with stiff subbase layers 

and the good quality of road material provide adequate support even to thin and stiff asphalt layers 

[Jenkins and Rudman, 2016]. 

Due to the increasing heavy traffic the use of stiffer asphalt such as EME (French acronym for 

High Modulus Asphalt) is becoming more popular and has extended even to urban contexts 

[Anochie-Boateng et al. 2015]. For some urban rehabilitation projects, the thickness of asphalt inlays 

is often restricted from the top and from the bottom. With set properties entrance levels, for example, 

the asphalt inlay finish level cannot be freely altered. From the bottom, there is often a reluctance to 

disturb support layers that are still holding a reasonable residual life. Also, the paving of EME’s is 

often preferred in urban areas where disruptions to subsurface services are highly undesirable 

[Denneman et al. 2015, pg.1; Haritonovs et al. 2016, SABITA, 2013]. 

What could happen when apshalt thickness restriction becomes even more limiting while heavy 

traffic is still increasing toward their ceiling? Could the reinforcing of EME’s increase their ability to 

resist fatigue cracking and ability to dissipate more energy even when their thicknesses are getting 

thinner and thinner. 

STUDY OBJECTIVES 

The objective of this study was therefore to evaluate the fatigue resistance and dissipated energy 

of ARI reinforced EME asphalt specimens and comparing them to the same properties for un-

reinforced specimens. The fatigue and dissipated energy were evaluated using a laboratory Four-

Point Bending Testing (FPBT).   

 
 
 
 



 

 

PHENOMENOLOGICAL FATIGUE DAMAGE OF ASPHALT LAYERS 

 
During their service life, asphalt layers are subjected to environmental loading (caused by cyclic 

thermal or moisture content variations), traffic loading or a complex combination of both these 

factors. This will eventually lead to the fatigue damage of asphalt layers. It is widely accepted that 

the most critical tensile strains generated by these fatigue loadings are located at the bottom of the 

concerned asphalt layers and with the cumulative application of the traffic or environmental loading 

there is a corresponding accumulation of tensile strains due to increasing irrecoverable plastic 

strains [Shen and Carpenter, 2005]. This behaviour characterises visco-elastic materials such as 

asphalts. In other words, the increasing ‘plastic straining’ will eventually exceed the asphalt’s ability 

to recover from induced ‘stretching’. The asphalt will eventually lose enough of its ‘elastic properties’ 

and this will result into fatigue cracking [Sanders, 2001; Roberts et al. 1996].  

 
Several relationships have been developed to assess the asphalt fatigue life as a function of the 

sustained critical tensile strain. Equation 1 is an example of such relationships. 

 

𝐍𝐟 =𝐤𝟏(𝛆𝐭)
−𝐤𝟐 ------------- Equation 1 

  
Where  Nf :  Load Repetitions to failure or Fatigue Life 

                εt :  Maximum Tensile Strain Found in the Bottom 
of the Asphalt Layer, also the Applied Tensile 
Strain in the 4PB Test 

 k1, k2 :  Material Coefficients  
    

As it is also the case with similar relationships that are not cited in this paper, the fatigue 

coefficients (𝑘1 and 𝑘2 in this example) are functions of the material and mixture properties, the pulse 

duration, the rest periods between loads, the testing temperature [Roberts et al, 1996] and the 

testing methods etc. [Shen and Carpenter, 2005]. 

 

CONTROLLED STRESS AND CONTROLLED STRAIN LOADING 

 
To analyse the fatigue behaviour of asphalt two types of loading control are considered, the 

controlled stress mode and the controlled strain mode. In the controlled stress mode, the stress is 

kept constant while the strain increases. This mode is more applicable to thicker asphalt layers as 

they are the main loading carrying component of the structure. The controlled strain mode, on the 

other hand, is more applicable to thin asphalt layers. Here the strain is governed by the supporting 

layer and is therefore kept constant [Huang, 1983]. This mode was used for this study as the focus 

is on thin asphalt layers.  

With the strain being kept constant while the stress is decreasing, the failure point is difficult to 

define as the specimen will never break. For this purpose, the point of failure for the controlled strain 



 

 

mode is taken as the point where the stiffness of the specimen decreases to 50% of its initial value 

as will be seen later [AASHTO, 2013].  

 

ASPHALT FATIGUE RESISTANCE RELATIONSHIPS 

 
To analyse the fatigue resistance properties of asphalt mixtures several nomographs and fatigue 

empirical relationships have been proposed [Huang, 1993; Pyeong and Al-Qadi, 2010, Delmore 

Jean-Luc et al, 2007]. As an example, Bonnaure et al. developed for Shell different empirical fatigue 

relationships for the constant stress and constant strain mode. The relationships are given in 

Equation 2 for controlled stress mode and Equation 3 for the controlled strain mode [Huang, 1993]. 

 

𝛆𝐭 = [𝟑𝟔. 𝟒𝟑𝐏𝐈 − 𝟏. 𝟖𝟐𝐏𝐈 ∗ 𝐕𝐛 + 𝟗. 𝟕𝟏𝐕𝐛 − 𝟐𝟒. 𝟎𝟒]𝟏𝟎−𝟔 (
𝐒𝐦

𝟓 ∗ 𝟏𝟎𝟔
)
−𝟎.𝟐𝟖

 (
𝐍𝐟

𝟏𝟎𝟔
)
−𝟎.𝟐

 --- Eq. 2 

  

𝛆𝐭 = [𝟑𝟔. 𝟒𝟑𝐏𝐈 − 𝟏. 𝟖𝟐𝐏𝐈 ∗ 𝐕𝐛 + 𝟗. 𝟕𝟏𝐕𝐛 − 𝟐𝟒. 𝟎𝟒]𝟏𝟎−𝟔 (
𝐒𝐦

𝟓 ∗ 𝟏𝟎𝟔
)
−𝟎.𝟑𝟔

 (
𝐍𝐟

𝟏𝟎𝟔
)
−𝟎.𝟐

 --- Eq. 3 

  
Where  Vb :  Bitumen Volume, Expressed in %  

  Sm :  Stiffness Modulus of the Mix, in MPa  
 PI : Binder Penetration Index 
 εt : Tensile Strain 
 Nf :  Amount of Load Repetitions to failure  
      

Such nomographs and empirical relationships are mostly limited to straight binder asphalts and 

this also fits the description of EME’s. However, with the increasing popularity of modified binders, 

the use of more versatile laboratory fatigue testing is more favoured over their restrictive 

nomographs and empirical relationships counterparts. One should however note that laboratory 

fatigue tests are expensive and require a large amount of specimen [Huang, 1993] 

Several standards are now including the laboratory fatigue testing under repeated flexural loading 

as an asphalt mix design requirement. This is also the case in South Africa with SABITA Manual 33 

for conventional asphalts [2013] and with SABITA Manual 35 for High Modulus asphalt [2016].  

 

DISSIPATED ENERGY CONCEPT 

 
Recent studies have gone beyond the phenomenological analysis of fatigue, as fatigue 

performance of an asphalt specimen or load repetitions attained by a specimen is related to the 

dissipated energy that is cumulated during these load repetitions [Austroads, 2011]. 

 



 

 

In this regard, it has been shown that the constant strain fatigue testing mode is characterised by 

a decreasing dissipated energy with every additional load repetition. The opposite occurs for the 

controlled stress mode where the dissipated energy increases with every additional load repetition 

[Molenaar, 2007.2]. 

 
When an asphalt specimen is subjected to repetitive sinusoidal loading (as it will discussed later), 

for each individual sinusoidal loading cycle, the dissipated energy can be evaluated using the 

Equation 4, where stiffness Si, and phase angle φi, are outputs of the testing device.  

 
 

wi = 𝛑𝛆𝐢
𝟐 𝐒𝐢𝐬𝐢𝐧𝛗𝐢 ------------- Equation 4 

  
Where  wi :  Dissipated Energy at ith cycle 

 εi :  Strain at ith cycle 
 Si :  Stiffness of Mixture at ith cycle 
 φi : Phase Shift Between Stress and Strain at ith cycle 

    
While Equation 4 represents the energy dissipated by the specimen for a single loading cycle, 

Equation 5 is the accumulation of the energy dissipated over the entire test, from initiation to failure 

of the specimen.   

 

Wn  =∑𝐰𝐢 ------------- Equation 5 

  
Where  WN :  Cumulative Dissipated Energy to Failure 
 wi :  Dissipated Energy at 𝐢th cycle  
     

 
Comparative studies showed that the dissipated energy for a refined definition of fatigue failure 

yielded similar results for the controlled strain and controlled stress modes [Abojaradeh et al. 2013]. 

 
Equation 6 gives an expression of the phase angle φi, for each loading impulse or cycle [Pyeong 

and Al-Qadi, 2010; AASHTO T-321-07, 2013] 

 
 

𝛟 = 𝟑𝟔𝟎 ∙ 𝐟 ∙ 𝐬  ------------- Equation 6 
  

Where  Φ :  Phase Angle (Degree) 
                f :  Load Frequency (Hz) 

 s :  Time Lag Between Displacement and Load 
(sec) 

    
 



 

 

Referring to Van Dijk and Visser’s works, Cloete [2015] showed that there is a unique relationship 

between the number of cycles at failure and the corresponding cumulative dissipated energy. A 

higher cumulative dissipated energy generally means a longer fatigue life, as shown by Equation 7 

proposed by Van Dijk and Visser. 

 

𝐍𝐟=
𝐖𝐍

𝛑𝛆𝟎
𝟐𝐒𝟎𝐬𝐢𝐧𝛗𝟎

 ------------- Equation 7 

  
Where  ε0 :  Initial Strain  

 S0 :  Initial Stiffness of Mixture 
 φ0 :  Initial Phase Shift Between Stress and Strain 

    
 

VARIOUS DISSIPATED ENERGY MODELS 

 
Various fatigue studies have been conducted using the Dissipated Energy concept and the work 

by Abojaradeh et al was one such study that aimed to optimise the failure point definition by fitting 

linear regression models to both initial and failure conditions data [Shen and Carpenter, 2005]. 

 
The study was conclusive in defining the initial stiffness as corresponding to the 50th cycle into 

the testing. The study recommended that this point be considered as the starting point of the test. 

 

Dissipated Energy Stiffness Ratio = N
Si

 So 

  ------------- Equation 8 

  
Where  N :  ith Loading Cycle  

 Si :  ith Loading Cycle Recorded Stiffness 
 So :  Initial Stiffness (at 50th Loading Cycle) 

    
 

The new fatigue failure criterion that the Abojaradeh et al. research proposed was based on the 

Rowe and Bouldin’s Model [Abojaradeh et al. 2013]. Here the Dissipated Energy Stiffness Ratio 

(DESR) was defined by Equation 8. This is in essence the energy relationship proposed by Rowe 

and Bouldin that is normalised by dividing it by the initial stiffness, S0. Also, similarly to the Rowe 

and Bouldin’s Model when plotted against the load cycle number, the Abojaradeh et al. DESR 

reached a peak value that defined the failure point for either the controlled-strain or controlled-stress 

mode (see Figure 1). 

  



 

 

 

 
 

[Abojaradeh et al. 2013] 

Stiffness Ratio vs. No. of Load Repetitions 

 
 

 

 
 

[Abojaradeh et al. 2013]  

Flexural Stiffness Ratio at Failure vs. No. of Load Repetitions 

 
When the controlled stress and the controlled strain DESR were plotted against the load cycle 

numbers on a log – log scale, the data points failed on a straight line (see Figure 2) with the resulting 

regression mathematical expression given by Equation 9. 



 

 

 
 

y = 0.4816 x 0.9911 ------------- Equation 9 

  
 

With power of the load cycle number close to unity, Equation 9 was re-written as Equations 10 

and 11.   

 
Nf×Sf

So

 = 0.4816 (Nf)
1
 ------------- Equation 10 

  
Sf

So

 = 0.4816  ------------- Equation 11 

  
 

The ratio of the stiffness at failure, Sf to the initial stiffness, S0 was found to be equal to 0.4816, 

which is very close to 0.5 or 50% or commonly accepted phenomenological fatigue failure point for 

the controlled strain test, where it is assumed that the transition from micro-crack to macro-crack is 

very advanced [Abojaradeh et al. 2013]. 

 
The failure point used in this research was also set at 50% of the initial stiffness. This has been 

found to correlate well with field fatigue failure conditions [AASHTO, 2013, Pronk, 1999, Denneman 

et al, 2015]. Shen and Carpenter also stated: “To use the 50% stiffness reduction failure criterion is 

only proportionally shifting the true failure point, which results in time-savings in laboratory testing” 

[2005]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

PRINCIPLE OF FPBT FATIGUE TESTING 

 
Various laboratory methods and devices have been designed for the fatigue testing of asphalt 

specimens. The most popular methods are the two-point bending test (EN 12697-24 and EN 12697-

26) used in France and the Four-Point bending used in South Africa (AASHTO-TP79) and in 

Australia (AGPT/T274) as indicated by a technology transfer study conducted by Denneman et al 

[2015]. The four-point beam device used in this research is based on a simply-supported beam with 

two-equally spaced point loads. Figure 3 illustrates the free body diagram, the shear diagram and 

the bending moment diagram of this loading arrangement.  

 
 

 
 

  

𝐑 = 𝐏  ------ Equation 12 

𝐌𝐦𝐚𝐱 = 𝐏𝐚  ------ Equation 13 

∆𝐦𝐚𝐱 = 
𝐏𝐚

𝟐𝟒𝐄𝐈
(𝟑𝐋𝟐-4𝐚𝟐)  

---Equation 14 

  
E: Modulus of Elasticity, MPa 
I: Second Moment of Inertia, mm4 

Δ: Deflection, mm 
  
  

  

Four-Points Beam in Bending 

 
From these diagrams the reactions, the maximum bending moment and the maximum deflection 

were evaluated as shown by Equation 12, 13 and 14.  As illustrated by the BMD the value of the 

bending moment is constant between the imposed point loads, P. This property is a significant 

advantage that the Four-Point Beam Test has over the Two-Point Beam method. A direct benefit of 

this advantage is that the method uses uniform section rectangular beam specimens rather than the 

trapezoidal specimens used in the Two-Point Bending Test. Trapezoidal beams are complex to 

manufacture.  
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[Huang, 1998] 

Schematic Description of a FPFB Device 

 
The FPFB, described by Figure 4, differs from the four-point beam described above in that it can 

be loaded from both its upper side and its lower side using a sinusoidal signal, causing the bottom 

of the specimen to be in tension for downward loading of the sinusoidal cycles and in compression 

for the upward ones. The schematic description of the FPFB in Figure 4 illustrates how the specimen 

are supported to facilitate their complex cyclic loading. 

 
Applying the Moment of Inertia and Beam Deflection theories from structural mechanics [Gere, 

2001], the maximum tensile strain within the beam can be determined as shown by the expression 

in Equation 15 [Pyeong and Al-Qadi, 2010; AASHTO T-321-07, 2013]. 

 

𝛆𝐦𝐚𝐱 = 
𝟏𝟐𝐡

𝟑𝐋𝟐 − 𝟒𝐚𝟐
𝐕𝐦𝐚𝐱  ------------- Equation 15 

  
Where  εmax :  Maximum Tensile Strain, mm/mm 

                Vmax :  (LVDT) Middle 1/3 Maximum Deflection, mm 

 a :  Reaction to Point Load Distance, see Figure 3  
 h : Beam’s Cross Section Height, mm 
 L : Beam’s Span, see Figure 3  

    
 

The tensile stress over the middle 1/3 of the beam span L, can also be defined using Equation 

16 [Pyeong and Al-Qadi, 2010; AASHTO T-321-07, 2013]. 

 
 



 

 

𝛔𝐦𝐚𝐱 = 
𝟑𝐚

𝐛𝐡𝟐
𝐏  ------------- Equation 16 

  
Where  σmax :  Maximum Bending Stress, MPa 

                P :  Load, N 

 b :  Beam’s Cross Section Width, mm 

 a :  Reaction to Point Load Distance, see Figure 3  
 h : Beam’s Cross Section Height, mm 

 
 

The unknown modulus of elasticity E of a given beam specimen with known dimensions can also 

be evaluated using Equation 17 for a given applied load and deflections measured with the device’s 

LDVT’s [Pyeong and Al-Qadi, 2010; AASHTO T-321-07, 2013]. 

 

𝐄 = 
𝛔𝐦𝐚𝐱

𝛆𝐦𝐚𝐱
  ------------- Equation 17 

  
Where  E :  Beam Stiffness, MPa 

                εmax :  Maximum Tensile Strain, MPa (from Equation 15) 
 σmax :  Maximum Bending Stress, MPa (from Equation 16) 

    
FPFB devices also report the phase angle φi (see Equation 6), for each loading impulse or cycle. 

This is made possible by the Control Data Acquisition System (CDAS that will be covered later) 

which measures the time lapse between the applied sinusoidal stress applied through the piston 

rod and the sinusoidal strain response measure by the same CDAS on the LVDT (ses also Figure 

4). [Pyeong and Al-Qadi, 2010; AASHTO T-321-07, 2013] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

FPFB DEVICE 

 
 

The FPFB device used for this study had the ability to subject the specimen to either a sinusoidal 

or a haversine loading signal. To measure beam deflection the device used a relative reference 

point or a point that moves with respect to the moving specimen or any moving part of the device. 

This was possible by measuring the beam deflection through a “floating straight-edge” that rested 

on the specimen as depicted by Figure 5. 

 
 

 

 
 

FPFB Device 'Floating Straight-Edge' 

 
To keep the specimen simply supported and to avoid the introduction of unwanted moment 

through the support and the loading of the specimen, all the clamps used by the device could freely 

translate and rotate as illustrated by Figure 6 [AASHTO T321,2013]. 

 
 

 
 

 

 
 

  

 
 

 

 
 

Rotational Freedom  Translation Freedom 
 Photographs taken by author at Durban SRT laboratory 

Loading and Supporting Clamps Freedom 

 



 

 

 

CONTROL DATA ACQUISITION SYSTEM (CDAS) 

 
The FPFB device was also fitted with a CDAS that complied with the AASHTO T321 requirements 

for the testing of specimen in the controlled strain mode [AASHTO T321, 2013]. The CDAS enables 

the device to record and to report the following: 

 
-  The number of loading cycles. 
-  The magnitudes of the applied loads. 
-  The beam deflections for each load cycle. 

 
For each loading cycle the CDAS had the capability to compute: 
 

-  The maximum tensile stress at the mid-point of the specimen. 
-  The maximum tensile strain at the mid-point of the specimen. 
-  The phase angle between the applied load and the resulting beam deflection. 
-  The beam stiffness corresponding to each loading cycle. 
-  The amount of dissipated energy by the specimen. 
-  The cumulative dissipated energy from the start of the testing procedure. 

 
Table I compares the minimum requirements of the AASHTO T321 to those of the FPFB used for 
this study to highlight the compliance of the apparatus. 
 

AASHTO T321 REQUIREMENTS FOR FPFB DEVICES 

Property 
AASTHO 
Requirements 

Specifications 
of the FPFB 
used for the 
study 

Load Measurement 
and Control 

Range: 0 to 5kN 15kN 

Resolution: 2N 0.23N 

Accuracy: ±5N ±3N 

Displacement 
Measurement and 
Control 

Range: 0 to 5mm 15mm 

Resolution: 2μm ✓ 

Accuracy: ±5μm ✓ 

Frequency 
Measurement and 
Control 

Range: 5 to 10Hz ✓ 

Resolution: 0.005Hz ✓ 

Accuracy: ±0.01Hz ✓ 

Temperature 
Measurement and 
Control 

Range: -10 to 25°C ✓ 

Resolution: 0.25°C ✓ 

Accuracy: ±0.5°C ✓ 

[AASHTO T321, 2013] 
 
 



 

 

 

MATERIAL USED 

Asphalt Reinforcing Interlay 

The reinforcing used in this study consisted of open glass fibre grids of the heaviest grade. This 

was defined as a Class 3 grade that was in excess of 200g/m2 [Holtz, 1998].  

The technical characteristics of the three types of glass fibre grids, Grid#1, Grid#2 and Grid#3, 

used in this study are detailed in Table II. The last column of the table indicated whether the given 

glass fibre gird complied with the relevant specifications [TG3, 2008].   

 

 

GRID#1, GRID#2, GRID#3 SPECIFICATION DATA SUMMARY 

Standard Description Unit Grid#1 
Grid#
2 

Grid#
3 

Complian
ce 

ASTM 
D5261 

Mass per 
Unit 
Area 

Nominal g/m2 205 610 405 ✓ 
ISO 9864 

ASTM 
D6637 Tensile 

Strength 
(Ultimate
) 

Machine kN/m 55 115 115 ✓ 

EN ISO 
103319 

Across kN/m 55 215 115 ✓ 

 
Elongati
on 

% 2.5 2.5 2.5 ✓ 

 
Young 
Modulus, 
E 

 MPa 73 000 
73 
000 

73 
000 

- 

ASTM 
D276 Melting 

Point 
Min °C >232 >232 >232 ✓ 

EN ISO 
3146 

Internal 
Test 
Method 

Damage 
During 
Installati
on 

 % <5 <5 <5 ✓ 

 
Grid Size 
(Strand 
C/C) 

 mm 
25 x 
25 

25 x 
19 

25 x 
25 

- 

 Adhesive Backing  Pressure Sensitive ✓ 

 
 



 

 

EME-20 

The EME-20 asphalt mix was produced by the Cliffdale’s National Asphalt plant located in 

Hammarsdale outside Durban. The detailed parameters of this patented product could not be 

divulged in this report but were in compliance with the relevant specified requirements [SABITA, 

2013]. 

The EME was delivered ready mixed for the manufacturing and the testing of the beam specimens 

at the SRT laboratory in Pinetown. 

 

Beam Specimen Manufacturing 

 
AASHTO T321 specified the simultaneous preparation of three replicate beam specimens using 

a PP3 or ASTM D3202 compliant slab compactor (see Figure 9). This was a crucial criterion as the 

density and air void content of the beams influenced the fatigue testing results [AASHTO T321, 

2013; Austroads, 2005, Al-Khateeb and Shenoy 2004]. 

 

 
 

 

 
 

 

 
 

 

 
 

Photographs taken by author at Durban SRT laboratory 

Fig. 48. Slab Compactor and Grid Installation Procedure 

 
For the reinforced specimens, a portion of the ‘ready mix’ EME-20 was placed in the slab 

compactor to be slightly compacted (Figure 7 LHS). The mass of this portion was calculated taking 

into consideration the trimming of the beams and that a cover of about 15mm was required to the 

specimen’s bottom face. The asphalt interlay was placed within the tensile region of the specimen 

but not too close to the surface as this would have introduced an interface vulnerable to debonding.  

[Muslich HS, 2009, Sudarsanan and Karpurapu, 2015; Brusa et al. 2016; TG3, 2008]. Placing ARI’s 

within the lower 1/3 of the specimen has been a recommended practice [TG3, 2008, Chap.2; Khodaii 



 

 

A et al, 2008; Nguyan et al. 2013]. The glass fibre grid sheet was then placed on the slightly 

compacted layer before the balance of the EME-20 mix was placed on top of the ARI grid (Figure 9 

RHS). 

 
 

 

 
 

 

 
 

Photographs taken by author at Durban SRT laboratory 

Fig. 49. EME Slab and Saw-Cutting Processes 

 
The compacted slab (see Figure 8 LHS) was left for at least 24 hours to harden before it was cut 

using a saw cutter (see Figure 8 RHS). The beam dimensions were approximately 380 x 60 x 50 

mm (Length x Width x Height) in compliance with the requirement in Table III. 

TABLE X.  BEAM SPECIMEN DIMENSIONS AND TOLERANCES 

Dimension Unit Value 

Length [ mm ] 380 ± 6 

Height [ mm ] 50 ± 6 

Width [ mm ] 63 ± 6 

[AASHTO T321, 2013] 

  

IX. TESTING METHOD 

 
Following the fatigue testing requirements [Denneman et al, 2015], the Four-Point bending testing 

were to be conducted at 10Hz, 10°C, until the 50% stiffness reduction. However, as the reinforcing 

was only placed at the bottom of the specimen the initial testing protocol (see Figure 9) was 

designed for the haversine loading on top of the beam.  

 
 



 

 

 
 

Fig. 50. Initial Laboratory Testing Matrix 

 
If the haversine mode loading strategy was followed throughout this study, the modelling of the 
testing would have resulted in a stress diagram and centroid position given by Figure 10 and 
Equation 17. However, due to the difficulties encountered with aspects of the haversine loading 
signal, that are explained in the next section, the testing proceeded with the application of a 
sinusoidal loading signal to the specimen. 

 

 
 

Fig. 51. Composite Beam with Grid in Tension 

 

 

aT  = 
EAAAXA+ EGAGXG

 EAAA+ EGAG

  ------------- Equation 17 

  
Where  aT : Distance from Reference Point (Top of Beam) to Centroid Axis 

of the Composite Beam Cross-Section 
 EA : Stiffness of Asphalt or Reference Beam 
 AA : Cross-Section Area of Asphalt in Composite Beam 
 XA : Distance from Asphalt Cross Section Neutral Axis to reference 

(Top of Beam) 
 EG : Effective Stiffness of Glass fibre grid 
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 AG : Cross-Section Area of Glass Fibre Grid in Composite Beam 
 XG : Distance from Glass Fibre Grid Cross Section Neutral Axis to 

reference (Top of Beam) 
 

 

X. TROUBLE SHOOTING 

 

A. Haversine Loading 

 

It was found that with the haversine wave-shape the test proceeded relatively well at lower strain 

levels of around 200με peak to peak. This also corresponded to a maximum negative amplitude of 

200με for the haversine loading wave-shape. However, due to time constraints and because the 

study was more to simulate thin layers carrying heavier traffic loads, the study opted to test both the 

unreinforced and reinforced specimen at higher strain level of 400 to 500με. Unfortunately, at these 

strain levels the amount of specimen breakages was substantial and most of the breakages occurred 

at the start of the test. The recent studies by Mateos et al. [2018] indicated that the initial peak 

downward load is higher in the haversine mode because its amplitude is twice that of the sinusoidal 

loading signal and this occurs before the 50th cycle of the FPBT. Around the 50th cycle, Mateos et al. 

noticed that the neutral axis of the haversine loading would migrate to coincide with the neutral axis 

of a sinusoidal of amplitude equal to half its initial value.  

The breakage of the specimen under the haverside loading was therefore attribute to greater intial 

downward loading that became excessive for the 400 or 500με (400 or 500με in amplitude for the 

haversine loading instead of 200 or 250με in amplitude for the sinusoidal loading signal).  

The breakages of specimen were another reason that the testing proceeded in the sinusoidal 

mode for both the unreinforced reference specimen as well as the reinforced one [Bierman, 2015; 

Botes, 2016]. 

 

B. Apparent Non-Symmetrical Response to a Sinusoidal Loading Signal 

 

 



 

 

 
 

Fig. 52. Applied Tens. Stress, Unknown EME @ 250με Controlled Strain/Sinus. 

 

 

 
 

Fig. 53. Strain response, Unknown EME @ 250με Controlled Strain/Sinus. 

 

Although it was anticipated that the symmetrical sinusoidal loading of the specimen would have 

resulted in an equally symmetrical sinusoidal response, the case with this testing was different. 

Even with the un-reinforced reference beams the response strain signal was shown to be non-

symmetrical. After several exchanges with the FPFB device manufacturer in Australia, it was 

concluded that a symmetrical response should not be expected when asphalt is being tested. 

Indeed, the manufacturer indicated that due to its rheological properties, asphalt responses are not 

similar to the response that can be expected from an aluminium or steel calibrating beams. The 

non-symmetrical shape of the tensile strain response or even the close to symmetrical shape 

appeared to be immaterial when asphalt is being tested.  
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To exclude the probability that the apparent shifting of the neutral axis of the response signal was 

caused by the presence of the reinforcing layer closer to the bottom face of some specimen, other 

unreinforced EME specimen from another project were tested. These specimens are referred to as 

unknown EME and should not be confused with the unreinforced reference EME-20 specimen use 

in this study. The reason these unknown EME specimens were used was also to exclude the 

probability that the apparent non-symmetrical response signal that sometimes occurs with FPBT 

was not inherent to the EME-20 specimen that were the subject of this study. The result showed in 

Figure 11 that the unknown EME specimens also displayed a non-symmetrical response even 

though the loading stress signal in Figure 12 was close to symmetrical. 

 

C. CDAS Signal Loss 

 

During the testing, the FPFB device’s CDAS communication card became dysfunctional and the 

communication between the device and its interface computer was often lost. This often happened 

around the 6000th to 6500th cycle from the start of the test. The University of Stellenbosch reported 

a similar loss of communication on one of their similar devices. This was attributed to insufficient 

computer RAM memory [Jenkins, 2016, personal communication]. Other possible reasons were 

investigated, including electronic failures that might have been caused by the instability in power 

supply that has, in recent years, characterised the South African electricity distribution. However, 

no conclusive finding was reached.  

Two to three weeks after the testing related to this study were concluded, a new CDAS 

communication card was delivered at SRT laboratories. The device was initially supplied with a USB 

CDAS communication card. This was now upgraded to an Ethernet CDAS communication card. 

Only future testing will reveal whether the Ethernet card improved the situation. 

 

 

 

 

 

XI. RESULTS DISCUSSION 

The initial testing of Grid#1, Grid#2, Grid#3 and the un-reinforced (Reference) specimen was 

done at a wider range of strain level going from 250με to 600με. The protocol in Figure 9 was then 

modified to include only the strain level of 400με and 500με.  

 
 



 

 

 
 

Fig. 54. Reference and Reinforced Beams Fatigue Test Relationships 

 
Figure 13 gave the fatigue relationships for the Reference Beams as well as the Grid#1, Grid#2 

and Grid#3 reinforced beams. As proposed by Molenaar [2002], from the slope of the fatigue 

relationships, it can be concluded that the Grid#2 reinforced beam had better fatigue resistance 

properties. And that in general all the reinforced beams had better fatigue resistance than the 

refence beam for strain level below 550με to 500με. 

 
 

Dissipated Energy Stiffness Ratio = N
Si

 So 

  ------------- Equation 18 

  
Where  N :  ith Loading Cycle  

 Si :  ith Loading Cycle Recorded Stiffness 
 So :  Initial Stiffness (at 50th Loading Cycle) 

    
 

The fatigue properties of each of the three reinforced EME beams (Grd#1, Grid#2 and Grid#3 

reinforced beams) as well as their dissipated Energy Stiffness Ratio, DESR (see Equation 19) were 

compared to those of the reference beams using the statistical t-Test [Montgomery and Runger, 

2007]. A one-way ANOVA test was also conducted to assess the significance of variance of various 

fatigue resistance properties means. The ANOVA test was conducted within the Reinforced and 

Reference Specimens group (RRS) and within the Reinforced Only Specimens group (ROS) 

[Montgomery and Runger, 2007]. The details of the calculations can be found in any relevant 

statistics books. 
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Fig. 55. Fatigue Resistance, t-Test Comparison at 400με Controlled Strain/Sinus. 

 
At failure, or at 50% of So, the initial stiffness, Figure 14 showed that Grid#2 and Grid#3 reinforced 

beam had significantly better fatigue resistance than the reference when tested at 400με strain level. 

However, the improvement in fatigue life of the Grid#1 reinforced beam was not significantly different 

to the refence EME beam.    

The same trend was not observed for the 500με strain level (see Figure 15), as there was no 

significant difference between the reference EME beam and the ARI reinforced ones. 

 
In term of the DESR as evaluated using Equation 18, similar trends were observed for the 400με 

strain level in Figure 16. Here again, Grid#2 and Grid#3 reinforced beams had dissipated 

significantly more cumulative energy at failure than the reference beam. This was not the case with 

Grid#1 reinforced beam that was found to be not significantly different to the reference regarding 

the cumulated DESR at failure. 

 
Figure 17 on the other hand indicated that all the reinforced beams did not performed differently 

to the reference beam regarding the DESR they cumulated at failure, when they were tested at the 

500με strain level. 
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Fig. 56. Fatigue Resistance, t-Test Comparison at 500με Controlled Strain/Sinus. 

 
 

 
 

Fig. 57. DESR, t-Test Comparison at 400με Controlled Strain/Sinus. 
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Fig. 58. DESR, t-Test Comparison at 500με Controlled Strain/Sinus. 

XII. CONCLUSION 

 
Referring to Table II that which is an extract of the Technical Data Sheet provided by the Glass 

Grid manufacturer, Grid#1 had the lowest tensile strength and resistance as well as the lowest 

nominal mass. On the other hand, Grid#2 had the highest of all these properties.  

It can therefore be concluded that the reinforcing of stiffer asphalt layer, EME in this case, can 

significantly improve the fatigue performance of the layer provided that the ARI used for the 

reinforcing has a high tensile strength and higher nominal mass. However, this is true for a given 

strain level. Indeed, above a certain level (here around 500με strain level) even stronger ARI might 

be required to achieve a significant level of fatigue resistance properties and to achieve significantly 

higher level of cumulated dissipated energy. 

XIII. RECOMMENDATIONS 

 

From the conclusion drawn above, the following recommendation could be made: 

- Analyse the probability of fatigue property improvement using the same range of ARI used in 

this study but with conventional asphalt mixes. 

[H
om

os
ce

d
a

st
ic

]p
:0

.0
7

9

N
S N

S 
( 

N
o

n
-S

ig
n

if
ic

a
nt

 )

N
S

[H
o

m
o

]p
:0

.1
31

N
S

N
S

N
S

N
S

N
S N

S

N
S

80% 70% 60% 50%

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

50000

45.055.065.075.085.0

D
is

s.
 E

n
er

gy
 S

ti
ff

ne
ss

 R
a

ti
o

Percentage of Initial Stiffness, So

DESR @ 500με CD/Sinusoidal, t-Test

Grid#1Refer. Grid#2 Grid#3



 

 

 

- Analyse the fatigue property improvement using EME mix reinforced with ARI of higher tensile 

strength and greater nominal mass. 

 

- After the change of the loading mode form a haversine signal to a sinusoidal one, due to the 

substantial amount of specimen breakages, it would have been more beneficial to also change 

the reinforcing configuration of the specimen by reinforcing both the bottom and the top of the 

beam. This would be strongly recommended. Recent studies have shown that even in most 

case the haverside loading will still end up into a sinusoidal wave configuration [Mateos et al. 

2018].  
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Rehabilitation of salt-damaged asphalt surfacings with bitumen-rubber and other seals 
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Synopsis – Although salt damage to bituminous surfacings in the form of blistering and 
cracking is now rare in southern Africa, it still occurs, and rehabilitation with asphalt 
overlays and conventional single reseals has generally been unsuccessful.  This paper 
describes two case histories of the successful rehabilitation of salt-damaged asphalt 
surfacings using bitumen-rubber single seals on an asphalt-surfaced parking ground and 
suburban streets and one with a rubber-modified seal on a provincial road in the Gauteng 
province of South Africa. 
 
Keywords – salt damage, asphalt, bitumen-rubber, seals 
 

 

I.  INTRODUCTION 

Salt damage in the form of blistering, cracking, and staining of bituminous surfacings – particularly 
asphalts – was formerly fairly common in southern Africa.  Over 150 such cases are known to the 
authors to have occurred between 1957 and 2004, but only six since then, details of two of which 
have been published [1], [2]. Four of these were damage to the surfacing, three of which were 
asphalts, one a Cape seal, and one a slurry. 
 
Whilst the prevention of new cases due to limitations on the saturated paste electrical conductivity 
(EC) and/or pH of the base course [3] has largely been successful, the successful rehabilitation of 
existing cases has remained difficult [4], [5], [6]. 
 
The apparently obvious solution of rolling followed by a thin asphalt overlay to correct any 
unevenness and repair the cracking [7] has usually been unsuccessful in that the damage has 
usually re-occurred within one year.  Although the use of thin asphalt of controlled permeability [8] 
or thicker asphalt appeared more promising, subsequent experience has proved disappointing [6]. 
 
It is the purpose of this paper mostly to describe subsequent experience using bitumen-rubber and 
rubber-modified single seals to rehabilitate salt-damaged surfacings in the Gauteng province of 
South Africa.  In all of these cases the blistering and cracking appeared within a few months to one 
year after surfacing and was shown to be caused by the crystallization of soluble sulphate salts in 
the upper base, leading to heaving, cracking in a starburst pattern, and potholes under traffic. 
 
 



 

 

The macroclimate in Gauteng for seal design purposes is Moderate [9], with a mean annual rainfall 
of 668 mm, but with a coefficient of variation of 38 % [10].  
 
 

 

II.  ASPHALT-SURFACED PARKING GROUND 

 
A.  The problem 
 
A continuously-graded (AC), fine asphalt surfacing 20-30 mm thick (later found to have air voids of 
11 – 17 %) on a large supermarket parking area on the Witwatersrand became severely blistered 
and cracked, starting within about one month after completion in 1974 [4].   The EC and pH of the 
gold mine waste rock crushed base under the damaged surfacing were 0.14 – 0.26 siemens/m 
(S/m) and 3.9 – 4.1, and those under intact surfacing 0.06 – 0.18 S/m and 4.0 – 5.9, respectively.  
The salts in the blisters were mostly pickeringite (MgAl2(SO4)4•22H2O) and epsomite 
(MgSO4•7H2O). 
 
At that time it was not known how best to rehabilitate such damage.  After 28 small-scale (5 x 5 m) 
experiments on the site had demonstrated the poor performance of asphalt overlays, but the efficacy 
of seals [4, 5], practically all of the parking ground was resealed with the then new technique of a 
bitumen-rubber single seal in September – October 1983. 
 
Before resealing, practically the total asphalt area of the parking ground exhibited star-cracked 
blisters averaging 150 mm in diameter, 10 mm in height on a 300 mm spacing with a crack width of 
3 mm (Figure 1), i.e. Degree 3 blistering and Degree 4 cracking in TRH6:1985 [11] terms. 
 

 
 

Fig. 1. Condition of asphalt before resealing in 1983 showing Degree 3 blistering and Degree 4 
star cracking 

 
B.   Repair methods 
 



 

 

The cracks and open blisters were first blown out with compressed air, the surfacing swept and a 
suspension of 1:10 calcium road lime:water applied at 0.5 litres/m (l/m) and worked into the cracks 
and open blisters by brooming in order to convert the accessible sulphuric acid and soluble 
sulphates to the relatively insoluble salt gypsum (CaSO4•2H2O). 
 
One week later the old asphalt was softened by spraying with a  mixture of 1:2 RC-250 and diesoline 
at 0.38 l /m2, allowed to penetrate the surfacing for at least two days, and then rolled with a 11 ton 
smooth steel-wheel roller. 
 
The open blisters and wide cracks were sealed by hand with bitumen-rubber and approximately 33 
000 m2 of the parking area tacked with bitumen-rubber at 175 – 180 °C at a rate of 1.7 – 2.5 l/m2 
according to the traffic expected. 
 
The bitumen-rubber blend contained 20 % rubber and would have complied with the forthcoming 
specification of the time [12], including the compression recovery [13]. 
 
9.5 mm Nominal size Witwatersrand quartzite chippings precoated with a tar-based product were 
then applied with a chip spreader at an average rate of 0.008m3/.m2 to give a shoulder-to-shoulder 
coverage and rolled with a smooth steel-wheel roller followed by a pneumatic roller. 
 
Most of the old 5 x 5 m experimental panels [4] constructed in 1976 were removed, but five were 
retained and six more of the same size added.  These six all received the same pretreatment as the 
bitumen-rubber seal and included two new continuously graded asphalt overlays compacted to the 
lowest air voids content feasible with the equipment available. 
 
C.  Performance of rehabilitation treatment 
 
The performance of the bitumen-rubber and both the old and new panels was monitored in 1984 
and at approximately 5 yearly intervals up to 1996. 
 
The initial adhesion of the chippings was poor and some ravelling took place where vehicles turned.  
Although this improved with time some small areas became completely bare of chippings.  By 1995 
there were many loose chippings, the binder varied from dull to bright but could be stretched out, 
and the chippings still in the seal were adhering well. 
 
In spite of these defects, salt blisters, cracks and stains were rare and in terms of undamaged area 
the bitumen-rubber seal was 99.9 % successful in preventing a re-occurrence of salt damage during 
the 13 years of monitoring. 
 
No fog spray or work other than brooming off any loose chippings was considered necessary and 
as far as could be ascertained no fog spray had ever been applied to the seal. 
 
The whole parking area was overlaid with 25 mm of medium graded AC in about 2007, i.e. after 
about 24 years because of ravelling and age.  However, no further salt damage was present, and 
no crack sealing was necessary [14]. 
 
A summary of the condition of the old and new experimental panels in 1996 in comparison with the 
bitumen-rubber seal is shown in Tables I and II, respectively.  Also given is an estimate of their 



 

 

effective life in an approximately 90 % undamaged state (i.e. with not more than 10 % of the area 
exhibiting salt damage) under the experimental conditions, with no maintenance. 

 

TABLE I.  SUMMARY OF SOME 1976 EXPERIMENTAL TREATMENTS 

 

Panel 
No. 

Treatment  Condition after :          
(1) 

Expected 
effective life 

years 7 Years 20 Years 

  7 Double seal (9.5/19 mm) with fog              
(2) 

Excellent Excellent 
(100 %) 

≥ 20 

  8 Cape seal (13 mm) with single 
slurry        (2) 

Very 
good 

Very good 
(90 %) 

20 

12 Base lime slushed; 35 mm fine 
AC           (3) 

Fair Removed  5 

13 Base 4% lime treated; 35 mm  
fine AC     (3) 

Excellent Excellent 
(100 %) 

≥ 20 

14 Base 4% lime treated; 35 mm 
fine AC      (3) 

Excellent Excellent 
(100 %) 

≥ 20 

Notes: 
(1)  No additional fog spray or any other maintenance 
(2)  On existing AC 
(3)  Existing AC removed, measured new AC thickness 35 mm (20 mm intended on all except for 

25 mm on 14) 
 
 

            TABLE II.  SUMMARY OF ADDITIONAL 1983 EXPERIMENTAL TREATMENTS 

 

Panel  
No. 

 Cored 
air 

voids  
% 

Mean air  
permeability 
ml/cm2/min. 

[1] 
 

Condition 
after 

1 year 

Remarks Expected  
effective  

life 
 years 

29 Bitumen-rubber single 
seal 

- 0.00 (6) Excellent 
(100 %) 

No blisters or 
cracks 

15 - 20  
(10) 

30 Rubber-modified single 
seal           (2) 

- 0.09 (7) Excellent 
(100 %) 

No blisters or 
cracks 

15 ? 

31 Coarse rubber-
modified slurry        
(3) 

- 0.10 (8) Good Rough, 3 cracks, 
salt stain (9) 

2 

32 Tack, 28 mm fine AC 
overlay         (4) 

  8 - 
11 

4.5 (4.2 - 
4.8) 

Fair 2 Star cracks, 2 
others       (9) 

1 

33 Tack, 28 mm medium 
AC overlay  (5) 

  9 - 
15 

4.4 (1.6 - 
6.9) 

Fair 3 Star cracks, 2 
others       (9) 

1 



 

 

“34” Original fine 28 mm 
AC (only pretreated) 

   8 - 9 – Poor (blisters 
& cracks < 1 
month) 

Many star- 
cracked blisters & 
other cracks 

     < 1  ( 
10) 

Notes: 
(1)  Mean of 3 – 5 measurements at 6.4 mm head of water and 35 °C surface temperature 
(2)  60 % Anionic emulsion containing rubber latex (3 % nett rubber on nett bitumen), plus single 

seal with 9.5 mm precoated chippings, otherwise as per Muldersdrift road (see Section V)  
(3)  Rubber latex, 3 % nett rubber on 9 % nett bitumen 
(4)  6,0 % Bitumen, 9.5 mm max. aggregate size, 20 mm thickness intended 
(5)  5,5 % Bitumen, 13.2 mm max. aggregate size, 20 mm thickness intended 
(6)  Also impermeable at 24 mm head 
(7)  0 – 0.87 at 24 mm head 
(8)  0 – 1.2 at 24 mm head  
(9)  Incipient blistering 
(10)  Based on areas of identical treatment off the panels over 13 years and anecdotal evidence 
[14]  

 

 
All six of the new panels were unfortunately found to have been destroyed sometime between 1984 
and 1988.  However, the old Panels 7,8 13 and 14 and an area of 8 m2 of pretreated but not resealed 
original asphalt representative of the control Panel 34 remained for comparison. 
 
In December 1983, i.e. after only about two months one salt stain was evident on the slurry and one 
fine crack on each of the two asphalts.  In-situ, apparent air permeability testing according to ASTM 
3637-80 [15] (but without the weight) showed the bitumen-rubber (Panel 29) to be impermeable to 
air and the rubber-modified seal and slurry to be slightly permeable at the maximum possible 
pressure head of 24 mm of water, and both asphalts to be highly permeable even at the standard 
head of 6.4 mm.  
 
The double seal and both of the lime-treated bases with AC surfacings were still in an excellent (100 
% undamaged area) condition after 20 years.  The Cape seal was in a very good condition, only 
exhibiting minor salt damage, mostly towards some edges of the surfacing. 
 
Although the lime-slushed Panel 12 was in better condition than the unrehabilitated control Panel 
“34” and the asphalt overlays, it became damaged within 5 years and was only in a fair condition 
after 7 years. 
 
After one year both the bitumen-rubber and the rubber-modified seals were in an excellent condition, 
and the slurry still good, but both panels overlaid with 28 mm of asphalt were only in a fair condition. 
 
The cracking on Panels 31 – 34 appeared within three months. 
 
After one year the control area which had been only pretreated (Panel “34”) was in a poor condition 
despite having been softened and recompacted to an air voids content of 8 – 9 % and a visually 
excellent condition.  It exhibited blisters 3 – 5  mm in height and star to arcuate cracking about 200 
mm long, 0,5-2 mm wide (averaging 1 mm) on a 50-300 mm spacing (averaging 200 mm). 
 
D.   Discussion 



 

 

 
From this work it was concluded that: 
 

 The absence of salt damage in bare, ravelled areas confirmed earlier opinions [7] stemming 
originally from [16] that all that was necessary to prevent a re-occurrence of the distress was 
an impermeable, flexible seal. 

 With the pretreatment used, a bitumen-rubber single seal is an excellent method of 
rehabilitating a salt-damaged asphalt surfacing, with an expected effective life of at least 15 
years. 

 A rubber-modified single seal is probably also a good method although no reliable estimate 
of life could be made.  (However, see Section V.) 

 A double seal, Cape seal, and removal of the old seal, treatment of the base with lime and 
resurfacing with fine asphalt are also excellent methods with a proven life of 20 years or more 
under these conditions. 

 However, simply slushing the base with lime and resurfacing with asphalt only had an 
effective life of about five years. 

 No matter how good the surface might look after pretreatment, if left unsealed it would 
deteriorate to an unacceptable condition within three months and would deteriorate further 
over the following years. 

 The cracking on the coarse slurry and the fine and medium graded asphalt overlays after 3 
months and one year when compared with the earlier work [4] indicated that they would 
probably all be in a poor condition within a year or two. 

 A 13 mm Cape seal would be a good choice for areas subject to much female pedestrian 
traffic. 

 Unexpectedly, there was no correlation between the salt damage on Panels 32 – 34 and the 
air voids content of cores taken in April 1984 close to and away from the damage (not shown). 

 Although it made sense, both previous experience on the same site [4] and the poor 
performance of the pretreatment on its own (Panel “34”) indicated that any additional 
beneficial value of lime washing was slight. 

 The experimental conditions were conservative owing to the poor compaction of the asphalts, 
an absence of maintenance, and because salt damage is generally worst in areas subject to 
the least traffic. 

 
 
 

III. SUBURBAN STREETS 

A.  The problem 
 
Within a few months after construction in late 2007 most of the asphalt-surfaced streets of a new 
estate development in northern Gauteng started to develop salt damage in the form of star-cracked 
blisters and brown and white staining with Degree 2 blisters averaging about 100 mm in diameter, 
5 mm in height at a spacing of 250 mm, with 2 – 3 mm wide Degree 4 cracks (Figure 2). 
 



 

 

 
 

Fig. 2.  Typical Degree 2 blistering with Degree 3 – 4 star cracking  

 
These worsened steadily in both degree and extent and by February 2010 nearly 40 % of the entire 
network of some 6.7 km was affected to some degree.  Some of the blisters had burst into white, 
salt-filled craters or potholes up to about 50 mm in diameter, and on opening closed blisters similar 
white salt was found (Figure 3).  The extent of the damage varied from only about 22 m2 or 0.4 % 
of the area and 1 % of the length of a street up to about 910 m2 or 43 % of the area and 93 % of the 
length. 
 

 
 

Fig. 3. Opened blister showing white salt efflorescence  

(scale in cm) 

 
Although not posing any short-term danger to the pavement the blisters, small potholes, cracking 
and staining were unsightly and detracted significantly from the attractiveness of the new 
development, and would have also led to increased maintenance and possible pavement damage 
in the longer term. 
 
The pavement design consisted of 20 mm of medium continuously graded asphalt on 125 mm of 
primed G2 [3] quality crushed Daspoort quartzite base compacted to 86 % apparent relative density 



 

 

(ARD) on 150 mm of C4 quality cement stabilized gravel subbase compacted to a relative density 
of  95 % Modified AASHO, over at least 300 mm of compacted gravel. 
 
Twenty-one random samples of upper or full base course taken during an initial investigation in 
June 2008 after the damage appeared yielded TMH1:1986 [17] pHs of 2.1 – 8.6 and ECs of 0.03 – 
0.24 S/m.  Fourteen (67 %) of these possessed a pH of less than the lower limit of 6.0 for base 
course and four of the six samples of upper base course but only one of the full base course yielded 
ECs in excess of the upper limit of 0.15 S/m [3], [18]. 
 
The water used for compaction was found to be of drinking water quality. 
 
Testing of 11 samples of G2 material taken in July 2011 at the quarry stockpile gave pHs of 3.7 – 
6.6 with 8 below 6.0 but ECs of only 0.02 – 0.12 S/m, all below the limit of 0.15.  The two samples 
analysed for sulphur contained 2.7 and 2.8 % total S, respectively, equivalent to about 5.1 % pyrite 
(FeS2). 
 
In all of the above testing the pH was determined on the soil fines (i.e the fraction passing 425 µm) 
using the TMH 1 A20 1:2.5 soil : water ratio suspension method instead of the required saturated 
paste method on the passing 6.7 mm fraction [3].  A pH limit using the soil fines suspension method 
equivalent to the 6.0 using the passing 6.7 mm paste method has not been established.  However, 
on the soil fines an interpolation of Figure 4 of [19] suggests that an equivalent lower limit by the 
suspension method should be about 6.5 – 7.0 and therefore that at least 0.5 units should be 
subtracted from the above pHs.  This would make more of the pHs fail this limit. 
 
X-ray diffraction analysis of the white efflorescence found in one blister from each of four streets 
and two from the foot of the quarry stockpile showed them to be composed mostly of sulphate salts 
(Table 3). 
 

         TABLE III.   DOMINANT SOLUBLE SALTS FOUND IN BLISTERS AND IN QUARRY 

STOCKPILE 

                             EFFLORESCENCES 

 

Name Formula Streets 
    % (1) 

Stockpile 
         %    (1) 

Copiapite Fe2+ Fe3+
4 (SO4)6 (OH)2 • 20H2O 0 - 66        0 ; Trace 

Pickeringite MgAl2 (SO4)4 • 22H2O 4 - 65 58 ; 68 

Hexahydrite MgSO4 • 6H2O 0 - 36 30 ; 36 

Alunogen Al2(SO4)3 • 17H2O 0 - 30 0 ; 0 

Notes: 
(1)  Percentage of sample by mass 
 

Not all salts were present in each street or in each quarry sample.  However, mostly large amounts 
of pickeringite and a magnesium sulphate were found in both the street and the quarry samples.  
These are the two salts most commonly found in salt-damaged pavements with bases of sulphate- 
and sulphide-containing rock such as Witwatersrand quartzite and were also those found in the 



 

 

previous case (Section II.)  Copiapite has also been found in such cases, but this appears to be the 
first case in which alunogen has been recorded. 
 
Although qualitative tests on these salts showed them all to be highly water-soluble and acidic, with 
pHs of 0 – 3.5 and that they should therefore be amenable to lime treatment, it was decided to adopt 
the far less expensive and disruptive alternative of a bitumen-rubber reseal which had proven so 
successful at the parking ground and other sites. 
 
The typical condition of the affected surfacing before pretreatment and resealing is shown in Figures 
4 and 5. 

 

 

 
 

Fig. 4.  Typical damage before rehabilitation (Photo Mr J. Mostert) 

 
 

 

 
 

Fig. 5.  Closeup of typical damage before rehabilitation (Photo Mr J. Mostert) 

 
B.   Repair methods 
 



 

 

The affected areas were rejuvenated in December 2015 by spraying with a 1 : 1 mixture of MC-30 
and lighting  paraffin at a rate of 0.3 – 0.4 l/m2 or more where necessary. 
 
Two days later the blisters were flattened with a 2.5 ton smooth steel-wheel roller and were still in 
a flattened state in January 2016. 
 
Resealing with bitumen-rubber took place during February 2015.  A total of 13 240 m2 was resealed 
at a specified rate of 1.90 l/m2 (average of 2.00 l/m2 achieved) at a temperature of 198 – 205°C and 
a viscosity of 3.2 – 3.8 Pa.s. 9.5 mm Witwatersrand quartzite aggregate with an average least 
dimension (ALD) of 6.7 mm precoated with a tar-based product at 15 l/m3 was applied at an average 
rate of 0,008 m3/m2 and rolled only with a 22 ton pneumatic roller.  Spraying at a rate of less than 
1.9 l/m2 resulted in the familiar “tramline” effect. 
 
The work was carried out according to the COLTO : 1998 seal specifications [3].  The bitumen-
rubber had over 20 % crumb rubber and the compression recovery results were all well in excess 
of 80 % even after 4 hours, in excess of 70 % after 24 hours and over 60 % after 4 days. 

 
C.  Performance of rehabilitation treatment 
 
An inspection in September 2016 after about one year showed the complete absence of any salt 
damage except for one possible, incipient blister on the bitumen-rubber and in  one small area which 
had not been resealed. However, slight tramlining was evident on some streets and ravelling in 
some turning circles. 
 
An inspection in March 2019 after four years showed the complete absence of any form of salt 
damage on the bitumen-rubber reseal even in small areas ravelled bare by turning residential 
building construction vehicles and in the area where the possible incipient blister was seen. 
 
 
 
 
D.   Discussion 
 
This is the first case of salt damage in Northern Gauteng or using Daspoort quartzite for base course 
that has come to the authors’ attention. 
 
In terms of both the COLTO [3] and SABS [18] specifications lime only has to be added to material 
other than Witwatersrand quartzite when both the EC exceeds 0.15 S/m and the pH is less than 
6.0.  In this case neither test had been carried out beforehand but only the obsolete tests for total 
water soluble salts and sulphates, both of which were quite low – 0.08 and 0.006 %, respectively. 
 
Because of the proven salt damage and the associated low pH of the street and quarry samples it 
is recommended that the COLTO [3] and SABS [18] specifications be amended to consider lime 
treatment whenever the pH is less than 6.0, regardless of the source rock or type – and possibly of 
the EC– and that an upper limit for sulphide sulphur should also be considered. 
 
It is implicit in all standard specifications that, unless deviations or omissions are permitted in the 
proforma or project specifications, all requirements must be met.  For example, a G2 is not a G2 



 

 

unless the soluble salt (e.g. EC) and pH requirements are also met.  Moreover, the test methods 
required by the particular specification must also be followed – e.g. for COLTO the paste pH [3] and 
not the TMH1 suspension pH [17]. 
 
As deleterious amounts of sulphides and/or their sulphate oxidation products only occur in some 
mine dumprocks and in localised parts of some quarries and are often visible to the naked eye, the 
problem can be handled by selective working, increasing the frequency of testing for EC and pH, 
and/or adding lime when necessary. 
 
As salt damage usually re-occurs within a year of resealing with a conventional single seal it is not 
expected to occur within the normal life of a bitumen-rubber seal, i.e. at least 10 years [9].   
 
As found at the parking ground, the lack of salt damage in areas ravelled bare confirms the 
conclusion that all that is actually required is a permanently impermeable seal.  However, for it to 
remain impermeable it must also remain flexible. 
 
The addition of a slurry appears advisable in areas subject to the turning of heavy vehicles. 
 

IV. OTHER CASES 
 
The use of bitumen-rubber reseals has also been used, apparently successfully, on salt-damaged 
asphalt surfacings on the Walvis Bay airport [6] and the Witwatersrand area of Gauteng.  However, 
these cases have not been followed up by the authors personally. 
 
Experimental bitumen-rubber seals were also applied with moderate to good success to very 
severely salt- damaged seals on a crushed base made from copper mine waste rock in 
Namaqualand.   However, this case will be reported separately. 
 
Double seals with or without a slurry appear to have been successful on the Witwatersrand [8] 
although their long-term performance does not appear to have been followed up. 
 

V.   RUBBER-MODIFIED SEAL 
 
A.  The problem 
 
A rubber-modified single seal was used successfully to repair the salt-damaged medium graded AC 
on the five-year old Krugersdorp-Muldersdrift section of the P39-1 (now N14) freeway in 1975. 
 
The damage was confined almost entirely to the shoulders over a number of lengths totalling 
approximately 3.5 km and varied from small star-cracked blisters only 50 mm in diameter but up to 
15 mm high on a 200 mm spacing with 3 mm-wide star cracks extending to a diameter 200 mm, to 
large similarly star-cracked blisters up to 150 mm in diameter on a 300 mm spacing. 
 
B.   Repair Methods 
 
The shoulders were first softened by hand-spraying with a mixture of about 1 part of MC-3000 and 
3 parts of diesoline according to the ambient temperature.   After about 5 hours the blistered areas 
were rolled flat with a vibrating steel wheel roller until the asphalt appeared to be in perfect condition. 



 

 

 
The whole road was then sprayed with a 60 % anionic emulsion containing 2 % nett rubber latex 
emulsion on nett bitumen at an average rate of about 0.6 l/m2 on the carriageways and 0.7 l/m2 on 
the shoulders in order to seal off the then porous asphalt.  The purpose of the rubber was to retain 
the flexibility of the seal in cold weather. Traffic was permitted on this layer. 
 
A single seal consisting of 80 / 100 pen. bitumen (cut back with up to  2 % power paraffin depending 
on the weather) and 13 mm Witwatersrand quartzite aggregate with an ALD of 8 mm precoated with 
creosote was then applied.  The application rate of the bitumen varied between about 0.9 l/m2 in the 
lanes and 1.1 l/m2 on the shoulders. 
 
C.  Performance of rehabilitation treatment 
 
The road was monitored several times up to 1991, i.e. for about 17 years and exhibited no salt 
damage over this period.  The worst sign of possible incipient blistering was occasional slight 
roughness on the shoulders.  The only maintenance applied was a five-yearly spray of diluted 
emulsion. 
 
The salts in the original blisters were found to be pickeringite, epsomite and hexahydite, but only 
pickeringite was found in some unresealed blisters seen in 1991. 
 
Lime had been added to the crushed stone base at the crusher because of its low pH, and the 
asphalt had been compacted to 4 – 5 % air voids. 
 
D.   Discussion 
 
This case may represent the first successful rehabilitation of a salt-damaged surfacing in southern 
Africa. 
 
It showed that even well-compacted asphalt on a lime-treated base is not immune to salt damage 
but that it can be relatively inexpensively rehabilitated. 
 
This is one of the very few cases in which lime treatment has not been effective.  At that time the 
problem was not well understood. As the salts present were all amenable to lime treatment possible 
reasons include insufficient or the wrong type of lime, poor mixing, and carbonation. 
 
The regular fog spraying probably contributed significantly to the performance of this seal as the 
effective life of this rubber modification is usually only about 5-7 years. 
 

VI.   WATER VAPOUR BLISTERING 

 
Blistering and cracking similar in appearance to that described but without any surface staining or 
salt in the blisters has also occurred in Gauteng and elsewhere.  Such blistering has usually been 
ascribed to water vapour pressure [20]. 

 
 
 



 

 

 

VII. CONCLUSIONS 

 
Bitumen-rubber and rubber-modified single seals preceded by suitable pretreatment and 
subsequently fog sprayed as necessary can confidently be used to rehabilitate salt - blistered - and 
cracked asphalt-surfaced pavements with soluble sulphate-contaminated crushed bases.  
 
Other methods which have also been successful, at least on a small-scale, experimental basis, have 
been a rich double seal with fog, a rich 13 mm Cape seal with slurry and removal of the asphalt, 
stabilization with lime and replacement of the surfacing.   
 
The basic principle is to prevent the evaporation through the surfacing of compaction and any 
ingressed water which leads to the crystallization of salt at the interface of the base and surfacing. 
 
A method which should also be tried is therefore treatment of the base with emulsion instead of 
lime. 
 
Asphalt overlays up to about 50 mm thick, slurries, and removal of the asphalt, slushing the base 
with lime water and renewal of the asphalt have been less successful. 
 
Pretreatment of crushed gold mine dumprock base material with lime has usually but not invariably 
been successful. 
 
The COLTO [3] and SANS [18] specifications for soluble salts should be amended to require lime 
treatment of soluble sulphate-containing bases whenever the paste pH is less than 6.0, regardless 
of the source or type of rock and possibly also the EC, and a limit on the sulphide sulphur content 
also considered. 
 

ACKNOWLEDGEMENTS 

 
Although the authors were personally involved in all of these cases many persons contributed in 
various ways to the experience recorded here.  They included (in alphabetical order) at the parking 
ground Messrs F.J. van Coppenhagen of Civtech Services, C. Roux and D.R. Schultze of Con Roux 
Construction, H Holleman and P.L. Roux of the CSIR, J.J. Potgieter and H.C. Thompson of 
Mackintosh, Bergh and Sturgess (MBS) Consulting Engineers, and J. Barnard and H. Nel of 
Roadmix; at Muldersdrift H. Holleman of the CSIR; and at the estate J. Hattingh of P.H. Bagale 
Consulting Engineers who first identified the cause of the blistering, W. Bornman of Empyreal 
Construction, J. Mostert of Elmandi Road Maintenance, and B.S. Momberg of Shangani 
Construction. The EC and pH testing in the last case was carried out by Soillab and SNAlab, and 
the mineralogical and sulphur analyses by the Council for Geoscience.  In the other cases they were 
carried out in the first author’s laboratory at the CSIR. The early work at the parking ground and 
Muldersdrift was carried out whilst the first author was employed by the then National Institute for 
Transport and Road Research of the CSIR, and the second author by MBS, Pretoria. However, the 
opinions expressed are those of the authors and not necessarily those of the above, the owners of 
the facilities, or any other persons involved. 
 



 

 

REFERENCES 

 

[1] F. Netterberg, and R.A. Bennet, “Blistering and cracking of airport runway surfacing due to salt 

crystallization,”  Proc. 8th Conf. Asphalt Pavements S. Afr., Sun City, Paper 088, 2004, 12 pp. 

[2] F. Netterberg, A.W. Hefer, and H. Du Preez, “Cracking and staining of an airport asphalt,”  Proc. 

10th Conf. Asphalt Pavements S Afr., Champagne Sports Resort, 2011, 17 pp.  

[3] Committee of Land Transport Officials, Standard specifications for road and bridge works for 

state road authorities, Yeoville: S. Afr. Instn Civil Engrs, 1998. 

[4] F. Netterberg, “Repair of salt-damaged asphalt surfacings on the Witwatersrand,” Proc. 3rd Conf. 

Asphalt Pavements S. Afr., Durban vol. 1, 1979, pp. 137-141; vol. 2, pp. 42-43. 

[5] F. Netterberg, “Salt damage to roads – an interim guide to its diagnosis, prevention and repair,” 

IMIESA (J. Instn Mun. Engrs S. Afr.), vol. 4, (9), 1979, pp. 13-17.  

[6]  F. Netterberg, “Rehabilitation of salt-damaged surfacings with asphalt and crushed stone 

overlays”.  Proc. 11th Conf. Asphalt Pavements S. Afr., 2015  Sun City; Paper No. 152, 7pp. 

[7] F. Netterberg, G.E. Blight, P.F. Theron, and G.P. Marais, “Salt damage to roads with basis of 

crusher-run Witwatersrand quartzite,”  Proc. 2nd Conf. Asphalt Pavements S. Afr., Durban, Sect. 7, 

1974, pp. 34-53. 

[8] G.E. Blight, “Migration of subgrade salts damages thin pavements,”  Transp. Engng J., Proc. 

Amer. Soc. Civil Engrs, vol. 102, (TE4), 1976, pp. 779-791.  

[9]  South African Road Agency, TRH3:2007:  Design and construction of surfacing seals.  Tech, 

Recommendations Highways No. 3, Pretoria :  SANRAL, 2007. 

[10]  R.E. Schulze,  South African atlas of agrohydrology and -climatology.  Pretoria:  Water 

Research Commission Rep.  TT82/96.  

[11] National Institute for Transport and Road Research, TRH6:1985 : Nomenclature and methods 

for describing the condition of asphalt pavements, Tech. Recommendations Highways No. 6, 

Pretoria, CSIR, 1985. 

[12]  South African Bitumen and Tar Association, Interim specification for bitumen-rubber, Manual 

6, Roggebaai : SABITA, 1989. 

[13]  L.K. Davidson, pers. comm., 1983, 1989. 

[14]  A. Lavel, A. Smith, pers. comm., 2011. 



 

 

[15]  American Society for Testing and Materials, ASTM D 3637-80 : Standard test methods for 

permeability of bituminous mixtures.  Annual Book of ASTM Standards, vol. 04.03, ASTM 

Philadelphia, pp. 609-614. 

[16]  H.H. Weinert and K.A. Clauss, “Soluble salts in road foundations,” Proc. 4th Reg. Conf. Africa. 

Soil Mech. Fndn Eng., Cape Town, vol. 1, 1967, pp. 213-218. 

[17] National Institute for Transport and Road Research, TMH 1:1986: Standard methods of testing 

road construction materials, Tech. Methods Highways No. 1, Pretoria: NITRR, CSIR, 1986. 

[18] South African Bureau of Standards, SABS 1200: Standardised specification for civil engineering 

construction SABS 1200 M:1996, First Revision M : Roads (General), Pretoria, SABS. 

[19]  F. Netterberg and L.J. Maton. “Soluble salt and pH determinations on highway materials”. Proc. 

6th Reg. Conf. Africa Soil Mech. Fndn Engng. Durban, vol 1, 1975, pp. 131-139. 

[20]  F. Netterberg, Surface disintegration of primed pavement layers and blistering of bituminous 

surfacings : Pretoria : Dept Transport Rep. RR 90/275, ISBN 1-86844-066-4. 

 

 
 

 
 
 
 
  



 

 

 

Influence of On-Paver Spraybar Technology on Bond Strength of Asphalt and Pavement 
Life 

 

E Pienaar, C Rudman, K Jenkins 

Stellenbosch University, Cape Town Western Cape, South Africa 

A Marradi, L Bianchi 

University of Pisa, Pisa, Italy 
 
 
 

Synopsis—the article presents the testing and analyses considered to evaluate the 

influence of two application methods of bond coats i.e. emulsion tanker and On-Paver 

Spraybar technology.  The analyses allowed the study of shear progression within the bond 

coat, understanding influence of the shear on pavement life and also which factors would 

particularly influence the shear development within the bond layer.  Results from analysis 

favoured modernised technology in providing stronger bonding within the layer with a 

significant increase in pavement life concerning pavement fatigue.  

Keywords—bond coat; interlayer bonding; shear; Fatigue Life; On-Paver Spraybar 



 

 

 

 INTRODUCTION  

Bond coats are used to promote the bonding between pavement layers. Bonding of layers results 

in monolithic behaviour of the pavement structure whilst providing adequate strength. In contrast, the 

lack of or poor bonding leads to a structure composed of multiple independent thin layers. This could 

potentially lead to pavement distress.  

Research has shown the benefits of bond coats or interlayers. For example, research by Malicki 

& Górszczyk [1] has shown how bond coat materials contribute to strength and durability of interlayer 

bonding in an asphalt layered system. Jaskula & Rys [2] showed that the Fatigue Life improved by 

up to 6 times for different percentages of bonding life. These studies concluded that various factors 

influence the interlayer bonding condition. The main factor being related to the execution of work 

quality (site traffic). In addition, the weather condition during the interlayer construction also plays a 

role. The final factor identified was the properties of the bond coat used: application rate and layer 

thickness. 

There are many bond coat application methods used in practice. Conventional methods include 

distributor tanks which applies the bond coat (emulsion) with a spray bar or manually by hand with a 

handsprayer. Other alternatives include On-Paver Spraybar technology which entails the immediate 

application of a surfacing layer after the bond coat has been applied.  

The research in this study includes the relationship between bond coat and pavement life, as well 

as the factors that could influence the shear strength in the bond coat. The project was undertaken 

by Stellenbosch University in collaboration with Pisa University.  Results of this initial investigation is 

reported here. It includes comparisons on the analysis of various pavements having different degrees 

of bonding between the interlayers. Variables analysed include different degrees of friction in 

between the surface and the base, thickness of the surfacing layer, stiffness of the base and two 

different types of loads applied. A brief overview of the background laboratory testing and the 

subsequent analysis approach used to achieve the objectives are provided. The outcomes of the 

analyses with regards to stress and strain distribution are summarised subsequently. Only the main 

observations from results are highlighted given the number of analyses performed. Finally, traditional 

methods to apply bond coats are compared to On-Paver Spraybar technology using Fatigue Life as 

a measure. The findings will highlight the benefit of using bond coat utilised by On-Paver Spraybar 

technology compared to conventional application methods. 

 

BACKGROUND TESTING 

From a practical perspective, laboratory testing completed by Pisa University evaluated the 

interlayer shear strength (ISS) for two application methods: emulsion tanker and the On-Paver 

Spraybar. The Leutner testing device was used to obtain results as it is based on measuring the 

bonding force between two layers. The ISS results are summarised in Table I for specimens where 

bond coat was applied at an emulsion rate of 300 and 800 g/m2, respectively. For the specimen 

where an emulsion rate of 300 g/m2 was applied, an increase of 0.32 MPa (62.7%) is noticeable for 



 

 

application with On-Paver Spraybar when compared to the emulsion distributor. Similar results are 

found for the 800 g/m2 emulsion rate, where a 0.18 MPa (20.7%) increase is obtained for the bonding 

measured for bond coat applied with On-Paver Spraybar.  

FRICTION CONDITIONS 

Emulsion 

rate 

(g/m2) 

Application methods 

Emulsion 

tanker 

On-Paver 

Spraybar 
Difference 

300 0.51 0.83 0.32 (↑) 

800 0.87 1.05 0.18 (↑) 

 

Leutner Shear Test 

These results will be used as basis for calculation of the pavement life reported later. The change 

in friction condition considering certain variables will be compared accordingly in Section V.  

ANALYSIS APPROACH 

As explained earlier an analysis is performed on various pavements considering different 

variables. The purpose of these analyses is to establish an understanding of friction variation and its 

impact of pavement response i.e. pavement life. The objective is achieved through the evaluation of 

critical parameters by means of Mechanistic Empirical Linear Elastic Modelling with BISAR software. 

The variables used for analysis include loading conditions (tyre pressure and axle loading), interlayer 

bonding and the pavement structure considerations. A three layer pavement structure is considered 

for the current analyses: surface (asphalt) layer, base layer and a support condition or subgrade 

layer. The analysis procedure is summarised in Fig. 2. This is not entirely representative of a typical 

South African pavement, but still allows for comparative studies and collaboration with Pisa 

University.  

 
 
 
 
 
 
 
 
 
 
 
 

 

Analysis approach for linear-elastic analyses 



 

 

The pavement structure shown in Fig. 3, illustrates the analysis points. Analyses are performed 

on a half-axle approach which consists of measurements recorded at two points at various locations 

along the depth of the pavement layers. The points are identified as Below Wheel points (left) and 

Edge points. The last-mentioned point is located at a load radius (Table II) distance. The Edge 

location serves as a comparison for configuration of other wheel types even though Below Wheel is 

the critical location. The two radii are determined with the combinations of the axle loading and tyre 

pressure presented in Table II. Substituting these values in Equation (1), provides the load radius for 

each loading condition. 

 

                                                                               

 

 

 

 

 

 

Analysis points with half-axle approach 

 

 (1) 

 

Where 

σ  = Tyre pressure subjected in normal direction (750 or 900 kPa) 

F = Axle load (40 or 70 kN which are half-axle loads for 80 kN and 140 kN axles) 

A  = Area calculated as A=πr2 with r equal to the load radius (Table II) 

 

Loading conditions 

For the purpose of the analysis, two typical combinations were considered referred to as Tyre 1 

and Tyre 2. The two axle load selected are 80 and 140 kN. The second choice in tyre load was 

decided on as the study had to include representation of the European situation. Adhering to the 

half-axle load approach the loads are 40 and 70 kN respectively (Table II). A standard tyre pressure 

of 750 kPa is recommended for the 80 kN (E80) standard axle with in increased tyre pressure of 

900 kPa for the larger axle load. Both are Super Single tyres that comprise of different axle loading 

and tyre pressures as indicated in Table II, T1 and T2 respectively. 

AXLE LOADING AND TYRE PRESSURES 

 



 

 

Load 

Loading conditions 

Tyre Type 
Axle load 

(kN) 

Tyre pressure 

(kPa) 

Load radius 

(m) 

T1 Super Single 40 750 0.13 

T2 Super Single 70 900 0.157 

Quantifying shear resistance 

Interlayer shear strength (shear resistance) provided by the bond coat is quantified in the analysis 

by the shear spring compliance component of the BISAR software. The shear resistance is not 

incorporated through a traditional friction coefficient which describes full or partial slip between the 

respective pavement layers. The incorporation of the shear spring compliance is attributed to the 

mathematics behind the BISAR model. The model is based on assumption of continuous relations 

for all parameters. In contrast, to apply the traditional friction coefficient, it requires that the 

mathematics of the model is able to cope with discontinuities or step functions [3].  

The shear spring compliance (AK) approach entails the representation of a layer interface as an 

infinite thin layer describing the strength with spring compliance. It assumes that shear stresses at 

the interface result in the horizontal displacement of the 2 layers proportional to the stresses acting 

on the interface [3]. Equation (2) provides the definition of the parameter which the software 

categorises as the standard shear spring compliance measured in m3/N. Alternatively, the reduced 

shear spring compliance may also be used which relates to a mathematical model developed to 

incorporate a friction parameter (α) and the standard shear compliance. The accompanying software 

documentation published by Shell [3] can be referred to for more detail concerning the development 

of the mathematical model.  

 
 (2) 

 
 

Two methods are available to quantify the shear resistance in the linear-elastic analysis: standard 

or reduced shear spring compliance. Instead, the authors suggest a numerical variation in the spring 

compliance that captures the type of shear resistance as a percentage (0 to 100) of the loaded area. 

The numerical variation will cover a variety of the different bonding states. Hence, current analyses 

are performed in accordance with this method. Three shear resistance or friction conditions were 

defined i.e. high, medium and low (HF, MF and LF). Typically, these three friction conditions in the 

traditional sense are categorised as full bond, partial slip or full slip to represent the state of bonding 

and are summarised in Table III.  

The shear resistance is defined at two interlayers: between the surfacing and base layer (bond 

coat) and between the base and the subgrade layer of which first-mentioned is the main focus for 

the objective of the research. The HF, is automatically incorporated through the “full friction” function 

of the analysis software. Subsequently, MF, is an average condition suggesting a state of partial 



 

 

bonding. Hence, the condition is quantified as 50% of the load radius determined for T1 and T2 as 

shown in Table III. In addition, the low friction condition describing a state of poor bonding is 

quantified as 100% of the load radius. The shear spring compliance estimated for each loading 

combination of the three different states of bonding is summarised in Table III.  

 

 

FRICTION CONDITIONS 

Load 

Shear spring compliance 

(m) 

LF MF HF 

T1 13 6.51 a NA 

T2 15.7 7.87 NA 

Shear spring compliance quantified as percentage of load radius (in linear meters) 

Pavement Considerations 

The analysis is composed of different material properties (EAsphalt, Ebase and E∞) and layer 

thickness (tAsphalt, tbase) as listed in Fig. 4. The numerical values of the input parameters are indicated 

in Table IV. The four analyses are performed consisting of measurements recorded at the analysis 

points illustrated in Fig. 3 i.e. Case 1, 2, 3 and 4.  

 

 

 

 

 

 

 

 

 

 

Linear-Elastic Analysis Experimental Design 

MATERIAL PROPERTIES AND PAVEMENT LAYER THICKNESS 



 

 

Fig. 59. Pave

ment 

structures 

Asphalt Base Subgrade 

1  EAs

phalt (MPa) 

2  tAsp

halt (mm) 

3  Eba

se (MPa) 

4  tbas

e (mm) 

5  E∞ 

(MPa) 

Case 1 2500 50 400 200 150 

Case 2 2500 50 1500 200 150 

Case 3 2500 100 400 200 150 

Case 4 2500 100 1500 200 150 

 

Analysis Summary 

The experimental design of the analysis is summarised in Fig. 4. The four different pavement 

structures considered in Table IV will be analysed in accordance with the two loading conditions 

specified i.e. T1 and T2 (Table II) for each of the three friction conditions (HF, MF and LF) defined in 

Table III.  

RESULTS 

To achieve the objective of the analysis, the stresses and strains are fundamental to the research 

as these critical parameters allows for the evaluation of the shear or bond strength provided by the 

bond coat. In addition, it allows for an understanding of how different input parameters influence the 

pavement response which impacts the pavement life.  

Shear stresses 

Shear stress (τ) describes the bond strength between pavement layers (Fig. 4) and depends on 

the shear resistance defined during the analysis which are the friction conditions in this instance. The 

principal shear stresses recorded are shown in Fig. 5 according to all of the conditions summarised 

in Section III. The results in the figure are divided into the two loading conditions where T1 results 

are presented on the left and the T2 loading condition results are presented on the right. These 

results are divided into results measured at Interface 1 (surface/ base) and Interface 2 (base/ 

subgrade).  

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

Shear stress results measured Below Wheel 

 Shear stress magnitude 
The shear stresses range between 0.2 and 1.2 MPa for T1 and 0.1 and 1.4 MPa for the T2 loading 

condition for the LF and HF condition combined. This is comparable to Pisa University who found 

that shear stresses ranged between 0.1 and 0.9 MPa for LF and HF condition combined.  

In general, larger shear stresses are generated at Interface 1 where the bond coat is placed. 

These results are attributed to a significant change in material stiffness with the depth of the 

pavement structure. The asphalt layer comprises of a material stiffness of 2500 MPa where the base 

layer comprises of 400 or 1500 MPa compared to the subgrade with a material stiffness of only 150 

MPa. Hence, the notable change in the shear stresses at Interface 2 between the base and subgrade 

layer when compared to Interface 1. As expected, higher shear stresses are observed for an increase 

in loading when studying Fig. 5 from left to right. 

The software used for the analyses allowed for analyses at points above and below the depth 

relative to the interlayer (Fig. 6). The figure shows the results obtained for Case 1 T1 loading condi-

tion according to decrease in friction from HF to LF. The progressive results displayed are a good 

indication of shear stress distribution in the pavement structure, especially at Interface 1 and 2. 

Additionally, shear development represent the quality of the bond that exists. The phenomenon of 

maximum shear stresses at Interface 1 is attributed to the significant material stiffness of the asphalt 

layer above i.e. 2500 MPa. Fig. 6 is composed of results at Below Wheel and Edge locations which 

are shown for illustration purposes only. Below Wheel results are the more critical location. 

Therefore, the results in all the different capacities will be studied at the Below Wheel location. 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Shear stress development for Case 1 T1 loading condition (kPa) 

 Influence of material stiffness 
In terms of increase of base layer stiffness (Ebase), Case 1 and Case 3 and Case 2 and Case 4 

are compared in Fig. 5. The combinations Case 2 and 4, with an Ebase of 1500 MPa, yield smaller 

shear stresses at Interface 1 than Case 1 and 3 where a base stiffness of 400MPa is applied. 

However, an opposite response is observed for Interface 2. These results are justified by the change 

in material stiffness between subsequent layers. For Case 1 and 3, the material stiffness changes 

from 400 MPa for the base layer to 150 MPa in the subgrade layer. A significantly larger change in 

the stiffness occurs for the Case 2/ 4 combinations where the base layer comprises a material 

stiffness of 1500 MPa compared to the 150 MPa of the subgrade layer. Therefore, the material 

property is acknowledged as a critical parameter as it influences the stress generation in the 

particular regions of the pavement structure.  

 

 

 



 

 

 
 Influence of surfacing thickness 
Combinations pairs Case 1/ 3 and Case 2/ 4 as reported in Fig. 5, were also evaluated to evaluate 

the impact of the change in tAsphalt on the shear stresses generated. Similar trends in responses are 

apparent in Fig. 5 with the increase in this parameter, with the exception of the Case 2/ 4 combination 

at Interface 1. Here an increase occurs in the shear stress which is contrasting behaviour observed 

for the Case 1/ 3 combinations. This would imply that the increase in tAsphalt with increase in Ebase are 

“restrained” in terms of shear generation as it decrease the shear strength at Interface 1 and 2.  

 
 Interlayer bonding 
The bar chart illustrated in Fig. 5, is presented according to a decrease in friction condition from 

HF to LF in Table V Studying the stresses in this figure, a prominent change in bonding occurs from 

the HF to MF conditions where a small change in shear stress is also visible from the MF to the LF 

condition.  

Given that the main focus is on the interlayer bonding of the bond coat, the results were expressed 

with Equation (3). The equation highlights the difference between good adhesion between pavement 

layers (full friction, HF) and poor or lack of bonding (low friction, LF) as the ratio of a reference 

analysis combination. For both loading conditions, the result of Case 1 will be used as the reference 

analysis. 

 

 (3) 

 

Where: 

  𝒙𝑯𝑭  = Parameter calculated within high friction (HF) conditions 

   𝒙𝑯𝑭 = Parameter calculated within low friction (LF) conditions 

(𝒙𝑯𝑭)𝑪𝒂𝒔𝒆𝟏  = Parameter calculated within high friction (HF) conditions for Case 1 

 

DIFFERENCE (Δ%) FOR SHEAR STRESS RESULTS (%) 

Pavement 

structures 

T1 Loading T2 Loading 

Interface 

1 

Interface 

2 

Interface 

1 

Interface 

2 

Case 1 80.9 (↓) 100.3 (↓) 101.9 (↓) 98.3 (↓) 

Case 2 70.2 (↓) 109.2 (↓) 87.0 (↓) 106.7 (↓) 

Case 3 53.0 (↓) 58.3 (↓) 75.5 (↓) 59.7 (↓) 

Case 4 65.3 (↓) 95.9 (↓) 87.8 (↓) 97.3 (↓) 

 

The response observed when studying the results in Table V in line with Table IV, can be 

described as follows: 



 

 

The decrease in percentage difference (Δ%) indicates that LF condition yields larger shear 

stresses than for the HF condition. This behaviour suggests a decrease in shear stress with 

the increase in friction (from LF to HF). 

The increase in percentage difference would suggest an increase in shear stress with the increase 

in the friction present. 

Largest range of percentage difference is determined at the interlayers, which is mainly attributed 

to the change in material properties at these locations. The larger variability is observed 

between the two different interlayers which suggest the large role that the stiffness plays.  

Normal stresses 

The maximum normal stresses (σ) were obtained for all evaluated conditions: loading, friction, 

material properties and tAsphalt. An example of the normal stress distribution is given in Fig. 7 for 

Case 1 T1 combination. Progression in these figures illustrate the normal stress relative to a 

weakening in interlayer bonding from HF to LF condition. Similar to Fig. 6, results for both analysis 

sets are shown i.e. Below Wheel and Edge. The results reported conform to trends noticed in 

Section IV. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Normal stress development for Case 1 T1 loading condition (MPa) 

The contribution of the material stiffness on stress generation is observed particularly in the 

surfacing layer when compared to the base and subgrade layer. From Fig. 7, a sporadic change 

occurs in normal stress converting from compressive to tensile stress at Interface 1. Subsequently, 

the stresses convert to tensile stresses at the middle of the base layer and increases slightly in 

magnitude. Finally, when reaching Interface 2, tensile stresses occur in the subgrade layer.   



 

 

Normal stresses at Below Wheel location are higher than at the Edge location. With the decrease 

in friction, the larger difference in stresses is attributed to the weakening of adhesion between the 

layers causing an increase in stresses and strains distributed to the lower pavement layers. The 

more critical loading condition (T2), comprising of a higher axle load and tyre pressure, shows similar 

behaviour with the exception of the increase in normal stresses.  

 

The normal stresses obtained in the different capacities is used for estimating the deviator stress 

(σ1−σ3) at the middle of the base layer. The deviator stress is a parameter which describes or 

represents the distortion of a body, implying that an increase in this parameter should be deemed 

critical for a pavement. Therefore, an increase in deviator stress can cause failure of the specific 

(granular) layer which could ultimately lead to the failure of the entire pavement structure. Deviator 

stress is not the primary focus of the research and will therefore not be discussed in this paper.   

Strains 

Strains recorded at different critical locations within the pavement structure (Fig. 4) are 

fundamental in evaluating pavement life (Section V). Fatigue and Serviceability are two models that 

represent failure evaluation within the asphalt and subgrade layer. Firstly, horizontal tensile strains 

are measured at the bottom of the asphalt layer. Compressive vertical strains are measured at the 

top of the subgrade layer. The parameters comply with the fatigue and serviceability failure models 

respectively (Fig. 8). Varying responses in these results will be discussed subsequently.   

 

 

 

 

 

 

Pavement life failure models 

 Horizontal strains 
 
Asphalt layers experience bending when subjected to loading that is similar to beam behaviour. 

Hence, cracks are induced at the bottom of the layer propagating upward to the surface of the 

pavement [4]. In a typical pavement layer, the upper part of the layer will undergo compression (point 

B in Fig. 9) whereas the tensile strains occur at the bottom of the layer (point A in Fig. 9). Last-

mentioned is a primary interest for the current research as it represents the pavement’s resistance 

to crack formation and has an impact on the pavement life. The strains obtained for all the different 

combinations analysed are illustrated in Fig. 10. Results are provided for all loading and friction 

conditions for all four combinations analysed. 

 

 

 

 



 

 

 

 

 

Pavement life failure models [5] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Horizontal strains for T1 and T2 loading conditions 

The behaviour observed in Fig. 10 is attributed to the load distribution relative to the point where 

the load is applied. The load is directly transferred from the wheel to a single point on the pavement 

surface after which the load is distributed along the depth of the pavement structure. From Fig. 10, it 

is evident that the increase in Ebase results in a stronger pavement structure, producing smaller 

strains.  

Case 3 relative to Case 1 suggest a decrease in horizontal strains (Fig. 10) where an increase in 

strain is achieved in Case 4 relative to Case 2. This shows the significant influence an increase in 

Ebase has on the result. Last-mentioned combination involves the analyses of a pavement structure 

with tAsphalt twice as thick (100 mm) compared to tAsphalt for Case 1/ 2 combination of 50 mm. An 

increase in tAsphalt causes an increase in the loading time, leading to smaller strains explaining the 

observed behaviour for these two cases. 

Evaluating the results in accordance with Equation (3), the changes observed are significant. The 

extent of change in the friction parameter (Δ%) assists in describing the development of these strains 

together with a decrease in friction (from HF to LF) provided in Table VI. Overall, the results indicate 

a decrease in horizontal strains at the bottom of the asphalt layer with an increase in friction present, 

i.e. a stronger bond exists between the pavement layers.  

 

 

 

 



 

 

CASE1 TO 4 DIFFREENCE RESULTS (Δ%) FOR HORIZONTAL STRAINS (%) 

Analysis 

conditions 

Loading conditions 

T1 

Loading 

T2 

Loading 

Case 1 102.8 (↓) 137.3 (↓) 

Case 2 87.1 (↓) 91.7 (↓) 

Case 3 69.0 (↓) 103.9 (↓) 

Case 4 82.1 (↓) 116.9 (↓) 

 

 
 Vertical strains 
The compressive vertical strains are measured at the top of the subgrade layer and forms the 

serviceability component of a pavement structure. The supporting condition or subgrade is analysed 

for permanent deformation in the layer, manifesting as rutting on the pavement surface [4], which is 

calculated using these strains.  

The vertical strains from all different linear-elastic combinations are shown in Fig. 11. These 

figures are similar to the illustration of the horizontal strain results (Fig. 10), and grouped according 

to all locations analysed (in microstrain, με) and to the different defined conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vertical strains for T1 and T2 loading conditions 

 

In general, Fig. 11 shows a strain decrease with the decrease in friction from HF to LF. A summary 

of the response relevant to the different attributes studied is listed as follows: 

An increasing difference in strains occurs between Case 1 and 2, compared to Case 3 and 4. 



 

 

An increase in Ebase (Case 1 to 2 and Case 3 to 4) showed a decrease in strain for the subgrade 

layer of up to 42 % for Below Wheel).   

Anticipated horizontal strains of larger magnitude for T2 loading condition occur, compared to T1 

loading condition, with a difference of 560 με (59 % increase). 

Strains for different friction conditions (approximated values provided) – HF: 312 to 1505 με, MF: 

300 to 950 με and LF: 260 to 920 με occur. 

The summarised results provide general observations noticed from studying the relative 

illustrations of results. Together with evaluation of the results in Sections IV, results showed an 

expected impact brought upon by the variety of defined material properties. The impact of the 

interlayer bonding condition is highlighted by evaluation with the Δ% parameter. The effect of friction 

existing between pavement layers was estimated with Equation (3) using the vertical strains shown 

in Fig. 11. Estimated values are provided in Table VII. 

CASE1 TO 4 DIFFERENCE RESULTS (Δ%) FOR VERTICAL STRAINS (%) 

Analysis 

conditions 

Loading conditions 

T1 Loading T2 Loading 

Case 1 38.6 (↑) 38.8 (↑) 

Case 2 17.7 (↑) 18.5 (↑) 

Case 3 22.7 (↑) 23.7 (↑) 

Case 4 7.4 (↑) 8.2 (↑) 

 

The influence of the strains regarding Ebase is shown to be significant in these results in comparison 

to similar pavement structures analysed, with the exception of the tAsphalt and increase in base layer 

stiffness. This provides a better illustration of the extent of how the material property contributes to 

the results obtained accordingly.  

 

ESTIMATING PAVEMENT LIFE 

The section will focus on the Fatigue Life and the influence of interlayer bonding on pavement life. 

Serviceability Life estimations will not be discussed in detail in this paper but results reported briefly 

for comparison purposes in to Fatigue Life Section V.  

 

 

Fatigue Life 

The Fatigue Life is determined for Case 1 to 4 and all relevant conditions and combinations. This 

cracking model was derived using a standard 50/70 Bitumen type at 15 °C and is represented by 



 

 

Equation (4) (derived from Shell Nomographs). The strains measured in Fig. 10 were used to 

determine the Fatigue Life at Below Wheel location. The estimated Fatigue Life for all four 

combinations are summarised in Table VIII according to the respective loading conditions and for all 

three defined interlayer bonding conditions.  

 

 N = 𝟒. 𝟗𝟐 × 𝟏𝟎−𝟏𝟑(ε)−𝟓                                                         (4) 
 

Where: 

    N    = Parameter calculated within high friction (HF) conditions 

   ε𝒙𝑯𝑭 = Parameter calculated within low friction (LF) conditions 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Critical parameters and locations 

FATIGUE LIFE RESULTS (MESAS) 

Analysis 

conditions 
Friction 

condition 

Analysis combinations 

Case 1 Case 2 Case 3 Case 4 

T1 

HF 0.44 >100 0.36 >100 

MF 0.02 1.00 0.04 0.31 

LF 0.01 0.72 0.03 0.24 

T2 

HF 0.40 - 0.09 >100 

MF 0.01 0.50 0.01 0.07 

LF 0.01 0.33 0.01 0.05 

 



 

 

From the results given in Table VIII, the low pavement life calculations may be attributed to the 

fact that compressive strains, as opposed to tensile strains, were acquired for the specific pavement 

structure and corresponding loading condition. Estimates are indicated up to 108 cycles only 

(100 MESAs – 100 per Million Equivalent Standard Axle(s)). Estimations exceeding this number 

represent a pavement life of “infinity”. As has been shown earlier, the stress of the base plays the 

largest role. 

Evaluating the pavement life estimates in this context yield expected results. Case 4 produced the 

maximum pavement life consisting of tAsphalt of 100 mm and Ebase of 1 500 MPa. Furthermore, results 

have also been compared with regard to the different friction conditions (degrees of bonding) 

associated in each capacity. Calculations with Equation (3) were completed for the Fatigue Life 

results. The estimates of the Δ% parameter as obtained per Equation (3) is shown in Table IX. 

CASE1 TO 4 DIFFREENCE RESULTS (Δ%) FOR FATIGE LIFE (%) 

Analy

sis 

condi

tions 

Loading conditions 

T1 

Loading 

T2 

Loading 

Case 1 97.1 (↑) 98.7 (↑) 

Case 2 >100  (↑) -a 

Case 3 76.1 (↑) 21.8 (↑) 

Case 4 > 100 (↑) >100 (↑) 

Absence of pavement life as indicated in Table VIII for T2 Case 2 

 

In order to quantify the analysis performed on different combinations of pavements, the correlation 

between Fatigue Life and proportion of bonding is illustrated in Fig. 13. The influence of loading 

conditions, tAsphalt and Ebase are visible in this figure. However, distinctive observations can be made 

in terms of the Fatigue Life. Between a 0 and 50 % bonding, a gradual increase in Fatigue Life (region 

1) occurs for all cases. After 50 % bonding, a steep gradient is achieved (region 2). The behaviour 

would suggest a friction condition between LF and MF (0 and 50 %), would significantly shorten the 

pavement life. In contrast, where a stronger bonding is achieved (larger than 50 %) in the structure, 

the pavement life will have a rapid response which is valuable in the long term.  

To show the influence of the different friction conditions that occur by using different application 

methods of the bond coat can have on pavement life, two reference interlayer bonding frictions are 

chosen namely at 20 % and 60 % in line with results obtained from background testing in Section II. 

This provides clarification on how pavement life is influenced in the two parts of the graphs developed 

(region 1 and 2 indicated in Fig. 13). This is chosen then as the reference % friction for the traditional 

application (emulsion distributor). A second reading is then taken for comparison using the 

percentage increase in friction that has been reported in Table I between an emulsion tanker and the 

On-Paver Spraybar module.  Results reveal that under a low friction condition (benchmarked at 20 



 

 

%), a gradual increase occurs in the pavement life suggesting that a low friction condition will have 

a minimal influence on the Fatigue Life. Benchmarking values against 60 % (high friction condition), 

show a significant increase in the Fatigue Life as observed in Fig. 13. For Example, T1 at the low 

friction condition of 20 %, the change in Ebase shows an increase of 59 % and 90 % in Fatigue Life 

for Case 1/ 2 and Case 3/ 4 combinations respectively. For the change in tAsphalt, up to double Fatigue 

Life was determined for the Case 1/ 3 and Case 2/ 4 combinations respectively. From the results it 

is shown that the stronger bonding has a sporadic effect on Fatigue Life. In addition, it is noticeable 

that the testing conditions have an increasing influence on the Fatigue Life of the different pavement 

structures. The increase in Ebase and tAsphalt is indicated for both loading conditions, T1 and T2, in Fig. 

13. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of interlayer bonding on linear-elastic analysis Fatigue Life 

Effect of interface condition on pavement life 

The components evaluate in this paper serve as preliminary assessment in assisting to establish 

the pavement life for pavement structures. It also emphasises the effectiveness of improved bond 

strength, affecting pavement life. Fig. 14 and 15 provide an illustration of these results for T1 and T2 

loading conditions measured at Below Wheel location. In these figures, pavement life values are 

capped at 100 MESAs as this is considered an upper limit for long life. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

T1 loading condition pavement life Below Wheel estimates 

 

 

 

 

 

 

 

 

 

 

 

 

T2 loading condition pavement life Below Wheel estimates 

The effect of the interface conditions was studied in context of Fig. 14 and 15, which is based on 

the pavement life estimates determined by transfer functions represented by Equations (4) and (5) 

respectively. These functions are used to determine both serviceability and Fatigue Life for the four 

pavement structures. The observations made from these illustrations include: 

The interface with bond coat (HF condition) leads to a longer Fatigue Life than the interface with 

poor bonding (MF and LF conditions),  

Opposite trends are noticeable for Serviceability Life. A 97 % decrease in pavement life is 

observed when comparing results for HF to LF condition.  

The Serviceability Life is longer for T1 results (Fig. 14), with the exception of Case 2 and 4 (with 

larger base stiffness compared to Case 1 and 3). 

Contradictory behaviour occurs for T2 results – Case 1 and 2 comprise a longer Fatigue Life and 

Case 3 and 4 mostly have a longer Serviceability Life with exception of HF condition (fatigue) 

for Case 4.   

Overall Fatigue and Serviceability Life values are within a close range, with a few exceptions. 

Loading conditions: T2 (Fig. 15), produces smaller Fatigue and Serviceability Life estimates 

compared to T1 (Fig. 14). The behaviour is anticipated as T2 is a larger axle load and tyre 

pressure. Hence, the pavement deteriorates faster, leading to a shorter Pavement Life 

 

CONCLUSIONS 

The pavement life was established for four different combinations by means of Mechanistic Empirical 
Linear Elastic Modelling, considering a series of conditions as described in this paper. The extent of 



 

 

impact of the attributes on pavement life and shear resistance by On-Paver Spraybar, was evaluated 
and the following conclusions were made: 

The results showed that that interface conditions, represented by the three different friction 

conditions, together with other variables such as loading condition and material stiffness, 

contribute to stress and strain generation in the pavement structures.  

Results obtained in terms of extended pavement life suggest that application of bond coat by 

means of On-Paver Spraybar Technology is highly recommended. This has been shown by 

the significant increase in pavement life ranging between 0.3 and exceeding 100 MESAs (with 

Ebase stiffness increase from 400 to 1500 MPa for both T1 and T2 combinations) when 

comparing this technology to traditional methods. 

From the range of variables evaluated, it was found that the change in physical properties, i.e. 

base layer stiffness and asphalt, had the largest influence on the results, which in turn 

contributed towards the effect of friction (bonding) and loading conditions on the results 

achieved. However, between these two parameters, the base layer stiffness was identified as 

the most critical parameter, showing the largest change in results acquired (Fig. 16).  

 

RECOMMENDATIONS 

The capabilities of the software used does not consider fundamental factors on individual elements. 
Therefore, a replication of the analyses with the Finite Element Method (FEM) recommended to 
extend investigation and enable a closer simulation of actual pavement behaviour. The following 
recommendations are suggested to achieve the objective: 

Perform analyses with same loading conditions to include external factors such as loading 

frequency and also micro-effects 

Investigate development of strain through dynamic loading together with evaluation of fatigue life 

Investigate how different variables would affect dissipated energy curves 
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Synopsis—Recent innovations in cellular confinement systems (referred to herein as 

geocells) demonstrate how sustainable roads can be built using less natural and budgetary 

resources. Comprehensive international research, testing and case studies enable a better 

understanding of the geocell reinforcement mechanisms, required performance properties 

and design principles. A pavement case study demonstrated that geocells with high tensile 

strength, elastic modulus and low permanent deformation properties add more engineering 

value to asphalt road construction – in terms of subgrade bearing capacity, stiffer structural 

layers and fatigue-resistant wearing course. This innovation validated in field trials and 

aligned with new standardscan help meet challenges of the region’s infrastructure making 

flexible pavements more sustainable by reducing the use of quality aggregate and soil 

replacement, lowering the carbon footprint, while at the same time extending pavement life 

and maintenance cycles. 

Keywords—cellular confinement system, geocell, road base reinforcement, reinforced 

pavements, soil stabilization, sustainable, asphalt pavements 

 
 



 

 

VI. INTRODUCTION 

Innovation in infrastructure seeks to achieve higher performance pavements that are sustainable 

and more economical. One promising innovation is a geosynthetic soil stabilization and road 

reinforcement technology known as cellular confinement systems, or geocells. Geocells are 3D 

mechanical soil stabilization systems that increase the tensile strength of structural infill materials via 

confinement. Geocell reinforcement optimizes pavement capacity and lifespan, lowers 

environmental impacts and reduces maintenance cycles and expenditures. 

The original cellular confinement system, invented in the late 1970’s by the US Army Corps of 

Engineers, was designed as a temporary road solution for heavy military vehicles over soft soils. The 

geocells were made from HDPE, the most suitable material at the time, offering flexibility, moderate 

strength and ease of manufacturing. However, what was suitable for the military, e.g., short-term 

solutions, is not necessarily suitable for use in today’s civilian engineering and infrastructure projects, 

e.g., certified, long-term solutions. 

Extensive research and development in academia and industry in the last two decades have 

advanced geocell technology, resulting in 1) an understanding of the basic geocell reinforcement 

mechanisms; 2) identification of the required performance properties for geocells, and; 3) the 

development of a novel polymeric alloy (NPA) for geocells. This is supported by a large knowledge 

base of published literature, testing methodologies, international standards and integration with 

existing design methodologies[1]. 

VII. GEOCELLS 

A. General Description 

Geocell cellular confinement systems are 3D mechanical stabilization systems comprised of 

interconnected polymeric strips. These are expanded onsite to form a honeycomb-like structure (Fig. 

1 & 2), which is filled with granular infill material – sand, aggregate, recycled materials, etc. – and 

compacted. The interaction of cell wall, geometry and infill material creates a new composite entity. 

  
Fig. 1. Schematic illustration of an opened geocell section Fig. 2. Schematic illustration of the open-cell size 

Geocells provide tensile strength (apparent cohesion) to unbound materials. This results in a stiffer 

stabilized layer that enhances the performance of soil and pavements in pavement load support 

applications. 



 

 

Of the three components of geocells – geometry (standard for most geocells), soil (project 

dependent), and the geocell strip – it is only the stripmaterial that varies among geocells. The geocell 

material properties (in addition to the geometry) are those that determine the geocell contribution to 

pavement reinforcement [1]. 

Most geocells are made from High-Density Polyethylene (HDPE) or Novel Polymeric Alloy (NPA). 

Geocell characterization includes physical and performance-based parameters. Physical properties 

include cell geometry (height and width), texture (surface roughness) and perforations. Although 

physical characteristics such as strip thickness and density are often cited in geocell specifications, 

these arenot reliable indicators of behaviour. Behaviourdirectly related to performance would include 

striptensile stiffness, creep resistance, tensile strength and environmental (UV) durability. 

VIII. REINFORCEMENT MECHANISMS 

While basic cellular confinement principles were readily understood, it was only in the last decade 

or so that basic research determined the influencing factors of reinforcement. The research included 

experimental, analytical, numerical and field performance studies performed by researchers 

worldwide [1][2][3].  

A. Core Mechanism 

The typical stresses exerted on a geocell cell are shown in Fig.3. The cell is first loaded by semi-

circular vertical stresses (a), which create lateral stresses to the stiff cell walls (b). The lateral stresses 

are restrained by hoop tensile stress on the cell walls (c). Aggregate movement and attrition are 

minimized by the stiff cell walls, while the distribution of vertical and lateral stresses is maximized. 

a) Vertical stress  
on cell 

b) Lateral stress  
on cell walls 

c) Hoop tensile  
stress on cell walls 

Fig.3. Vertical (a), Lateral (b) and Hoop (c) Stresses on Cell 

B. Geocell Mattress Mechanism 

The key geocell reinforcement mechanisms that improve pavement strength are lateral and 

vertical confinement, beam effect and load distribution at a wider angle[4]. Lateral confinement of 

soil particles under vertical loading (from vehicles) restrains their movement and attrition. Infill 

stiffness is increased by the transfer of vertical forces to hoop stresses on the geocell walls and by 

resistance from surrounding cells, creating a mattress effect[5]. The friction between the infill and the 

cell wall restrains soil from vertical movement upward outside the loading area as well as lateral 



 

 

movement. Shear strength, tensile strength and stiffness modulus of a geocell reinforced layer are 

all improved[6]. The mechanism is illustrated in Fig. 4. 

 

 

Fig. 4. Geocell mattress mechanism – stress distribution, lateral restraint and contribution of adjacent cells 

C. 3D Contribution in Pavements 

Geocell walls of higher tensile stiffness result in a stiffer pavement structure, which in turn 

decreases settlements and improves long-term performance. The 3D confinement minimizes 

volumetric changes of the infill material. Lateral restraint depends on the strip tensile stiffness and 

resistance to long-term permanent deformation. Limiting accumulated permanent strain of the cell 

walls over time to less than 2% is critical to maintaining structural integrity – confinement, compaction 

and design assumptions – for the full design life of the project, thus a low-creep behaviour is of crucial 

importance[7].  

Whereas geocell soil stabilization increases the modulus of infill materials, the ability to use 

marginal or borderline quality granular materials for structural infill is a significant environmental and 

economic benefit. This includes poorly graded material (including sand), recycled asphalt and 

concrete, as well as standard subbase and base granular materials (Fig. 5). 

Fig.5. Examples of granular material for geocell infill 



 

 

D. Beam Effect 

The NPA geocell mattress behaves as a semi-rigid slab over soft soils generating a "beam effect" 

under load. This is demonstrated by strain measurements in experimental studies [8][9]. Since the 

semi-rigid geocell platform is stiffer than the underlain soil, the curved surface exerts an upward 

reaction, thereby reducing net stress to the subgrade[10] (Fig.6). The beam effect distributes the 

load effectively over a wider area and reduces the impact depth, thereby increasing bearing capacity 

and decreasing total and differential settlement. Additionally, tension develops in the geocell-

reinforced mattress creating a “membrane effect” [11]. 

 

 

 

Fig.6. Stress distribution angle correlated to load cycles (source: Jie Han, University of Kansas, Development of Design Methods for Geocell-
reinforced Bases, presentation, 2010) 

E. Wider Stress Distribution 

As mentioned above the lateral restraint of stresses together with the passive resistance (lateral 

support) of adjacent cells increase both the total strength and stiffness of the infill. This also results 

in a wider "distribution angle", which may be used in the design of unbound support layers (Fig. 7). 

The initial stress distribution angle of a pavement typically decreases over time with the rate of 

pavement degradation under cyclic loads. However, the NPA Geocell system changes the 

stress/strain relations in the infill and consequently in the subsoil as shown in Fig. 6 above. This 



 

 

results not only in an advantageous wider distribution angle but also lower rate of reduction under 

traffic in comparison to an unconfined fill.  

 

Fig. 7. Stress reduction for geocell reinforced pavement (source: Dutch Standard, [7]) 

Studies have shown that the vertical pressure bulbs (height) are typically halved while the lateral 

distribution (width) is doubled[6][9]. The stress distribution angle can be correlated to the load cycles 

in order to calculate the rate of decrease of the angle – this is dependent upon the long-term strength 

and stiffness of the geocell, as well as the geometry. 

IX. KEY GEOCELL PROPERTIES 

According to newly developed Geocell Guideline Standards[7], key geocell properties for geocell 

reinforcement for asphalt pavements are a) strength and stiffness and b) geometry and dimensions. 

These properties define the magnitude of the 3D mechanical stabilization over a project design life. 

A. Geocell Guideline Standards 

1) Dutch Guideline for Geosynthetics for Reinforcement in Roads 

Geosynthetics for Reinforcement of Unbound Base and Subbase Pavement Layers 

(GeokunststoffenalsFunderingswapening in OngebondenFunderingslagen) SBRCURnet (CROW), 

Netherlands [7], a recently published guideline, is a benchmark standard to determine the added 

value of geogrids and geocells for reinforcement in road construction. Reinforcement is defined as 

an improvement of the structural behaviour of an unbound base and subbase while reducing the total 

pavement layers’ thickness and/or extending the pavement lifespan. Geocell reinforcement is also 

applicable when using inferior quality infill materials, or by reducing or eliminating the need for 

subgrade replacement. 

The standard emphasizes the required performance characteristics of geocells for use in base 

layer reinforcement of asphalt pavements: “the extent of the reinforcing or stabilizing effect is 

determined by the material from which the product is made and the geometry. The most important 

material properties are the elastic stiffness and the resistance to permanent deformation (creep) 



 

 

empirically. Geocells must also have the right properties in all directions when it comes to dynamic 

stiffness, resistance to plastic deformation and tensile strength – section 2.2.4).” 

2) International Standards for Geocells – Under Development 

ISO is currently authoringa comprehensive Design Using Geosynthetics standard (working draft 

status), with a chapter dedicated to Stabilization for the use and design of stabilization geosynthetics 

(geogrids and geocells) in pavement structures[12]. The ASTM is also developing a guideline – the 

Standard Guide for Use of Geocells in Geotechnical and Road Projects (working draft status) [13]. 

Both standards cite geocell tensile strength, elastic behaviour and resistance to creep as key 

performance parameters for geocells used in reinforcement applications.  

B. Geocell Geometry 
Geocell polymeric strips are welded together and create a mattress of cells with a diamond-like 

shape when expanded. The strip walls are stiff yet flexible enough for handling and installation. The 

cell opening or pocket size is defined by the weld distance, for example: 330,365, 445, 660 and712 

mm. Typical strip heights (cell depth) are 50, 75, 100, 120, 150 and 200 mm. In general, smaller cell 

sizes and higher cell heights in these ranges create the highest reinforcement factor in terms of 

strength and stiffness of the system[14]. Since this leads also to higher geocell costs, the design is 

a matter of technical/economical optimization.  

C. Perforations 
Geocells are typically textured with rhomboidal (diamond shape) indentations and perforated to 

maximize the peak interface friction angle and interlocking between fill and cell wall. The latter 

influences the stress transfer and thus the compound efficacy of the system. The perforation also 

contributes to better drainage.  Perforation patterns – percentage of coverage, distribution and size 

of the holes – vary by manufacturer and strip size. The size, number and distribution of perforations 

need to be balanced, so that they facilitate drainage and friction interlock on one hand, without 

weakening the strip strength on the other.  

X. GEOCELL PERFORMANCE EVALUATION 
A. Performance Parameters 

The key performance parameters for the use of geocells in pavements include high tensile 

strength, high dynamic (elastic) stiffness and durability over the design life, in addition to cell 

dimensions and geometry[7]. Polymers tend to lose elastic modulus (stiffness) over time, under both 

static and under dynamic loading, entering the plastic (viscous) range. A geocell must maintain 

stiffness under dynamic loading without significant permanent deformation or loss of geometry, which 

could result in a loss of confinement compromising design assumptions and performance or even 

cause failure. Therefore, a high tensile stiffness (modulus) is important both under static and dynamic 

loads and both in the short- and long-term. Due to geomechanical reasons, efficient lateral 

confinement is possible only at low geocell strain levels at any time[15]. For example, the ISO 

andASTM Design Guidelines for Geocells stipulate that a geocell should resist lateral forces at low 

strain levels (less than 2%) for the entire project design life[12][13]. 



 

 

B. Test Methods 
Unlike tests of individual strips and virgin materials commonly used today, more verifiable test 

methods exist toaccuratelyassess geocell performance relevant to pavements. These methods 

include standard tensile strength tests, DMA – Dynamic Mechanical Analysis and SIM – Stepped 

Isothermal Method. These ASTM/ISO standard methods are used to predict long-term behaviour 

and accumulated plastic strain in a geosynthetic under loading with different mechanical stresses, 

frequencies and temperatures. Thetests have been incorporated into newly developed (or under 

development) standards and guidelines for the design and use of geocells by standards 

organizations such as ISO, ASTM, SBRCURnet/CROW (Netherlands), as well as public works 

authorities in several countries[7][12][13].  

C. Tensile Strength and Strain (ISO 10319) 

The ability of a geocell to withstand applied loads in any pavement layer depends on the 

stress/strain behaviour of the cell wall. Tensile strength is the force (in kN/m) in the wall (strip) at 

failure. The relation of tensile force to strain is called tensile stiffness or modulus (in kN/m). The 

higher the tensile stiffness, the higher the mobilized force at a given strain, that is, the quicker the 

mobilization of the material. Tensile strength and strain are evaluated using the "wide-width tensile 

test" (ISO 10319) [16]. The greater the strength, the better the geocell can withstand heavy loads 

without damage. As cited in the Guidelines for Geocells (Dutch, ISO and ASTM draft Guidelines), 

this procedure uses wide-width samples (geocell strip height) with a complete perforation pattern. 

Typical (perforated) geocell tensile requirements for base layer reinforcement are 19 kN/m minimum 

and for subbase layer 16 kN/m. The tensile strength of geocell seam welds is tested by ISO 13426-

1 (part 1 method C) [17]. This method uses a jig device of two rollers, such as when an X-shaped 

test sample is wrapped around two rolls, the directions of the stresses in an open cell are best 

simulated. The seam weld tensile strength should be equal to that of the strip. 

D. DMA – Dynamic Mechanical Analysis (ISO 6721-1, ASTM E2254) 

The dynamic stiffness of a system is very important for trafficked cyclically loaded structures like 

paved roads. It is defined also by the dynamic stiffness of the geocells. The higher their dynamic 

stiffness, the more lateral and vertical movements are limited also under dynamic impact. Dynamic 

elastic behaviour is relevant to geocell behaviour as a wider elastic zone endures higher stress 

without permanent deformation. In addition, lower elastic deformation enables a higher modulus 

improvement factor (MIF, see below) and lower settlements. Higher durability in cyclical loading 

means higher resistance to polymeric fatigue[18]. For all types of base and subbase, elastic 

deformation behaviour is one of the main mechanical properties[7]. The dynamic stiffness modulus 

of geocells can be determined using DMA (ASTM E2254, ISO 6721-1) [19][20]. Typical dynamic 

modulus for base layer applications should be at least 525 MPa@60°C. Example test results are 

depicted in Fig. 8. 



 

 

Fig. 8. Sample DMA test results NPA Geocell (611 MPa@60°C) as a function of storage modulus, loss modulus and temperature 

E. SIM – Stepped Isothermal Method (ASTM D6992) 

The Stepped Isothermal Method – SIM (ASTM D6992) was developed for an accelerated 

prediction of the creep behaviour of geosynthetics’ polymers[21]. The accelerated test measures the 

cumulative viscous deformation of a polymer product at constant load by increment, isothermal 

(representing time) steps. For example, at Step 2 (51°C) 1 test hour = 100,000 hours of use (4166 

days or 11 years). The creep reduction factor is extrapolated from time-temperature data in the test. 

The SIM test predicts the load-dependent long-term creep strain and creep failure of geocells and 

thus their long-term mechanical behaviour until the end of their design life, which can be many 

decades for low-creep materials. For example, creep (permanent viscous deformation) exceeding 2-

3% (typical of HDPE based geocells) impacts confinement, resulting in a volumetric change of the 

infill, settlement and increased fatigue and rutting. At higher rates of deformation, the rate progresses 

at an exponential rate and can cause project failures. A comparative exemplary test in a SIM 

chamber is shown in Fig. 9. 

Fig. 9. SIM Test of permanent deformation (creep) of NPA Geocell (left) vs.HDPE geocell (right) under loading of 6.1 kN/m 



 

 

In the modified test the accumulated viscous deformation of a geocell under constant load is 

measured in three temperature steps: 44, 51, 58°C. The load depends on the intended application 

of the geocell – heavy-duty, road base, road subbase. A full wide-width test sample from a 

manufactured geocell is used in the test. Total cumulative deformation until the end of design life 

should not exceed 2% with 3% the upper limit.  

F. Geocell Materials & Performance 

The most commonly used geocells for soil stabilization and road reinforcement can be divided into 

two main types – HDPE based and NPA based geocells. 

1) HDPE based Geocells 

HDPE (High Density Polyethylene) is widely used in a variety of plastic products including geocells 

– it is inert, flexible, low cost and easy to manufacture. Although HDPE was the polymer of choice 

for geocells since the early 1980s, “HPDE polymers are less suitable for reinforcement and 

stabilization in view of the higher elongation at break and lower stiffness…. because the behaviour 

of small deformations (<2%) is decisive for application in road bases.”[7]. This may have contributed 

to a lack of adoption of geocells for base reinforcement of flexible pavements, as well as an incentive 

to the development of low deformation geocells [3].Commercially available HDPE geocellsdo not list 

the key properties or utilize the evaluation tests or described in sections IV, V. 

2) NPA based Geocells 

A low deformation geocell was developed in the early 2000s made of a novel polymeric alloy 

(NPA). NPA is acomposite alloy of polyester/polyimide nano-fibres dispersed in a polyethylene 

matrix. Properties for this geocell are specified in engineering terminology relevant to pavement 

design – high elastic modulus and resistance to permanent deformation. These enable the NPA 

geocell to maintain its dimensional stability and low strain under heavy-duty, cyclical and long-term 

loading, typical of loads and service life of infrastructure projects. In addition to plate-load tests, 

numerical modelling and full-scale trafficking tests to validate performance [3][4], NPA specifications 

list the key properties and utilize test standards described in sections IV and V.According to 

manufacture specifications, NPA Geocells(in 3 different performance categories) have tensile elastic 

stiffness modulus of >625-700 MPa @ 45°C (DMA test, ASTM E2254);tensile strength of 21-25 kN/m 

(non-perforated strip) and 16-22 kN/m (perforated strip) (Wide-width tensile test, ISO 10319); and 

durability (creep resistance) of <3% cumulative elongation in 75 years (SIM test, ASTM D6992). 

These valuesare in agreement with the required global properties of geocells for reinforcement cited 

in the Dutch Guidelines for Geocells as described below (Table 1). 

TABLE 1. GLOBAL PROPERTIES OF GEOCELLS*(SOURCE: DUTCH STANDARD, VEGA, ET AL, 2018[7]) 

Property Unit Testing Method Value 

Dynamic stiffness modulus (net)(DMA-test) MPa ISO 6721-1, ASTM E2254 ** 

Cumulative plastic deformation (creep) (SIM 

test) 

%  ASTM D6992 <3 

Tensile force, non-perforated cell (wide 

width) 

kN/m ISO 10319 20-29 



 

 

Tensile force, perforated cell (wide width) kN/m ISO 10319 16-25 

UV and Oxidation resistance (High Pressure 

Oxidative Induction Time(HPOIT) @ 150°C 

minutes ASTM D5885 >400 

Seam weld strength  kN/m ISO 13426-1 

(part 1,method C) 

>17 

Height of cell wall mm - 50-200 

Distance between seams mm - 330-720 

*values available only for geocells with rigid cell walls; ** values 

depend on application 

3) Performance-based Properties 

Newly developed (and under development) Guidelines for Geocells (Dutch, ISO, ASTM) reflect 

new developments in the field, including new products, recent research, updated testing methods 

and the expanded international knowledge base. While the material composition of a geosynthetic 

determines its performance, the new Guidelines nevertheless utilize performance properties to 

define the requirements for geocells used in pavement reinforcement. Rather than traditional material 

types and strip thickness, engineering-based parameters, such as modulus, plastic deformation and 

tensile strength are used. This performance-based approach is also becoming more common in 

contracts in road sector contracts in place of traditional product or material based contracts [7]. 

XI. DESIGN METHODS 

A. Incorporating Geocells in Pavement Design Methods 

Design for geocell base reinforcement of pavements and/or subgrade stabilization is based on the 

resilient modulus of the pavement structures. This integrates geocell modelling into standard 

Mechanistic-Empirical design methods, such as the Layered Elastic Model. While several methods 

of load-bearing capacity calculations of geocell reinforced soil have been proposed[1][7], the geocell 

system modulus and improvement factors to the pavement structure used in the Dutch Guideline[7], 

are briefly mentioned below. 

Modulus Improvement Factor (MIF) 

The Modulus Improvement Factor (MIF) is well established by laboratory and full-scale testing, 

resulting in empirical validated figures[10][22][23]. The magnitude of improvement is dependent upon 

the geocell geometry, properties of the geocell material, infill modulus and depth, and support of the 

subgrade layer. The relation of increased modulus of the base course due to geocell reinforcement 

vs. the conventional non-reinforced modulus is defined as a Modulus Improvement Factor (MIF), 

expressed in the following formula: 

bc (reinforced)

bc (unreinforced)

E
MIF

E

 
   
   



 

 

Where Ebc (reinforced) = the modulus of the reinforced base and Ebc (unreinforced) = the modulus 

of the unreinforced base. Quantifiable metrics and calibration of the MIF derived from testing enable 

integration of the MIF into the mechanistic-empirical design method. MIF values for NPA 

geocellsrange from 2.0-5.0. 

By combining the unique composite effect, the following relationship between the subgrade design 

CBR value and the MIF could be established (Fig. 10):The chart shows how the MIF factors influence 

the level of contribution of the NPA Geocell. For example, for a support stiffness from the subgrade 

being 40 MPa below an unreinforced gravel layer with stiffness of 110MPa, the resulting new 

reinforced stiffness of the gravel layer is now calculated at 110 MPa x 3.6 (MIF factor), resulting in 

396 MPa.  

Fig. 10. Modulus Improvement Factor (MIF) of NPA geocells(source: Dutch Standards, Vega, et al, 2018) 

  



 

 

B. Use of MIF in Layered Elastic Model for Paved Roads 

The layered elastic model evaluates strains, stresses and deflections of multiple layers for specific 

loading configurations. First, a mechanistic model of the pavement layer is created based on the 

general theory of elasticity. Then the typical load configuration is applied, using one of the 

commercially available layered-elastic analysis programs for pavements. The design methodology 

for NPA geocells is based on replacing an unreinforced layer by a reinforced one with a higher 

modulus calculated using the corresponding MIF [23]. This results in reduced deformations under 

the same load, load cycles and subsoil conditions avoiding, for example, fatigue cracking and/or 

increasing the time until "the first crack", i.e. the service life of the paved road (Fig. 11). 

Fig. 11. NPA Geocell Reinforced Base Prevents Pavement Fatigue 

Based on experience, a geocell should have a minimum dynamic modulus of 500 MPa @ 60°C 

to withstand long-term impact (millions of passes) of heavy cyclical loading. 

Implementation of the elastic response in transfer functions provides the ESAL’s performance for 

reinforced pavement structure. This is then validated for the critical failure modes: fatigue (asphalt 

layer) and rutting (subgrade bearing capacity). An iterative process is used to optimize the cost 

savings in terms of the layer thickness and infill type with an equal or greater performance compared 

to the unreinforced design. 

C. SIF – Subgrade Improvement Factor 

This approach focuses more on the bearing capacity of the system than on its deformation 

behaviour. It is of interest when installing an unbound layer directly on very soft subsoil. This 

stabilization of the subgrade soil is considered as a working platform and is not part of the structural 

pavement. The confined granular infill material increases the bearing capacity, therefore resulting in 

higher supporting stiffness below the pavement layer above.  

  



 

 

The Subgrade Improvement Factor (SIF) is established by laboratory tests, theoretical/analytical 

and practical experience (Fig.12). The SIF for NPA based geocells can be up to 7.6, depending on 

the material properties and site conditions.  

Fig.12. Evaluation and verification of Subgrade Improvement Factor (SIF) for NPA geocells (Source: Dutch Standards, Vega, et al, 2018) 

XII. WILGEHEUWEL SPORTS COMPLEX PROJECT CASE STUDY, SOUTH AFRICA 

A. General 

The Wilgeheuwel Sports Complex project involved the development of an empty 16.8haplot of 

undeveloped land in the Johannesburg suburb of Roodepoort, Gauteng Province. The site was to 

be turned into a sports complex, involving the construction of commercial buildings and associated 

parking areas as well as several new and upgraded internal and external roads. The focus of this 

case studyisthe design of the internal access roads and parking areas. 

  

Fig. 13. Overview of Wilgeheuwel Sports Complex Project Case Study 

 



 

 

B. Technical Investigation 

1) Site 

The Wilgeheuwel Sports Complex project site was an abandoned lot covered with the remains of 

old building platforms overgrown by vegetation, large amounts of building rubble, tall trees and two 

old dams filled with overgrown reeds at the North-East side of the site. Slight to moderate 

groundwater was evident at 3.5-5.0m depth but shallower during the rainy season. Climate is 

moderate. A slight decrease in elevation on the site enables cut and fill operations. 

2) Soils 

Geotechnical investigation revealed clayey sand, granitic sand and crushed soft greenstone rock 

soil profiles with a CBR between 3-7%. These are classified as G10 type materials according to 

South African COLTO standards, unsuitable for use as structural infill. Although G10 may be used 

for general fill, it was recommended not to use this in situ due to its expansive clay content. Swelling 

of this material during seasonal changes in moisture content would have caused heaving and 

potential damage to pavements and building foundations. Subgrade replacement and commercial 

import of materials to site for use as fill and layer work materials were recommended. Subgrade 

excavation was classified as soft according to SABS 1200 standard which can be removed with 

normal construction equipment. Fig. 14 & 15 illustrate the soil conditions. 

  

Fig. 14. In-situ saturated, sandy clay soil Fig. 15. In-situ subgrade soil with cracks 

C. Pavement Design Parameters 

Standard South African design guidelines for highways (TRH4) and pavement classifications were 

used. The internal roads and parking area were designated as Category D collector/rural access 

roads with 20-year analysis period, moderate to low level of service, 50% design reliability and a 

structural design period of 10 years. According to TRH4 classification, traffic loading was assumed 

to be ES1 - 1.3 million E80/HV. Analysis using the commercially available Design Software, the South 

African Mechanistic Empirical Pavement Design (SAMEPD) method to analyse the proposed 

pavements resulted in pavement life of 1.8 (mePADS) and 1.5 Million E80s (Rubicon) to meet their 



 

 

expected traffic class demand. The asphalt was not considered as a critical layer in the design 

analysis. 

D. Structural Design – Conventional Solution 

 The conventional design is shown in Fig. 16 alongside the alternative geocell-based design in Fig 

17. The subbase is 150 mm cement stabilized G6 gravel infill (C4), the base is 150 mm G4 gravel 

infill and the asphalt surface layer is 30 mm. Due to the unstable subgrade soil, the roadbed 

preparation called for subgrade improvement down to a depth of 1000mm; resulting in cut to spoil, 

replaced with 150mm layers of G7 material compacted to 90% modified AASHTO.  

  

Fig. 16. Conventional Design for ES1 Pavement Fig. 17. Alternative NPA Geocell Based Pavement Design 

E. Geocell Based Design 

 The alternative design is shown in Fig. 17 utilized geosynthetic reinforcement to reduce the 

subgrade replacement by 85%. The design used NPA – Novel Polymeric Alloy geocells for base 

layer reinforcement. The NPA geocell was 330 mm cell size by 100 mm height (depth). According to 

manufacturer specifications, NPA Geocells, Category C have: tensile (elastic) stiffness modulus of 

>525 MPa @ 45°C (DMA test, ASTM E2254); durability (creep resistance) of <3% cumulative 

elongation in 75 years (SIM test, ASTM D6992); and tensile strength of 23 kN/m (non-perforated 

strip) and 19 kN/m (perforated strip) (Wide-width tensile test, ISO 10319). The geocells were filled 

with G3 gravel with an additional 5 cm compacted gravel overfill. The design of the NPA Geocell 

mechanically stabilized base was intended to reduce total and differential settlement. 

Due to value engineering, the conventional G4 Base material was replaced with locally available 

G3 infill material, yet still providing an overall cost saving due to the huge saving on the subgrade 

improvement. Contrary to higher deformation geocells (HDPE), which use is typically limited to the 

subgrade or subbase, the high modulus NPA geocells were placed directly under the asphalt layer, 

where the stresses are the highest, to maximize the reinforcement efficiency. The high-modulus NPA 

geocells improved the stiffness of the base layer by a modulus improvement factor (MIF) of 3.5. The 

MIF of 3.5 was obtained from the Dutch Standards[7], as well as from empirical research data for 

NPA geocells[23].  



 

 

From another point of view, this 3D mechanically reinforced layer acts as a slab (as mentioned 

above) that distributes the vertical loads at a much wider angle. All outputs from the commercial 

design software verified the same result - lower strains below the base and subbase under the same 

loading, proving that the load angles were increased by the geocell reinforcement. Both approaches: 

the multi-layered design using the MIF and the use of a larger "load spreading angle" enabled a 

reduction of the subgrade layer thickness from 1000 mm to 150 mm (after ripping and recompacting), 

with the same pavement thickness as the conventional design. In addition, a high-strength PET 

woven geotextile was laid on top of the subgrade in the waterlogged areas for additional 

reinforcement (via tensioned membrane effect) as well as for separation and filtration purposes. 

F. Benefits 

In addition to the significant reduction in construction time and cost, an additional key benefit is 

that the NPA geocell reinforced base will remain in place after the first 10-year phase of the design 

life. This is due to its high tensile strength, high tensile stiffness and low creep combined with long-

term flexibility (ductile system). Unlike cemented bases, which tend to become brittle, the NPA 

reinforced base remains in its initial ductile design state. Thus, it does not cause large reflective block 

cracks. The result is significantlylowermaintenance costs of the asphalt over the design life.  

G. Installation 

Some 24,000m² of access roads and parking areas were constructed in less than ten days by a 

team of 10 unskilled labourers trained onsite. After the Geocells were deployed, they were filled with 

G3 material. The back-tipping method was used to import the G3 gravel onto the Geocells. A grader 

was used to blade the material into the Geocells, always keeping the uncompacted overfill above 

100mm. After levelling and watering, the G3 base material was compacted to 100% modified 

AASHTO. The base was mechanically broomed and then primed. The surface layer of 30mm of AE2 

(SBS Modified Asphalt) was laid over the Geocell base (Fig. 18-21).  

  

Fig. 18. Layout of Geocell in Base Layer Fig. 19. Gravel Infill of Geocell 



 

 

  

Fig. 20. Bitumen Prime before Asphalt Layer Fig. 21. Final asphalt layer of road 

H. Results 

The use of the NPA geocell base-layer reinforcement and geotextile at the subgrade/subbase 

interface resulted in a significant reduction in project earthworks. The 85% reduction in the subgrade 

layer thickness saved 225,000 m3 of roadbed subgrade cut. Even when the installation time of the 

geosynthetic layers was factored in, it was estimated that this led to a 36% saving on time due to 

reduced layer works and an overall 27.5% total time saving on the roads and parking lot construction. 

The overall total savings in the construction costs, including the cost for the geosynthetics, was 

estimated at 25%. This does not factor in increased design reliability and reduced maintenance. 

Unlike cement stabilized layers, the reinforced base layer will not have to undergo rehabilitation at 

the end of the first 10-year structural lifespan of the pavement.  

XIII. FINAL REMARKS 

Geocell technology as a specific (3D) type of reinforcement of unbound (non-cohesive) bearing 

layers has evolved from temporary military purposes into an effective solution for unpaved roads and 

working platforms, and permanent paved roads as well. The main advantage of geocells is the 

creation of a layer - with precisely defined thickness- with significantly increased compressive, shear 

and even some bending stiffness (slab effect). This results in advantageously modified stress/strain 

fields, reduced deformations, high bearing capacity and longer service life. Note that due to the 3D 

confinement sands or other types of locally available inferior fills can be used instead of gravel. 

A key issue is the stringent fill confinement at low geocell strain levels both in the short- and long-

term (due to geomechanical reasons). Recent industry-academia research led to the development 

of low deformation NPA-based geocells that meet these requirements in an optimal way, exhibiting 

high static and dynamic tensile stiffness in combination with low creep. Overcoming limitations of 

conventional HDPE-based geocells due to, for example, high creep tendency, NPA geocells are 

more suitable and effective for use in the base layer of permanent asphalt pavements reducing the 

system thickness or prolonging serviceability.  



 

 

In lieu of the recent surge in research and innovation in the geocell industry, updated guidelines 

for the use of geocells in soil stabilization and base layer reinforcement have been published or under 

development by leading organizations. The guidelines’ new performance-based parameters and test 

standards for evaluating geocell performance are briefly discussed. These include design 

procedures for incorporating SIF – subgrade improvement factor and MIF – modulus improvement 

factor for the upper layers in the optimization of asphalt pavements. 

The solution is particularly well suited to many regions in Africa as demonstrated in a case study 

of base layer reinforcement of asphalt pavement in a recent project in South Africa. AnNPA geocell 

reinforced baseenabledthe use of lower quality (cost) G3 fill and a reduction of the subgrade layer 

replacement by 85% compared to conventional pavement design. The more durable structure will 

also extend projected pavement maintenance cycles. 

Pavement thickness reduction, service life prolongation and the use of marginal local fill instead 

of imported aggregate help to achieve sustainability objectives lowering the carbon footprint of 

projects and achieve economic objectives by strengthening pavements at lower costs.  
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Synopsis—Sustainability in road construction refers to the so-called triple bottom line of 

sustainability which are the environmental, social and economic aspects of the entire road 

project life cycle, from design to construction to the operation and maintenance of the road. 

South Africa and Australia are both seen as world leaders in terms of road design, 

construction and rehabilitation. With two different economies, this paper aims to identify 

what sustainability means to the countries and how road projects are measured in terms of 

sustainability and compare this with the rest of the world.  

Worldwide there has been a shift in emphasis in sustainable practices to include social 

and economic factors, compared to past practices where only environmental was 

considered. Sustainability has a different focus in different parts of the world depending on 

the countries’ situation. Certain sustainability tools target these focusses, whilst others tend 

to address sustainability in a broader sense. With all things considered there was still a clear 

recurring theme throughout. 

Keywords—Sustainable Road Construction, Sustainability Practices



 

 

INTRODUCTION 

The World Commission on Environment and Development (WCED) defines sustainable 

development as “meeting the needs of the present population without compromising the ability of 

future generation to meet their own needs (1), while the Infrastructure Council of Australia (ISCA) 

defines infrastructure sustainability as “Infrastructure that is designed, constructed and operated to 

optimise environmental, social and economic outcomes of the long term” (2). 

Sustainability in road construction refers to the triple bottom line: environmental, social and 

economic. Certain definitions add a fourth bottom line or pillar. ISCA refers to governance as the 

fourth bottom line and in South Africa, culture is sometimes referred to as the fourth pillar. Various 

tools exist in Australia and the rest of the world to assess the sustainability aspects of infrastructure 

and more specifically road projects. In South Africa sustainability is less defined, but as a whole 

follows sustainable practices to some extent, and tools and strategies are forming to address this in 

a formal way.  

The General Assembly of the United Nations (UN) adopted a resolution on the 25 September 

2015 entitled “Transforming our world: the 2030 Agenda for Sustainable Development.” (3). In this 

resolution 17 Sustainable Development Goals (SDGs) were presented with the aim of protecting the 

planet, ending poverty and ensuring peace and prosperity for all by 2030. These SDGs were used 

as a benchmark for assessing rating tools. 

This paper summarises the prominent sustainability practices in Australia, South Africa and other 

parts of the world. It will also compare these practices and assess the recurring themes and the 

differences. Common sustainable road construction practices that are followed around the world are 

also summarised. 

SUSTAINABILITY PRACTICES 

Australia 

Infrastructure Sustainabilty Tool 
The Australia Green Infrastructure Rating Council (AGIC) was formed in 2007 as a member-based 

industry association committed to the delivery of more sustainable outcomes from the design, 

construction and operation of Australia's infrastructure. In 2012 the AGIC evolved into ISCA. ISCA 

developed the Infrastructure Sustainability (IS) Tool for evaluating sustainability against their 

quadruple bottom line of sustainability (environmental, social, economic and governance) providing 

an overall IS Rating of the project. The tool assessed the projects from the planning phase, to the 

design and as-built phase and finally the operations phase. The latest scorecard for the planning 

phase and design and as-built phase, version 2, assessed the relevant project phase against the 

following criteria; 

1. Governance; 

a. Context 

b. Leadership and management 

c. Sustainable procurement 



 

 

d. Innovation 

2. Economic 

a. Options assessment and business case 

b. Benefits 

3. Environment 

a. Energy and Carbon 

b. Green infrastructure 

c. Environmental impacts 

d. Resource efficiency 

e. Ecology 

4. Social 

a. Stakeholder engagement 

b. Legacy 

c. Heritage 

d. Workforce 

The IS Rating (for version 2) was out of a total score of 100 and gave categories ranging from 

bronze to diamond. 

Integrated VicRoads Environmental Sustainability Tool 
Integrated VicRoads Environmental Sustainability Tool (INVEST) was developed by VicRoads in 

Australia in 2011 and was identified as “a tool for assessing the sustainability aspects of road 

projects. It sets the standards for best practice and innovation in sustainable road design and 

construction.”. The tool consisted of a set of prerequisites that must be met by all projects to be 

eligible for an INVEST rating. The rating was then achieved by meeting a minimum score from 

completing several of the Sustainability Indicators, each of which was assigned a number of points. 

The Sustainability Indicators were identified under 11 categories and covered all aspects of a road 

project from design to construction. They also varied in applicability so all projects, large or small, 

urban or rural, could have a wide range of indicators to select from to achieve a rating. The INVEST 

Rating System used a star rating ranging from one to five stars. 

The manual identified INVEST’s aim to: 

 Encourage the investigation and implementation of innovative ideas which will contribute to 
improving sustainability in road projects; 

 Recognise outstanding sustainability practices; 

 Increase awareness of sustainable practices in road projects; and 

 Establish benchmarks for sustainability and encourage continual improvement. 

There is little evidence of the VicRoads INVEST still being used, with no information on VicRoads’ 

website. It could therefore be considered to be a legacy system. (3) 



 

 

South Africa 

Greenroads Transport Strategy 
Green Transport Strategy (GTS) – The South African Department of Transport launched its’ Green 

Transport Strategy with the goal of reducing greenhouse gas (GHG) emissions and other 

environmental impacts from the transport sector by 5% by the year 2050. The Green Road 

implementation theme of the strategy aimed to reduce the use the number of individual private 

passenger cars by shifting users to public transport, to provide non-motorised transport (NMT) 

infrastructure and to provide transport infrastructure in a way that supported the eco-system and did 

not compromise future generations. With this strategy in place, there were clear desired outcomes 

however no way of measuring projects against these outcomes. 

Sustainable Roads Forum 
A board of South African key road and transport stakeholders was formed to create the 

Sustainable Roads Forum (SuRF) (4). This forum set out to engage with Greenroads with the aim to 

amend their approach to include economic and social equity concerns associated with South Africa 

being a developing country. After the Greenroads Foundation was not prepared to amend their 

approach, a consulting engineering company undertook in developing a localised rating system for 

road construction projects. The undertaking identified that as there is no commercial benefit 

associated with a formal “green” certification on a road (when compared to buildings and other 

commercial projects), there would be reluctance from industry to pay large fees to get projects 

independently assessed. To address this reluctance the SuRF rating tool was to have three tiers. 

The first tier would list sustainability best-practises specific to South Africa, the second would be a 

be a self-assessment tool and the third would be third party certification. The SuRF tool assessed 

projects against the following pillars over and above the mandatory interventions: 

 Environment, Culture and Impact,  

 Natural Resources, 

 Design Innovations,  

 Movement, Safety and Health, 

 Human Capital, and  

 Economics and Industry 

The SuRF tool was in the inception stage being trialled on South African National Roads Agency 

(SANRAL) projects on the N3 corridor. D Nkadibinde and M Uken (4) state that “there is still varied 

appreciation of the role and value of the Tool, and limited adoption of it as a positive differentiator on 

road construction projects.” 

Other Sustainabilty Practices 
A pavement scoring matrix was supplied to consultants by SANRAL to analyse pavement design 

options in the N3 Upgrade EB Cloete To Cedara project. This matrix had sustainability criteria for 

scoring the pavement.  

 Design reliability 



 

 

 Initial construction cost 

 Construction efficiency 

 Material availability 

 Maintenance cost 

 Maintenance efficiency 

 Labour component 

 Riding quality 

 Rut resistance 

 Road noise 

 Management of differential settlement 

 Potential for re-use of material 

 Carbon footprint 

 Pavement structure uniformity 

 Climatic influence on construction program. 

Rest of the World 

Greenroads 
Greenroads (5) is a voluntary 3rd party rating system for road projects, developed in 2008 by the 

combined team of the University of Washington (UoW) and Engineering Consultant CH2M HILL, led 

by Mr Stephen Muench (UoW). Greenroads is considered an international rating system that is used 

worldwide including United States of America, Canada and New Zealand. The rating system was 

piloted on two projects in South Africa, namely the Rehabilitation of Main Road 398-1 for the 

KwaZulu-Natal Department of Transport and the Model Kloof Pedestrian Bridge and Walkway for the 

South African National Roads Agency Ltd (SANRAL). The system consists of a set of Project 

Requirements (PR) which are mandatory and have no points assigned and Voluntary Credits (VC) 

which are split into 5 categories and are assigned a number of points depending on the credits 

sustainability benefit, and ranges between one and five points. All PRs must be met by a project as 

well as score a minimum level of VC points to qualify for a rating. Greenroads identifies four levels 

of certification: Certified, Silver, Gold and Evergreen. The aim of Greenroads is to quantify 

sustainable design and practices within the lifecycle of a project. The manual states that this 

quantification can be used to: 

 Define what features contribute to sustainability on the project. 

 Provide accountability for sustainability on a project. 

 Measure and track specific sustainability goals over time. 

 Manage and improve roadway sustainability. 

 Encourage new and innovative practices. 

 Promote competitive advantage and other economic or market incentives for sustainability. 



 

 

 Communicate sustainable features to stakeholders in an understandable way, especially to 
the public. 

The PRs are as follows: 

 Ecological impact analysis 

 Energy and carbon footprint 

 Low impact development 

 Social impact assessment 

 Community Engagement 

 Lifecycle cost analysis 

 Quality control 

 Pollution prevention 

 Waste management 

 Noise and glare control 

 Utility conflict analysis  

 Asset management 

There are various VCs under the following categories: 

 Environment and water 

 Construction activities 

 Materials and design 

 Utilities and controls 

 Access and liveability 

 Creativity and effort 

CEEQUAL 
CEEQUAL was developed in 2003 and was the first sustainability rating system for infrastructure 

projects in the world. CEEQUAL forms part of the BREEAM sustainability schemes. CEEQUAL is an 

awards scheme for civil engineering, infrastructure, landscaping and works in public spaces. It 

assists clients, designers and contractors to improve sustainability throughout the project life cycle. 

The scheme awards projects that go beyond the statutory minima for environmental and social 

performance. There are two forms of CEEQUAL; CEEQUAL for Projects and CEEQUAL for Term 

Contracts. CCEQUAL for Projects is broken into two areas, namely; United Kingdom and Ireland, 

and International. 

This awards scheme is based on a set of questions under each of the nine categories. A self-

assessment is completed which is then assessed by a trained assessor. Each question is assigned 

a number of points. Depending on the answers given (some are a simple yes/no and others more 

complex) for the questions, the score is added up and given as a percentage. This percentage then 



 

 

determines the achievement level. The achievement levels are as follows: Pass, Good, Very Good 

and Excellent. The award scheme is quite flexible with a number of different awards to choose from 

depended on the stage of assessment and what members of a team wish to participate. 

The objectives of the CEEQUAL Scheme are: 

 to recognise the attainment of good, very good or excellent environmental and social practice 
in civil engineering and public realm projects; 

 to promote improved sustainability performance in project specification, design and 
construction; and 

 to create a climate of environmental awareness and continuous improvement in the industry. 

The CEEQUAL Scheme is identified as: 

 a tool for Project Teams to assess how well they have dealt with the environmental and many 
social issues on their projects; 

 a mechanism for having those assessments externally and independently verified and 
recognition gained; 

 an evidence-based assessment, not an assertion-based assessment; 

 a question set that can be used by Project Teams as a checklist to significantly influence the 
development of design and/or construction management made as a project progresses from 
concept to completion. 

Rating Categories 

 Section 1: Project/contract strategy 

o Project strategy 

o Client contract strategy 

 Sections 2-9 

o Project or contract management 

o People and communities 

o Land use and landscape 

o The historic environment 

o Ecology and biodiversity 

o Water environment 

o Physical resources use and management 

o Transport 

Envision 
Envision (6) was a set of framework and tools developed by the Institute for Sustainable 

Infrastructure in America. The Envision system aimed to assess the sustainability of civil 

infrastructure, through the completion of a checklist, an assessment and finally an audit to provide 

an unbiased view of the sustainability of the project. The framework was primarily a self-assessment 



 

 

tool, with an optional verification option. As with other sustainability schemes, this program assessed 

the whole lifecycle of the project. 

Envision included projects from all aspects of public infrastructure: Roads, bridges, pipelines, 

railways, airports, dams, levees, landfills, water treatment systems and others. Envision scored 

projects based on outcomes rather than intentions, and has four award levels, namely; verified, silver, 

gold and platinum. 

There were 64 credits that were taken into consideration in the third version (Envision v3) giving 

a maximum total of 1000 points, that fall into the following categories: 

 Quality of life 

o Purpose 

o Wellbeing 

o Community 

 Leadership 

o Collaboration 

o Planning 

o Economy 

 Resource allocation 

o Materials 

o Energy 

o Water 

 Natural world 

o Siting 

o Conservation 

o Ecology 

 Climate and resilience 

o Emissions 

o Resilience 

GreenLITES 
New York State Department of Transportation (NYSDOT) developed the Green-LITES 

(Leadership in Transportation and Environmental Sustainability). GreenLITES was a self-certification 

program that was a means of evaluating the sustainability of transportation projects and encouraged 

the minimization of impacts to the environment and promoted sustainability in project design. Four 

levels of certification based upon a point/rating system similar to Greenroads namely, Certified, 

Silver, Gold and Evergreen. The philosophy of the NYDOT was to: 

 Protect and enhance the environment. 



 

 

 Conserve energy and natural resources. 

 Preserve or enhance the historic, scenic, and aesthetic project setting characteristics. 

 Encourage public involvement in the transportation planning process. 

 Integrate smart growth and other sound land-use practices. 

 Encourage new and innovative approaches to sustainable design, and how we operate and 
maintain our facilities. 

Rating categories: 

 Sustainable Sites 

 Water Quality 

 Material Resources 

 Energy and Atmosphere 

 Innovation 

Infrastructure Voluntary Evaluation Sustainability Tool  
The Federal Highway Administration (FHWA) developed a Sustainable Highways Self Evaluation 

Tool called the Infrastructure Voluntary Evaluation Sustainability Tool (INVEST) (7), not to be 

confused with VicRoad’s INVEST. The FHWA’s INVEST is a web-based system that has a collection 

of voluntary best practices designed to integrate sustainability into transport projects. The tool 

addresses sustainability in all phases of transportation process with different modules for planning 

through operation and maintenance, each module has its’ own criteria assigning points under the 

following categories economic (1 to 15 points), social (1 to 15 points), environmental (1 to 15 points) 

and bonus (0 to 10 points). The rating system was developed with input from AASHTO, ASCE, ACEC 

and APWA. It builds upon other sustainability rating systems and encompasses the entire 

transportation life cycle. This tool, although voluntary is widely used throughout the United States of 

America, with 15 State Departments of Transport, 25 Metropolitan Planning Organizations, 23 

Federal Land Units and 7 other transport agencies using the tool on more the 2,400 projects. 

COMPARISON 

After review of the different sustainability practices in Australia, South Africa and other prominent 

methodologies in the rest of the world, there were clear themes that emerged. Whilst, as expected, 

the three pillars of the triple bottom line of sustainability (economy, environment and social) were 

covered to varying extents in all methods observed, there were two prominent themes that may fall 

outside of these three pillars. Sustainable procurement and innovation were raised in both the SuRF 

tool from South Africa and the IS tool from Australia (the IS tool referred to this as the governance 

pillar). Innovation was also a factor in Greenroads, GreenLITES and the FHWA’s INVEST. The 

following key factors were summarised as the key factors to a sustainable road or infrastructure 

project: 

 Economy 

o Capital cost 



 

 

o Operation cost 

o End user cost 

 Environment 

o Waste 

o Water 

o Material usage 

o Carbon footprint/ greenhouse gas emissions 

o Energy 

 Social 

o Land use 

o History/ancestry 

o Society/stakeholder aspects 

o Construction health and safety 

o Job creation and skills development 

 Governance 

o Procurement 

o Innovation 

Although the IS Tool has been used in other countries such as New Zealand and was in the 

process of being adapted for use in China (2), the tool emphasised key sustainability factors specific 

to Australia, in particular, environmental concerns. The IS Tool placed an emphasis on the reduction 

in water used, the amount of waste prevented, and the amount of CO2 emissions avoided.  

A large part of sustainable practice in South Africa was addressing the socio-economic challenges 

that the country faced. Job creation and procurement were the core concerns. This may not be clear 

in the GTS or with the SuRF Tool, but with schemes such as the Broad-Based Black Economic 

Empowerment (B-BBEE) act, it was clear that this was a priority. 

Greenroads and CEEQUAL are marketed as global solutions applicable to infrastructure projects 

anywhere in the world. They therefore assess sustainability in a broader sense and don’t take 

countries situation into consideration. Envision, and the FHWA’s INVEST targeted the American 

market, while the GreenLITES system was an internal rating system for projects in the State of New 

York.  

There has been a change over the past few decades in the “focus of environmental reporting in 

roads agencies, from the current practice of ‘environmental management’ which seeks to minimise 

ecological disturbance, to a second generation of reporting that expands this scope to include 

sustainable development associated outcomes, … and the potential for alternative ‘low-carbon’ 

options. Such a shift in focus will form an important part of a road authorities approach to issues of 

growing concern such as increasing energy costs and increasing impacts from climate change, such 



 

 

as greater weather damage to road infrastructure. The shift in environmental reporting focus has 

been heralded by the emergence of an array of sustainability frameworks, all with varying purposes, 

reporting requirements, and outcomes.” (8). Griffiths, Boyle and Henning (9) highlighted that 

sustainability tools in the past focussed on environmental and did not sufficiently address social and 

economic factors. Since then the ratings systems have been amended to address these issues. All 

ratings systems apart from the GreenLITES system address these factors in some way or another. 

GreenLITES touches on the social aspect but did not address the economic part of the project. 

GreenLITES has not been updated since 2014, which could explain why it only assessed 

environmental components.  

To provide a comparison between the tools and to add insight into sustainability practice, the ISCA 

tool from Australia, the SuRF tool from South Africa and Greenroads, CEEQUAL and Envision tools 

were compared to the 17 SDGs set out by the UN. Each tool was ranked not covered, touched on, 

moderate focus or string focus. The comparison is shown in Table I. 

COMPARISON OF SUSTAINABILITY TOOLS TO SDGS 

Sustainable 

Development 

Goals 

Austra

lia 

South 

Africa Rest of World 

ISCA SuRF Greenroads CEEQUAL Envision 

Goal 1. End poverty in 

all its forms everywhere 
Not covered Strong Focus Not covered Not covered Not covered 

Goal 2. End hunger, 

achieve food security 

and improved nutrition 

and promote 

sustainable agriculture 

Not covered Not covered Not covered Not covered Not covered 

Goal 3. Ensure healthy 

lives and promote well-

being for all at all ages 

Moderate 

Focus 

Moderate 

Focus 
Touched on Touched on Touched on 

Goal 4. Ensure 

inclusive and equitable 

quality education and 

promote lifelong 

learning opportunities 

for all 

Touched on Strong Focus Touched on Touched on Touched on 

Goal 5. Achieve gender 

equality and empower 

all women and girls 

Moderate 

Focus 

Moderate 

Focus 
Touched on Touched on Touched on 

Goal 6. Ensure 

availability and 

sustainable 

Strong Focus Touched on Strong Focus Strong Focus Strong Focus 



 

 

management of water 

and sanitation for all 

Goal 7 Ensure access 

to affordable, reliable, 

sustainable and 

modern energy for all 

Touched on 
Moderate 

Focus 

Moderate 

Focus 

Moderate 

Focus 

Moderate 

Focus 

Goal 8. Promote 

sustained, inclusive 

and sustainable 

economic growth, full 

and productive 

employment and 

decent work for all 

Moderate 

Focus 
Strong Focus 

Moderate 

Focus 

Moderate 

Focus 

Moderate 

Focus 

Goal 9. Build resilient 

infrastructure, promote 

inclusive and 

sustainable 

industrialization and 

foster innovation 

Strong Focus Strong Focus Strong Focus Strong Focus Strong Focus 

Goal 10. Reduce 

inequality within and 

among countries 

Moderate 

Focus 
Strong Focus 

Moderate 

Focus 

Moderate 

Focus 

Moderate 

Focus 

Goal 11. Make cities 

and human settlements 

inclusive, safe, resilient 

and sustainable 

Moderate 

Focus 

Moderate 

Focus 
Strong Focus Strong Focus Strong Focus 

Goal 12. Ensure 

sustainable 

consumption and 

production patterns 

Strong Focus 
Moderate 

Focus 
Strong Focus Strong Focus Strong Focus 

Goal 13. Take urgent 

action to combat 

climate change and its 

impacts 

Strong Focus 
Moderate 

Focus 
Strong Focus Strong Focus Strong Focus 

Goal 14. Conserve and 

sustainably use the 

oceans, seas and 

marine resources for 

sustainable 

development 

Touched on Touched on Touched on Touched on Touched on 



 

 

Goal 15. Protect, 

restore and promote 

sustainable use of 

terrestrial ecosystems, 

sustainably manage 

forests, combat 

desertification, and halt 

and reverse land 

degradation and halt 

biodiversity loss 

Strong Focus 
Moderate 

Focus 
Strong Focus Strong Focus Strong Focus 

Goal 16. Promote 

peaceful and inclusive 

societies for 

sustainable 

development, provide 

access to justice for all 

and build effective, 

accountable and 

inclusive institutions at 

all levels 

Touched on Touched on Touched on Touched on Touched on 

Goal 17. Strengthen 

the means of 

implementation and 

revitalize the Global 

Partnership for 

Sustainable 

Development 

Moderate 

Focus 
Not covered Not covered 

Moderate 

Focus 
Not covered 

 

Many tools had a self-assessment assessment option rather than a third-party auditor/verifier. 

Tools such as the CEEQUAL and Envision consisted of a self-assessment followed by an 

audit/verification. The SuRF tool placed emphasis on having both a self-assessment option and an 

audited option. A self-assessment is an attractive option as it carries a lower cost, and generally is 

less intensive, and less evidence is required. The negative side to a self-assessment is that the rating 

would have little credibility without claims being verified or audited by an independent party. 

It was evident that social aspects had different focusses around the world. In the South African 

ratings, social aspects dealt with the labour directly involved with the project, and the skills and 

employment that the project would bring to the local community. Australia, too, had a component 

addressing the workforce, but also addresses legacy and heritage of the project. FHWA’s INVEST 

had similar social factors to the Australian systems, but also highlighted construction health and 



 

 

safety. Greenroads, CEEQUAL, and Envision define the social aspect as use of land, purpose and 

effect the infrastructure will have on the community. 

TYPICAL SUSTAINABLE ROAD CONSTRUCTION PRACTICES AND INNOVATIONS 

With the development of these sustainability tools, there has been encouragement in road 

construction practices to promote sustainability. Generally, the greenhouse gas (GHG) or carbon 

dioxide (CO2) emissions and the reduction thereof are quoted as the main driver for using alternative 

construction methods. There are two ways of assessing the emissions attributed to a project, the 

embodied carbon (emissions throughout the life of the project from manufacture to placement to 

operation and maintenance) and direct emissions. The quantification of these emissions is not clearly 

defined, and therefore the total benefits are often not realised. There is therefore opportunity to 

develop a carbon calculator to quantify the amount of carbon (embodied and direct) emitted 

throughout the lifecycle of a project. 

Innovations in road construction practices have stemmed throughout the world to enhance 

sustainability, that is to reduce the life cycle cost of the asset, reduce the effect on the environment 

and have a positive social impact. The following are examples of innovations which improve the 

sustainability of a road project. 

Material Use 

1. In-situ stabilization is generally used in road rehabilitation. Existing pavement layers are 
stabilised or re-stabilised using bituminous, cementitious or lime agents. The agents are added 
to the in-situ layer by a milling machine together with water. The layer is then cut to level and 
compacted and allowed to cure. Further layer works, or surfacing can then be applied. This 
stabilisation strengthens the existing pavement extending the design life. This method reduces 
waste as existing layers are treated as opposed to being replaced. Less virgin material is 
required when compared to full depth pavement replacement. 

2. Waste concrete can be crushed and screened for use in lieu of crushed rock in pavement 
layer-works, and as aggregate in virgin concrete. This practise makes use of waste material 
which would otherwise be spoiled, and it also reduces the amount of crushed rock required for 
pavement construction. 

3. The use of recycled asphalt (RAP) is a popular trend around the world. Screened RAP is added 
to fresh asphalt to reduce the overall amount of virgin stone and bitumen required for a project. 
In South Africa, RAP can constitute up to 20% of the overall mix without adversely affecting 
the performance of the asphalt. RAP can also be used in pavement layer works, as a base or 
other layer. By adding RAP to the pavement, the total amount of material required is reduced 
and the disposal of the asphalt millings is reduced or negated entirely. 

4. Stone mastic asphalt (SMA) has been around many years, invented by Germany as a long-
lasting asphalt surfacing. A lot of work has been done is recent times worldwide to adapt this 
technology to produce more sustainable pavements. Noise reduction and skid resistance is an 
inherent property of SMA surfacing. In the United Kingdom there are case-studies investigating 
the use of high RAP SMA mixtures (with a reduced design life of the layer), by taking advantage 
of the strong stone matrix of the mix, a high proportion of RAP can be added with minor 
reductions in the performance of the asphalt.  



 

 

5. The use of recycled materials such as glass and plastics in pavement layer works, makes use 
of waste material and improves the performance of the pavement. 

Innovation 

1. The use of geosynthetics in road construction is becoming ever more popular. Geosynthetic 
materials such as geogrids or geocells are used to mechanically stabilise granular or asphalt 
layers. The mechanical stabilisation improves the performance of the layer in the pavement 
structure. This improved performance promotes sustainability as the overall pavement 
structure can be thinner resulting in a cost saving, and less haulage of material results in less 
emissions. The geosynthetic material also allows for the use of marginal material higher up in 
the pavement as it can withstand higher stresses and strains, this reduces or negates the need 
for high quality crushed rock, which is energy and emissions intensive to produce. 
Geosynthetics can also be made from recycled materials such as plastic and glass, however 
recycled material can be variable causing the geosynthetic strengths to vary which may not be 
acceptable in high-stress environments. 

2. By adding organic additives such as Fischer-Tropsch paraffin wax to asphalt, the temperature 
at which traditional hot mix asphalt (HMA) is mixed and laid is reduced. This is known as warm 
mix asphalt (WMA). By reducing mixing temperatures, less fuel is required to heat up the 
asphalt, and therefore there is a reduction in energy required, emissions and cost as a result. 

3. The use of crumbed rubber as an additive to bitumen increases its elastic properties 
significantly. Crumbed rubber comes from pulverising used tires. Crumbed rubber has been 
used in South Africa for quite some time. The crumbed rubber is blended into the bitumen and 
then used for a spray-seal or in an asphalt. Although Australia has used crumbed rubber for a 
while, until recently it has not been a popular choice. Recently significant work has been done 
by the Australian Road Research Board (ARRB) and Queensland Transport and Main Roads 
(QTMR) to facilitate the implementation of crumbed rubber in road surfacing. Elsewhere in the 
world crumbed rubber is used extensively. There are clear sustainability benefits associated 
with the use of crumbed rubber, such as the use of waste material (used tires) as well as the 
increased performance of the bituminous layer as a whole. 

Social Considerations 

With the socio-economic status of South Africa, there has been an increase in labour-based 
construction methods such as water bound macadam. By using these construction methods, 
not only does it promote job creation, but a higher number of unskilled labour become upskilled 
in road construction. 

Design Considerations 

1. Review and updates to design methods and design software can have a significant role in 
reducing design pavement thicknesses. As pavements become better understood, design 
methods and softwares can be optimised, redundancies and safety factors can be reduced. 
The mechanistic-empirical design software used in Australia – Circly issued an update (version 
7) in 2018 to align with the 2017 version of the Australian Guide to Pavement Technology Part 
2 -  Pavement structural design (10). By adopting an axle-strain approach and using traffic 
load distribution modelling as opposed to standard axle repetitions (SARs), a reduced asphalt 
thickness for heavy-duty structures is observed.  

2. Permeable pavements make use of a porous surfacing – either porous asphalt or block pavers 
and layer works with high voids to collect surface water. The water is collected and can be 
used for various applications such as watering plants. This type of pavement negates the need 
for subsoil and surface drainage and creates a free draining pavement. These pavements are 



 

 

particularly suited to car park pavements, and other low speed environments such as 
suburban/city roads. 

Economic Considerations 

Life cycle cost analysis are used to evaluate the sustainability of a project from feasibility, to 
design, to construction and finally the maintenance and operation stage. This assesses the 
sustainability over the entire life of the asset as opposed to just the construction. 

CONCLUSION 

In conclusion, there has been a shift in emphasis in sustainable practices to include social and 

economic factors, compared to the past where only environmental was considered. There is an 

opportunity to do further research into the quantification of sustainability outcomes, and perhaps to 

develop a carbon calculator to quantify the amount of carbon emitted throughout the lifecycle of a 

project.  

Sustainability has a different focus in different parts of the world depending on the countries’ 

situation. Certain sustainability tools target these focusses, whilst others tend to address 

sustainability in a broader sense. With all things considered there was still a clear recurring theme 

throughout the different schemes and this was summarised. Sustainable road construction practices 

are ever evolving and an overview of some of the common techniques was given. 
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The increasing awareness of sustainable road practices has led to innovative methods of 
recycling. One such technology is Bitumen Stabilised Materials (BSM’s) which are produced 
at ambient temperatures in comparison to hot mix asphalt. Decreased temperatures have 
greater advantages in terms of energy savings, reduced greenhouse gas emissions and 
bitumen fumes. Construction demolition waste is another and is used as an alternative to 
granular materials in countries that prioritise recycling. In these cases, the structural 
performance of these materials has been reported upon, especially in using recycled 
concrete aggregate (RCA) as opposed to masonry rubble. By replacing the granular 
materials within the BSM mix, with RCA, the recycling benefit of BSM’s could be further 
enhanced. The property of BSMs, to disperse as droplets on the surface of the finer particles 
could benefit the use of RCA due to the significant increase in cohesion. Currently RCA is 
not specified for BSM construction in specification documents. Therefore, this paper 
explores the possibility of using the combination of BSM’s with RCA (BSM-RCA). A study 
design was developed to investigate the performance characteristics of BSM-RCA mixes 
stabilised with foamed bitumen and bitumen emulsion. The performance property tested was 
the shear parameters of the optimum mixes with the two bitumen stabilising agents. The 
results give an indication that a BSM2 could potentially be produced from the mix with shear 
parameters equal to those obtained for traditional BSMs.  

Keywords—Bitumen stabilised materials; Recycled concrete aggregate; indirect tensile 
strength; shear parameters 



 

 

INTRODUCTION  

Population growth and rapid urbanisation has led to an increase in waste generation 

worldwide. In South Africa, the management of waste is steering into a national crisis 

with landfill sites rapidly reaching capacity. This crisis does not only lead to 

environmental challenges but also an estimated impact on the economy of between 

R25.1 and R70.0 billion [1]. A significant proportion, 20-22% by mass [2], of waste 

streams reaching landfill sites includes construction demolition waste (CDW). As most 

of this waste is generated by the construction industry, austerity measures should be 

pioneered by this industry. In this regard, significant advances have been made in 

reusing CDW as Recycled Concrete Aggregate (RCA) and Recycled Masonry (RM) in 

road layers and research on this subject matter can be found in literature. 

The performance properties of RCA and RM, such as the shear parameters, have 

been found to be comparable to shear parameters typically achieved by traditional 

granular materials currently used in base and subbase layers as illustrated in Fig. I. 

Selected blends of unstabilised RCA and RM were tested at different percentages of 

optimum moisture contents and degrees of compaction. The tests revealed that the 

material is resilient to weakening induced by moisture and higher compaction increases 

the shear parameters as demonstrated in Fig. I A [3]. Therefore, for selected blends, 

RCA and RM shear parameters are comparable to high quality granular materials. 

 

FIG I (a) Shear parameters of RCA and RM [3] and; (b) Typical shear parameters of 
traditional granular materials [4] 

With the increasing traffic demand, there is greater need for road materials that can 

sustain large traffic volumes than what RCA, RM or even traditional granular materials 

can provide. Aggregates without modification or stabilisation have limitations in 

structural capacity when applied as pavement materials. An alternative green 

technology currently being used is Bitumen Stabilised Materials (BSMs). BSMs include 



 

 

a group of technologies that allow for reduction of temperatures during construction or 

rehabilitation in comparison to the production and placement of Hot Mix Asphalt (HMA). 

The technology includes the reduction in viscosity of the bitumen, thereby enabling 

aggregates at lower temperatures to be stabilised with bitumen to improve the 

performance properties. 

BSMs, consist of non-continuous bonds that are dispersed selectively amongst the 

finer fractions. During compaction, the bonds are forced against the aggregates leading 

to a material that has higher shear properties and particularly an increase in cohesion. 

Fig. II (a). provides an example of how shear behaviour improves for a traditional South 

African G2 crushed granular material treated with bitumen [5]. It is not only the shear 

parameters that are improved with the addition of BSM technology, but certain studies 

have also reported on the stiffening of the pavement structure over the curing period. 

The study by Loizos et.al [6] included readings from a Falling Weight Deflectometer 

(FWD) done during rehabilitation at one and six month intervals followed by yearly 

intervals for four years. Their results revealed a significant reduction of deflections over 

time coinciding also with an increase in stiffness of the layer works as shown in Fig. II 

(b).  

 

FIG II (a) Mohr-Coulomb model for G2 and BSM [5] and (b) change in effective 
modulus of BSM-foam over time (Athens-Corinth highway in Greece)[6] 

In the current research, traditional granular materials within the standard BSM mix 

are replaced with RCA as a viable substitute. This is performed to further enhance the 

recycling benefit of BSM’s. The property of BSMs where bitumen droplets are 

dispersed on the surface of the finer particles might negate the negative impact of the 

higher water absorption characteristics reported for RCA and RM, in comparison to 

high quality granular materials. The research includes a preliminary assessment on the 

potential of combining these two green technologies. The study includes a laboratory 

investigation comprising Indirect Tensile Strength (ITS) Tests with varying bitumen 



 

 

contents and different types of active fillers. A selection of monotonic triaxial tests are 

also performed. The tests outcomes are evaluated and compared to specified 

laboratory results for BSMs applied to traditional granular materials. Therefore, 

conclusions can be drawn on the validity of further pursuing this merged technology. 

MATERIALS AND METHODS 

Aggregate Crushing and Binders 

RCA was generated from crushing concrete slabs obtained from a demolished 
concrete road in the Western Cape, South Africa. The concrete slabs were reduced in 
size and crushed in a two-stage crushing process. The dry sieve method A1 (b) 
specified in the TMH 1 was used to separate the crushed material into different sized 
fractions (Fig IIIa) and the retained percentage of each particle size of the grading is 
presented in Fig III(b).  

                

FIG III: (a) Sieved crushed RCA fractions and (b) Particle size 
distribution percentages  

Two binders were used for the BSM mixes: a 70/100 graded bitumen to make the 
foamed bitumen and an anionic SS60 bitumen emulsion. The foamed bitumen was 
generated with the Wirtgen WLB 10S foam plant and analysed as per the SANS 3001-
BSM1 [7]. The 70/100 graded bitumen was heated to 165oC and foamed with the 
addition of 2% water. The expansion ratio (ER) of the foam was determined as 12 with 
a half-life of 12 seconds. These properties adhered to the minimum required ER of 
eight with a six seconds half-life as per the TG2. Prior to use, the stability of the 
bitumen emulsion was tested and confirmed to be stable as per the SANS -BSM2 [8]. 

Preliminary Aggregate Properties  

The following preliminary aggregate properties were determined prior to 
stabilisation with bitumen: grading modulus (GM), plasticity index (PI), maximum dry 
density (MDD), optimum moisture content (OMC) and 4 day soaked California bearing 
ratio (CBR). The specifications used to determine each property are listed in Table 
XXI. Two additional tests were performed to determine the pH and hygroscopic 
moisture in the RCA (Table XXI). The pH was tested to determine the latent cement 
in the RCA, which would potentially result in the self-cementation of the mix. Lastly, 
the hygroscopic moisture (%) was measured to determine the content of the intrinsic 
moisture in the RCA.  

(a) (b
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BSM Specimen Mixing and Compaction 

The BSM specimens produced from the stabilisation of RCA with either foamed 
bitumen or bitumen emulsion were tested for the indirect tensile strength (ITS) and the 

shear parameters, cohesion (C) and internal angle of friction (φ). The SANS 3001-

BSM2 [8] specifies the mixing process and curing procedure for both ITS and triaxial 
testing. The foamed bitumen specimens (BSM_F) were mixed with the pugmill mixer 
(Fig IVa) while, the rotating mixer (Fig IVa) was used to produce the bitumen emulsion 
specimens (BSM_E). The compaction of all the specimens was done based on the 
SANS 3001-BSM2 [8] specification, which required compaction to be executed with a 
vibratory hammer (Fig IVb). This compaction method accurately simulates the 
compaction of BSM layers as executed on a typical construction site with a vibratory 
roller. The OMC was reduced to accommodate the change in compaction method from 
modified impact hammer to vibratory hammer based on research by Kelfens [9]. An 
accelerated curing process was used for the ITS specimens (Fig IVc) as specified in 
the SANS 3001-BSM2. While the testing process was done according to the SANS 
3001-BSM4 [10]. The curing process and testing of the monotonic triaxial test 
specimens was conducted as specified by the SANS 3001-BSM5 [11]. An adjustment 
was made to the specification to improve the quality of the mixes. Prior to stabilisation, 
the aggregates were sprinkled with 1% water of the OMC then sealed and placed in 
an oven at 25oC for a minimum of 4 hours. The bitumen emulsion was heated to 60oC 
to avoid variability in the temperature as a result of changes in the climate. These 
adjustments were added based on observations made during mixing, where the 
bitumen emulsion broke prematurely whereas stringers formed in mixes with foamed 
bitumen. These types of defects produce inconsistent mixes in cold climates [12].  

 

FIG IV:(a) Rotary and pug mill mixers, (b) vibratory hammer, (c) ITS and triaxial 
cured specimens  

The ITS tests were executed on mixes either with 1% cement, 1% lime or no active 
filler. In addition, to determine the suitable active filler for the RCA the bitumen content 
was kept constant at 2.2% for foamed bitumen and bitumen emulsion. Thereafter, the 
optimum bitumen content for the final mix design was determined from mixes with no 

(a) (b) (c) 



 

 

active filler and varying contents of bitumen from 2%, 2.4% and 2.6%. This was done 
to determine the influence an increase in bitumen content had on the measured ITS 
of the mixes. A total of twelve mix designs were produced and six specimens were 
generated for each mix (Table XXXV). The specimens manufactured for ITS testing 
had a height and diameter of 95 mm and 152 mm, respectively (Fig IVc). For each mix 
design, a set of three specimens were tested in a dry condition (cured, no moisture), 
while another set of three were tested in a wet condition (cured, 24 hour soaking). The 
shear parameters of the final mix designs (Table XXXV) were measured using the 
monotonic triaxial test. A total of 10 specimens were produced for mixes with foamed 
bitumen and 10 specimens for bitumen emulsion. The specimens tested with the 
triaxial had a height and diameter of 300 mm and 150 mm, respectively (Fig IVc). 

 

 

TABLE XXXV: Summary of mix designs tested with the ITS to determine suitable 
active filler and final mix design for BSM with RCA 

Purpose 
Bitumen Type  

+ Content (%) 

Active 

Filler (%) 

No. ITS 

specimen 

No. 

Monotonic 

Specimen 

Suitable active 

filler  

Emulsion - 2.2% 

no active 

filler 

6 10 

1% cement 6 - 

1% lime 6 - 

Foam - 2.2% 

no active 

filler 

6 10 

1% cement 6 - 

1% lime 6 - 

Optimum 

bitumen content  

Emulsion - 2.0% 
no active 

filler 

6 - 

Emulsion - 2.4% 6 - 

Emulsion - 2.8% 6 - 

Foam - 2.0% 
no active 

filler 

6 - 

Foam - 2.4% 6 - 

Foam - 2.8% 6 - 

RESULTS AND DISCUSSION 

Preliminary Aggregate Properties 

A continuous grading was obtained for the crushed RCA to provide a balanced ratio 
of coarse and fine particles for an optimum mix. The final grading (S3) was plotted on 
Fig Va and b for comparison with the specified gradations suitable for BSMs according 
to the TG2 [13]. The final grading fitted between the boundaries of the specified 
gradations, making it suitable for stabilisation with foamed bitumen and bitumen 
emulsion. A further comparison was done between S3 and the Talbot ideal grading to 
illustrate the balance between coarse and fine aggregates. The RCA S3 grading 
contained a higher content of coarse aggregates as seen in Fig V. An additional 
analysis of the final RCA gradation (S3) was conducted by the determination of the 



 

 

grading modulus (GM). The GM is generally used as a quantitative measure of the 
particle size distribution. A GM of 2.56 (Table II) was obtained for S3, which fitted 
between the specified GM range of 2 and 3 for a BMS1 mix as specified in the TG2.  

The grading of the RCA used in the BSM mix is an important component that 
influences the density, moisture requirement, binder content and binding mechanism 
of the mix. However, parameters such as the filler content and the plasticity index (PI) 
of the fine aggregates contribute towards the performance of the grading. The final 
grading (S3) achieved a filler content of 4.3% (Fig IIIb). According to the TG2, a 
minimum filler content of 2% (Fig Vb) for stabilisation with bitumen emulsion is 
required. Therefore, the grading was suitable and a potential BSM1 could be 
produced. In addition, the PI of the fine aggregates was determined as non-plastic 
(Table II) which indicated that the fine aggregates were not sensitive to changes in 
moisture contents. The final potential BSM class of the mix was not solely dependent 
on the grading, filler content and PI. 

 

FIG V: Recycled concrete aggregate gradation used for the BSM mix (a) Foamed 
bitumen and (b) Bitumen emulsion 

The classification of the final BSM mix was also dependent on the MDD, OMC, 4 
day soaked CBR, hygroscopic moisture and pH of the RCA. The grading achieved a 
MDD of 1903 kg/m3 at an OMC of 13% while, a CBR of 50% was achieved after 4 days 
of soaking (Table II). These values are typical for the RCA material when compared 
to studies done by [14–18]. Based on experience the MDD of the RCA was low in 
comparison to the MDD of aggregates typically used in BSMs such as G2 (2100 to 
2250 kg/m3) and G4 (2150 to 2350 kg/m3). The CBR of 50% supported the low-density 
result, which indicated that the RCA was not of similar quality as aggregates typically 
used in base layers. However, as specified by the TG2, the CBR indicated that a 
potential BSM2 could be produced when the RCA is stabilised with bitumen.  

TABLE XXI RCA preliminary properties result and specifications  

Fig. 60. Aggre

gate Property 

Fig. 61. Re

sult 

Fig. 62. Specifica

tions Used 

Fig. 63. B

SM 

Classification 

Grading modulus 

(GM) 

2.56 SAPEM chapter 3 BSM1 



 

 

Plasticity index (PI) Non plastic SANS 3001-GR10 BSM1 

Maximum dry 

density (MDD) 

1903 kg/m3 SANS 3001-GR30 - 

Optimum moisture 

content (OMC) 

13% SANS 3001-GR30 - 

4 day soaked CBR 50% SANS 3001-GR40 BSM2 

pH 12.32 SANS 3001-GR57 - 

Hygroscopic 

moisture content 

2.3 – 2.96% SANS 3001-GR20 - 

 

The RCA used in the project contained active latent cement and a significant 
amount of hygroscopic moisture. The measured pH of 12.32 (Table II) indicated the 
presence of cement in the RCA, which would result in potential self-cementation as 
shown in a study by Rudman [18]. Additionally, the hygroscopic moisture determined 
ranged between 2.3 to 2.96% of the aggregates dry mass (Table II). Therefore, the 
hygroscopic moisture indicated that the RCA retained moisture ranging from 17 to 23% 
of the total required OMC to achieve the MDD. This result highlights that the RCA 
retains a significant amount of moisture that could influence the resultant BSM 
classification. An underestimation of the hygroscopic moisture would result in lower 
additional mixing moisture required to achieve the OMC, resulting in premature 
breaking of the bitumen emulsion. Whereas, an over estimation would result in a 
delayed breaking of the bitumen emulsion. In both cases, lower strength gain would 
occur i.e. lower BSM class. According to the TG2, based on the physical properties of 
the RCA, a potential BSM2 could be produced from the addition of bitumen. 
Consequently, further testing was conducted to determine the suitable active filler, 
influence of varying contents of bitumen and lastly to measure the shear parameters 
to conclusively state the resultant BSM class of the RCA. 

BSM_RCA mix design 

An active filler is added to a BSM mix to improve the adhesion, dispersion, stiffness 
and curing rate of the mix, hence RCA mixes with 1% cement or 1% lime as active 
fillers were analysed. Fig VI presents the average ITS results achieved for triplicate 
foamed bitumen specimens (BSM_F) and bitumen emulsion specimens (BSM_E) with 
2.2% bitumen content. The results are presented as an average of the triplicate 
repeats with the error bars representing the maximum and minimum ITS values for 
each triplicate. 



 

 

 

FIG VI: Comparison of foamed bitumen and bitumen emulsion with different active 
fillers. 

Suitable active filler ITS 

A comparison of mixes with 1% cement, show that the BSM_E specimens 
outperformed BSM_F, with an average dry ITS of 381 kPa and 333 kPa, respectively 
(Fig VI). In addition, an average reduction of 24.6% occurred in the BSM_F dry ITS 
indicating sensitivity to moisture penetration. Interestingly, the BSM_E wet ITS 
increased by an average of 10% because the testing temperatures were lower than 
the specified testing temperature range. The dry ITS for both BSM_E and BSM_F were 
significantly high in comparison to a BSM produced from RAP and crushed dolerite 
stabilised with 2.4% bitumen content and 1% cement Achille [19]. The average dry ITS 
of 226.3 kPa for BSM_E and 256.4 kPa for BSM_F where obtained in the study. These 
results suggest that the potential behaviour of the specimens may differ from the 
typical non-continuous BSM previously shown by Jenkins [20] as a result of self-
cementation. Therefore, the addition of cement should be reconsidered when RCA is 
used as an aggregate for BSMs due to the inherent active latent cement as shown by 
the preliminary pH result of 12.3. The specimens may show increases in stiffness, 
resulting in brittle BSMs.  

The addition of 1% lime resulted in BSM_E outperforming BSM_F for both dry and 
wet mixes in a similar manner to the addition of cement (Fig VI). The BSM_F achieved 
an average dry ITS of 263 kPa which was 32% lower than the dry ITS of 385 kPa 
obtained for BSM_E (Fig VI). In addition, the BSM_F retained 84% of the tensile 
strength after 24 hours of soaking, whereas BSM_E retained 98% of the tensile 
strength. These results are inconsistent with findings by Achille [19] with a BSM 
produced from 1% lime and 2.4% bitumen content. Where, the BSM_E specimens 
retained 76% of the tensile strength and the BSM_F specimens retained 29% of the 
dry ITS after soaking. This suggests that RCA was resilient towards weakening 
induced by moisture in comparison to the reaction of RAP and dolerite used in the 
BSM produced by Achille [19]. The unusual increase in the tensile strength of the 
BSM_E when the specimens were soaked in water was also due to the low testing 
temperature (Fig VI). Usually, increases in moisture reduces tensile strength for typical 
aggregates used in a BSM [19]. Similarly, to the 1% cement BSM, the behaviour of 



 

 

the specimens with lime may differ from typical BSMs hence mixes with no active filler 
were explored to further understand the interaction of bitumen with RCA. 

Similar dry ITS results were obtained for both BSM_F and BSM_E as 271 kPa and 
280 kPa, respectively, (Fig VI). No significant change was seen between the dry ITS 
and wet ITS (320 kPa) of BSM_E, while BSM_F exhibited reduced wet ITS (214 kPa) 
from dry ITS. The BSM_F retained 79% of the dry ITS after 24 hours of soaking. The 
increase in wet ITS of BSM_E with no active filler corresponds to the wet ITS for 
BSM_E mixes with cement and lime (Fig VI). A lower dry ITS for both BSM_E and 
BSM_F specimens without active filler was obtained in comparison to specimens with 
active filler. This demonstrates that the active fillers contributed to the dispersion of 
the bitumen which increased the tensile strength of the BSM specimens. As expected, 
the BSM_E specimens showed that the RCA was coated and the voids in the mortar 
partially filled (Fig VIIa). Whereas, in BSM_F specimens the RCA remained uncoated 
and porous increasing sensitivity to moisture penetration (Fig VIIb). 

 

 

FIG VII: (a) ITS BSM_E (b) ITS BSM_F 

In addition, a BSM_RCA mix, with no active filler produced mixes that meet the 
specified minimum required dry ITS of 225 kPa for a BSM1 illustrated on Fig VI. This 
result was apparent for both BSM_F and BSM_E. The ITS results also indicate that a 
potential BSM 1 mix could be produced, however further performance based tests 
were performed in this research to make a conclusion on the final BSM class. The 
bitumen emulsion was the superior binder for RCA to produce a BSM based on the 
ITS results. All the mixes were suitable for stabilisation with foamed bitumen and 
bitumen emulsion, consequently a further study on the influence of varying bitumen 
contents (2 to 2.6%) on mixes with no active filler were done. 

Influence of bitumen content variation 

Mixes made with no active filler at various contents of bitumen emulsion and foamed 
bitumen revealed that the dry ITS was sensitive to increased contents of bitumen as 
illustrated by Fig VIII. Each data point is a representation of the triplicate average and 
the error bars represent the maximum and minimum values obtained for each triplicate 
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set. The dry ITS for the BSM_E showed a significant increase from 275 kPa to 371 
kPa as the bitumen content increased from 2% to 2.6%. However, the dry ITS for 
BSM_F illustrated a steady increase from 191 kPa to 278 kPa (Fig VIII). A further 
analysis of the data, shown by the slope of the regression lines for each bitumen type, 
BSM_E was more sensitive to changes in bitumen content than BSM_F. As a result, 
increases in bitumen emulsion resulted in higher ITS for the RCA i.e. benefit can be 
obtained from increasing the bitumen content for BSM_E to achieve higher tensile 
strength. Due to durability issues, sensitivity to high temperatures and guided by 
providing an economical viable mix there is a limit on the bitumen content. Typically, 
the upper limit for the bitumen content is 3%, however, standard mixes with good 
quality aggregates seldom require more than 2.5% of bitumen content. 

 

 FIG VIII: Bitumen content influence on dry ITS of foamed bitumen and bitumen 
emulsion specimen. [Design bitumen content = 2.2%] 

 BSM_RCA Shear parameters 

The shear parameters were measured for BSM_E and BSM_F specimens to 
determine the feasible use of BSM_RCA. According to the ITS results, the design mix 
comprised of 2.2% bitumen content with no active filler. The influence of the bitumen 
content on the dry ITS of the BSM_F and BSM_E specimens indicate that the minimum 
specified dry ITS can be achieved at a bitumen content of 2.08%. However, 
observations of the 2% mixes appeared to be dry and it was decided to use 2.2% for 
both bitumen types, which is still a representative, economical and practical bitumen 
content when applied to traditional BSM mixes. 

The measured shear parameters indicate that the BSM_E and BSM_F provided the 
same shear resistance against loading. A cohesion of 177 kPa was measured for 
BSM_F and 174 kPa for BSM_E as presented in Table XXXVII. Additionally, the 
internal angle of friction for BSM_F was measured as 50.4o with a retained cohesion 
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(RC) of 90%, whereas 47.9o was obtained for BSM_E with a RC of 88.2o (Table 
XXXVII). The TG2 requires the minimum cohesion for a BSM2 to range between 100 
and 250 kPa and both BSM_F and BSM_E specimens fitted in the range. However, 
the internal angles of friction and RC were above the minimum specified angle of 
internal friction of 40o and RC of 75% for a BSM1. Considering that RCA has inherent 
latent active cement, the cohesion could potentially increase as a result of possible 
self-cementation of the aggregates [21]. Furthermore, studies on the possibility of the 
self-cementation of RCA in the BSM should be investigated to determine whether the 
cohesion would increase with time and exposure to moisture. Care must be taken as 
high cohesion values result in brittle mixes sensitive to shrinkage cracking therefore 
exposing the pavement structure to water damage. 

TABLE XXXVII :The shear parameters obtained for BSM_E and BSM_F 

Shear 

parameters/Binder 

Foamed 

Bitumen 

BSM 

Class 

Bitumen 

emulsion 

BSM 

Class 

Cohesion (kPa) 177 kPa BSM2 174 kPa BSM2 

Internal angle of friction 50.4o BSM1 47.9o BSM1 

Retained Cohesion 90% BSM1 88.2% BSM1 

 

Fig IX presents a further comparison between shear results from this research with 
those of unmodified RCA, stabilised CDW consisting mainly of RCA and BSMs with 
traditional granular materials. The shear parameters obtained for unstabilised RCA 1, 
Bredenkamp [17], and RCA 2 ,Rudman [3], were higher than those achieved for 
BSM_RCA stabilised with foamed bitumen and bitumen emulsion (Fig IX). A cohesion 
of 273.7 kPa was measured for RCA 1 and 252.1 kPa for RCA 2 after 1 day of curing 
(Fig IX a). The corresponding internal angle of friction for RCA 1 was obtained as 54.6o 
and 51o for RCA 2 as illustrated on Fig IX b. When comparing the shear parameters 
obtained for BSM_RCA with previously tested specimens consisting only of RCA (RCA 
1 and RCA 2), lower shear parameters were observed. Several factors related to the 
nature of the RCA could have played a role, namely: pH, gradations, filler content, 
mortar content, quality of previous concrete and density. Firstly RCA 1 and RCA 2 had 
a higher pH (pH = 13.4) than the current research (pH = 12.32).  The higher pH means 
that a greater potential for self-cementation is present, leading to a more brittle 
material and manifesting in higher cohesion values [18]. Secondly, it is possible that 
RCA 1 and RCA 2 had lesser conglomerates of mortar adhering to the aggregates 
and differences in gradations with higher filler content resulting in different densities 
(RCA 1 and RCA 2 = 2110 kg/m3; this research = 1903 kg/m3). A significant adhesion 
of mortar was also visually observable on the RCA used to produce the BSM_RCA, 
hence the CBR of 50% was achieved. The reduced internal angle of friction is a typical 
occurrence for BSM mixes where the additional bitumen increases the lubrication 
between the aggregates during loading. These findings do not suggest that RCA is 
entirely unsuitable for use in BSM. Alternative RCA materials with different gradations 
and pH need to be investigated. 



 

 

 

FIG IX: (a) Comparison of Cohesion and (b) Friction angles of RCA, BSM_RCA, 
BSM_CDW and typical BSM 

Previous research on bitumen stabilisation of construction demolition waste (CDW) 
was done by Saleh [15] and Gomez-Meijide [22] which showed great potential to 
improve the structural capacity of such aggregates (FIG IX). This research shows that 
an economical practical mix can be produced by stabilising RCA with either foamed 
bitumen or bitumen emulsion. This can be seen in Fig IX where a comparison was 
done between the shear parameters obtained by Saleh [15] from a stabilised mix 
granulate consisting of 75% RCA and 25% masonry. The mix was made with 2% 
foamed bitumen and 1% cement which achieved a high cohesion of 580 kPa and an 
internal angle of friction of 54.27o. In addition, Gomez-Meijide [22] produced a mix with 
CDW which contained mainly 70% RCA stabilised with 6% residual bitumen emulsion 
and achieved a cohesion of 388.7 kPa with an internal angle of friction of 43.5o. The 
mix made by Saleh [15] resultant in an inordinately high cohesion and must have been 
very brittle due to the additional cement. In this case, a material that fails in fatigue 
cracking and not permanent deformation might manifest similar to a cement stabilised 
mix. The mix tested by Gomez-Meijide [22] is uneconomical due to the high bitumen 
content of 6%, which would be similar to what is added to produce a hot asphalt mix. 
Therefore, the use of 100% RCA in a BSM is the most economical and practical mix, 
but care should be taken to avoid brittle behaviour of the mix due to high cohesion as 
shown by Saleh [15]  

Finally, based on a comparison done with typical BSMs produced by Jenkins [20], 
the BSM_RCA mix has potential for use to improve the benefit of the environmental 
sustainability of the use of BSM in the pavement structure. This is evident in Fig IX, 
where a mix made with ferricrete stabilised with 2.9% foamed bitumen and 1% cement 
achieved a cohesion of 202 kPa with an internal angle of friction of 49o. The shear 
parameters obtained for BSM_RCA with both foamed and bitumen emulsion are 
similar indicating similarity in the shear strength. Therefore, the BSM_RCA has 
potential for use in the base layer, perhaps even of high traffic roads. However, further 
research on the resilience and permanent deformation characteristics is required to 

(a) (b) 



 

 

fully understand the behaviour of the mix under repetitive loading and especially how 
the self-cementation will be affected. 

CONCLUSIONS AND RECOMMENDATIONS 

 The RCA preliminary properties: grading, PI, OMC, MDD and the 4 day 
soaked CBR showed that RCA was suitable for stabilisation with bitumen to 
produce a BSM based on the TG2.  

 The cement and lime contributed to the dispersion of the bitumen within the 
RCA which produced mixes with higher dry ITS and resilience against 
moisture. However, mixes with no active filler satisfied the wet and dry ITS 
specified in the TG2. 

 The bitumen emulsion mixes with active filler showed an increase in the ITS 
when exposed to moisture which is an unusual reaction. This was due to the 
low testing temperatures of the specimens therefore, care should be taken 
to ensure the testing temperature of the specimens is within the specified 
range. 

 Specimens with a bitumen content of 2.2% and no active filler provided 
comparative and satisfactory results showing that practical and economical 
mixes can be produced with RCA. 

 The shear parameters indicated that a BSM1 mix can be achieved with the 
RCA which initially was assumed to be a lower quality aggregate based on 
the 4 day soaked CBR.  

In conclusion, RCA is a feasible aggregate to replace tradition granular aggregates 
used in BSMs for stabilization with both bitumen emulsion and foamed bitumen. 
However, further studies must be performed to understand the influence of the self-
cementation. It is recommended that varying contents of active fillers should be 
further investigated to determine the influence variations in the active filler have on 
the specimen behavior. 
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Synopsis - There exists an increasing waste management problem in South 

Africa and the continuous use of landfills is a growing concern. In an effort to 

promote sustainable development and improve waste management the use of 

recycled products is encouraged. In particular waste plastics such as plastic 

bottles, lids and packaging. Traditionally, the asphalt industry has utilized 

mostly elastomeric polymers in bituminous binders. To implement 

sustainability, research into an alternative recyclable polymer would prove to be 

beneficial.  

It is proposed that pelletized high density polyethylene (HDPE) made from 

waste milk bottles be utilized as an additive to enhance desired asphalt 

properties. Bituminous binder of penetration grade 70/100 will be used in 

conjunction with two proportions of the polymeric additive, namely 4.0% and 

6.0%. A wet blending process will be explored to obtain the necessary data that 

will be required to integrate this product. Performance and strength properties 

of the asphalt mix will be evaluated through sieve analysis, indirect tensile 

strength, Marshall stability and flow, bulk densities and air voids content. In 

addition to the asphalt tests, a performance grading analysis on the HDPE 

binder will be used to give the performance of the resulting asphalt mix. This 

includes an evaluation of the high temperature performance of the binder using 

the dynamic shear rheometer. 

Keywords – Dynamic shear rheometer, HDPE, Complex Shear Modulus, 

Optimum Binder Content, Continuously graded medium, Cross linking agent 



 

 

 

I. INTRODUCTION 

The infrastructure of a country can have a significant impact on the economic activities of said 

country, thus showcasing the importance of a well-designed, developed and maintained road 

network system. The following desired properties tend to be kept in mind when the design of 

bituminous pavement layer is underway, more specifically asphalt wearing courses (surfacing) and 

base mixes (sub surface): 

 Rigidity  

 Mix workability 

 Abrasive surface texture 

 Mix Stability 

 Suitable mix volumetric 

 Long service life/Economy 

Most of the desired properties mentioned above are obtainable through the use of virgin 

bituminous binders that have undergone modification of some sort. Standard forms of modifications, 

such as the addition of elastomers and virgin polymers, have shown to be effective but, as is the 

case with plastomer modifiers (AP), can be very costly to use. This in conjunction with the ever 

increasing numbers in waste plastics, provides a unique opportunity into possibly finding alternative 

and cheaper ways of modifying binders whilst decreasing the presence of non-biodegradable 

plastics that plague our environment. 

The purpose of this study is to investigate the potential usage of waste plastics, namely pelletized 

HDPE from milk bottles, as a modifier for bituminous binders. 

II.  LITERATURE REVIEW 

With an increase in waste plastics and the ever growing concept of sustainable development, 

the utilization of waste plastic for the modification of binders has been considered by a large 

variety of countries around the world [1]. One such plastic, high density polyethylene, is utilized in 

a variety of everyday products such as milk bottles, toys and bottle caps. 

A multitude of investigations have been conducted in order to identify and analyse the effects of 

polymers used in the modification process on the performance capabilities of bituminous pavement 

surfacing and base layers. Currently, research into new specifications and extensive binder analysis 

is still taking place and developing [2]. 

A. Waste Polymer vs Typical Modifiers 

Enhancing the properties of a virgin binder by utilizing standard polymers to modify said virgin 

binder is something that has been achievable for a large number of years [3]. The term “Virgin 

polymer” is used to describe a polymer that a client would use after obtaining it directly from the 

manufacturer of the polymer. 

Commercial polymers (virgin polymers) tend to be costly. The usage of waste polymers as 

modifiers can prove to be beneficial, not only when considering the environment by reducing plastic 



 

 

waste, but also when considering an economic standpoint. If the addition of waste plastic to 

bituminous binder can result in the improvement of the asphalt layers performance, it would also 

have the added benefit of reducing the amount of non-biodegradable waste polymer which is 

something that the world is currently struggling with [3]. 

Table 1 showcases a list of polymers that have been utilized in an attempt to improve the 

properties of the virgin binder. The table also showcases the advantages, disadvantages as well as 

the daily uses of the polymer types [4]. 

 

Polymer Advantages Disadvantages Uses 
Polyethylene 
(PE) 

High temperature 
resistance Hard to disperse in bitumen  

Industrial 
uses 

Aging resistance 
(resistance to hardening 
caused by oxidation, heat 
and UV light) 

Instability problems (phase 
separation) 

Few road 
applications 

High modulus 
High polymer contents are required 
to achieve better properties   

Low cost No elastic recovery   

Polypropylene 
(PP) 

No important viscosity 
increase even though high 
amounts of polymer are 
necessary (ease of 
handling and layout) 

No improvement in elasticity or 
mechanical properties Isotactic PP is 

not 
commercially 
applied 

Low penetration Separation problems 

Atactic PP is 
used for  
roofing 

Widens the plasticity range 
and improves the binder's 
load resistance 

Low thermal fatigue cracking 
resistance   

PVC Lower cracking PVC 
disposal 

Acts mostly as filler Not 
commercially 
applied 

Styrene-
butadiene 
block 
copolymer 
(SBS) 

Higher  flexibility at low 
temperatures High cost 

Paving and 
roofing 

Better flow and deformation 
resistance at high 
temperatures Reduced penetration resistance    
Strength and very good 
elasticity 

Higher viscosity at layout 
temperatures   

Styrene-
isoprene 
block 

Increase in rutting 
resistance Resistance to heat and to oxidation 

is lower than that of the polyolefin 
(dues to the presence of double 
bonds in the main chain 

  

Higher aging resistance   

Table 1 List of commonly used polymers 



 

 

copolymer 
(SBS) Better asphalt-aggregate 

adhesion Bitumen suitable for SBS blends, 
need a binder with high aromatic 
and a low asphaltene content 

  

Good blend stability, when 
used in low proportion   

 

B. Polyethylene 

Amongst a large group of plastics used around the world, polyethylene is one of the most 

commonly used. Hinisliglu and Agar (2004) found that the use of polyethylene as an additive to 

bitumen can be a very effective method of enhancing certain properties of the virgin binder. 

C. Addition of Plastic into Asphalt Mixtures 

There are two methods in which polymers can be added into an asphalt mixture, namely: 

 Dry method – the addition of the polymer directly to the heated aggregate which will then, in 

turn be mixed and coated thoroughly with a virgin binder. This method is not being considered 

in this paper as the current primary objective is to identify the effects of waste HDPE on the 

properties of virgin bituminous binders. 

 Wet method – The addition of the polymer directly to the binder using a mixer in order to form 

a modified binder. 

Dry Method 
A study was conducted by Awwad and Shbeeb (2007) whereby they made use of the dry method 

in order to prepare asphalt samples for performance testing. One of the objectives of this experiment 

was to identify the best way in which polyethylene could be introduced into asphalt mixtures, namely 

is it better to introduce the polyethylene into the asphalt mixture in a shredded state or in a non-

shredded state. 

In the dry method the polymer is added to the aggregate once it has already been heated to a 

temperature of 170°C. Once the aggregates have been sufficiently coated in the plastic, hot bitumen 

is to be added to the plastic coated aggregates in order to make the asphalt sample. A study 

conducted by Rajasekaran, Vasudevan and Paulraj (2013) was aimed at identifying the benefits of 

coating the aggregates to be used in an asphalt mixture with waste plastics. Their study concluded 

with the following: 

 A reduction in the amount of bituminous binder required to fully coat all of the aggregates in 

the asphalt mixture by up to 10%. 

 Anti-stripping agents are not required to assist an asphalt mixture in reducing its susceptibility 

to moisture. 

 An increase in the physical strength characteristics of the waste plastic coated aggregates. 

Fig. 1 showcases a simple flowchart that shows the above mentioned dry blending process. We 

have not conducted enough research with regards to the finer details required to ensure a 

successful dry blending process. As a result, this paper placed its primary focus on the usage of a 

wet bituminous binder blending process in order to introduce HDPE obtained from milk bottles. 
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Wet Method 
This method entails the mixing of the polymer with the virgin bituminous binder at high 

temperatures with the aid of blending equipment such as a shear mixer. The duration of the blending 

procedure and temperatures at which the blending is conducted at is all dependant on the polymer 

that is being used. The type of virgin bituminous binder being used in the blending process will also 

affect these variables. The reasoning behind the variations in blending periods and blending 

temperatures is due to the physical properties of the materials used in the blending process. Harder 

virgin bituminous binders require higher blending temperatures due to their relatively high softening 

points. Waste HDPE is a harder plastic in comparison to other plastics such as LDPE. Therefore a 

higher temperature is required in order to get the HDPE plastic to its melting point. Fig. 2 showcases 

the basic operations involved in the wet blending process. 

 A prime example of the utilization of the wet blending method can be found in Garcia-Morles 

(2005) whereby the experiment made use of 4 types of waste plastics being mixed with a penetration 

grade binder in order to produce a new modified binder. This experiment made use of high blending 

temperatures of up to 180°C as well as long blending periods of up to a maximum of 4 hours. 

Fig.1. Dry plastic blending method (Beker, Mendez, Rodríguez, 2001) 
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An article written by Moghadas Nejad, Zarroodi and Naderi (2017) showcased one of the issues 

that is faced by modifying bituminous binders using polymers, namely the problem of phase 

separation. In the article the authors found that the addition of virgin HDPE to a virgin 60/70 

penetration grade bituminous binder resulted in a homogeneous modified bituminous binder after 

the blending process. The resultant modified binder was, however, prone to separation at a typical 

storage temperature of 135°C as well as when the sample cooled down to room temperature. The 

authors of the article aimed to mitigate this issue by making use of a cross linking agent in order to 

improve the bonding capabilities of the virgin HDPE molecules to those of the virgin bituminous 

binder. 

Examples of cross linking agents include Sulphur as well as Polyphosphoric acid. These cross 

linking agents assist in facilitating a chemical reaction between the polymer chains that make up 

the polymer modifier and those of the bituminous binder. This process of cross linking results in a 

new molecular structure that is less elastic than that of the virgin bituminous binder. As a result the 

newly formed polymer modified binder is found to be relatively harder and stronger when being 

compared to the unmodified virgin bituminous binder. 

D.  Continuously Graded Asphalt Mixture 

A continuously graded asphalt mixture is defined as a dense graded mixture that is comprised 

of bituminous binder and a combination of aggregates that produce a relatively smooth gradation 

curve. These mixes a generally classified and named according to the nominal maximum 

aggregate size present in the aggregates portion of the asphalt mixture. The smooth gradation 

curve results in a sand-stone skeleton that provides a relatively high resistance to deformation of a 

plastic nature as well as a high density asphalt mixture. The smooth gradation curve is obtained 

by carefully combining a selection of aggregate fractions in order for the overall combined 

Fig.2. Wet plastic blending method 



 

 

aggregates mixture to conform to the grading limitations showcased in table 2. The upper and 

lower limits showcased in table 2 show the maximum and minimum allowed percentages of the 

entire mix that may pass through a sieve of a specified aperture size. 

Table 2. COLTO grading limitations for continuously graded mixes 

Sieve size  

(mm) 
Continuously graded 

Coarse Medium Fine 

20 88 – 100   

14 73 – 86 100  

10 64 – 77 85 – 100 100 

5 44 – 62 56 – 77 66 – 89 

2 27 – 45 33 – 48 42 – 59 

1 21 – 35 25 - 40 31 - 51 

0,600 16 – 28 18 – 32 24 – 40 

0,300 12 – 20 11 – 23 16 – 28 

0,150 8 – 15 7 – 16 10 – 20 

0,075 4 – 10 4 - 10 4 - 12 

Once the desired smooth gradation curve is obtained, various percentages of a bituminous 

binder are added to the combined aggregates in order to determine the optimum binder content 

(OBC). The OBC is defined as the percentage of bituminous binder required to produce an 

asphalt mixture that corresponds to certain percentage of air voids within the mix as well as other 

Marshall Asphalt properties. The properties that need to be met by the combination of aggregates 

and bituminous binder are showcased in table 3 

  



 

 

Table 3. Required properties of continuously graded asphalt mixes 

Property Continuousl

y graded base 

mixes 

Continuously 

graded 

surfacing mixes 

Stone 

mastic 

asphalt 

mixes 

Marshall Stability (kN) 8 – 18 8 – 18 - 

Marshall Flow (mm) 2 – 6 2 – 6 - 

Stability /Flow (kN/mm) >2,5 > 2,5 - 

VMA (%) > 14 > 15 > 17 

VFB (%) 65 – 75 65 – 75  

Air voids (%) 4 – 6 4 – 6 3 – 5 

Indirect tensile strength @ 25oc (kPa) > 1000 > 1000 > 400 

Dynamic Creep Modules @ 40oC 

(mPa) 

> 20 > 20 - 

Modified Lottmann* (TSR) > 0,7 > 0, 8 > 0,7 

Air permeability @ 7% voids (cm2) < 1 x 10 –8 < 1 x 10 –8 <1 x 10 –8 

Binder film thickness (microns) 5,5 – 8,0 5,5 – 8,0 - 

Filler bitumen ratio 1 – 1,5 1 – 1,5 - 

 

III. METHODOLOGY 

A. Introduction 

The objective of the study is to accurately determine the effects of pelletized waste HDPE, which 

is obtained from discarded milk bottles, on the properties and performance of a virgin binder. In 

order for the results to be deemed comparable it is important to ensure that current testing standards 

are being utilized to obtain results. The standards made by the South African Bureau of Standards 

are currently the set of standards used predominantly in the South African asphalt industry. 

B. Standards 

The following provides a list of all the test methods employed throughout the experiment: 

 SANS 3001: AG1 

 SANS 3001: AS1 

 SANS 3001: AS2 

 SANS 3001: AS10 

 SANS 3001: AS11 



 

 

 SANS 3001: AS20 

 SA PERFORMANCE GRADE TESTING 

C. Experiment Chain of Process 

The testing procedure for this experiment is as follows: 

i. Virgin 70/100 bituminous binder was blended with pelletized HDPE obtained from milk bottles 

using a shear mixer. This blending procedure was conducted at a temperature range of 

165°C to 180°C. Post blending, the modified bitumen was decanted into 1 litre tins for 

storage. 

ii. The materials required for an asphalt mixture were gathered and sorted accordingly. 

iii. Based on a mix design that was done recently using an unmodified binder, the proportions, 

aggregate types and binder mass were obtained. The purpose of selecting a design that 

made use of an unmodified bituminous binder was to form a comparison between the virgin 

binder asphalt mix and that of the HDPE modified bituminous binder. Only the optimum 

binder content for the design using the unmodified binder was considered for testing. 

iv. The raw materials were mixed together, by hand, to allow proper coating of all material. The 

mixing process was conducted at a temperature of 165°C. 

v. The asphalt mixture was then cured for 1 hour at a temperature of 142°C, after which it was 

compacted into briquettes using a Marshall Hammer and then tested using a Marshall Press. 

D. Mix Design and Materials 

The experiment made use of one asphalt mix design and one type of binder. The mass of the 

aggregates as well as the binder were all calculated using the design of a continuously graded 

medium asphalt mixture. 

The materials used for the blending of the modified binder are as follows: 

 Virgin (70/100) penetration grade bitumen. 

 Pelletized HDPE made from waste milk bottles. 

 Proprietary cross linking agent (for some of the blends). 

The materials used for the preparation of the asphalt sample were as follows: 

 Aggregate – Various aggregate types and sizes were used in the asphalt mix. The sizes 

used in the continuously graded medium were 14.0 mm, 10 mm, 3 types of dust, 7.1 mm 

screened material and some lime. 

 Binder – Pelletized waste HDPE modified binder was used. 

E. Preparation 

Modified Binder Preparation 
The wet blending process was used in order to add certain percentages of the pelletized HDPE 

to the virgin binder. The virgin binder had its mass of 3200g measured and recorded in order to 

calculate the mass of required HDPE to be added to the virgin binder at the specified percentages 

of 4% and 6% by total binder mass. The two percentages correspond to the masses of 133.33g and 

204.26g respectively. 



 

 

The virgin binder was heated up to a temperature within the range of 165°C -180 °C after which 

the mass required of HDPE was added at a rate of 20g/5 min. The use of a shear mixer assisted in 

the blending of the HDPE and virgin binder. The shear mixer was kept at 2000 rpm during the 

addition of the HDPE to the binder and later increased to 3275 rpm once all of the HDPE had been 

added. The blending procedure was carried out for a time range of 2.5 hours – 4 hours depending 

on how much plastic was being added. The percentages of plastic that was being tested for were 

4% and 6% by weight of the binder. 

Asphalt Mixing 
The combination of all the aggregates, binder, lime and an anti-stripping agent was done using 

a hand mixing process. The handling procedures used for the newly blended bitumen were the 

same as those of a polymer modified binder. The aggregates and binder for the mixture were heated 

up to 165°C using an oven. Once at the correct temperature the materials were mixed together and 

allowed to cure at a compacting temperature of 142°C for 60 minutes. This curing period was 

conducted in order to simulate the portion of the paving process whereby the mixture was 

transported to the site where it was to be paved. 

After the asphalt mixture had been cured, the sample was placed into a standard Marshall 

briquette mould and compacted using a Marshall compaction hammer in accordance to the SANS 

3001: AS1. The moulds were kept in an oven to ensure that they were at the same temperature as 

the asphalt mixture. 3 samples of the mixture were left as loose mix in order for maximum void less 

density testing to be conducted as well as for conducting a binder extraction and grading analysis. 

The maximum void less density test was conducted in accordance with the testing method stipulated 

in SANS 3001: AS11. The binder extraction was done in accordance with SANS 3001: AS20. 

Table 4 showcases all of the materials used in the manufacturing of the asphalt samples: 

Table 4. Available materials for the design of an asphalt mixture 

AGGREGATE 

TYPE SIZE 

Tillite 14.0 mm 

Tillite 10.0 mm 

Tillite Crusher Dust 

Tillite) Crusher Dust 

Quartzite Washed Dust 

Screened 
Material 

-7 mm 

Filler Lime 

Bitumen  

Anti-Stripping Agent 

IV. RESULTS 

A. Optimum Binder Content 

Before the use of the HDPE modified binder and the testing of said binders effect on an asphalt 

mixture, the optimum binder content (OBC) using a conventional binder was first determined. The 



 

 

effects of the HDPE modified binder would be evaluated at the OBC of the conventional binder 

asphalt mix design. Table 5 provides a description of the materials used in the preparation of the 

continuously graded medium asphalt samples. Table 6 below showcases the results obtained from 

the design of the continuously graded medium using a conventional, (50/70), bituminous binder:  

Table 5. Material proportions in proposed asphalt mixture 

Trial Blend 3 

Aggregate Percent In Mix  

Type Size % Mass (g) 

Tillite 14.0 Mm 7% 84 

Tillite 10.0 Mm 20% 240 

Tillite Crusher Dust 26% 312 

Tillite) Crusher Dust 26% 312 

Quartzite Washed Dust 10% 120 

Screened Material -7 mm 10% 120 

Filler Lime 1% 12 

  Total 1200 

    

Bitumen 4.5% - 6% 56.5 – 76.6 

Anti-Stripping Agent 0.30% 0.19 

 

With reference to table 6 the optimum binder content, based on the desirable voids obtained at 

that binder content, would be the 5% binder content. At a binder content of 5% the results showcase 

a mixture that possesses a void content of 4.4% as well as the fulfilment of all the other required 

Marshall Mix design properties shown in table 3. 

Table 6. Marshall Mix design results using a virgin binder 

Binder 
content 

(%) 

Maximum 
Void less 
density 
(kg/m3) 

Bulk 
density 
(kg/m3) 

Voids 
in mix 

(%) 

Voids 
filled with 
bitumen 

(%) 

Stability 
(kN) 

Flow(mm) 

Indirect 
tensile 

strength 
(kPa) 

4.5 2483 2346 5.5 61.9 13.2 3.6 1105 

5 2463 2354 4.4 69.1 13.5 3.9 1170 

5.5 2448 2362 3.5 75.7 13.9 4.2 1190 

6 2432 2377 2.3 82.7 14 4.3 1235 

 

The same masses and additive proportions that were used to obtain the OBC were utilized in 

order to create an asphalt mixture using the HDPE modified binder. Before the virgin 70/100 

penetration grade bituminous binder, modified with the use of HDPE pellets, was used to make the 

asphalt samples, the blended binders were subjected to Dynamic Shear Rheometer, (DSR), testing 

and softening point testing in order to determine the effect of the HDPE on the rheological properties 

of the binder. Table 7 showcases the blended binders used to produce the asphalt samples: 



 

 

Table 7. Description of waste HDPE modified bituminous binders 

Binder Type 

% 
HDPE By 
Mass Of 
Optimum 

Binder 
Content 

Cross-
Linker 

Blending 
Temp (°C) 

Blending 
Time (Hr) 

70/100 4% No 180 4 

70/100 4% Yes 165 2.5 

70/100 6% No 180 4 

70/100 6% Yes 165 2.5 

 

B. Dynamic Shear Rheometer Results 

Tables 8, 9, 10 and 11 showcase the results obtained from the Dynamic Shear Rheometer test. 

This test was conducted on the HDPE modified binders as well as the bituminous binders that made 

use of a proprietary cross linking agent. Please note that the DSR is run at a specified frequency 

and strain percentage meaning that your dependant variables are the Mean stress amplitude, Mean 

phase angle as well as the Mean complex shear modulus. 

Before a bituminous binder is subjected to any procedures that simulate the effects of the aging 

of said binder, the un-aged binder has to meet certain requirements of viscosity, storage stability as 

well as a specified ratio of the bituminous binders complex shear modulus to the cosine of the phase 

angle obtained when the mean strain amplitude is reached. Due to the availability of equipment, 

testing focus is placed on the ratio of the mean complex shear modulus to the cosine of the phase 

angle. The technical guideline, provided by SABITA, stipulates that a bituminous binder may only 

be deemed as passing if the ratio of its complex shear modulus to the cosine of its phase angle is 

greater than 1.0. The term passing is used to showcase that the bituminous binder being tested is 

suitable for use at the temperature at which it is found to meet the requirements for the ratio of its 

complex shear modulus to its cosine of the phase angle. 

  



 

 

Table 8. 70/100 bituminous binder + 4% waste HDPE DSR results 

Binder 
Temp 
(°C) 

Mean 
Frequency 

(Hz) 

Mean 
strain 

Amplitude 
(%) 

Mean 
stress 

Amplitude 
(kPa) 

Mean 
phase 
angle 

(°) 

Mean 
complex 

shear 
modulus 

(G*) Pass/Fail 

70/100 
+ 4% 
HDPE 

64 1.59 12 0.377 84.2 3.14 Pass 

70 1.59 12 0.183 84.6 1.53 Pass 

76 1.59 12 0.095 84.8 0.789 Fail 

 

Table 9. 70/100 bituminous binder + 4% waste HDPE + proprietary cross linking agent DSR results 

Binder 
Temp 
(°C) 

Mean 
Frequency 

(Hz) 

Mean 
strain 

Amplitude 
(%) 

Mean 
stress 

Amplitude 
(kPa) 

Mean 
phase 
angle 

(°) 

Mean 
complex 

shear 
modulus 

(G*) 

Pass/Fail 

70/100 + 4% 
HDPE+ cross 
linker 

64 1.59 12.01 0.661 75.4 5.51 Pass 

70 1.59 12.01 0.361 74 3.01 Pass 

76 1.59 12.01 0.214 71.9 1.78 Pass 

82 1.59 12.01 0.136 69.2 1.13 Pass 

88 1.59 12.00 0.092 66.4 0.766 Fail 

 

Table 10. 70/100 bituminous binder + 6% waste HDPE DSR results 

Binder 
Temp 
(°C) 

Mean 
Frequency 

(Hz) 

Mean 
strain 

Amplitude 
(%) 

Mean 
stress 

Amplitude 
(kPa) 

Mean 
phase 
angle 

(°) 

Mean 
complex 

shear 
modulus 

(G*) 

Pass/Fail 

70/100 
+ 6% 
HDPE 

64 1.59 12.01 3.835 56.3 31.9 Pass 

70 1.59 12.01 2.645 57 22 Pass 

76 1.59 12.01 1.945 57.4 16.2 Pass 

82 1.59 12.01 1.516 57.4 12.6 Pass 

88 1.59 11.96 1.223 57 10.2 Pass 

94 1.59 12 1.004 57 8.37 Pass 

100 1.59 12 0.833 57 6.94 Pass 

 

  



 

 

Table 11. 70/100 bituminous binder + 6% waste HDPE + proprietary cross linking agent DSR results 

Binder 
Temp 
(°C) 

Mean 
Frequency 

(Hz) 

Mean strain 
Amplitude 

(%) 

Mean 
stress 

Amplitude 
(kPa) 

Mean 
phase 
angle 

(°) 

Mean 
complex 

shear 
modulus 

(G*) 

Pass/Fail 

70/100 + 6% 
HDPE+ 
cross linker 

64 1.59 12.01 3.995 55.4 33.3 Pass 

70 1.59 12.01 2.791 54.8 23.2 Pass 

76 1.59 12.01 2.074 54.4 17.3 Pass 

82 1.59 12.01 1.637 53.9 13.6 Pass 

88 1.59 12.01 1.332 53.2 11.1 Pass 

94 1.59 12.01 1.117 52.5 9.3 Pass 

 

Testing temperature 
The first noticeable observation made was in respect to range of temperatures that each 

Bitumen/HDPE combination could be deemed as passing. Where the 70/100 + 4% HDPE binder is 

found to fail at a testing temperature of 74°C, the 70/100 + 6% HDPE binder is found to be meeting 

the acceptance requirements at a much higher temperature of 100°C. The 70/100 bituminous binder 

blended with 6% waste milk bottle HDPE as well as with a cross linking agent can also be seen to 

be meeting the acceptance requirements over the full range of high testing temperatures stipulated 

in the AASHTO T315. One must note that from a temperature of 94°C the temperature is deemed 

to be outside of the testing range stipulated in the AASHTO T315. 

This showcases that the 70/100 virgin binder, blended with 6% HDPE, can be used at higher in 

service temperatures in comparison to the 70/100 virgin binder blended with 4% HDPE. The same 

can be said with regards to the modified bituminous binder that makes use of the cross linking agent. 

Mean stress amplitude 
When making a comparison between the 70/100 (4% HDPE) and the 70/100 (6% HDPE) at the 

same temperatures, it is noticeable that the Mean stress amplitude is higher at all temperatures for 

the modified binder that contains the higher percentage of HDPE. This means that a higher level of 

stress needs to be applied in order to achieve a similar strain amplitude as the percent HDPE in the 

bitumen blend increases. 

The usage of the cross linking agent seems to further increase the level of stress required in 

order to obtain similar amplitudes of strain. This could be as a result of the newly formed bitumen-

polymer blend being stiffer in its nature due to its longer polymer-bitumen chains. 

Mean phase angle 
Unmodified binders have a phase angle value that lies typically between 88° and 89°. A phase 

angle of 90° provides an indication that the sample is purely viscous in nature where as a phase 

angle of 0° showcases a purely elastic material [8]. 

The 70/100 with 4% HDPE binder has phase angles that appear to lie just outside of the 

unmodified binder range. Values of above 80° still showcase that the binder is more viscous than 



 

 

elastic. This means that the binder would undergo a large extent of unrecoverable deformation 

(permanent) when deformed. The utilization of the cross linking agent does cause the modified 

bituminous binder to become more elastic in its nature when compared to its counterpart that 

contains no cross linking agent. 

The 70/100 with 6% HDPE binder has phase angles that lie just below 60°. This means that this 

combination of HDPE and 70/100 bitumen tends to act in a much more elastic manner in comparison 

to the 4% HDPE blend. A material with this type of a phase angle is near the range of being deemed 

visco-elastic in behaviour. This indicates that when the binder undergoes some form of deformation, 

a large portion of the deformation will be recoverable. A similar result is obtained for the modified 

bituminous binders that made use of the proprietary cross linking agent. 

Mean Complex shear modulus 
By comparing the 2 blends at the same temperature, the complex shear modulus for the 6% 

HDPE blend is significantly higher than for the 4% HDPE blend. This showcases that the 6% HDPE 

blend can require larger shear stresses in order to undergo the same amount of strain as in the 4% 

HDPE blend. Just as it was with the mean stress amplitude, the usage of a cross linking agent 

results in a bituminous product that can accommodate larger levels of stress in comparison to its 

counterparts that do not make use of said cross linking agent. 

C. Marshall testing results 

The set of results, shown in table 12 are those obtained from conducting a set of full Marshall 

testing at the specified percentages of HDPE added to the unmodified binder. 

Table 12. Waste HDPE modified bituminous binder Marshall testing results 

  

The addition of a cross-linker is something that was considered in order to assist with the 

stabilisation of the HDPE and virgin binder blend. One must note that the addition of a cross-linker 

to a virgin binder tends to increase the softening point of the original binder therefore making the 

binder more viscous. 

Bulk density 
Comparing the bulk density of the mixtures using plastic and those of the OBC from the original 

virgin bitumen design, there appears to be a decrease in the bulk density. This could come about 

as a result of the increased viscosity of the HDPE modified binders thus adversely affecting the 

workability of the mix. 

Bind
er 

content 
(%) 

Plast
ic 

content 
(%) 

Cross-
linker 

Maxim
um void 

less  
density 
(kg/m3) 

Bulk 
density 
(kg/m3) 

Void
s in mix 

(%) 

Stabi
lity (kN) 

Flow
(mm) 

Indire
ct 

tensile 
strength 

(kPa) 

Com
paction 

temp 
(°C) 

5 4 NO 2470 2326 5.8 13.8 4.5 960 142 

5 4 YES 2467 2296 6.9 15.9 5.1 1340 142 

5 6 NO 2464 2317 5.9 16 5.6 1040 142 

5 6 YES 2470 2297 7.0  16.4  6.0 1390  142 



 

 

When looking amongst the HDPE modified binders only, one can see that the samples with no 

cross-linker usage had higher bulk densities in direct comparison to those which do make use of 

cross-linker. 

Voids in mix 
The voids in mix follow a similar pattern to the bulk densities. The addition of HDPE as a modifier 

results in an increase in void content. 

The usage of cross-linker in the blended bitumen results in a further increase in the void content 

of the asphalt sample. 

Stability and flow 
The values for the stabilities have increased all round when a direct comparison is made between 

the modified binder asphalt mixes and the original OBC mix. The same can be said for the value of 

the flows.  

It also appears that the addition of a cross-linker results in a further increase in both stability and 

flow. The usage of a cross linking agent results in a modified bituminous binder that is stiffer. A 

larger force would therefore be required in order to overcome the strength of the waste HDPE 

modified bituminous binder. 

Indirect tensile strength 
The values for the ITS have decreased in comparison to what they were at the OBC of the original 

design. It does appear that the addition of more HDPE results in an increase in the ITS value when 

comparing the results of the 4% HDPE blend and the 6% HDPE blend. 

When comparing the 4% HDPE ITS values (with and without a cross-linker), one can see that 

there is a significant increase in the ITS values. A similar comparison can be seen when looking at 

the asphalt samples that contain 6% HDPE. 

V. CONCLUSION 

The purpose of this study was to investigate the potential usage of waste plastics, namely HDPE 

from milk bottles, in typical asphalt mixes that are made use of on a daily basis.  

The results from the DSR showcase that the addition of HDPE to the virgin binder results in a 

change of the binder’s visco-elastic behaviour. At the temperatures shown in the results, 70/100 

bitumen with 6% HDPE tends to showcase near perfect visco-elastic behaviour. The same type of 

result can be seen for the 70/100 bitumen with 6% HDPE and a proprietary cross linking agent. 

70/100 Bitumen with 4% HDPE added tends to behave more viscous. The addition of a cross linking 

agent to the 4% HDPE bituminous binder did assist in reducing the viscous nature of the mixture 

without the cross linking agent. 

The DSR testing also assisted in showing the effects of the cross linking agent on the strength 

of the modified binder. It should be noted that this increase in strength could come about as a result 

The addition of HDPE to the virgin binder results in an increase in the binder’s viscosity resulting 

in higher compaction temperatures being required in order to obtain desired bulk density and void 

content results. 



 

 

The addition of HDPE alone to the virgin binder did not result in an increase of the asphalt mixes 

ITS values, but the addition of a stabiliser such as a cross-linker resulted in an improvement. This 

could be due to the increase in viscosity and stiffness caused by the addition of the cross-linker. 

The addition of HDPE to the virgin binder did results in an increase in the stability of the mix as 

well as the flow regardless of the percent of plastic that was added. 

There is some validation to suggest that a waste plastic such as HDPE from bottle caps and milk 

bottles may be of some use to the asphalt industry. Proper designing and implementation will result 

in greener roads and assist the environment. 
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Synopsis—Increasing amounts of Reclaimed Asphalt (RA), in the State of Qatar, are being 
generated from various roads, including material collected from aged pavements that have 
exhibited fatigue cracks and/or rutting and requiring rehabilitation as well as material 
collected from non-complying and rejected new pavement sections. RA material is owned 
and managed by the Public Works Authority (PWA) in the State of Qatar. However, increasing 
the RA content in recycled hot-mix asphalt (HMA) depends on various factors that drive its 
use in asphalt pavements. Moreover, increasing RA percentage in recycled HMA mixtures is 
limited by: the RA characteristics, setup and capacity of the asphalt plant. In this study, 
instead of preparing a separate mix design for each RA percentage content in recycled 
asphalt, an existing reference target Job Mix Formula (JMF) with 19.0 mm Nominal Maximum 
Aggregate Size (NMAS) Pen 60/70 dense graded mix was used, against which proportions of 
virgin aggregate and bitumen were adjusted in the plant during the production to meet the 
target reference JMF. While the Marshall mix design method was used to perform and verify 
the recycled asphalt mixtures, Qatar construction specification (QCS) 2014 was used to 
benchmark the obtained results. This paper highlights challenges of incorporating RA in 
recycled asphalt production by examining trends when RA content is increased and 
identifies best practices that can be used to collect, stockpile, control and characterize RA 
material on one hand and design and lay down recycled asphalt with high RA percentages 
considering the plant setup/capacity to process and produce complying yet performing 
mixes on the other hand. 

Keywords—reclaimed asphalt; recycled asphalt; job mix formula; marshall properties.  



 

 

 

 

 INTRODUCTION 

At the end of its service life, subject to oxidation and weathering effects, the main constituent of 
asphalt concrete layers (i.e. aggregates) retains considerable quality characteristics comparable to 
virgin aggregates. While the objective of using reclaimed asphalt (RA) is to produce well performing 
recycled hot-mix asphalt (HMA) mixes, the challenges lie in the asphalt milling and the quality control 
of the RA material to produce a recycled HMA mix that satisfies such desired performance.  

Using RA in the production of recycled HMA has economic and environmental benefits due to 
using less virgin material and reduction in energy consumption. While the benefits are higher when 
an increased percentage of RA is used, the success depends mainly on various factors such as the 
characteristics of RA and the technology adopted to process RA and produce recycled HMA [4]. 
Moreover, the performance of recycled HMA mixes, is among several requirements, when deciding 
on the ultimate RA percentage [5] while considering challenges and constraints. 

In order to reduce variability and to increase RA content in recycled HMA mixes, proper asphalt 
milling and RA stockpiling need to be performed. In addition, it is necessary to investigate and check 
the characteristics (gradation, binder content and properties) of RA prior to performing various 
percentage blending and determine the most appropriate RA content to use in recycled HMA.  

During service, the flexible pavement is subject to various physical and chemical changes. 
Rheological properties of aged binder are critical for the design and performance of RA mixes [1]. In 
Qatar, the QCS 2014 has not established a guideline and maximum limits of RA content, percentage 
increments of 15, 20, 25, 30, 35 and 40% of RA were, respectively, used for trial productions of 
recycled HMA mix taking into consideration the mounted RA system and plant capacity.  

PWA specifications allow the use of up to 15% RA without the need of establishing a new mix 
design and new Job Mix Formula (JMF), since no major changes in the outcome of the mix quality 
characteristics are expected. Thus, it was essential to increase the content of RA and assess the 
impact on the quality characteristics of asphalt mix and pavement as well during and after 
construction. 

2. PROBLEM STATEMENT AND STUDY OBJECTIVE  

The usage of RA is an economical approach in road construction since it reduces the consumption 
of both virgin aggregates and binder in recycled HMA. Furthermore, the use of RA supports 
environmental initiatives to reduce excavated and milled materials going to landfills. Recycled asphalt 
creates a cycle of reuse that sustains the asphalt pavement industry. It is very essential to have good 
records about the source of RA and good material stockpiling procedure in order to minimize 
variations in stockpiled RA when materials collected from different sources/contractors are piled 
together. The use of higher amounts of RA in recycled HMA mixes requires support from public roads 
agencies, such as PWA. PWA has expressed concern over the lack of guidance on the use of high 
percentages of RA (high RA) in recycled HMA mixtures, as well as the lack of information on their 
performance. As a result, there is a need for national guideline on best practices when using RA and 
documented information about long-term performance of high RA pavements [3]. 

Using RA in recycled HMA needs to ensure that at least the final mix properties meet and/or 
exceed QCS 2014 requirements for Marshall mix design criteria. With a small percentage of RA (mix 
15%), slight impact on Marshall properties were observed. However, for RA content above 15%, 
further investigation is required to identify factors affecting performance. Control of these factors will 



 

 

 

help to maintain a performance equal to or better than the mixes produced using 100% virgin 
aggregates and binder [6]. Despite few trials performed on RA mixes in the state of Qatar, the 
production of compliant recycled HMA mixes with increased RA content considering the plant 
capabilities have not been properly explored. Developing a method statement that serves as a guide 
to increased RA content in recycled HMA is fundamental to establishing an approach of predictable 
performance characteristics.  

Several factors have led to the development of this study such as lack of mix design criteria and 
absence of an agency that approves and issue asphalt mix design certificate containing RA 
materials. This study has adopted a different approach for RA mix design. Instead of preparing new 
mix designs for each RA content in recycled HMA, a target JMF for an approved 19.0 mm Nominal 
Maximum Aggregate Size (NMAS) Pen 60/70 dense mix, was used as a reference, against which 
the proportioning of virgin aggregate and bitumen were adjusted for every RA content during 
production as such to meet the target JMF as stipulated in the approved mix design certificate.  

This paper examines the trends in recycled HMA characteristics and Marshall properties while 
increasing the RA content then compare the results of the recycled HMA mix with the HMA mix using 
100% virgin material. Nevertheless, the established approach of asphalt milling and use of RA can 
be extended to other case study as this paper includes a general methodology and measures that 
improve the control of RA in order to produce consistent recycled HMA. 

THE RESEARCH APPROACH 

Characterization of RA Material  

Characterization of the milled material was conducted to verify the properties and compliance with 
the specs in order to provide an understanding and presentation of data necessary for the mix design 
and necessary adjustments during the production. Extraction, gradation and recovery of binder were 
conducted to provide such initial data necessary for the study. Throughout this study, the same 
aggregates, filler and bitumen were used for both RA and virgin aggregate. The virgin aggregate was 
gabbro provided by Qatar Primary Materials Company (QPMC) from Fujaira UAE quarries while the 
virgin bitumen was Pen 60/70 provided by Qatar petroleum supplier (Woqod). 

 

Methodology of Milling and stockpiling of RA 

In the absence of guidelines, appropriate method statements were prepared for milling of asphalt 
layers (Figure 1) to avoid contamination with underneath layers as well as proper stockpiling  
(Figure 2). There is a higher control level when RA is obtained from pavement sections requiring 
reconstruction, stockpile them separately and reuse them to rehabilitate the same pavement section. 
In this case the origin, age and properties of the RA material will be known to the asphalt producer. 
This is the first level of control adopted in this study to limit variations in RA material properties and 
consequently in recycled HMA. A milling machine was used to remove part of the surfacing layer. 
Prior to milling, coring was performed along the stretch of the designated section in order to 
determine the number of layers and determine their thicknesses. Since most of the projects under 
the Road Project Department (RMD) in PWA were local dual carriageway roads with a single 70 mm 
thick asphalt layer, it was important that milling is performed at a depth of 60 mm to ensure a better 
control and consistency of material on one hand, and to avoid contamination of RA with foreign or 



 

 

 

deleterious underneath material such as soil on the other hand. In order to verify the existing asphalt 
layer thickness, 100 mm cores were collected and have had their thickness measured. 

Milling Process 

 

 

Stockpiling RA in the plant  

 

Aggregate Properties 

The RA gradation, binder content, aggregate specific gravity and water absorption tests were 
performed on samples collected from the stockpile. The purpose of determining the binder content 
and gradation was to decide on the optimum binder and necessary adjustment of hot bin virgin 
material to use during the production of asphalt mixes taking into consideration the control mix used 
as a reference in this study.  



 

 

 

Since the gradation of hot bin aggregate was predetermined and its properties are known (Table 
I), the adjustment during RA mixes production was performed through adjustment of cold feed 
percentage as such to yield to designated target JMF. 

 

PROPERTIES OF HOT BIN AGGREGATE (VIRGIN AGGREGATE) 

Sie

ve 

Size

s 

Hotbin Aggregate Sizes 

Fine Filler Coarse Filler 0-4mm 4-8mm 8-13mm 13-22mm 

25.0 100.0 100.0 100.0 100.0 100.0 100.0 

19.0 100.0 100.0 100.0 100.0 100.0 91.3 

12.5 100.0 100.0 100.0 100.0 92.4 18.0 

9.5 100.0 100.0 100.0 100.0 57.4 1.7 

4.75 100.0 100.0 100.0 51.2 0.7 0.3 

2.36 100.0 100.0 78.8 3.3 0.4 0.3 

0.850 100.0 96.3 39.2 0.6 0.3 0.3 

0.425 99.3 90.2 22.6 0.5 0.3 0.2 

0.180 93.5 77.9 9.5 0.5 0.3 0.2 

0.075 73.3 36.7 3.5 0.4 0.2 0.2 

Gsb of Agg. 2.965 2.974 2.85 2.89 2.92 2.94 

Water Abs, %  - -  1.2 0.7 0.6 0.4 

 
 

GRADATION AND BINDER CONTENT OF RA MATERIAL COLLECTED FROM THE RA STOCKPILE 

Sieve 

Size, 

mm 

RA Samples  

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Averagea 
Standard 

Deviation 

25.0 100 100 100 100 100 100 100.0 0.0 

19.0 99 97 99 100 98 98 98.5 1.0 

12.5 93 90 93 94 90 91 91.8 1.6 

9.5 85 81 84 86 80 82 83.0 2.2 

4.75 62 62 63 65 61 61 62.3 1.4 

2.36 42 42 42 43 41 42 42.0 0.6 

0.850 25 26 25 26 25 26 25.5 0.5 

0.425 20 20 22 21 19 20 20.3 0.9 

0.180 17 16 18 16 16 17 16.7 0.7 

0.075 12.1 12.3 12.3 12.6 12.2 12.5 12.3 0.2 

Moisture Content, % 0.5 0.6 0.2 0.3 0.5 0.5 0.4 0.14 

Binder Content 5.3 4.6 4.8 4.6 4.2 4.2 4.6 0.4 

Gsb of Coarse RA 
Aggregateb 

2.68 

Gsb of Fine RA Agg. 2.63 

Gsb of RA Aggregate 2.66 

Water Absorption of coarse 

RA Aggregate 
1.8 

Water Absorption of Fine 

RA Aggregate 
2.1 

The average values were used to make adjustment in the virgin aggregate and bitumen to meet the target JMF of 19.0 mm NMAS mix. 

The extracted aggregate was limestone with 19.0 mm NMAS, Gsb of 2.68 and water absorption of 2.3%. 

 



 

 

 

Binder Properties 

This section presents the properties of the two types of binder 1) the binder recovered from RA 
material (Table III) and 2) the virgin binder used for the recycled HMA production (Table IV).  

The grade of binder recovered from RA material was PG70H-22 while the grade of Pen 60/70 
virgin binder (Table IV) used in this study was equivalent to PG 64-22. The virgin bitumen was 
supplied by Qatar petroleum supplier (Woqod). The specs of both grades were benchmarked against 
QCS requirements 

SUMMARY OF RECOVERED BINDER PROPERTIES  

Test Description 
Test 

Temp. 
Method 

AASHTO 

M332 

Spec 

Results 

(PG 70H-22) 

Original Binder 

Density, kg/m3 25.0°C ASTM D70 Report 
1025 

 

Flash Point, °C ASTM D92 min 230 
344 

 

Viscosity, Pa.s 135°C ASTM D4402 max 3.00 
2.5 

 

Dynamic Shear (G*/sinδ, 10 rad/sec), kPa 70°C ASTM D7175 min 1.00 
2.3 

 

Separation Test: Absolute Difference between G* of Top and Bottom 
Specimens, % 

163°C ASTM D7173 - 
- 

 

Particulate Retained on Sieve Test, % 163°C PWA 100 - 
- 

 

Solubility ASTM D5546 - 
- 

 

Polymer Content, % by mass AASHTO T302 - 
- 

 

Rolling Thin Film Oven (RTFO) Residue (@163°C) 

Mass Change, max, %(Mass loss is reported as negative) 163°C ASTM D2872 max 1.00 
0.04 

 

Dynamic Shear (G*/sinδ, 10 rad/sec), kPa 70°C ASTM D7175 Min 2.20 
3.8 

 

MSCR 

Jnr3.2 , kPa-1 

70°C ASTM D7405 

max 2.0 
1.6 

 

Recovery R3.2 @3.2 kPa, min, % Report 
90 

 

Jnrdiff , % Max 75 
70 

 

Pressurized Aging Vessel (PAV) Residue (@110°C, 2.10 Mpa, 20hr) 

Dynamic Shear (G*×sinδ, 10 rad/sec), kPa 28°C ASTM D7175 max 6000 
500 

 

Creep 

Stiffness 
Bending Beam, S (60s) MPa -12°C ASTM D6648 max 300 

50 

 

 

 

 

SUMMARY OF THE VIRGIN BINDER GRADING (PEN 60/70) 



 

 

 

Parameter 
Test 

Temp. 
Method 

AASHTO 

M332 

Spec 

Results 

Density, kg/m3 25.0°C ASTM D70 - 1019 

Penetration (0.1mm) 100g, 5 sec 25.0°C ASTM D5 60 - 70 63 

Softening Point Ring and Ball, °C  ASTM D36 ≥46 48 

Ductility, cm 25.0°C ASTM D113 ≥100 150 

Solubility Trichloroethylene, %  ASTM D2042 ≥99 100 

Loss on Heating, %  ASTM D6 ≤0.2 -0.030 

Penetration od Residue of Original after TFTO, 

% 
 ASTM D5 ≥52 67 

Ductility of Residue aftewr TFOT, 5 cm/min, 
cm 

25.0°C ASTM D113 ≥50 150 

Flash Point, °C   ASTM D92 min 230 285 

Viscosity, Pa.s 135°C ASTM D4402  0.38 

DSR,10 rad/sec, kpa 

64°C ASTM D7175 

  -  

Mean Complex Modulus G*  1.4 

Phase Angle δ (°)  - 

G*/sinδ  1.2 

Separation Test, % 163°C ASTM D7173  9 

Sieve Test, %   PWA 100  0 

Rolling Thin Film Oven (RTFO) Residue (@163°C) 

Mass Change, max, % 163°C ASTM D2872  0.6 

DSR,10 rad/sec, kPa 

64°C ASTM D7175 

 3.18  

Mean Complex Modulus G*  5.27 

Phase Angle δ (°)  - 

G*/sinδ  6.2 

Jnr3.2 , kPa-1 

64°C ASTM D7405 

 2.8 

Recovery R3.2 @3.2 kPa, min, %  0.9 

Jnrdiff , %  13 

Compaction Temperature Range, °C - ASTM D4402 / 

ASTM D2493 

 142-146 

Mixing Temperature Range, °C -  158-162 

Pressurized Aging Vessel (PAV) Test Residue 

PAV Aging Temp, C  ASTM D6521  100 

DSR G*sinδ and 10 rad/sec, kPa 31°C ASTM D7175  3101 

Bending Beam, S, Mpa 
@0°C 60s ASTM D6648 

 78 

m-value, Mpa  0.401 

 

Stockpile Management of RA  

RA stockpiles usually need processing such as screening before introducing into the asphalt 
mixes. However, if milling depth and process were properly executed in a known and homogenous 
pavement, the collected RA material will exhibit less variation in its properties, which was the case 
of RA in this study. Basic guidelines are listed below [2]: 

Milling material are received from the project and stockpiled in such a way to minimize segregation 
and/or contamination, 

Effectively drain precipitation, and avoid contamination with underlying material or adjacent 
stockpiles; 

Sample and test RA in various locations of the millings stockpile to determine the gradation and 
check the maximum aggregate size; 



 

 

 

If the maximum aggregate size of the as-received millings is small enough to use in the desired 
mix design(s), do not further process the millings; 

If the maximum particle size is too large for desired mix(es), then either: fractionate the RA over 
a screen equal to or smaller than the NMAS of desired mix(es). 

Once stockpiled, the following information was recorded: 

i) Source (i.e. Location, Chainage, Layer, pavement age); 

ii) Date of Milling; 

iii) Milling properties and Extraction Details; and 

iv) Stockpile number and location in the plant 

 

Mix Design and Production Facility Considerations 

The production facility used in this study is a CB 240 AMMANN asphalt batching plant with 
capacity of 240 tons/h equipped with a ring to process up to 40% of RA in drum. Figure 3 shows the 
production facility. 

 
CB 240 AMMANN equipped with a ring to process up to 40% of RA in drum. 

 
For mixes using RA above 20%, a small amount of rejuvenator was added to the mix (in the range 

of 0.10 to 0.12% of binder content in mix). The use of rejuvenator improves the RA binder properties; 
therefore, it allows the increase of RA content in asphalt mixes without having a negative impact on 
the HMA performance. However, rejuvenator’s dosage in mix need to be carefully addressed to 
provide the ultimate benefit and maximize RA content. Rejuvenators commonly have a differential 
effect on a binder through changing or improving its physical, rheological and chemical properties 
over time [2]. Relative humidity of RA material was below 0.2% as RA was stockpiled in open-air 
bins under the ambient temperature of 40C, thus there was no effect of humidity on the properties 
of rejuvenated binder. 

While rejuvenator greatly affected the final binder performance and mix workability of high RA 
content (above 25%); a small amount of 0.1% of the binder content was used to balance off 
performance over the temperature range on one hand and to improve the physical and rheological 
characteristics and mix workability during construction at lower temperatures on the other hand.   



 

 

 

 

Challenges  in Increasing RA content in Recycled Asphalt Mix 

In view of the concept adopted in increasing RA percentage in recycled HMA, the major 
challenges were: 1) meeting the target reference JMF, 2) produce a final mix that has an adequate 
temperature and 3) achieve complying volumetric and Marshall properties [8]. To overcome these 
challenges, it was essential to ensure that the pavement is properly milled, collected RA material is 
adequately controlled during transportation and stockpiling in the plant. Furthermore, representative 
sampling and testing need to be carried out to verify the consistency of RA and control potential 
variation. Additionally, during production, more RA percentage will impact the temperature of the final 

mix, thus, it was necessary to increase the temperature of virgin aggregate to max 185C as such 
not to impact the quality of the final mix and ensure a working temperature that is adequate for 
compaction during the pavement construction.  

RESULTS AND INTERPRETATIONS  

The research approach is composed in such a way as to compare the characteristics of the 19.0 
mm NMAS control mix with the different RA percentages produced mixes. To achieve this, samples 
were collected from the RA stockpile to investigate and know their properties. Knowing the properties 
of RA makes it easy to identify the proper blending and needed adjustment of virgin aggregate and 
binder proportions during production in the asphalt plant. Table V shows the gradation of the RA 
mixes obtained from calculated values referred in “C” columns, prior to the production, versus the 
actual values obtained after testing and reporting referred in “A” columns. From the analysis of 
results, the following result can be drawn:  

The experimental study described in this paper focused on increasing the percentage of a known 
and controlled RA stockpile as such to adjust the feeding proportion of virgin aggregate during the 
production as such to maintain and meet the target JMF in the reference mix. The investigation 
addressed the volumetric and Marshall properties of six dense graded mixtures prepared with 15, 
20, 25, 30, 35 and 40% RA content.  

Table VI presents the volumetric and Marshall properties of the RA mixes obtained from calculated 
(i.e. before production) versus actual test results (i.e. reported from tested samples after production). 
The trend of results demonstrated that, while increasing RA content, generally the RA mixes quality 
characteristic and properties were able to be achieved and maintained in HMA. Since the same 
rolling pattern was maintained during construction of the pavement with different recycled HMA, it 
was noticeable that the void in mix had increased when RA % was increased. This indicated that 
mixes with higher RA content tend to be harsh while they lose temperature at a higher rate, during 
construction, thus need high efforts to achieve adequate degree of compaction. However, using 
rejuvenator improved the mix workability at lower temperature (120C to 140C). 

The binder contents were close to the one initially determined in the stockpiled RA and taken into 
consideration during the production. 

There were discrepancies in gradation between the calculated and actual and it was notices that 
the higher the percentage of RA the higher the variation in gradation. 

Although the test results of various RA content, calculated from known RA and virgin aggregate 
properties, were close to the actual gradation of the produced RA mixes, the MARSHALL properties 
show higher results in various aspects compared to the reference mix properties as shown in Fig 5. 



 

 

 

The study was able to benchmark the RA mixes properties against a reference mix and the QCS 
2014 requirements for Marshall mix design [6] method through a concept that was based on 
modifying controlled parameters of raw material and make necessary adjustment in the plant during 
production. Although the main final objective was to evaluate the feasibility of increasing RA content 
in recycled HMA mixes based on a known and controlled RA source and virgin aggregate, a 
predictive methodology can be developed based on this study to improve the optimal use of RA 
content in recycled HMA. 

TARGET JOB MIX FORMULAS 
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, 
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m 

19.0 

mm 

NM

AS 

JM

F 

Ref. 

Mix 

Tol

era

nce

s 

RA Content 

15% 20% 25% 30% 35% 40% 

C A C A C A C A C A C A 

25.0 100 – 100 100 100 100 100 100 100 100 100 100 100 100 100 

19.0 92 – 100 98 99 97 98 95 98 98 99 98 98 98 97 

12.5 76 - 84 81 82 79 82 72 79 83 80 83 81 84 79 

9.5 63 - 71 70 72 71 77 63 69 73 71 73 72 74 66 

4.75 51 - 57 52 52 52 54 48 50 54 49 55 56 55 58 

2.36 34 - 40 36 32 35 36 33 33 37 35 37 38 38 37 

0.850 18 - 22 19 15 21 18 20 18 21 21 21 22 21 21 

0.425 11 - 15 13 10 15 11 14 12 14 13 15 16 15 16 

0.180 6 - 10 8 6 10 7 10 8 9 8 10 11 10 11 

0.075 3.0 - 5.0 4.3 4.2 6.3 5.2 6.2 4.5 5.7 3.9 6.2 6.4 6.6 6.8 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Summary of Gradation of the various RA mixes. 
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VOLUMETRIC AND MARSHALL PROPERTIES 

 Mix 

Par

ame

ters 

Q

C

S 

S

p

e

c

s 

1

9

.

0 

m

m 

N

M

A

S 

R

e

f

. 

M

i

x 

RA Content 

15% 20% 25% 30% 35% 40% 

C A C A C A C A C A C A 

Gmm 2.738 2.738 2.715 2.732 2.707 2.733 2.700 2.716 2.692 2.706 2.684 2.680 2.676 2.671 

Gmb 2.563 2.563 2.535 2.569 2.526 2.550 2.517 2.522 2.508 2.496 2.500 2.472 2.490 2.446 

Gsb 2.90 2.906 2.86 2.84 2.85 2.84 2.84 2.83 2.83 2.82 2.81 2.782 2.80 2.80 

Va, % 4.5-8.0 6.6 6.6 6.0 6.7 6.7 6.8 7.2 6.8 7.8 7.0 7.8 7.0 8.4 

VMA, % ≥14 15.3 14.7 12.3 14.5 13.1 14.4 14.3 14.2 17.4 14.2 14.9 14.1 15.3 

VFB, % 50-75 57 56.1 45.6 58.2 50.3  65.0  60.0  58.6  62.6 

Stability, kN ≥9.5  13.2 - 17.2 - 16.8 - 16.9 - 18.1 - 17.2 - 16.3 

Flow, mm 2-4 2.6 - 2.6 - 2.5 - 2.5 - 2.7 - 2.7 - 2.8 

Stiffness ≥4.75  5.1 - 6.6 - 6.7 - 6.8 - 6.7 - 6.4 - 5.8 

Retained 
Stability 

≥75  88  - 82.3 - 86.5 - 88.2 - 92.5 - 91.0 - 89.1 

Air Voids at 

refusal density 

(400 blows), % 

≥3.4 4.0  - 4.9 - 4.2 - 4.6 - 4.9 - 4.7 - 4.8 

 Binder 

Content, % 
3.8 3.8 3.8 3.4 3.8 3.6 3.8 3.7 3.9 3.9 4.0 4.1 4.2 4.4 

 In-place Air Voids of Cores Extracted from Pavement after Construction 

In-place air 
voids, % 

5-8 - - 8.9 - 7.2 - 7.3 - 6.6 - 5.9 - 5.2 



 

 

 

 

CONCLUSIONS  

Based on the trend of results collected, the following conclusions can be drawn: 

Prior to milling, the existing pavement needs to be properly assessed to develop a better 
understanding about the existing layer thickness and aggregate properties. With controlled and 
consistent RA, a percentage up to 30% can be used without compromising the properties of HMA 
requirements and compliance with the QCS. The adjustment of virgin material especially the bitumen 

     

     

   

Fig. 5. Summary of key MARSHALL parameters for the various RA mixes 
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is necessary during the production of the first batches to make sure that the binder is within limits 
and to achieve the other parameters. 

It can be concluded that the overall findings of this study demonstrated the possibility to produce 
mixtures including high amount of RA up to 40% having complying properties and exhibiting no signs 
of bleeding [10] after compaction. This is achieved through controlling of RA material and adjusting 
the proportioning of virgin material in the plant to produce different RA contents.  

Concerns of excess binder is observed at higher RA percentage which can impact the voids in 
mix and in-place air voids after rolling. 

 

RECOMMENDATION  

Best practices and techniques should be used for quality control of RA material during milling, 
stockpiling, and processing RA [9].  

For high RA content, fractionation helps achieve a smooth and efficient production in the plant. 
Moreover, it was found that RA content of 25 to 35% is an optimum range of RA in recycled HMA 
that can yield results that meet the specifications and exceed at the same time the quality 
characteristics of mixes using 100% virgin material. However, representative samples should be 
tested in order to properly characterize the RA and verify the consistency of its properties. 

The most common challenges faced during the construction of mixes with 35% to 40% RA content, 
were the workability of the mix during construction and the excessive compaction efforts to achieve 
the desired in-place air void. Thus, a rejuvenator is recommended to be used for mixes with RA 
above 25% in order to maintain workability and compaction at lower temperature (approximately 
around 130C when Pen 60/70 virgin bitumen is used). However, a softer binder such as 80-100 
needs to be investigated in similar study as it might have positive impact on the mix workability and 
properties.  

This study was intended to assess the trends of Gradation, binder content and Marshall properties 
while increasing RA in recycled HMA. However, further research study is needed to evaluate the 
mixtures performance characteristics (e.g. permanent deformation, fatigue cracking and TSR) on 
one hand and the development of any cracks, rutting, of the laid mix under traffic on the other hand. 
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when self-cementation occurs 

 

Chantal Rudman, Kim Jenkins, Carlie Tredoux 

Stellenbosch University 

Zaandre Bredenkamp 

Martin and East Pty Ltd 

Synopsis— There has been a global shift towards increasing sustainable practices in the 

transportation industry, including the re-use of various alternative materials for pavement 

construction. The benefits in particular for using recycled concrete aggregate as a base or 

subbase layer in asphalt pavements have been reported in previous literature. The self-

cementation observed over time in these pavements also highlights the potential benefits 

this could provide to the performance of pavement layers. 

At present, the material is viewed and characterised as a granular material. Several 

intrinsic and extrinsic factors could lead to varying extents of self-cementation. The 

complexity in self-cementation is that it could potentially lead to a change in how the material 

responds under repeated loading, particularly if significant bond -forming of latent cement 

particles occur. 

This paper explores the response behaviour of this material. A series of permanent 

deformation tests are performed under varying processing and curing methods.  The results 

are analysed and characterised to better understand these responses. Subsequently, 

conclusions are drawn to assist construction and design processes when utilising these 

type of materials within the structural layers of a pavement.  

Keywords—recycled concrete aggregate; permanent deformation; self-cementation 

 

I.  INTRODUCTION  

Prioritisation of sustainable development has increased the use of secondary materials such as 

construction demolition waste (CDW) in various applications. Frontiers in the successful diversion of 

CDW include countries such as the Netherlands, which have been using it since the 1970’s [1] but, 

other countries such as Germany, USA, Japan, Brazil, China, and Australia have been actively re-

using this material as well  [2][3].   



 

 

 

Successful reprocessing of CDW into Recycled Concrete Aggregate and Masonry have been 

illustrated in these countries with some having established standards to regulate the use of these 

materials. In South Africa, recent advances of the application of the technology have been noted and 

the same emerging trends observed as in the early stages of pre-cursor countries with established 

diversion streams.   

It is recognised that the local situation could differ from countries with a more mature secondary 

material industry and therefore a comprehensive understanding of the different aspects of the 

material behaviour should be performed.  This will allow for full exploitation of the performance 

properties of CDW.   

Factors to consider include standardisation to ensure consistent quality of product.  These needs 

have led to the establishment of a Working Group in order to develop draft guidelines for the use of 

construction demolition waste in the base and subbase of road layers [4].  

In countries where the technology is established the current design approach includes considering 

failure/performance modes such as 

shear failure, resilient modulus and 

permanent deformation, i.e 

characteristics of unbound granular 

materials. However, one benefit 

often highlighted is the self-

cementation properties of these 

materials, although often not 

considered in the original design 

approach.   

Research and practice have 

shown that growth in stiffness can be 

expected [5,6,7], potentially leading 

to a superior base. The material 

however could simultaneously have 

potential for shrinkage leading to 

possible reflective cracking.  These 

mechanisms could manifest as a result, if the material exhibits characteristics of that of a stabilised 

material. In the local market, non-standardisation and lack of processing could potentially lead to a 

material source that might exhibit either unbound or bound characteristics, pending different phases 

of its life as shown in Fig. 1.   

The concern is further exasperated as the South African configuration of asphalt pavements place 

high demands on the material properties of these granular layers (to be replaced with RCA) located 

high up in the pavement structure.  
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Fig.1.   Potential transforming mode of failure for Recycled 
Concrete Aggregate (RCA)  

 



 

 

 

In this context, the question therefore is, are these added benefits, or are there other factors to 

consider associated with durability? The increased stiffness could be to the benefit of the structural 

performance, but if the material exhibits stabilised material properties and micro-cracking occurs, 

shrinkage and associated factors such as carbonation could lead to premature cracking.  

The objective of this paper is to establish if the material is able to transform between properties 

characteristic of an unbound material to that of a bound material. In order to achieve this objective, 

the research explores if the potential for self-cementation could vary significantly for the same source 

of RCA when stockpiled.  Subsequently, tests are performed to establish to what degree this could 

differ.  

The research includes a laboratory study focusing on permanent deformation tests of RCA 

materials.  The source of RCA is exposed to environmental elements and the response of the 

material compared to the same source that have not been exposed. The self-cementation 

phenomena is explored by evaluating both material that has not been exposed and exposed at short 

and long time intervals.  

In evaluating these results and comparing with existing deformation models, conclusions can be 

drawn on the margins of change in response observed. It is then possible to determine if cognisance 

should be taken of the change in response of the material and apply the correct austerity measures 

to ensure the desired performance. 

II. EXPERIMENTAL STUDY 

A. Material sourcing  

RCA material was obtained from part of a demolished concrete road on the N2 highway, flanking 

the Cape Town International Airport, between the R300 and Borcherds Quarry Road (Fig. 2). The 

road has recently been identified for rehabilitation after visual assessments have reported on visible 

cracking that has developed over the last 30 years. 

 

 

Fig. 2.   (a) RCA blocks from the N2 that is further broken down before crushing and flakiness of 

fractions obtained during (b) primary and (c) secondary crushing 



 

 

 

Large partition blocks extracted from the road were further broken down to pieces of 100mm x 

100mm in size and delivered to Stellenbosch University (Fig. 2(a)). These pieces were further 

broken down into manageable sizes and manually fed into the laboratory jaw crusher and a two-

stage crushing process applied in order to reduce flakiness (Fig 2(b) and (c)). 

B. Processing and testing methods 

Permanent deformation testing considering various factors were performed . In order to 

determine the sensitivity of the material to typical variables associated with unbound behaviour, 

different samples were tested at various confinements and deviator stress ratios (DSRs).   To  

understand the degree of self-cementation over time, samples were tested up to 100 000 cycles 

in a triaxial apparatus after being compacted, then cured for 1 month and tested again (for another 

100 000 cycles).   In addition, two conditions were simulated to include the influence of 

environmental elements on the self-cementation potential of RCA during stockpiling – Unexposed 

and Exposed.  

Half of the RCA materials were processed, constituted and tested just after compaction 

(referred to as Unexposed).The other half of the stockpile was exposed (material referred to as 

Exposed) - which represents longer stockpiling of material, before the material is sieved out, 

reconstituted, compacted and tested. Table I shows the various samples tested and variables 

applied.  

TABLE I.  EXPERIMENTAL PROGRAMME   

 

To simulate the exposed condition, RCA material was placed in black plastic containers, covered 

with water and infrared lights used to raise the temperature of the water. These actions promote the 

hydration process within the material. The containers are placed in a humid room for 21 days. The 

Curing

Dev 

Stress 

Ratio

Confinement 

Pressure
Curing

Dev 

Stress 

Ratio

Confinement 

Pressure

[month] [%] [kPa] [month] [%] [kPa]

UN I 50 I 30 0,1 30 50 EX I 50 I 17 0,1 17 50

UN I 75 I 30 0,1 30 75 EX I 100 I 17 0,1 17 100

UN I 100 I 30 0,1 30 100 EX I 150 I 17 0,1 17 150

UN I 50 I 37 0,1 37 50 EX I 50 I 22 0,1 22 50

UN I 75 I 37 0,1 37 75 EX I 100 I 22 0,1 22 100

UN I 100 I 37 0,1 37 100 EX I 50 I 27 0,1 27 50

UN I 50 I 45 0,1 45 50 EX I 100 I 27 0,1 27 100

UN I 75 I 45 0,1 45 75 EX I 150 I 27 0,* 27 150

UN I 100 I 45 0,1 45 100 * Sample broke after 0 months testing

Nomenclature using example UN I 50 I 30 :

UN = Unexposed, 50 = kPa confinement, 30 = % Deviator Stress Ratio, also EX = Exposed 

Material IDMaterial ID



 

 

 

RCA material within the containers are mixed manually every day and water is allowed to evaporate 

to simulate wet and dry cycles but also continuously refilled (Figure 3(a)). 

 Unexposed and Exposed RCA materials were sieved into separate fractions: 13.2mm, 9.5mm, 

6.7mm, 4.75mm, 2.36mm, 1.18mm, 0.60mm, 0.425mm, 0.30mm, 0.15mm, 0.075mm and the filler 

were retained on the pan(<0.075mm) and all samples were reconstituted to the same continuous 

grading – see Fig. 3(b).  

The Maximum Dry Density (MDD), Optimum Moisture Content (OMC) and preparation of samples 

for testing were done using the Vibratory Hammer Method according to guidelines set out in Rudman 

[8]. 

 

Fig. 3.     (a) Curing process though addition of water and application of infrared light and (b) 
continuous grading for RCA materials, maximum dry density (MDD) and optimum moisture 
content OMC  

Scalping of larger size aggregates >19.0mm, according to Wirtgen [9] was followed. Scalping 

prevents over-sized particles causing boundary conditions that govern behaviour.  To avoid this, the 

recommended minimum dspecimen/ dmax-particle ratio should be 6-7 [10]. 

C. Permanent Deformation Testing and Analysis Methods 

The objective of permanent deformation testing is to determine the plastic strain (휀𝑝) 

accumulation, through application of cyclic loading, measured as a function of the stresses applied, 
and the number of load repetitions (N). In order to measure the stress-dependency of the material 

permanent deformation tests at varying stress combinations (of 𝜎1and 𝜎3) were executed. In the 
case of unbound materials stresses are defined in terms of the deviator stress - 𝜎𝑑 (𝜎1 − 𝜎3). DSRs 
that allowed for covering the full range of behavioural response (stable and unstable) were identified 
through preliminary trial and error tests.  



 

 

 

Each test included cyclic loading of a “virgin” specimen at a certain stress level, as a percentage 

of the failure deviator stresses, (𝝈𝒅,𝒇), - calculated from the material’s original shear parameters.   

A minimum number of applied cycles is needed to describe the full behaviour of these samples. 

Many standards suggest the application of 10 000 cycles, but a preliminary study to this research 

has shown this number to be insufficient to describe the full extent. It has also been demonstrated 

by Kolosoja [11] and Van Niekerk [1] that significantly more cycles are needed to achieve 

representative results. In this study a 100 000 cycles per test sample were applied at 0 months 

(immediately after compaction) and another 100 000 cycles after 1 month of curing.  

A dynamic pulse including a Haversine signal load at 0.1 second dynamic and 0.9 second resting 

period intervals was applied in order to represent field loading conditions  

III. LABORATORY RESULTS  

A. Short-term behaviour [0 month] of RCA [DSR, confinement] 

The permanent deformation results are presented for short term (0 months or 1 day after 

compaction) exposed and unexposed conditions (Figure 4(a) and (b)).  

 

Fig. 178.   (a) Unexposed and (b) Exposed RCA samples tested at 0 months (after 1 day of 

compaction) of curing 

Fig. 4(a) illustrates the response of Unexposed RCA samples tested at 50, 75 and 100kPa for 

3 different deviator stress levels (30, 37 and 45%) at 1 day after compaction (0 months)  

A general increase is observed in the accumulated strain with increasing deviator stress and 

confinement. Many researchers have correlated the influence of stress level and inversely related 

to confining pressure to materials exhibiting unbound behaviour [1,11,12,13,14,15].   

At a 30% deviator stress level, for samples tested at 50kPa and a 100 kPa confinement, strain 

accumulation stabilises to a near-horizontal gradient. In comparing the results for samples tested 



 

 

 

at a DSR of 30 and 37%, the gradient (slope) of permanent strain accumulation increases as the 

DSR increases from 30 to 37%. At higher applied DSR values (45%) a rapid accumulation of 

permanent strain is observed above 30 000 load cycles, after which tertiary flow occurs.  

Fig. 4(b)  shows the permanent deformation results for Exposed RCA samples tested  at a 

confining pressure of 50, 100 and 150 kPa for 3 different deviator stress levels (17, 22, 27%). 

Similar to Unexposed RCA, the magnitude and rate of accumulated permanent strains increase 

with increasing deviator stress levels. The material shows rapid accumulation of permanent strain 

at a DSR of 27%, with the material becoming unstable at higher DSRs for confinements of 50kPa 

and 100kPa. As observed with Unexposed samples, the confinement plays a role in the magnitude 

of permanent strain accumulation for Exposed RCA samples at each DSR. 

B. Long-term behaviour [1 month] of RCA tests[DSR, confinement, moisture] 

Fig. 5(a) and (b) illustrate Unexposed and Exposed results for samples tested after 1 month of 

curing (and having been subjected to 100 000 load cycles at 0 months), respectively.  

Fig. 179.   (a) Unexposed and (b) Exposed RCA samples tested at 1 month of curing 

Both Unexposed and Exposed samples tested show a decrease in the rate of strain accumulation 

(as observed through the gradient of change by comparing the results of the Unexposed and 

Exposed samples), which suggests that a reasonable amount of self-cementation occurs.  However, 

some differences are observed when comparing individual results between Unexposed and Exposed 

samples. 

For Unexposed RCA samples, it is observed that both the magnitude and rate of accumulation of 

permanent strain decreases for specimens tested at 1 month, when compared to the samples tested 

at 0 months of which the results are presented in Fig. 4. The response of the material as a result of 

self-cementation is different for Unexposed material tested at 1 month to that of Exposed RCA also 



 

 

 

tested at 1 month. At the same curing of 1 month there is no consistent increasing permanent strain 

trend with increasing DSR as is the case with Exposed RCA. 

A distinction for Unexposed 1 month results between the material behaviour at a DSR of 30 and 

37% is observed, when compared to results at 45% DSR for all confinements. It appears that “cluster 

groupings” can be delineated for samples below 37%DSR when compared to samples tested at 

45%DSR. For Unexposed samples, tests that have failed at higher DSRs are also not accompanied 

by the same rapid strain increase observed for all samples tested at 0 month.  

In all Unexposed 1 month samples, the rate of permanent strain change is negligible and the same 

increase in gradient at higher DSRs not observed, as was characteristic of samples tested at 0 

months.  

Alternatively, Exposed 1 month RCA samples show a decrease in the magnitude of permanent 

strain accumulation for both an increase in DSR and an increase in confinement stress. It is therefore 

sensitive to these variables for all levels of DSRs. The rate of permanent strain has also decreased 

significantly to a near-horizontal slope and leads to a significant improvement in reduction of the rate 

of permanent strain for samples tested at a DSR of 27%.  

In summary, the response of Exposed RCA 1 month typically demonstrates the same systematic 

response trend to the DSR and confinement to that of samples tested at 0 months, unlike results for 

Unexposed 1 month. 

These preliminary results indicate that it is possible that the material can transform between an 

unbound and a bound material.  

IV. ANALYSIS 

Assessment of the Unexposed and Exposed RCA tests results in the previous section highlighted 

marked differences in the response to variables. This prompted a more fundamental approach in 

evaluating these factors and if the variables, DSR and confinement can be correlated to the rate of 

permanent deformation satisfactorily, which thereby indicate that the material response can be 

associated with unbound behaviour.  

  The Huurman Model [16] was chosen as the architecture for the model as it allows for the various 

coefficients to be described for the different parts of the strain curve.  For example coefficient “a” 

describes the embedment of the material and coefficient “b” the strain rate after embedment (Fig. 

6). In particular, coefficient “b” is of interest to this study as it describes the rate of deformation that 

occurs. 



 

 

 

 

Fig. 180.    Application of the Huurman Model and description of various coeficients 

All samples reported in Table I were modelled against the architecture of the Huurman Model and 

the Parameters 𝒂, 𝒃, 𝒄and 𝒅 determined.  The results of Parameter “b” of this analysis is reported 

in Fig. 7 and plotted against the confinement pressure.  The figure indicates discernible trends for 

Unexposed 0 month, Exposed 0 and 1 month, but inconclusive trends are observed for Unexposed 

1 month results. 

At lower DSRs (17 and 22%) for Exposed 0 month in Fig. 7(a), a decrease in Parameter “b” is 

observed as the confinement increases from 50 to 150kPa, but an increase in the parameter is 

observed for an increase in confinement at higher DSR values.  



 

 

 

 

Fig. 181.    Influence of confinement stress (Unexposed and Exposed RCA) on Parameter “b” 

of the Huurman Model 

These observations suggest that confinement has a lesser degree of benefit in providing support 

to the increase in strain rate as shown at a DSR of 27%.Even though the prominence of confinement 

in relation to the ratio of influence to increasing DSR decreases, it does not necessarily mean that 

the material is not sensitive to this variable. 

For Exposed 1 month RCA results, a general downward trend is observed at all DSR levels and 

a small variance between parameter values are observed at varying DSR levels. Based on the more 

prominent influence at lower DSRs when compared to Exposed 0 month results, these values 

indicate an influence of confinement but on a smaller scale due to self-cementation.   

For the Unexposed 0 month results, the change in the parameters due to an increasing DSR and 
confinement is apparent up to 75kPa, after which a decrease at all DSR levels occur. At 100kPa the 
distinction between the parameter for the various DSRs are small. Conversely, for Exposed 
materials a slightly higher extent of the influence of rate of change is observed at lower parameter 
values than at maximum values. 



 

 

 

Conversely, Unexposed 1 month results in a disparate outcome in the trends. When comparing 

this to the original permanent deformation results performed at 0 months it is apparent that the rate 

of change does not manifest in consistent trends, and from there emanating into inconsistent results 

for Parameter “b”.  

In demonstrating the moving scale of variability of Parameter “b” observed, the ranges for 

the various tested materials are listed and range between: 

 0.005737 – 0.010701  [Coefficient of Variance (COV)=26.0%] for Unexposed [0 month] 

 0.000988 – 0.00368  [COV=41.5%] for Unexposed [1 month] 

 0.00379 – 0.001584  [COV=51.5%] for Exposed [0 month] 

 0.000669 – 0.005258  [COV=53.9%] for Exposed [1 month] 

This allows for direct comparison in that Parameter “b” (slope indicator): 

 decreases to 65.1% and 66.8% for Unexposed 1 month measured against the original 

average minimum and maximum Parameter “b” value for Unexposed 0 month, respectively, 

 decreases to 30.9% and 29.5 % for Exposed 1 month measured against the original 

average minimum and maximum value for Exposed 0 month, respectively. 

Following these observations a non-linear regression and an Analysis of Variance (ANOVA) was 

performed. The analysis included variables sensitive to response when the material is in its unbound 

state (as dependent variables x), namely confinement pressure and deviator stress, and if this could 

describe Parameter “b” (independent variable y).   

Results revealed good correlation (R2) for Unexposed 0 month, Exposed 0 month and Exposed 1 

months (see Fig. 8). For Unexposed 1 month a R2 of 0.43 was achieved.   To obtain a comprehensive 

understanding of the significance and sensitivity of these variables, it is however necessary to 

evaluate the p-values also (p-value <0.05 indicates significance) as reported in Table II.  

Similar to Fig. 7, the statistical analysis show that the variables DSR and confinement are 

significant for Unexposed 0 month, Exposed 0 month and Exposed 1 months.  For Unexposed 1 

month the p-value is >0.05 for both DSR and confinement and indicates that the variables have no 

significance when measured against these variables. 

 

Material 
P-value 

R2 
DSR Confinement 



 

 

 

TABLE II P-VALUE CALCULATED USING ANOVA 

 

    

Fig. 182.  Regression analysis and  

               p-values of Parameter b  

This manifestation in change in response due to self-cementation between differently processed 

RCA samples from the same source, is explained by the presence of adhering mortar to the larger 

fractions (Fig. 9.).  

 

Fig. 183.    Description of idenitifed behviour for Unexposed and Exposed RCA 

In the Unexposed samples (see Fig. 9 ②), adhering mortar provides strength through matrix 

shear interlock (red shear arrows).  Mortar provides additional angularity that creates part of the 

interlock. After 1 month, self-cementation could be a contributing factor. Rudman [8] showed 

through X-Ray Diffraction testing of RCA that C2S is still present and lead to further hydration and 

cementation. The physical consequence of self-cementation is also shown in Fig. 7 when comparing 

samples tested after 0 months and then after 1 month. With the evolving self-cementation occurring 

after a time of curing (Unexposed 1 month), strength is provided through both shear interlock and 

cementitious bonds (additional red “tension” arrows) that have developed – see Fig. 9 ④. If these 

“tension elements” dominate, failure will be governed by fatigue.  

Unexposed 

0 month 
2.24x10-2 1.08x10-2 0.90 

Unexposed 

1 month 
8.3x10-1 5.5x10-1 0.43 

Exposed 

0 month 
1.12x10-6 5.43x10-4 0.99 

Exposed 

1 month 
1.32x10-3 2.11x10-2 0.97 

 

Figure 5.13  Predicted vs Modelled Regression of Parameter A and B 
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In the case of Exposed samples at 0 month (Fig. 9, ①) interlock is also provided but with the 

exposure process many of the adhered mortar has broken off, leaving fewer adhered conglomerates 

providing shear interlock. This is illustrated in the figure by the presence of fewer shear resistance 

planes being able to develop. 

Exposed 1 month samples also have less mortar adhering to larger fractions when compared to 

Unexposed samples.  This would lead to less potential to self-cement (due to the exposure process). 

An increase in strength is still observed and “tension elements” develop – see Fig. 9, ③. In this 

case the previous results illustrate that sufficient tension elements do not form to govern the 

response of the material.  

The associated markers in the previous section were able to identify differences in response of 

materials pending the state of the material. The margins of transformation observed show that these 

materials can have a typical unbound response and change to behaviour characteristic of a more 

predominantly stabilised material. In summary, the results clearly demonstrate the response to the 

variable DSR and vary significantly for Unexposed and Exposed RCA sampled from the same 

source.  

V. DISCUSSION 

The change in response of behaviour must be taken cognisance of and stakeholders should 

therefore think carefully about the risks involved in the various phases of road construction when 

using this material in the base and/or subbase. A few associated risks and possible austerity 

measures will be discussed in the following sections under (a) processing of materials, (b) testing 

and quality control and (c) construction practices. It will highlight the importance of understanding 

the basics to produce a quality material. 

A. Processing of materials 

The most ideal scenario in using this material on site would be when it is crushed, screened and 

used immediately. This would lead to a relatively uniform material when placed (as it is not exposed 

to environmental elements), with similar characteristics of that of an Unexposed material, and 

significant self-cementation potential.   

Conversely, materials that are stockpiled for a prolonged period could lead to significant variability 

in the product as a result of self-cementation. This could include a stockpile that contains a mixture 

of Exposed material (on the surface) and Unexposed material (in the centre) and therefore have 

significant differences in its make-up. Ultimately this stockpile material is introduced into a pavement 

layer. This might appear as insignificant, as pockets of Unexposed material (where high-

cementation occurs) and pockets of Exposed RCA (where lower cementation occurs) should not 

perform poorly if both have good performance characteristics, as a bound and unbound state can 

exist in different places for the layer. Depending on the traffic loads induced over its lifetime, 

however, variability in base quality could lead to ridability issues, as the material will be weaker in 

some points than others.  



 

 

 

Turning and wetting of stockpiles in order to promote the exposure and carbonation process will 
allow for minimising this variability. 

Some examples of similar practices are that of certain slags which are susceptible to dicalcium 
silicate and iron unsoundness. Wetting allows for environmental moisture to initiate residual 
reactions. These stockpiles can also be placed in low, long and narrow heaps or flattened [17] as 
shown in Fig. 9(a) and (b).   

The type of stockpile to source the materials can have various implications, not only for the self-
cementation phenomena inducing changes on the surface but also because of segregation. 
Research has demonstrated that significant variance occurs in results, depending on the geometry 
of the stockpile structure. The study performed by NCHRP [18] demonstrated how varying stockpile 
formations influence the number of samples that must be taken to render representative results. In 
the study 11 different stockpiles were considered, ranging between single and double coned 
formations to cast and spread, flat-layered piles and truck dumped stockpiles. Where both single 
and double cone stockpiles resulted in having to sample 67 specimens to achieve acceptable 
deviation limits, spread and flat-layered stockpiles resulted in only 8 and 10 specimens needing to 
be tested in order to achieve acceptable variability. 

    

Fig. 184. Proposed stockpile methodology methods 

It is not advisable to follow the standard practice of stockpiling in cone formation as shown in 
Figure 10(c).  

Flat layered stockpiles allow for improved, more consistent sampling of materials. Also during 

sampling, care should be taken as to when and at what frequency this should be done. Here timing 

is important, as taking samples too soon before construction commences could lead to 

overestimation of material capacity thereby leading to insufficient addition of stabiliser. 
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In providing suggestions for processing of these materials especially when significant self-
cementation is present, it is recognised that practical application of these austerity measures are 
contradicted by guidelines such as COLTO [19]. These specifications dictate the control of the 
moisture content in stockpiles prior to placement. This is to avoid compromising pavement 
performance due to wet layers. However, with sufficient monitoring the introduction of excessive 
moisture can be avoided.   

B. Testing and quality control 

It is also important that testing frequency is evaluated, for example the COLTO provides general 
requirements for quality control and that a minimum allowance of eight weeks be given. This can 
lead to significant variability, because depending on the exposure of the materials there can be 
different outcomes. It is therefore necessary that care is taken in the storage of aggregate prior to 
testing and ensuring that the test results are reflective of the duration of the material in the stockpile. 

As an allowable period for testing is needed, it is advised that “check-tests” are performed closer 

to construction time. The initial results will be non-conservative in comparison, as exposure will 

potentially lead to a weaker product than the original Unexposed material. 

Specific procedures therefore should be further researched and developed to include acceptable 

limits for the frequency and timing of tests depending on the amount of self-cementation that is 

present. This is increasingly more necessary than in the case of conventional materials, where 

degradation is only physical, as here degradation can occur on a physical and a chemical level. 

C. Construction practices regarding RCA materials  

 The best materials can respond in a sub-standard way if poor construction practices are 

followed. A number of aspects regarding this material must be taken into consideration and in the 

supervision of constructing these pavement layers.  Here a few challenges are faced: 

 When considering the material as unbound, the general approach to building the layer is to 

allow for dry-back after construction in order to control moisture. This could result in a material 

with a reasonably high self-cementation capacity, but whose integrity will diminish through 

dry-back practices. The challenge is not the weakening of the layers (as inherently you will 

have an Exposed material), but the variability that will be found between the potential 

formation of an upper crust and the protected bottom section of the same layer.  

 This variability is then compounded if the challenges faced during stockpiling is included.  This 

will also remain when the material is used for stabilisation, as a variable stockpile will lead to 

a variable layer. 

Guidelines in the COLTO suggest mixing of material with a grader when placed on the road and 

before compaction. They do not provide further detail on the method or intensity by which this must 

be performed. Additional measures and supervision should be taken in this step to allow for 

conscientious and thorough mixing of the material. This measure is significantly more important if 

previous practices suggesting accelerated exposure in stockpiles are not adhered to.  



 

 

 

The examples and scenarios discussed here highlight only a few of the practical challenges that 

can be faced. Ignoring certain aspects of processing and construction could lead to detrimental and 

unintended effects within the pavement layer. Not having a full understanding of the impact of 

variability or unrepresentative results could lead to exposure of significant risk. These include non-

conservative assumptions about the strength of the material and possibly unintended shrinkage 

cracking or weakness in layers due to carbonation.  

VI. CONCLUSIONS 

The paper illustrates that the material can be used as pavement layers (base and subbase) in an 

asphalt pavement.  Cognisance however, must be taken as change in characteristics from an 

unbound to near bound material is within the range of relevance and the following conclusions 

made: 

 The change of the Huurman Model coefficients were evaluated. The results indicate that the 

degree of self-cementation varies between the different phases. The comparison of these 

parameters between Exposed and Unexposed, separately at 0 and 1 month, demonstrated 

the sensitivity in change, particularly measured against the DSR and confinement stress.  

 An ANOVA was performed to determine the significance of different variables in the model. 

The sensitivity of confinement and DSR was confirmed for Exposed 0 and 1 month an 

Unexposed 1 month.  These same variables were reported as insignificant for Unexposed 1 

month models. 

These findings indicate that risk could be present pending the phase (degree of self-cementation) 

that has occurred and austerity measures are suggested in this paper: 

 In managing the quality and consistency of the material, sufficient mixing of stockpiles prior 

to laying is highlighted. This will decrease variability of the material and less sensitivity to the 

negative effects of self-cementation.   

 Conscientious practices with regard to testing and quality control is recommended. This 

includes acceptable frequency, type and timing of tests prior to construction to obtain 

representative results of the state of the material. 

 In the construction of layer works it is suggested that mixing of material on the road is adhered 

to, to ensure final quality.  

In summary RCA material has demonstrated superior performance characteristics due to its self-
cementation potential, both in its Unexposed and Exposed form. The real challenge, however 
comes with the transforming nature that can occur as a result of this phenomena.  This paper has 
highlighted the risk associated with this but also suggests austerity measures to minimise risk.  

It is concluded with the correct measures in place it is possible to exploit the beneficial properties 
associated with RCA materials.  
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Synopsis — The South African road network, through the roads industry, provides 

demonstrable benefits, both socially and economically to citizens, by facilitating mobility of 

people and goods and for access to job opportunities and markets. Roads are therefore a 

key contributor to the sustainability and wellbeing of our society.  

Roads do however also have a negative impact on our wellbeing and these impacts also 

need to be considered. The roads industry is currently exposed by its inability to answer to 

society on its impact on our sustainable well-being. This is largely due to the roads industry 

not having a common voice when it comes to communicating on issues of sustainability.  

In this paper, we explore options and recommend steps for the South African roads 

industry at all levels, to build a common voice and approach to sustainability for the road 

planning, construction, operations and maintenance industry. The steps will include, what 

information should be considered, where this information could be captured and stored, 

what key role players must be included in the process and key co-ordination points between 

role players. The Sustainable Roads Self-Evaluation Tool developed by the existing 

Sustainable Roads Forum (SuRF) is used as the basis for the recommended steps. It is 

proposed that this tool be adopted by the Department of Transport and industry as the 

mandatory reporting framework for all road planning, construction and maintenance 

activities in the country, as supported by the sustainability clauses in the new draft Roads 

Policy. (To be presented to Cabinet for debate and approval in 2019/20). 

Keywords — sustainability, industry, social well-being, construction, roads 
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 INTRODUCTION 

The economic and financial stability of the South African roads industry is currently 

under the spotlight. Contributing dynamics such as the country’s economic struggles, the 

on-going socio-economic transformation and concerns over environmental impacts and 

climate change all need to be considered. Collectively, they talk to the three key pillars of 

sustainability as we know them, namely People, Planet and Profit or alternatively, Social 

Justice, Environmental Responsibility, and Economic Efficiency.  

Section 3.7 of the Draft Roads Policy [1] states "The long-term sustainability of South 

Africa’s future is dependent on our ability to redress our actions and reduce the harmful 

impact we have had thus far on the world we live in. It is essential that these actions be 

undertaken holistically so that environmental considerations, social development as well 

as economic efficiencies are addressed in an integrated manner. Roads and transport can 

make a significant contribution to sustainability initiatives within South Africa because ‘how 

or where’ transport infrastructure is constructed, maintained and managed has a profound 

impact on our environment, communities and economy.” 

The South African roads industry has for the last seven years been grappling, with very 

limited success, to have a coherent approach to setting targets, effectively implementing 

sustainability initiatives and reporting on industry actions. Initially efforts focussed on 

voluntary participation based on a sustainability self-evaluation tool developed for the 

industry by the Sustainable Roads Forum (SuRF), a loosely constituted forum of industry 

stakeholders who took an interest in wanting to formalise an approach to sustainability in 

the industry. Along the way, industry innovation and initiatives such as warm asphalt, 

materials re-use and improved pavement efficiency have achieved varying degrees of 

success, but not in a coordinated manner, nor with clear industry targets.  

As time went by, it became increasingly evident that voluntary participation in any 

sustainability initiative is not going to yield the required participation and outcomes, and 

that real traction would only be possible if the necessary legislative frameworks were in 

place. Consequently, SuRF engaged the Department of Transport regarding the drafting 

of the new roads policy. The Forum became active in assisting the Department in drafting 

a framework for sustainability in this proposed new policy, which still needs to be 

promulgated.  

Other sustainability developments which seek to regulate the industry are the 

introduction of the Carbon Tax (effective from the 1 June 2019), as well as the construction 

charter which seeks to address some of the industry equity issues; while the Expanded 

Public Works Programme promotes employment and skills development together with the 

Construction Industry Development Board’s (cidb) Contractor Development Programme 

(CDP). 
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Nevertheless, the industry has, through forums such as the Road Pavement Forum 

(RPF), CAPSA 2011, 2015 and COTO, expressed the need and support for sustainability 

reporting, but the lack of a coherent approach still eludes us. In this paper a proposed way 

forward is presented for consideration by industry to finally allow sustainable practices to 

gain the necessary traction.   

WHAT DOES SUSTAINABILITY MEAN FOR THE ROADS SECTOR? 

The roads industry provides demonstrable benefits to citizens, both socially and 

economically, by facilitating mobility of people and goods, and access to job opportunities 

and markets. Roads are therefore a key contributor to the sustainability and wellbeing of 

our society.  

Roads can, however, also have negative impacts on our well-being, and these impacts 

need to be considered. The water, energy and materials usage for the construction and 

upkeep of the road network for instance, are seldom ‘internalised’ other than in economic 

terms, and are only rarely measured and therefore seldom optimised. Air quality, noise 

and carbon emissions generated by road users, and vehicle accidents, are also 

detrimental factors, as are planning-related impacts such as fragmenting of communities 

or misalignment of transport networks.  

A brief consideration of sustainability associated with activities performed by the roads 

industry follows. 

Design and Construction 

Our current approach to road design is primarily driven by projected traffic growth or 

accessibility demands, and follows client or industry design standards, which include a 

survey of locally available primary materials to reduce transport costs and related 

emissions for the sourcing and supply of materials to site. Government increasingly 

requires the process to be augmented with social sustainability aspects by providing 

targets for income opportunities for emerging design practices, local labour and 

contractors. In line with international best practice, further sustainability benefits 

economically, environmentally and socially may be achieved through the use of locally-

available secondary construction materials.  

Roads, while improving vehicular mobility, can isolate communities, cause road safety 

issues and inconvenience pedestrians and non-motorised transport. It is increasingly 

evident that there needs to be more collaboration with human settlement planning and 

integration. Some of these issues are being dealt with through the current environmental 

impact and authorisation process, but the design philosophy needs to pay more attention 

to the socio economic issues of adjacent communities and not only to vehicular traffic 

demands and needs. 
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A key sustainability issue for the South African roads industry is the availability of 

sufficient water of an adequate quality. Climate models predict decreasing rainfall, 

particularly in the west of the country, and increasing severity of weather ‘events’ – rainfall 

and drought. Water demand in road construction is high, estimated at 200 litres per cubic 

metre of road building material, or 150-200 kilolitres per pavement layer kilometre of a 

typical road [2]. Our water resources need to be monitored and used sparingly.  

Operation and Administration 

The Draft Roads Policy [1] illustrates the roads industry impact on the environment: 

“Transport is responsible for 27% of the final energy demand in South Africa with 

petroleum products representing 97% and electricity representing only 3% of the energy 

used in the transport sector.” Given South Africa’s dependence on fossil fuels for energy 

generation, the roads industry is a significant carbon emitter. Within the global context, 

we are heading for an average global temperature increase of more than 2⁰C, while 1.5⁰C 

is cited as the cap at which the more negative implications of climate change could be 

avoided. The call from climate scientists globally is to reduce our carbon emissions as a 

matter of urgency to contain the temperature rise; a task which needs collaboration and 

contribution from government, industry, civil society and citizens.   

In this context the roads industry cannot absolve itself of responsibility, as roads 

planning and design plays an important part in the energy efficiency of roads-based 

transport.  However, this energy consumption needs to be balanced with the demands 

for economic efficiency and social justice which requries an efficient and cost-effective 

transport system.  This in turn requires interaction between users and the providers of 

roads.  The following paragraphs provide further perspectives in this regard. 

   World-wide developments related to electric cars and the development of renewable 

energy sources for charging  these cars has so far gained little attention in South Africa 

but has the potential to largely eliminate most of the above energy consumption and 

greenhouse gas problems.  The local development of the hydrogen fuel cell also holds 

promise in this area.  The development of local institutional capacity and related industry 

forums, such as the Mobility Centre for Africa, to deal with this in a coordinated manner 

needs our urgent attention.  For example, siting of re-charging stations and space for 

related renewable energy generation facilities and distribution to these facilities.  

In the Public Transport arena there are also many misconceptions and areas for 

improved sustainability.  The recent substantial expenditure on Bus Rapid Transit 

Systems (BRT) and other public transport initiatives that have shown relatively muted 

uptake by communities, provide examples of inefficient planning, inadequate public 

participation and result in low cost-effectiveness.  All of these initiatives need regular and 

consistent monitoring and reporting to ensure that successes are recognised and 

expanded upon, while failures are assessed to identify pitfalls and areas for improvement.  
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Having a cost-effective mode of transport at all times of day is a pre-requisite to ensure 

economic and social sustainability in this arena. 

Effective channels of communication between administrators and communities are 

essential to ensure that transport routes can be identified for inclusion in road networks 

and so that an appropriate blend of roads, walkways, cycle tracks and related facilities 

are developed and maintained to meet user requirements and improve all aspects of 

sustainability. 

Maintenance 

The efficient and effective maintenance of road infrastructure is a key area that can 

reduce waste and improve cost-effectiveness of our infrastructure and related operations.   

Staged construction of roads from tracks to well-engineered gravel roads and eventually 

paved roads can also be used as a means to involve local communities on a more 

continuous basis.  

Engaging communities in maintenance planning and implementation is essential to 

provide a valuable arena for road authorities to develop channels of communication with 

communities through which roads pass, so that there are no “surprises” for any of the 

parties during design and construction.  

End of life 

The efficient and wise use of road building resources also includes a consideration of 

construction materials at end of life of an existing road or associated road infrastructure. 

Although the material may not have further use in situ, the same material, properly 

handled, may be useful in another application. It is important to note that resource 

efficiency includes an aspect of matching material quality to application. For example, 

using a high strength concrete aggregate for a low quality fill application is a mismatch of 

quality and application. The removal and processing of material in ‘end-of-life’ structures 

should preserve material integrity and value as far as possible in order to maximise the 

value achieved in the secondary application of the recovered material. 

It is important to note that a sustainability perspective on the end of life phase also 

includes socio-economic and financial aspects. Recovery of construction materials may 

be labour-inclusive and therefore socio-economically beneficial. Regarding financial 

aspects, recovery and logistics are costs of a secondary application and must be 

assessed relative to the overall value of the secondary application. For example, there 

may be an application for a high quality recovered aggregate, but the site of application 

is a large distance from the point of aggregate recovery. In this case, an application 

requiring a lower performance from an aggregate, may be the better application from a 

sustainability perspective. 



 

1106 | P a g e  
 

As the Draft Roads Policy concludes: “It is indisputable that we must ensure a move 

towards more sustainable practices within roads and transport” [1]. 

POLICY AND LEGISLATIVE CONTEXT – SUSTAINABILITY IN THE ROADS INDUSTRY 

Since the concept of ‘sustainability’ is an umbrella term for measures that are socially 

and environmentally ‘just’ as well as economically beneficial, a wide range of policy 

imperatives and regulatory controls in the South African context serve as guides for a 

coherent move towards sustainable roads projects.   

General policy & regulatory obligations 

Not only is sustainability mentioned in fundamental national policies; such as the 

National Development Plan (2012), National Strategy for Sustainable Development and 

Action Plan (2011), Green Economy Accord (2011), National Climate Change Response 

White Paper (2014), Industrial Policy Action Plan (2018/19-2020/21), and National Waste 

Management Strategy (2011), but it is also required in relation to South Africa’s obligations 

under international conventions (e.g. United Nations Framework Convention on Climate 

Change (UNFCCC), Sustainable Development Goals3 and World Summit on Sustainable 

Development). It is also mentioned in current policies and guidelines related to the roads 

planning and construction field. Already mentioned are the clauses related to sustainability 

in the draft Roads Policy, but there are also similar expressions of the concept in the Green 

Building Policy (Department of Public Works, 2018), and the Guidelines for the 

Implementation of Labour-Intensive Infrastructure Projects under the Expanded Public 

Works Programme (2015).  

In respect of legislative imperatives, the practice of achieving sustainability is termed 

sustainable development, and the primary statutory definition of sustainable development 

is found in the National Environmental Management Act, 1999 (NEMA): “…sustainable 

development means the integration of social, economic and environmental factors into 

planning, implementation and decision-making so as to ensure that development serves 

present and future generations.” This responds to the Bill of Rights (Section 24(b) of the 

Constitution of the Republic of South Africa, 1996) which specifies that “Everyone has the 

right – (a) to an environment that is not harmful to their health or well-being; and (b) to 

have the environment protected, for the benefit of present and future generations, through 

reasonable legislative and other measures that – (i) prevent pollution and ecological 

degradation; (ii) promote conservation; and (iii) secure ecologically sustainable 

development and use of natural resources while promoting justifiable economic and social 

development.” Application of this broad concept of integrated environmental quality and 

                                  
3 https://sustainabledevelopment.un.org/sdgs 
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social justice is then found within more specific pieces of legislation dealing with specific 

components of the natural environment and socio-economic system.  

For example, where a project triggers the need for Environmental Authorisations (i.e. a 

permit from the relevant environmental authority), an Environmental Impact Assessment 

is required, as per section 24O(1) of NEMA. Such an assessment requires the 

consideration of all relevant factors in reaching a decision on environmental authorisation, 

which, by implication, also includes considerations of sustainability and the impacts of 

developments on environmental aspects such as water, air, emissions and soils, as well 

as on members of society. For quarries and borrow pits, these aspects are regulated 

through the Mineral and Petroleum Resources Development Act, 2002. Much of the spatial 

and development planning sphere is regulated with the same NEMA definition of 

sustainable development in mind. The Municipal Systems Act, 2000, goes as far as to 

define the term “development” as “sustainable development [that] includes integrated 

social, economic, environmental, spatial, infrastructural, institutional, organisational and 

human resources upliftment of the community”, also requiring the provision of municipal 

services to be environmentally sustainable.  

Planning 

Much of the integrated transport planning finds traction under the auspices of the 

National Land Transport Act, 2009, which not only puts in place the institutional 

arrangements for different transport planning committees, including intermodal planning, 

but also the obligations related to overarching integrated transport plans at National, 

Provincial and Local level. It makes it clear that: “Land transport planning must be 

integrated with the land development and land use planning processes” (Section 31). The 

regulations published under this act promote sustainability, none more so though, than the 

Regulations Relating to Minimum Requirements for the Preparation of Provincial Land 

Transport Frameworks, 2011. These regulations require that all such frameworks dedicate 

an entire chapter to non-motorised and environmentally sustainable transport and further 

require that relevant social, demographic and environmental issues that affect transport 

mentioned in the applicable spatial development strategy be taken into consideration.   

Design 

More specific regulatory controls are found for different aspects of a road development 

project. Road design can be affected by controls related to sensitive biophysical resources 

(National Environmental Management Biodiversity Act, 2004, and regulations such as 

those relating to Threatened or Protected Ecosystems, or Alien and Invasive Species), or 

Disaster Management (compliance with Disaster Management Plans compiled in terms of 

the Disaster Management Act, 2002).  
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There are other South African National Standards pertaining to sustainable 

development, such as SANS 55392 (Sustainability in Building Construction), SANS 14000 

(Environmental Management), SANS 69 and 1929 (Air Quality), SANS 15686 (Service 

Life Planning for construction) and SANS 10400 (Energy Efficiency). 

Construction and use 

Similarly, a range of controls aimed at preserving environmental quality apply to the 

construction phase. For example, the National Environmental Management Air Quality 

Act, 2004, and standards for ambient air quality, emissions control and reporting of 

greenhouse gases, as well as a range of waste storage and disposal controls emanating 

from the National Environmental Management Waste Act, 2008, are applicable to 

construction.    

Concerns related to climate change and greenhouse gas emissions are being 

addressed by forthcoming legislative tools, including a Climate Change Bill, and the 

Carbon Tax Act (effective 1 June 2019). The Climate Change Bill is still in draft; the window 

for public comments closed in August 2018. These types of regulatory controls will not 

only require reporting on greenhouse gas emissions, but will impact on the construction 

industry through tangible penalties for poor sustainability performance. Indirectly, it adds 

momentum for more sustainable forms of development, such as the use of renewable 

energy or large-scale investment in public transport, and given the long lifespan of a typical 

road, such considerations need to be taken into account during road design.  

Social Sustainability and Transformation – a particular South African need 

It is also imperative to mention the need for transformation in the South African context. 

There is great need for roads projects to benefit local communities, develop skills and bring 

previously disadvantaged individuals into the mainstream economy through transformative 

hiring, human resources development and financial assistance. The impacts roads have 

on people, their living spaces and their sense of community therefore need to be managed 

as well. In this respect, one can mention legislation such as the National Heritage 

Resources Act, 1999, Skills Development Act, 1998, and the Employment Equity Act, 

1998. Important directives for the construction sector relate primarily to economic 

transformation (Broad-Based BEE Act, 2013 (as amended); Preferential Procurement 

Policy Framework Act, 2017; Employment Equity Act etc.). Policy directive is found in the 

National Development Plan and Industrial Policy Action Plan, but very little policy direction 

and guidance specific to the roads construction sector is evident. This needs to be clarified 

and properly managed to avoid the emergence of a so called “construction mafia” 

scenario, which can threaten the wellbeing and sustainability of the industry. 
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SUSTAINABILITY IN PRACTICE 

The Draft Roads Policy [1] will embed sustainability in all aspects of the roads industry 

by requiring “all roads authorities” to develop “a green road network, which conforms to 

the principles of sustainability” (Policy Statement 15). 

A ‘green’ road network is one which is developed applying certain principles throughout 

the planning, design and construction phases, with consideration of the use phase, and 

ideally also end-of-life of the infrastructure. These principles across the three pillars of 

sustainability (economic, environmental and social) include [3][4][5][6]: 

 resource-sufficiency and resource-efficiency in energy, materials and water use 

 cost-effectiveness and assessment of economy-wide value 

 environmental protection – i.e. limiting and mitigating against environmental 

impacts 

 social sustainability, which includes equity, diversity, access (including moving 

people and goods), social cohesion and quality of life (including choice in 

transportation mode, inclusive of walking, non-motorised and public transport) 

The existing sustainability assessment tool developed under the auspices of the 

Sustainable Roads Forum represents one attempt at bringing these sometimes-abstract 

concepts to bear on the roads construction industry. The assessment identifies six 

dimensions of sustainability: 

 Environmental and Social Assessment 

 Natural Resources 

 Design Interventions 

 Movement, Safety and Health 

 Human Capital 

 Economics and Industry  

Within each of these dimensions, a range of possible interventions are identified, with 

the general aim of promoting concrete actions that will improve the overall sustainability of 

a road’s design and construction.  

CURRENT ORGANISATION 

All aspects of a green road network will need to be integrated into the planning and 

operations of all entities in the roads industry. This will require some re-positioning of 

entities for inclusion of sustainability, as well as the development of tools to benchmark, 

monitor and assist in the implementation of a green roads network in South Africa. 
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The South African roads industry consists of a plethora of interest groups; some with a 

broader interest, while others have a much narrower, focussed interest. They interact 

loosely in various ways, frequently with cross representation, and are predominantly driven 

by technology issues. They are generally under voluntary membership, and independent, 

but are not represented under a common roads banner. They interact with government 

through various technical committees and informal contacts.  

There is currently no formal communication platform in which Government and the 

private sector engage on roads issues. Government officials do however participate in 

some of interest groups’ proceedings and conferences. These platforms are frequently 

used to gather and provide comment and input to government on policy issues. 

Government on the other hand is more organised, with clearly defined roles and 

responsibilities, although some of their functions are hampered by a lack of capacity, which 

offers the opportunity for closer collaboration with the private sector organisations. Below 

is a diagram on how Government has organised itself for the roads sector (Fig.1). There 

is no private sector representation on the Roads Co-ordinating Body (RCB), which could 

possibly be the interface with the private sector. 

 

Government structure for oversight of South Africa’s road network 

The RCB reports in turn to The Committee of Transport Officials (COTO), which then 

reports to MINMEC, the ministerial committee of provincial Members of Executive 

Councils. 

Below (Table I) is a summary of the more dominant players in the road infrastructure 

sector: 
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DOMINANT PLAYERS IN THE ROADS SECTOR 

Private Sector Organisations Government, Parastatals & 

Universities 

South African Road Federation (SARF) Department of Transport 

Southern African Bitumen Association 

(SABITA) 

Provinces, Metros and Municipalities 

(represented on the Roads 

Coordinating Body & the Committee of 

Transport Officials) 

Society for Asphalt Technology (SAT) South African National Roads Agency 

The Concrete Institute (TCI) Council for Scientific and Industrial 

Research 

South African Institution of Civil 

Engineering (SAICE) 

Construction Industry Development 

Board 

Consulting Engineers South Africa 

(CESA) 

South African Bureau for Standards 

South African Forum of Civil 

Engineering Contractors (SAFCEC) 

Universities of Pretoria & Stellenbosch 

and other tertiary institutions 

ASPASA (formerly the Aggregate & 

Sand Producers Association of South 

Africa) 

 

 

If we are to have a common approach to the sustainability in the roads industry, then it 

is worth interrogating the objectives of some of these private industry organisations in 

terms of the three legs of sustainability, namely environmental responsibility, social justice 

and economic efficiency: 

PRIVATE SECTOR ORGANISATIONS IN THE ROADS INDUSTRY AND THEIR REFERENCE TO 

SUSTAINABILITY IN ORGANISATIONAL VISION AND OBJECTIVES 

Organisation Brief bio Objectives - Sustainability 

focus 

South African 

Forum of Civil 

Engineering 

Contractors 

(SAFCEC) 

Construction industry 

representative body. Its aim is 

to promote the image and 

professionalism of the civil 

engineering construction 

industry. 

SAFCEC’s objectives focus 

on industry participants. 

There is no direct mention of 

sustainability or 

environmental impacts and 

climate change, merely 

mention of industry best 

practice. 
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Consulting 

Engineers 

South Africa 

(CESA) 

CESA strives to enhance the 

industry through professional 

improvement and government 

relationships. 

The focus is on industry 

participants and governance. 

No mention of climate 

change and environmental 

sustainability. 

South African 

Institution of 

Civil 

Engineering 

(SAICE) 

Industry association 

promoting professional 

knowledge development and 

improvement of the practice 

of civil engineering. 

Their Transportation and 

Environmental Divisions 

make no specific statements 

on sustainability, but their 

objectives primarily talk to 

infrastructure and its 

impacts, with brief mention 

of the social and 

environmental impacts. 

Aggregate & 

Sand Producers 

Association of 

South Africa 

(ASPASA) 

Interest group focused on the 

wellbeing of aggregate and 

sand producers. 

The group's objectives are 

firmly grounded on all three 

legs of sustainability, 

mentioning the environment, 

industry stakeholders and 

broader society. 

The Concrete 

Institute (TCI) 

Its primary role is to promote 

and protect the good name of 

cement and concrete. 

It has an interest in the 

durability and re-use of 

materials and as a result is 

more focused on the 

environmental leg of 

sustainability, with some 

reference to the economy.  

Society for 

Asphalt 

Technology 

(SAT) 

Established to promote the 

knowledge of asphalt 

technology and ensuring that 

this technology is accessible 

to all members. 

SAT is involved in various 

initiatives to reduce energy 

in the production of asphalt, 

to design more efficient road 

pavements and the re-use of 

old asphalt. Their main 

contribution is therefore to 

the environmental leg of 

sustainability. 

The Southern 

African 

Bitumen 

A group advancing best 

practice in the use and 

application of bituminous 

materials in the roads 

A strong supporter of a more 

holistic approach to 

sustainability in the roads 

sector and is therefore 
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It is recommended that these organisations revisit and further define their objectives in 

terms of the three legs of sustainability to help with the process of alignment in the industry.  

In addition, interfaces between the road infrastructure provision and maintenance 

industry and the road users and public transport systems also needs to be developed and 

coordinated. 

GAPS 

The Department of Transport has identified sustainability as the principle on which the 

roads industry must be founded to ensure a functioning and beneficial roads network over 

the long term, as illustrated in the draft Roads Policy [1]. Once the Policy is promulgated, 

the roads sector, including government and industry, must implement the policy and track 

progress towards improved sustainability. There are, however, many fundamental 

shortcomings and obstacles that need to be overcome for sustainability to gain traction in 

the industry, which are highlighted below.  

Weak policy direction and regulatory coherence 

As described in Section III of this paper, South Africa’s policy and legislative 

environment already includes many references to, and requirements for, sustainability 

which may further guide the industry. However, very little policy guidance dealing with 

sustainability, specifically applicable to the roads sector, is available. Policy guidance also 

Association 

(SABITA) 

industry, in worker safety, in 

environmental conservation, 

in education and training, and 

contact with government on 

the value of road provision 

and preservation. 

focused on all three legs of 

sustainability. 

The South 

African Road 

Federation 

(SARF) 

SARF is dedicated to the 

promotion of the road 

industry in South Africa by 

dissemination of information, 

the promotion of sound 

policies and by education and 

training. 

While they mention in their 

objectives the sustainable 

provision of roads, their 

current emphasis is on 

training, road safety and 

road funding. Their 

environmental committee 

has been involved with 

attempts to introduce a 

sustainability tool for roads 

through SuRF. 
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seldom, if ever, provides sufficient guidance for implementation, and generally fails to 

establish the necessary institutional systems to track and enforce performance against 

targets.  

For example, while the Regulations Relating to Minimum Requirements for the 

Preparation of Provincial Land Transport Frameworks, 2011, require a chapter dedicated 

to non-motorised and environmentally sustainable transport in spatial development 

strategies, there is limited guidance regarding all aspects of sustainability and no specific 

requirements for sustainable development  to form part of the subsequent actions resulting 

from the strategy.   

The focus of current legislation is on regulation of specific activities, including a few 

mitigating negative effects on the natural environment and on human health. However, 

there is no concrete and enforceable regulation requiring sustainable development. 

Generally, sustainable development appears in the form of voluntary actions devoid of a 

larger context.  

Lack of clear links between planning and construction in the sector 

The Transport and Construction industries are often confused when referring to the 

roads sector. This creates policy confusion and weakens the regulatory regime, planning 

environment and industry coordination. ‘Transport’, or ‘Transportation’, refers specifically 

to the arrangement of organisational systems and structures that facilitate the movement 

of people and goods, whereas ‘Construction’ implies the physical manifestation of 

Transport Planning. The construction phase of transport roll-out often comes too late in 

the planning process to materially influence the societal impact or benefit of a particular 

road. At the same time maintenance works are seldom arranged in a manner that improves 

sustainability, due to the lack of a sustainability framework and associated goals.  

Therefore, the operational and maintenance phases of the road often get blamed for 

environmental and social impacts, yet there are limited ways that impacts can be mitigated 

once the design is fixed, and construction completed. There is consequently an onus on 

the roads sector as a whole to create a closer link between roads planning (Transport), 

road design, construction and maintenance, to enhance the overall sustainability of roads.  

The Roads Policy will provide that key co-ordinating requirement that sustainability and 

sustainable development be embedded in all activities of the roads sector. 

Lack of co-ordination of sustainability in the roads sector 

The Delivery Agreement for Outcome 6: An Efficient, Competitive and Responsive 

Economic Infrastructure Network (as part of government’s national ‘Outcomes’ 

programme4) indicates that “The transport industry is characterised by poor institutional 

                                  
4 https://www.dpme.gov.za/publications/Pages/Outcomes-Delivery-Agreements.aspx 
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co-ordination and regulation and limited private sector participation especially in the rail 

and ports sectors.” [7].   

Coordinating sustainability and sustainable development in the roads sector requires 

collaboration of all parties across the public and private sectors. However, as mentioned 

previously, there is currently no roads policy or overarching body that is driving 

sustainability in the sector. It is evident by looking at the objectives of both government 

and the private sector, as described in Section V, that there is an urgent need for a more 

coherent response to the three legs of sustainability and to climate change as an industry.  

Currently the industry is fragmented and government policy direction weak and under-

developed, and therefore inadequate. The promulgation of the long-awaited Roads Policy 

is becoming critical to act as the catalyst for change. Furthermore, there is an urgent need 

to integrate government and private sector initiatives and build the necessary trust to tackle 

these pressing issues together. 

From such collaboration, must follow consensus on the approach to implementing the 

roads policy that will include developing measuring and monitoring tools to assess 

sustainability in practice, developing targets as the industry matures towards sustainability, 

and some level of compulsory enforcement. Another important consideration is data 

management and reporting, as well as benchmarking current practice for target setting 

into the future.  

It is clear that a voluntary approach is no longer adequate.  

Social Sustainability – a pressing South African need 

While the industry response to biophysical (i.e. ‘environmental’) challenges, such as 

habitat degradation, air pollution or climate change, is vital, it is just as important that we 

pay attention to the other legs of sustainability, particularly in an African context. Poverty, 

social equity, sustainable roads funding, skills development, carbon efficient construction, 

non-motorised transport and road safety, are all pressing issues affecting the sustainability 

of our industry. If we are to influence and manage these issues, we will need a common 

approach as the Roads Industry. It is not only government or voluntary private sector 

initiatives that will suffice, but a collective, coordinated effort that will have the best chance 

to achieve the required outcomes. 

The social equity and welfare component, or responsibility, of the roads construction 

sector is not clearly defined in policy and legislation, and generally poorly understood as 

a subcomponent of overall sustainable development. Social transformation and 

development need to manifest as developmental activities that improve the prevailing 

living conditions in communities and facilitate maintenance and upgrades to social 

amenities and services. It also implies direct benefits for economically disenfranchised 

individuals as part of the maintenance and construction processes – such as skills 
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development, labour optimisation and Black Economic Empowerment. For the roads 

sector, it requires roads that don’t impact negatively on adjacent communities; roads 

planning and design that fully understand and respond to community sensitivities and 

needs; roads planning that ensures integration of the road project with local circulation; 

active mobility, as well as transport-oriented spatial planning that facilitates a shift towards 

quality formal public transport. 

Maintenance Imperatives 

Road maintenance activities are in many instances neglected in South Africa to the 

detriment of all three pillars of sustainability. In addition to the impact that rehabilitation of 

neglected roads has on road life cycle costs, it also has a major impact on operations as 

well as on the social development and economic activities that are supported by quality 

transport infrastructure. For example, progress in tourism and agricultural developments 

in rural areas are often hampered by deteriorating road infrastructure. While there are 

some initiatives in this field that are being led by Treasury and the Department of 

Transport, these need to follow through in a manner that ensures improved sustainability 

in funding and works. 

PROPOSED ORGANISATION 

To promote a common dialogue on roads the organisational structure detailed in Fig. 2 

is proposed to industry for consideration:  

 

Dialogue on roads industry sustainability - Based on the proposed new roads policy 

 

This proposed organisational structure would align the public and private sectors in 

respect of addressing sustainability in the South African roads sector, as directed by the 
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new Roads Policy (once promulgated). Coherent dialogue between public and private 

sectors will be possible. It will also provide the platform to jointly develop a common 

approach to sustainability, in response to the proposed new policy. 

The ‘Sustainable Roads Forum’ entity should have collaboration with government as a 

core function, to ensure the wellbeing of the roads industry, based on a balanced 

approach to the three legs of sustainability. This dialogue should lead to common 

reporting norms and standards, agreeing on targets and the monitoring and evaluation 

processes required to achieve the required outcomes.  

A loose arrangement for such a body is already in place, in the form of The Sustainable 

Roads Forum – SuRF, and will need to be formalised. SuRF has also developed the basic 

framework for an industry reporting tool which, if adopted by the Department of Transport 

and Industry in response to the proposed new roads policy, could be further developed 

and customised into the common reporting platform required for the South African roads 

sector when the new policy is legislated.   

INFORMATION FLOW AND DATA MANAGEMENT 

Given the need expressed for a measure of central coordination and ‘push’ for 

sustainability initiatives, some standardised data generation, collection and analysis for 

the industry as a whole is advised. If strategic data can be generated at an industry level, 

better informed policy, regulations and target setting become possible, by extracting some 

intelligence from the data. It also provides an opportunity for the industry to canvas at 

national government level for further funding; to inform sector allocation of mitigation 

targets; cross-link to reporting and performance monitoring related to national climate 

change mitigation objectives, the National Development Plan and specific construction 

sector initiatives. An exchange of information will be required though – a downwards flow 

of policy directives and standardised best practice from the higher levels of the roads 

sector, matched to an upwards flow of discrete data regarding sustainability practice.  

Setting up data and information systems is fraught with uncertainty though. In a rapidly 

inflating digital world, one can easily get lost in the flood of software solutions, data 

management practices and communication tools. With an eye on some level of 

standardisation in the roads construction industry, however, a few principles or central 

concerns can be highlighted.  

Universal definition of sustainability 

Without a measure of consensus about what sustainability means in the roads sector, 

there can be no alignment of industry targets, reporting mechanisms and product 

development. The roads sector therefore must find agreement on a universally acceptable 

definition of sustainability and its manifestations. This definition will then inform the further 

development of standards and best practices, and ensure they are all aligned to commonly 



 

1118 | P a g e  
 

accepted industry targets. If necessary, certification schemes can be added for peer-to-

peer comparison and recognition of excellence.  

Data comparability and compatibility 

For the purposes of industry alignment and coordinated improvement or pursuit of 

targets, a certain level of data comparability and compatibility is required. On one hand, 

such compatibility will allow for peer-to-peer comparisons, but more importantly, it will 

assist in the alignment of initiatives and practices. For example, a common materials asset 

hierarchy will simplify the exchange of waste materials between contractors, or the 

calculation of industry-wide materiality related performance scores. Consistent reporting 

in line with international standards, such as Greenhouse Gas Emissions reporting 

according to the prescriptions of the Intergovernmental Panel on Climate Change (IPCC), 

can assist with access to funding sources, and recognition of local performance in the 

international arena. Local reporting will become streamlined; for example, where 

calculations are performed to determine Carbon Tax obligations. Current initiatives on road 

management systems and road management plan reporting can possibly be streamlined 

and adapted to meet these needs. 

Reporting against industry-wide targets 

Having industry targets, specifically in respect to performance dimensions expressed in 

the proposed Roads Policy, and tracking progress towards their achievement, will aid in 

creating awareness and self-reflection amongst industry participants and finally allow the 

industry to report back to society on our sustainability responsibilities. It can also simplify 

national level reporting for governance or international reporting purposes. Such targets 

provide concrete objectives for the industry, comprising its constituent agencies and 

actors, around which policy refinement, regulatory structure and best practice can be 

structured.   

CONCLUSION 

Currently the South African Roads industry is unable to report back coherently to society 

on its impact and mitigation initiatives relating to climate change as well as the broader 

sustainability of the local industry.  

The private sector is predominantly concerning itself with the technical issues relating 

to roads, while government is more concerned with the socio-economic and political 

factors of roads. Recently both have started looking into the future of road funding as the 

fuel levy will decline with the imminent conversion of motor vehicles to electric power. 

Collectively, they are all important. 

If the road industry is to become more responsive to the greater needs of society and 

in turn the sustainability of roads and their impact on society, then there is a need to have 
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a common approach to these matters and a need for closer collaboration between all the 

stakeholders in this industry. To help achieve this, a revised industry structure has been 

proposed for consideration and debate. The formalisation of the Sustainable Roads Forum 

to work closely with Government’s RCB, could provide this vital collaborative link.  

Furthermore, the proposed new Roads Policy clearly states that the future of the road 

network shall be founded on the principle of sustainability [1]. Over the last 8 years since 

CAPSA 2011, an informal forum was set up and has been working to promote this holistic 

integrated approach, on a voluntary basis. Unfortunately, the industry response has been 

rather poor. It is therefore important that the new Roads Policy be promulgated by 

Government so that it becomes mandatory and no longer of peripheral importance. A 

restructuring of the industry is viewed as necessary to achieve this. 

The Roads Industry owes it to all its stakeholders and affected communities to be able 

to report on the triple bottom line of sustainability, and on its interventions, targets and 

outcomes. It is in our interest to have effective action and we all must act!    
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Synopsis—The development and maintenance of road networks has potential to 

cause a significant sustainable impact on the lives of the people living in the 

communities being serviced through such networks. Whilst road transportation 

corridors primarily enhance access and stimulate economic growth, the 

construction and maintenance phases of these projects allows: 

 The employment of members of the local community; 

 An opportunity for empowerment through skills programmes and 

learnerships; and 

 The opportunity to nurture small business through contractor development 

programmes. 

 

The Kwazulu Natal Department of Transport creates more than 40000 temporary 

jobs each year through the implementation of the Expanded Public Works 

Programme (EPWP) including the Zibambele Programme throughout all its 

projects. As part of their empowerment objectives, the programme also entails the 

provision of various levels of training to locals as well as the implementation of a 

contractor development programme. 

 

The Paper provides a case study of the experience of the Kwazulu Natal 

Department of Transport in executing projects which optimize job creation, training 

and contractor development and presents a baseline for successful replication.
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INTRODUCTION  

 

The Kwazulu-Natal Department of Transport has long been recognised as one of the key Public 

Bodies contributing towards job creation in South Africa through the Expanded Public Works 

Programme, creating more than 40,000 work opportunities annually. Over recent years, the 

Department has begun to expand its job creation potential which has resulted in the Department 

creating some 49,500 work opportunities in the 2017/18 financial year. This significant contribution 

may be attributed to strategic changes implemented throughout the Department. Strategic changes 

have led to operational measures being implemented which continue to enhance job creation, with 

expected increases to job creation over the next three years. This has subsequently resulted in an 

increased funding to the Department. The Department presents a model of project implementation 

which can successfully affect economic and social upliftment in the communities which are serviced 

through its various projects. This paper reviews the initiatives taken towards mainstreaming job 

creation and provides recommendations for replication.  

PUBLIC EMPLOYMENT PROGRAMMES  

 

Public Employment Programmes (PEPs) have a long history globally and are utilised by both 

developed and developing countries to address crises like natural disasters, political conflict, labour 

market disruptions, economic downturn and financial meltdowns. Through PEPs, countries are able 

to develop employment creation programmes that mitigate the labour market disruptions caused by 

such crises. Over the years a substantial body of knowledge and experience has been acquired in 

the creation of public employment through Public Works Programmes (PWPs). PWPs could be 

defined as “all activities which entail the payment of a wage (in cash or in kind) by the state, or by 

an agent acting on behalf of the state, in return for the provision of labour, in order to i) enhance 

employment and ii) produce an asset (either physical or social), with the overall objective of 

promoting social protection.” (Economic and Social Commission for the Asia and the Pacific, 2014) 

 

PEPs were utilised long before the latest global economic downturn. Furthermore, structural 

unemployment and poverty have increased as a result of jobless growth and therefore PWPs are 

seen as part of on-going employment and social protection policies.  

 

PWPs are an important policy instrument that governments all over the world use to create short-

term employment for those, whose livelihoods are threatened by economic recession, natural 

disasters, job losses, seasonal job demand shortfalls and poverty.  Some PWPs are created as 

safety nets for the poor, but others are integrated into the developmental and social protection 

programmes. 
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In South Africa the Expanded Public Works Programme (EPWP) is a flagship government 

programme that seeks to address the interlinked challenges of unemployment, inequality and 

poverty through the provision of work experience through short-term work opportunities. 

THE EXPANDED PUBLIC WORKS PROGRAMME 

 

At the dawn of democracy in 1994, the new government recognised the potential of the use of Public 

Employment Programmes as an instrument to address some of the challenges that were facing the 

developing country and instituted the National Public Works Programme (NPWP). The two key 

strategies of the NPWP were the Community Based Public Works Programme (CBPWP), and the 

reorientation of mainstream public expenditure towards replacing plant-intensive service delivery 

mechanisms with labour-intensive service delivery mechanisms, at comparative cost and quality. 

(National Department of Public Works, 1997)  

 

After the second democratic election in 1999, government interventions focused on addressing key 

socio-economic challenges which included unemployment; poverty; a low skills base and 

inadequate social services.  In response to the persisting complex and inter-related challenges, the 

Growth and Development Summit (GDS) was convened in 2003 and culminated in a social contract 

amongst government, labour, community and private sector. One of the key elements of the 

agreement was the continuation and growth of Public Works Programmes, and it states that the 

“Expanded Public Works Programme can provide poverty and income relief through temporary work 

for the unemployed to carry out socially useful activities. The EPWP would be designed to equip 

participants with a modicum of training and work experience, which should enhance their ability to 

earn a living in the future. Such EPWP must be large enough to have a substantial impact on 

employment and social cohesion, especially for young people, women and the rural poor.’’ 

(Southern African Regional Poverty Network, 2003) 

 

The Growth and Development Summit (GDS) also agreed that the EPWP must not displace existing 

permanent jobs and opportunities must be based on real demand for services. Besides the GDS, 

another important influence on the development of the EPWP was government’s concern at a 

macro-level with the polarisation of the country into what at the time was described as two separate 

“economies”, the “First Economy” which was advanced, sophisticated, and based on skilled labour 

and the “Second Economy” which was mainly informal, marginalized, unskilled, and populated by 

the unemployed and those unemployable in the formal sector. It was concluded that the vast 

majority of South Africans are still “locked” in the second economy and changing this constituted 

the main development challenge faced by the country. The first phase of the EPWP, along with a 

range of other interventions, was designed to address this challenge. 

 

Another important influence was the extensive international implementation with public employment 

programmes, which have a long history of being utilised to help address the types of developmental 

challenges South Africa is facing.  Such programmes have been used in a wide range of different 
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contexts and situations, and considerable efforts were made to incorporate lessons from other 

countries, while at the same time ensuring that the Expanded Pubic Works Programme was 

responsive to the South African context. 

 

Programme Overview 

Lead by the National Department of Public Works, and commencing in 2004, the Expanded Public 

Works Programme is implemented in 5 year cycles and aligned to the Financial Calendar of South 

Africa. The EPWP includes all sectors and spheres of Government & State owned enterprises and 

aims to draw significant numbers of unemployed into productive work. The EPWP includes a strong 

focus on training in order to increase the capacity of unemployed to earn an income. Each Public 

Body must formulate plans to utilise existing budgets to create meaningful work opportunities. 

(National Department of Public Works, 2004). The Expanded Public Works Programme was initiated 

in 2004/05 and is currently in Year 1 of Phase 4 of implementation. 

 

The KwaZulu-Natal Department of Transport falls within the Infrastructure Sector and Provincial 

Sphere of the EPWP and strategic and operational measures of mainstreaming EPWP are aligned 

to Phase 3 principles of: 

 

 Fair and transparent selection of workers 

 Adherence to payment of minimum EPWP wage rates 

 Work provides or enhances public goods or community services 

 Achieving minimum labour intensity appropriate to sector 

 

Targets 

The EPWP has several key indicators, as defined below: 

 

Work Opportunity (WO) – Paid work created for an individual on an EPWP project (a project that 

employs local workers) for any period of time, within the employment conditions of the Code of Good 

Practice for the Expanded Public Works Programme. (Department of Labour, 2011) Learnerships 

also constitute Work Opportunities. The same individual can be employed at different times on 

different projects (not concurrently) and each period of employment will be counted as a Work 

Opportunity. 

 

Person-day of work – A day of work as executed by an individual on an EPWP project, defined as 

a project that employs local workers. 

 

Full Time Equivalent (FTE) – One person-year of work, equivalent to 230 person-days of work. The 

230 days are effective days of work after subtracting provision for non-productive days of work (e.g. 

leave, holidays, etc.). This is calculated by dividing the person-days of work created by 230 effective 

days. 
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Labour Intensity (LI) – expenditure on wages expressed as a percentage of the total expenditure of 

construction cost of project. 

 

In order to evaluate the success of the Expanded Public Works Programme, it is necessary for all 

projects and programmes which employ local community members to report on the aforementioned 

indicators. To this end, projects are planned, considering these indicators. In the 2018/19 Financial 

Year, the KwaZulu-Natal Department of Transport will aim to create 58 266 Work Opportunities and 

19 000 FTEs (4 370 000 person-days of work). This target was aligned to the Phase 3 

disaggregated targets set by the National Department of Public Works (National Department of 

Public Works, 2015) and is guided by budget allocations and past performance of the Department. 

THE KWAZULU-NATAL DEPARTMENT OF TRANSPORT 

 

Background 

The Department of Transport is responsible for the management of the transportation system in 

KZN. In response to this mandate, the Department is composed of 5 programmes:  

• Programme 1: Administration 

This Programme supports the Department in performing its core functions by providing 

management services which cut across all programmes of the Department such as Strategic 

Planning, Supply Chain Management Financial Management and Monitoring and Evaluation. 

• Programme 2: Transport Infrastructure and Regional Services (TIRS) 

This Programme is responsible for the construction of new roads, maintenance of existing 

roads and the repair of damaged roads. The Zibambele Road Maintenance Programme 

resides under this programme.   

• Programme 3: Transport Operations 

This Programme undertakes the planning and provision of public transport facilities, the 

control of road transportation and the management of public transport, including freight 

transport responsibilities. 

• Programme 4: Transport Regulation 

This Programme is responsible for the regulation of traffic on public roads, law enforcement, 

the provision and maintenance of visible road traffic signs, the licensing of vehicles and 

drivers and road safety.  

• Programme 5: Empowerment Programmes: This Programme provides strategic direction for 

Departmental Programmes that lead to the development and empowerment of communities 

and contractors. 

 

There are opportunities for the expansion of work opportunities in each of these Programmes, for 

example, the use of EPWP school crossing guards in the Road Safety Programme. However, the 

TIRS programme accounts for the largest part of the Departmental budget and focus is given to this 

programme as it yields the greatest return in increasing work opportunities and FTEs through labour-

intensive means.  
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By deploying a substantial amount of its overall annual budget allocation to maintain and upgrade 

the provincial road network using EPWP compliant methods and projects, the Department seeks to 

achieve the following: 

• Deliver transportation services to the people of KZN through labour-intensive  means; and 

• Gradually increase the average labour intensity of infrastructure projects thereby optimising 

employment opportunities generated per unit of expenditure through adopting Labour-

intensive Construction (LIC)design principles. 

  

A key job creation initiative: the Zibambele Maintenance Programme 

Routine road maintenance of low volume roads includes several, largely plant intensive activities 

such as verge maintenance, pothole patching and drain clearing. Through fundamental training 

offered to local members of a community, these activities could easily have easily been undertaken 

using labour.  

 

the Zibambele Maintenance Programme was initiated by the KwaZulu-Natal Department of 

Transport in 1999.  Through deliberate, specific changes to the Department’s policies, maintenance 

of such roads were largely implemented using local labour. To optimise the benefits if this effort, the 

programme introduced a selection criteria, focusing on the most needy, being women and in rural 

areas – women headed households. A fundamental principle of the EPWP has been skills creation 

through on the job training as well as formal training relating to the scope of the works undertaken. 

Whilst basic skills training was provided, selected participants were selected to participate in 

learnerships – all of which was purposed to develop participants to become more employable. The 

programme has therefore targeted the unskilled. 

 

Through the Zibambele Programme, households, rather than individuals, are engaged to carry out 

the maintenance activities.  For road maintenance, each Participant is assigned a length 500m of 

road which typically includes: 

 

 Maintenance of the road drainage system; 

 Ensuring good roadside visibility; 

 Maintenance of the road surface to be in a good condition; 

 Clearing the road verges of litter and noxious weeds; and 

 Other labour-intensive activities as determined from time to time. 

 

The programme requires that each Participant work 64 hours per month, or 2 days per week.   
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The Zibambele Maintenance Programme is unique in that it creates meaningful work, thus giving 

the participants a sense of dignity associated with being gainfully employed.  Zibambele participants 

are selected in a fair and transparent manner from the community using a means test.  This test is 

a method used to determine the deficit incurred in a household, considering the income against the 

number of people in a household. The resulting output allows a ranking of the needs of the 

community and is used to aid the selection of households for project participation. This creates a 

community ownership of the Programme and partnership with Government. 

 

In addition to the social benefits of providing a financial “safety net” for the poorest of the poor, the 

Department is fulfilling its core function, which is the construction and maintenance of its road 

network and other assets.  In doing so, it has saved many millions of Rands Departmentally, as well 

as for the travelling public, through: 

 

 Improved road safety, as a result of regular pothole patching and grass cutting, especially at 

intersections and dangerous curves; 

 Reduced wear-and tear to vehicles, as a result of regular maintenance and improved fault 

reporting; 

 Protection of State assets, through the regular clearing around road signs and under 

Guardrails;  

 Protecting the road surface through construction of road bolsters and cleaning waterways; 

and 

 Reduced maintenance costs, through the targeting of persons living within walking distance 

from their places of work. 

 

As part of the development of the participants, the Department has also considered utilising 

participants to undertake other maintenance activities on behalf of the Department including the 

maintenance of offices and plant. 

 

Key objectives of the Programme include: 

 Provide on-going and sustainable work opportunities for destitute 

households in an effort to break the poverty cycles; 

 Provide cost effective, labour-intensive, methods of routine maintenance of 

the Province’s road network, or other duties as determined from time to 

time by the Head of Department or his/her duly appointed designee; 

 Maintain rural roads and/or other maintenance activities as per 

Departmental maintenance standards; 

 Increase the potential for skills-based and knowledge-based development 

of the Zibambele Maintenance Programme’s participants through targeted 

accredited or other training programmes; and 
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 Provide exit strategies in an endeavour to create other sustainable work 

opportunities inside or outside the Zibambele Maintenance Programme, for 

participants who complete the training programmes. (KwaZulu-Natal 

Department of Transport, 2008). 

 

STRATEGIC DRIVERS TO MAINSTREAM THE EPWP 

 

Long-term planning 

The 2015 KZN EPWP Indaba noted that the use of labour-intensive construction methods continues 

to be limited, both at a provincial and municipal level, and therefore resolved that all Public Bodies 

within the province should develop standard operating procedures and policies to guide their staff 

in the implementation of their EPWP initiatives over the medium term. Based on this resolution, the 

Department of Transport developed an EPWP Framework that provides guidance to its managers 

on the approach and measures to be taken in order to enhance EPWP implementation within the 

Department. 

 

The development of the framework entailed extensive engagement with key stakeholders identifying 

key challenges and obstacles to successful implementation (KwaZulu-Natal Department of 

Transport, 2016). Consequently, the developed EPWP Framework document is underpinned by the 

following key principles: 

• An inclusive economy through community involvement; 

• Eradication of poverty through employment;  

• Enhanced social inclusion and sustainable livelihoods; 

• Creation of assets and provision of services; 

• Technical skills transfer to the unskilled and semi-skilled members of the community; and 

• Retain, as far as is possible, the funds expended on the project within the community. 

 

The EPWP Framework Document defined the mandatory requirements for the EPWP including 

roles and responsibilities as well as related policies which would be necessary to effectively 

implement EPWP.  

  

Institutional Arrangements  

An EPWP Directorate was established to support the implementation of EPWP in the Province whilst 

the Department fulfilled its role as EPWP Co-ordinator to the province. In this capacity, the 

Directorate fell under the umbrella of the Strategic Planning Directorate. Upon the transfer of this 

function to the KZN Department of Public Works in 2015, the unit focused on EPWP implementation 

within the Department. At this time, progress in the Department suggested that EPWP had not been 

adequately embraced and there was a perception that the implementation of the EPWP was the 

sole responsibility of the EPWP Directorate, and funded from the EPWP Integrated Grant, which 

constituted a mere 1% of the Department’s allocated budgets.  
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Key changes were made to create the enabling environment within the Department:  

 

 The Directorate was transferred to the Transport Infrastructure and Regional Services (TIRS) 

unit, as this unit created the largest amount of Work Opportunities. This improved the 

accountability of all stakeholders as the Deputy Director General (DDG) was able to hold 

managers accountable for EPWP performance; 

 The DDG held all line function staff accountable for job creation through service delivery; and  

 An EPWP Committee was established to support implementation in the Department. The 

committee comprised representatives from each unit and was mandated to oversee EPWP 

on behalf of the Department.  

 

The change in institutional arrangements has had a significant impact on the performance by the 

Department.  

 

Alignment of Strategic Documents 

As part of developing an enabling environment within the Department, several policies and 

procedures needed to be aligned to support the mainstreaming of the EPWP. Policies which have 

been aligned include:  

 Strategic Plan: aligned to include job creation targets and an overview of how the targets 

would be achieved; 

 Annual Performance Plan: aligned to included job creation targets; 

 Zibambele Maintenance Programme Policy: aligned to ensure that assets are maintained 

and that legislative requirements are met; 

 Vukuzakhe Emerging Contractor Development Policy: aligned to allow exit of contractors ; 

and 

 Procedure Manual for Managing Performance Information: aligned to include job creation 

targets. 

 

All policies were developed following extensive engagement with relevant stakeholders. Revised 

policies were workshopped at all levels to ensure effective implementation, with continued support 

after the workshops to ensure that the measures were implemented correctly.  

 

Alignment of Tender Documents 

Whilst some jobs were being created within projects, the Department was criticised for inefficiency 

through creating more jobs at high cost. Upon review, it was understood that the proforma tender 

documents used by the Department had several shortcomings which:  

 Did not specify the activities which needed to be undertaken using labour;  

 Did not compel the contractor to perform the predefined activities labour-intensively;  

 Did not contain penalties for non-compliance to EPWP;  
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 Did not detail EPWP reporting requirements adequately; 

 Did not meet EPWP legislative requirements; and 

 Did not contain detailed training specifications.  

 

Through extensive engagement with a number of stakeholders, the pro forma tender document was 

aligned to ensure that tenderers would commit and meet job creation requirements and could be 

held accountable for underperformance. This strategic driver has shifted some of the responsibility 

of job creation to the designer and specifier. The aligned tender document requires the designer to 

consider activities which may be undertaken labour-intensively, and to include in pretender 

documentation, accurate estimates of job creation through projects.  

 

Mandated LI Activities  

Whilst tender documents set the platform for job creation, it was imperative that the Department 

prescribe fundamental activities which would generate jobs. The Guidelines for Labour-intensive 

(LI) Construction provides a list of activities along with task rates which are conductive to job creation 

(National Department of Public Works, 2015). Whilst these guidelines exist, little has been done to 

enforce the inclusion of LI activities into a tender document. To circumvent this, circulars were 

issued by the DDG TIRS making it mandatory for predefined activities to be undertaken labour-

intensively with explanations required for activities not being undertaken labour-intensively. These 

activities included:  

 

 Clearing and grubbing  

 Excavation in soft material  

 Backfilling  

 Compaction 

 Kerb and channels  

 Concrete for sidewalks & drains 

 Gabions  

 Guardrails 

 Concrete surfaced roads 

 

As part of the bid document approval process, the bids are also reviewed by the EPWP Directorate 

to ensure compliance. A specifier who did not utilise labour-intensive methods would need to justify 

such exclusion.   

 

Pilot Projects - Labour-intensive Roads  

Whilst a large percentage of the Department’s budget is allocated to major roads, there existed an 

opportunity to construct surfaced or unsurfaced feeder roads using labour-intensive methods. Whilst 

conventional labour-intensive practice was necessary to implement such work, perceptions by key 

stakeholders relating to the practice prevented implementation. Pilot projects were attempted in 
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several locations within the Department. In addition to the convention LIC principals, the following 

must be noted:  

 Despite LIC being an old technology, stakeholders were reluctant to adopt it; 

 LIC usage needed to be advocated by key stakeholders in order to be enforced; 

 Without conscious intervention, decision makers are unlikely to use the technology;  

 Successful implementation must be promoted in order to create confidence in the technology.  

 

Project Selection 

Several projects were identified for the pilot exercises. Roads selected, were chosen based on their 

proximity to other Main Roads included in the business plan. The D1613 road, adjacent Main Road 

P100, was highlighted by the community as it provided access to schools, clinics a tourist attraction. 

The underlying material, traffic volume and practicality of the work was considered when 

determining the suitability of the project for LIC.  

 

Road design  

Realignment of the road was necessary with a major section of the road requiring significant vertical 

alignment. This section was excavated by hand whilst all other sections were earmarked for Labour-

intensive Construction. In order to meet design speed requirements, whilst optimising job creation, 

concrete filled geocells were considered for the road surface with all concrete expected to be mixed 

by hand on site. Through a labour balancing exercise, more than 250 jobs were expected through 

the project. Training was required in order to capacitate the largely unskilled local community to 

undertake the work.  

Construction  

The community was engaged at the commencement of the project and 250 people were identified 

to participate in the project. Relevant unit standards from the South African Qualifications Authority 

(SAQA) National qualification 24173 – “Construction: Roadworks” were selected, based on their 

relevance to the works being undertaken. 51 out of the 155 credits were provided through the project 

and further credits are to be provided during subsequent phases of the project in order to complete 

the qualification.   

 

Outcomes 

The success of the project displayed the viability of labour-intensively constructed roads and the 

Department accordingly ring fenced R200 million per annum for similar such roads. This 

commitment was subsequently pronounced by the Minister of the Executive Committee: Finance in 

KZN during the 2018/19 budget speech.  In accordance with this commitment, the Department 

continues to identify similar such roads for design and construction.   

 

LESSONS LEARNED FROM THE PILOT STUDY 
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Project planning – from inception to construction and beyond 

Labour-intensive construction is a method of construction. In order to successfully implement 

labour-intensive construction as it is not always feasible to employ large amounts of people on all 

projects. Examples of projects with good labour absorption are low volume gravel and concrete 

roads, with a focus on batching concrete on-site and the movement of material by hand. (National 

Department of Public Works, 2015). It is therefore necessary for client Departments to reassess 

their project selection criteria. LIC projects must be included in annual business plans and key 

stakeholders must drive the implementation of LIC within their entities.  

 

The designer has a significant role in the mainstreaming of LIC and must be able to identify methods 

and materials which are conducive to LIC. Specifications must be clear and have implications for 

non-performance. In the absence of clear directives, designers may not change common practice. 

Common practice may therefore need to be redefined by client bodies and designers must be 

mandated to incorporate LIC into their designs. While each project is unique, several generic steps 

may be taken at a higher level in order to ensure that designers understand what is expected 

through the project. 

 

These include:  

 Aligned contract documentation to labour-intensive construction methodologies and EPWP; 

 Policy documents mandating the implementation of LIC; 

 Ensure that service providers (consultants and contractors) possesses the necessary 

technical competence to undertaken labour-intensive construction works; 

 Considering the training needed for participants to undertake the LIC activities and making 

allowance in the project budgets for accredited training to be provided; 

 Involvement of site staff (Resident Engineer/Assistant Resident Engineer)in the design 

process to understand project specific site constraints; and 

 A clear mandate from the client enforcing labour-intensive construction.  

 

Community engagement: creating buy-in 

With an average of 100 people employed on a labour-intensive road construction project, 

community engagement is critical throughout the project from inception through to completion.  A 

community resistant to the practicality of labour-intensive construction can hinder implementation. 

Labour-intensive methodologies will need to be workshopped with communities at the inception 

stage using appropriate communication methodologies. It is useful to utilise experienced personal 

to undertake such engagement as mistrust due to incorrect communication could impede progress 

if not bring a project to a halt.  

 

It is vital that selection of workers be undertaken in a fair and transparent manner to ensure that the 

right type of worker is selected (one who understands LIC and will accept the work involved) and to 

reduce nepotism and other favouritism. 
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Competitive wage rate 

While the unskilled wage rate for local workers is governed by a Civil Engineering Sector wage rate 

minimum, the Ministerial Determination for the EPWP (Department of Labour, 2012) allows a 

minimum wage rate of more than half this amount in order to accommodate increased employment 

without making the project uneconomically viable. An unfortunate repercussion of the Civil Sector 

wage rate is the drawing of workers out of permanent employment at lower wage rates to work of 

short- to medium-term duration at higher wage rates. As a result of this, the unemployment cycle 

continues after the project concludes. 

 

It is therefore important that the wage rate be set slightly lower than local wage rates for permanent 

employees. This competitive wage rate will be negotiated with the community to ensure that both 

the project team and the community are satisfied with the wage offered, and to ensure that workers 

currently in employment will not be drawn into the temporary work associated with the projects.  

 

 Setting of task rate 

A task rate is defined as the quantity of work which a worker is expected to perform within one day 

of work. Upon completion of the task, the worker may be allowed to leave for the day and will be 

paid for the full day of work. During the project planning and design stages, task rates are generally 

based on existing historical data. Upon commencement and the subsequent selection of 

participants, it is advisable that trial sections be undertaken comprising the numerous labour-

intensive construction activities to be undertaken in order to accurately determine the optimum 

production rate achievable by the workers of the project. The resulting task rates should be carefully 

used in order to ensure that tasks are complete within a set day and that efficient work would result 

in completion within 1 to 2 hours of the end of the shift. While high task rates may be lowered, low 

task rates may not be increased without a corresponding increase in pay or time. 

 

Task-based Team work 

It is recognised that the one man, one task model does not result in the most efficient productivity 

as individuals quickly tire due to the strenuous work required on a construction site. The concept of 

task-based team work is therefore introduced, with rotation of workers within the team into and out 

of tasks of varying intensity. This method of working allows tiring team members to rest and allows 

higher production. 

 

Key to the use of the task based work system is the ‘no work, no pay’ policy, which incentivises 

workers to complete work to the required quality. Once task work is complete for the day, workers 

are released from the site, which serves as additional incentive for workers to complete work 

timeously. 

 

Programming work 

Conventional construction relies upon a time-based system of work for local workers (daily wage). 

Thus, the time taken to complete assigned tasks is in the worker’s favour, who accordingly drags 
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tasks for additional income. In addition to increased project costs, this method does result in 

programming challenges with uncertainty due to the variable production rates.  

 

The major advantage of task based work is that the worker production rate (task rate) is predefined 

and guarantees that production is a motivating factor in construction, as workers will only receive 

payment for a completed task. This allows site staff to plan and track work with more certainty. 

Should the construction programme fall behind, site staff are still able to quantify the extent of the 

lag and propose definitive measures to bring the construction programme back in line. 

 

Supervision and monitoring 

Whilst social upliftment is favoured, it cannot compromise the quality of output or the time required 

to produce it. The execution of labour-intensive works requires adequate supervision to maintain 

quality, time and schedule restraints. Whilst the number of site staff will vary depending on the 

activities being undertaken, it is imperative to consider supervisory staff who are able to: 

 Record the work allocated to workers in the morning; 

 Mark attendance registers; 

 Visit all workers at least once/twice during the work day; 

 Mark and measure completed work allocations; 

 Keep track of tools and equipment; and 

 Measure outputs on a daily basis and track this progress against the construction 

programme. 

 

IMPACTS OF THE PROGRAMME 

Whilst the Department has established a means of generating further jobs through their projects, 

the EPWP still remains a temporary job creation programme. The dilemma facing stakeholders is 

therefore to establish a mechanism for sustainable impact through these interventions. 

Notwithstanding this, the Department has impacted locals through:  

 

Income Transfer  

A study conducted by the Human Science Research Council in 2013/14 on the Impact of the EPWP 

on poverty in KZN has proved that jobs with durations exceeding 66 days, begin to cause a change 

in poverty. At this point, it is found that the behaviour of people change including buying and eating 

habits. This change will impact local industry which will in turn see potential growth and 

development. Consequently, it has been realised that routine maintenance projects will provide 

more meaningful, long term employment for locals. Through well planned and implemented labour-

intensive construction practise, nearly 35% of project spend may be directed towards the local 

communities. Some 6 to 8 times more than conventional construction. Effective labour-intensive 

maintenance programmes have seen as much as 80% of the project spend, being directed towards 

the local communities. Interviews with members of the local community during such projects have 

revealed that access to this income has resulted in:  
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 Women headed households use such income to support children going to school; 

 Income earned from such projects, is given to other members of a household for 

transportation to other areas for work; 

 People turn away from crime as meaningful work is provided;  

 Leads to an improved quality of life: some participants have reported buying a mattress for 

their parents – something they have never owned in their lives; and 

 Secondary benefit to spend of such income in the local shops.  

 

Training  

“I thought that I would go through my life having only 2 certificates – a birth certificate and a death 

certificate. This project gave me hope as I now will receive a certificate for attending training.” - 

EPWP Participant who went through the training programme.  

 

Whilst training provides fundamental skills, it does make participants more employable and can 

cause a shift in mindset in locals. The value of hope that is invoked through training, has far reaching 

impacts on the response that communities may have on the project implementation.   

 

Whilst careful planning is required by the designer in order to specify the unit standards which must 

be provided through the project, careful programming is required by the contractor to implement the 

training such that classroom training is followed by on-the-job training on the project site delivering 

productive work. This enhances the learning process. Ultimately however, the provision of Unit 

Standard training may not be adequate to make a participant more employable and the designer 

must aim to provide a full qualification to at least some of the participants who work on the project. 

Where these qualifications and the unit standards are carefully selected, the experience gained 

through the project, may allow the participant to provide services to the client or members of the 

local community.  

 

Within the Department, participants who have worked on the Zibambele programme were provided 

with training targeting specific unit standards. As a result of the training, several learners have been 

absorbed into full time employment working with plant maintenance at specific cost centres. Whilst 

no examples yet exist within the Department, similar principles of training offered through a water 

reticulation projects saw participants trained as plumbers. As a result of this training, participants 

have been able to offer plumbing services to members of their local community.  

 

Contractor Development  

Works undertaken through road construction and maintenance is conducive to Small to Medium 

Enterprises development. If carefully planned, programmes can assist contractors to develop, 

progressing in the Construction Industry Development Board (CIDB) Grading. The Department has 

elected to assist contractors up to Grade 4, allowing the contractor to develop financial capacity to 

undertake projects of not less than R900’000 and with working capital of at least R200’000. The 
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Department implements the Vukuzakhe Emerging Contractor Development Programme which is 

purposed to manage contractor development in a controlled manner. With a current database of 

more than 10000 contractors, it may be difficult to reach every single contractor. If strategically 

planned, the programme can be effective in promoting contractor development. (Department of 

Transport, 2015).  

 

The Preferential Procurement Policy Framework Act (PPPFA) (2017) has made it mandatory for at 

least 30% of works to be sub-contracted to emerging contractors. This ruling mandates specifiers 

to package all projects in order to offer work packages suitable for the contractor development 

targets. In addition to this, the Department has engaged a service provider to support emerging 

contractors through structured mentorship programmes. In addition to the capacity building turnover 

offered through these contracts, the emerging contractors are offered formal training for the works 

being undertaken as well as other entrepreneurial skills relevant to the development of their 

companies.  

 

Impacts on the community through project implementation 

It is imperative that the synergy between client, consultant and contractor be realised through each 

project. Whilst many opportunities for sustainable impact may be mandated, many more may exist 

on project sites utilising project spend. Historically, through these relationships, the Department has 

been able to diversify the opportunities for social upliftment. These opportunities, when successfully 

implemented, may then be rolled out across the Department. Some examples of such initiatives 

which have created impact on the community have included:  

 Using schools/churches or community halls for the site establishment with provision that the 

facilities are upgraded following completion; 

 Levelling sports fields using bulk earthworks plant and equipment; 

 Placing concrete on school driveways when undertaking practical concrete training; 

 Demolishing a rebuilding a dilapidated church to mine the underlying material for the road 

works. Community members were trained to build the church in the process and the restored 

hall became a beacon of hope for the community; 

 Establishment of a kerb yard in a corridor to supply kerbs to all projects in the corridor. Local 

labour was trained to produce the SABS approved kerbs and expansion of the business 

model includes further training to enable casting of manhole covers, lintels and bricks and 

blocks; 

 Partnering with local schools, refurbishing libraries and collecting and supplying books to 

such facilities as part of corporate Social Responsibility spend;  

 Establishing greenhouses which are handed over to the community in order to grow 

vegetation for site re-vegetation post construction; and  

 Establishing precast kerb yards to stimulate SMME development.  
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It is interesting to note that all of the above may be undertaken within project deliverables without 

further cost to a project.  

 

PROMOTE VISIBLE DEMONSTRATION AND BEST PRACTICE PROJECTS TO ENABLE GREATER 

LEARNING 

 

In order to encourage efforts to create jobs, successes and best practice were shared across 

Business Units of the Department, through the following measures: 

  

Project site visits 

The Department of Transport, in conjunction with the National Department of Public Works and the 

International Labour Organisation, visits project sites each year to provide guidance on best practice 

to maximise job creation efforts. 

 

Award entries 

The Department of Transport has entered and won several awards in the past years for its efforts 

in job creation. These include: 

 EPWP Kamoso Award for Best Infrastructure Department, Best Infrastructure Project and 

Best Contractor Development Project 

 SAICE Community Based Awards for Best Project 

 Premier Service Excellence Awards for Best Project and Best Innovator 

 

These awards are communicated within the Department through the use of newsletters to 

encourage the mainstreaming of EPWP. 

 

Performance 

Regular reports were presented at key forums and included progress against key EPWP 

performance indicators thereby improving accountability and compliance. While the KwaZulu-Natal 

Department of Transport has been acknowledged for its exemplary performance in job creation, an 

analysis of the EPWP performance of the Department in 2014/15 revealed that a staggering 82% 

of the more than 52000 jobs were created through the Zibambele Programme. Alarmingly, 18% of 

the Departments’ budget was utilised to produce 82% of the outputs.  Similarly, more than 90% of 

the full time equivalents (FTEs) were created through the Zibambele programme.  

 

The introduction of a new reporting system in 2015/16 placed new requirements for job creation 

reporting including the submission of certified identity documents for the participating workers. This 

initially resulted in a decrease in the number of jobs reported, but reporting has steadily increased 

year on year from 2015/16.  
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Year 
FTE 

Target 

FTEs 

Achieved 

WO 

Target 

WO 

Achieved 

2013/14 4 834 17 764 59 160 51 855 

2014/15 5 092 18 004 60 000 52 461 

2015/16 6 183 7 798 62 700 40 432 

2016/17 6 186 18 497 67 200 49 447 

2017/18 4 323 18 944 72 200 49 501 
Table 38. Analysis of job creation achievements against targets 

The pilot studies have shown that number of jobs that are created using Labour-intensive Projects 

can increase by 6 to 8 times that of convention construction. Careful selection, design, specification 

and implementation will result in enhanced potential for job creation. Whilst the Department 

continues to show an increase in jobs created, further jobs could be created through streamlined 

efforts.  

CONCLUSION 

 

The road sector presents many opportunities to have sustainable impacts on communities long after 

projects are complete. The efforts made by the Department commenced with the buy-in from senior 

management and has been cascaded to all stakeholders within the Department. This has began to 

show some impact however, further analysis is required to determine the sustainable impact that 

may be effected. Buy from key stakeholders including the client, is pivotal coupled with careful 

planning, buy-in from all stakeholders, and ongoing monitoring in order to ensure successful 

implementation. An enabling environment must be created and consistent commitment from senior 

operational staff will ensure that sustainable efforts are mainstreamed. The sector is rich in 

opportunities that can be explored through appropriate policy and applied ingenuity.  
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[35]  F. J. Argüelles-Vivas, T. Babadagli, L. Little, N. Romaniuk and B. Ozum, “High temperature 

density, viscosity, and interfacial tension measurements of bitumen–pentane–biodiesel 

and process water mixtures,” Journal of Chemical & Engineering Data, vol. 57, no. 10, 

pp. 2878-2889, 2012.  

[36]  ASTM D2872-04, “Standard test method for effect of heat and air on a moving film of 

asphalt (rolling thin-film oven test),” American Society of Testing Materials, vol. 4.03, no. 

4, 2004.  

[37]  ASTM D621-08, “Standard Practice for Accelerated Aging of Asphalt Binder Using a 

Pressurized Aging Vessel (PAV),” American Society of Testing Materials, vol. 6, no. 1, 

2008.  

[38]  Abatech Inc consulting engineers, RHEA Version 1.2.26, Philadelphia, 2017.  



 

1142 | P a g e  
 

[39]  Council for Scientific and Industrial Research, Potholes: A non-technical guide to their 

causes and prevention, Pretoria: CSIR, 2010.  

[40]  N. Little and R. Jones, “Chemical and mechanical processes of moisture damage in Hot 

mix asphalt pavements - A national seminar,” SanDiego, California, 2003``.  

[41]  Sabita, Manual 35: Design and use of asphalt in road pavements, 3rd ed., Howard Place, 

Western Cape: Sabita, 2018.  

[42]  CSRA, “The determination of adhesion of bituminous binder to stone aggregate by means 

of the chemical immersion test (Riedel & Weber),” in TMH1: Standard Methods of 

Testing Road Construction Materials (Technical Methods for Highways): Metrhod B11, 

2nd ed., Pretoria, 1986.  

[43]  M. Solaimanian, J. Harvey, M. Tahmoressi and V. Tandon, “Test methods to predict 

moisture sensitivity of hot-mix asphalt pavements,” in Moisture Sensitivity of Asphalt 

Pavements: A National Seminar, San Diego, California, 2003.  

[44]  S. Redivo, “Correlation of asphalt surfacing permeability of laboratory and field prepared 

specimens,” Thesis in partial fulfilment of the requirements for the degree of Master of 

Pavement Engineering, September 2012 2012.  

[45]  T. Velentova, J. Altman and J. Valentin, “Development and verification of a suitable 

methodology for stability assessment of bitumen adhesion promoters,” in 6th Eurasphalt 

and Eurobitume Congress, Prague, Czech Republic, 2016.  

[46]  W. R. Vavrik, Asphalt Mixture Design Concepts to Develop Aggregate Interlock, Urbana, 

Illinois: University of Illinois, 2000.  

[47]  B. Verheage, P. Myburgh and E. Denneman, “Asphalt rutting and its prevention,” in 9th 

Conference of Asphalt Pavements for South Africa, Gabarone, Botswana, 2007.  

[48]  Advanced Asphalt technologies, LLC, “NCHRP Report 673: A manual for design of Hot Mix 

Asphalt with commentary,” Transportation Research Board, Washington, D.C, 2011. 

[49]  G. Huber, “History of Asphalt Mix Design in North America, Part 2 Superpave,” Asphalt, vol. 

28, no. 2, pp. 25-30, 2013.  



 

1143 | P a g e  
 

[50]  B. D. Prowell and E. R. Brown, “NCHRP Report 573: Superpave Mix Design: Verifying 

gyration levels in the Ndesign table,” Transportation Research Board, Washington, D.C., 

2007. 

[51]  J. Oliver, “The Australian asphalt mix design procedure: An overview,” in AAPA, 2000.  

[52]  A. Taute, B. M. J. A. Verhaeghe and A. Visser, Interim guidelines for the design of Hot-mix 

asphalt in South Africa. Prepared as part of the Hot-Mix Asphalt Design Project 3, 

Pretoria: CSIR, 2001.  

[53]  American Association of State Highway and Transportation Officials (AASHTO), “AASHTO 

T 312 - 15 : Standard method of test for Preparing and determining the density of 

asphalt mixture specimens by means of the Superpave Gyratory Compactor,” AASHTO, 

Washington, D.C, 2016. 

[54]  Transportation Research Board, “Transportation Research E-Circular E-C044: Bailey 

method for gradation selection in hot-mix asphalt mixture design,” Transportation 

Research Board, Washington, D.C., 2002. 

[55]  Committee of Land Transport Officials Department of Transport, Standard Specifications for 

Road and Bridge Works for State Road Authorities, SAICE, 1998.  

[56]  R. Bonaquist, “Impact of mix design on pavement durability,” Enhancing the durability of 

asphalt pavements: Papers from a workshop, pp. 1-17, 13 January 2013.  

[57]  D. W. C. Jr. and R. F. Bonaquist, “NCHRP Report 567: Volumetric Requirements for 

Superpave Mix Design,” Transportation Research Board, Washington, D.C., 2006. 

[58]  B. D. Prowell, “Reducing mix designs: Using a single Ndesign,” in IAPA 2014, 2014.  

[59]  P. S. Kandhal and J. L. Cooley, “Coarse- Versus Fine-Graded Superpave Mixtures: 

Comparative Evaluation of Resistance to Rutting,” Transportation Research Record: 

Journal of the Transportation Research Board, vol. 1789, no. 1, pp. 216-224, 1 January 

2002.  

[60]  S. Gokhale, B. Choubane, G. Sholar and H. Moseley, “Evaluation of coarse and fine graded 

superpave mixtures under accelerated pavement testing (FL/DOT/SMO/06-494,” FDot, 

2006. 



 

1144 | P a g e  
 

[61]  S. W. Katicha and G. W. Flintsch, “Improving mixture durability through design gyrations, 

air voids and binder content (Final report: VTRC 16-R17),” VTRC, Charlottesville, VA, 

2016. 

[62]  M. Hossain, G. Fager and R. G. Maag, Superpave Volumetric Design and Analysis 

Handbook, vol. 1, Manhattan, Kansas: Kansas State University, 2016.  

[63]  J. Read and D. Whiteoak, The Shell Bitumen Handbook, Fifth Edition ed., London: Thomas 

Telford Publishing, 2003.  

[64]  Asphalt Academy-TG1, “Technical Guideline 1: The use of Modified Bituminous Binder in 

Road Construction,” Asphalt Academy, Pretoria, 2007. 

[65]  C. Plug, A. Srivastava and A. de Bondt, A durable jet fuel resistanc pavement layer with the 

use of polymer modified asphalt emulsion, Washington, D.C.: Third International 

Symposium on Asphalt Emuslion Technology, 2004.  

[66]  R. Terrel and S. Al-Swailmi, “Water sensitivity of Asphalt-Aggregate Mixes: Test Selection,” 

National Research Council, Washington D.C., 1994. 

[67]  D. Williams, R. Little and Y. Kim, “Fundamental Properties of Asphalts and Modified 

Asphalts,” Task K, FHWA Final Report Contract No. DTFH61-92C-00170, vol. 2, 1998.  

[68]  U.S. Department of Transportation, “Superpave Mix Design and Gyratory Compaction 

Levels,” Office of Pavement Technology, 2010. 

[69]  H. Petersen, “Investigating the effect of grey water on various bitumen asphalt grades,” 

Cape Town, 2013. 

[70]  W. C. o. E. a. D. WCED, “Our Common Future. The Report of the World Commission on 

Environment and Development,” Oxford University Press, Oxford, UK, 1987. 

[71]  ISCA, Infrastructure Council of Australia, [Online]. Available: https://www.isca.org.au/. 

[Accessed February 2019]. 

[72]  U. G. Assembly, “Resolution 70/1: Transforming Our World: The 2030 Agenda for 

Sustainable Development,” September 2015. [Online]. Available: 

http://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&referer=/english/&Lan

g=E. [Accessed 30 July 2019]. 



 

1145 | P a g e  
 

[73]  VicRoads Environemental Sustainability, Integrated VicRoads Environmental Sustainibility 

Tool (INVEST), VicRoads, 2011.  

[74]  M. U. D Nkabinde, “A Sustainable Roads Rating System for South Africa,” 2018.  

[75]  Greenroads Foundation, “The Greenroads Rating Scheme,” [Online]. Available: 

https://www.greenroads.org/. [Accessed February 2019]. 

[76]  Envision, “Envision: driving success in sustainable infrastructure projects,” [Online]. 

Available: https://sustainableinfrastructure.org/envision/. [Accessed 2019 February]. 

[77]  FHWA, Federal Highway Administration, INVEST, Version 1.3, 2018.  

[78]  SBENRC, Sustainable Built Environment National Research Centre, “A Literature Review 

of Sustainability Performance Assessment by Road Agencies,” 2014.  

[79]  K. Griffiths, C. Boyle and T. Henning, “Infrastructure Sustainability Rating Tools – How 

They Have Developed and What We Might Expect to See in the Future,” Auckland, 

2015.  

[80]  Austroads, Guide to Pavement Technology Part 2 - Pavement Structural Design, Sydney: 

Austroads Ltd., 2017.  

[81]  NAPA, “History of Asphalt,” National Asphalt Pavement Association, 2005. [Online]. 

Available: 

http://www.asphaltpavement.org/index.php?option=com_content&view=article&id=21:hi

story-of-asphalt&catid=196:uncategorised&Itemid=268. [Accessed 18 December 2018]. 

[82]  R. Hunter, A. Self and J. Read, The Shell Bitumen Handbook, London: ICE Publishing, 

2015.  

[83]  NAPA, “Recycling,” National Asphalt Pavement Association, NAPA, 2018. [Online]. 

Available: http://www.asphaltpavement.org/recycling. [Accessed 5 January 2019]. 

[84]  NAPA, “Asphalt: Greener Than Ever,” National Asphalt Pavement Association, 2013. 

[Online]. Available: 

http://www.asphaltpavement.org/index.php?option=com_content&view=article&id=873:a

sphalt-greener-than-ever&catid=24:napa-news4&Itemid=1308. [Accessed 18 December 

2018]. 



 

1146 | P a g e  
 

[85]  R. McDaniel and R. Anderson, “NCHRP Report 452: Recommended Use of Reclaimed 

Asphalt Pavement in the Superpave Mix Design Method: Technician’s Manual,” 

Transportation Research Board, National Research Council, National Academy Press, 

Washington, D.C., 2001. 

[86]  J. Willis and M. Marasteanu, “NCRHP Report 752: Improved Mix Design, Evaluation, and 

Materials Management Practices for Hot Mix Asphalt with High Reclaimed Asphalt 

Pavement Content,” Transportation Research Board, National Research Council, 

National Academy Press, Washington, D.C., 2013. 

[87]  Sabita, “Technical Recommendations For Highways, TRH 21: Use of reclaimed asphalt in 

the production of asphalt,” South African Road Materials Committee , Cape Town, 2016. 

[88]  Sabita, “Technical Recommendations for Highways - TRH 21: Hot Mix Asphalt Recyclng,” 

South African Road Materials Committee, Johannesburg, 2009. 

[89]  Sabita, “Move to utilise recycled asphalt pavements in new mixes gathers momentum,” 

Asphalt News, vol. 21, no. 3, 2007.  

[90]  I. Al-Qadi, M. Elseifi and S. Carpenter, “Reclaimed asphalt pavement—a literature review. 

Report No. FHWAICT-07-001.,” Illinois Center for Transportation, Springfield, 2007. 

[91]  A. Lewis, E. Lathleiff, W. Nortjè, H. Marais, I. McDonald, R. Archibald, D. Needham and S. 

Strydom, Manual 32: Best practice guideline for warm mix asphalt, Cape Town: Sabita, 

2011.  

[92]  M. Zaumanis, R. Mallick and R. Frank, “Evaluation of different recycling agents for restoring 

aged asphalt binder and performance of 100% recycled asphalt,” Materials and 

Structures:, Vols. DOI 10.1617/s11527-014-0332-5, 2014.  

[93]  R. McDaniel, H. Soleymani, R. M. Anderson, P. Turner and R. Peterson, “NCHRP Final 

Report (9-12): Recommended Use of Reclaimed Asphalt Pavement in the SuperPave 

Design Method,” Transport Research Board, 2000. 

[94]  P. Shirodkar, Y. Mehta, A. Nolan, K. Sonpal, A. Norton and C. Tomlinson, “A study to 

determine the degree of partial blending of reclaimed asphalt pavement (RAP) binder for 

high RAP hot mix asphalt,” 13 July 2010. [Online]. Available: 

www.elsevier.com/locate/conbuildmat. [Accessed July 2018]. 



 

1147 | P a g e  
 

[95]  M. Stroup-Gardiner, T. Felix and T. Aschenbrener, “TRB Webinar: Designing and 

Producing High Reclaimed Asphalt Pavement and Recycled Asphalt Shingles Mixtures,” 

25 September 2017. [Online]. Available: 

http://www.trb.org/Pavements/Blurbs/176441.aspx. [Accessed November 2018]. 

[96]  J. Aguiar-Moya and J. P. F Hong, “Quantification of the Rutting and Cracking Resstance of 

Asphalt Mixes with RAP using LTTP data,” in 30th South African Transport Conference, 

Pretoria, 2011.  

[97]  E. Coleri, S. S. Haddadi, S. Sreedhar, S. Lewis, Y. Zhang and B. Wruck, “FHWA-OR-RD-

18-05: Binder-Grade Bumping and High Binder Content to Improve Performance of 

RAP-RAS Mixtures,” Oregon Department of Transport, Oregon, 2018. 

[98]  H. Wen and K. Z. F Bayomy, “FHWA-ID-15-213: Performance Evaluation of Asphalt 

Pavement Mixes in Idaho that Contain High Percentages of Recycled Asphalt 

Pavement,” Idaho Transportation Department, Idaho, 2015. 

[99]  K. Z. H Wen, “Investigation of Blending Mechanisms for Reclaimed Asphalt Pavement 

Binder in Laboratory Produced Recalimed Asphalt Pavement Mixtures,” Transport 

Research Board, vol. 2575, no. DOI: 10.3141/2575-20, 2016.  

[100]  R. Anderson, Workshop: Modified Asphalt in a RAP World, Albuquerque: Asphalt Institute , 

2016.  

[101]  American Association of State Highway and Transportation Officials, AASHTO Designation: 

M 320-16 - Standard Specification for Performance-Graded Asphalt Binder, 

Washington, D.C., 2016.  

[102]  American Association of State Highway and Transportation Officials, AASHTO Designation: 

M 323-12 - Standard Specification for Superpave Volumetric Mix Design, Washington, 

D.C., 2012.  

[103]  R. Jaya and Asif, “Determination of Binder Film Thickness for Bituminous Mixtures 

prepared with various Types of Fillers,” in 6th International Conference on Structural 

Engineering and Construction Management, Sri Lanka,, 2015.  



 

1148 | P a g e  
 

[104]  HMA Recycling Expert Task Group , “RAP ETG Meeting Minutes,” April 2009. [Online]. 

Available: www.morerap.us/files/meetings/04-09/minutes-april09.pdf. [Accessed 17 

August 2018]. 

[105]  Economic and Social Commission for the Asia and the Pacific, “Towards Income Security in 

the Asia and the Pacific,” United Nations, Bangkok, 2014. 

[106]  National Department of Public Works, “Public Works: Towards the 21st Century,” National 

Department of Public Works, Pretoria, 1997. 

[107]  Southern African Regional Poverty Network, “Growth and Development Summit 

Agreement,” SARPN, Johannesburg, 2003. 

[108]  National Department of Public Works, “Consolidated Programme Overview and Logical 

Framework,” National Department of Public Works, Pretoria, 2004. 

[109]  Department of Labour, “Code of Good Practise for employment and conditions of work for 

Expanded Public Works Programme,” Government Printing Works, Pretoria, 2011. 

[110]  National Department of Public Works, “Phase 3 EPWP Targets,” National Department of 

Public Works, Pretoria, 2015. 

[111]  KwaZulu-Natal Department of Transport, “Zibamabele Operational Manual,” KZN DoT, 

Pietermaritzburg, 2008. 

[112]  KwaZulu-Natal Department of Transport, “EPWP Framework,” KwaZulu-Natal Department 

of Transport, Pietermaritzburg, 2016. 

[113]  National Department of Public Works, Guidelines for the Implementation of Labour-

Intensives Infrasturcture Projects Under the Expanded Public Works Programme 

(EPWP), 3rd ed., Pretoria: Department of Public Works, 2015.  

[114]  Department of Labour, “Ministerial Determination 4: Expanded Public Works Programme,” 

Department of Labour, Pretoia, 2012. 

[115]  Department of Transport, “Vukuzakhe Emerging Contractor Development Programme,” 

Department of Transport, Pietermaritzburg, 2015. 

[116]  R. M. R. M. E. H. A. v. W. A Hefer, “Performance of Waterbound Macadam Pavements: 

Case study in Johannesburg, South Africa,” ResearchGate, 2003. 



 

1149 | P a g e  
 

[117]  CIDB, Labour-based methods and technologies for employment-intensive construction 

works, 1st ed., Construction Industry Development Board, 2005.  

[118]  E. S. a. J. N. HL Theyse, “A design model for Waterbound Macadam based on Heavy 

Vehicle Simulator and Laboratory test results,” Transportek CSIR, Gautrans, SANRAL, 

Pretoria. 

[119]  Department of Transport (2), “Flexible pavement rehabilitation investigation and design,” 

Department of Transport, Pretoria, 1997. 

[120]  S. Brown, N. Thom and P. Sanders, “A study of geogrid reinforced asphalt to combat 

reflection cracking,” in Anual Meeting of the Association of Asphalt Paving 

Technologists, 2001.  

[121]  M. Elseifi and I. Al-Qadi, “Effectiveness of Steel Reinforcing Nettings in Combating Fatigue 

Cracking in New Pavement Systems,” in 83rd Annual Transportation Research Board, 

Washington DC, 2004.  

[122]  D. J. Mensching, G. M. Rowe, J. S. Daniel and T. Bennert, “Exploring low-temperature 

performance in Black Space,” Road Materials and Pavement Design, vol. 16, no. sup2, 

pp. 230-253, 2016.  

[123]  A. C. do Vale, A. L. Faxina and F. L. G. Grecco, “Effects of filler/bitumen ratio and bitumen 

grade on rutting and fatigue characteristics of bituminous mastics,” University of Sao 

Paulo, Sao Paulo, 2016. 

[124]  NCHRP, “Appendic GG-1: Calibration of permanent deformation models for flexible 

pavements,” National Cooperative Highway Research Program, USA, 2004. 

[125]  Federal Highway Administration, “Asphalt Mixture Performance Tester (AMPT),” US 

Department of Transportation, USA, 2013. 

[126]  SANS, “Part PD1: Determination of permanent deformation and moisture sensitivity in 

asphalt mixes with the MMLS3,” South African Bureau of Standards, Pretoria, 2016. 

[127]  European Committee for Standardization, “PrEN 12697-25 Bituminous mixtures – Test 

methods for mix asphalt – Part 25: Cyclic compression test,” 2001. 



 

1150 | P a g e  
 

[128]  S. A. Asiamah, “Relationship between laboratory mix properties and rutting resistance for 

Superpave mixtures,” University of Florida, Florida, 2002. 

[129]  M. W. Witczak, “Specification criteria for simple performance tests for rutting, Volume I: 

Dynamic Modulus (E*) and Volume II: Flow Number and Flow Time, NCHRP 09-19,” 

NCHRP, 1999. 

[130]  Federal Aviation Administration, “AC 150/5370-10H - Standard specifications for 

construction of airports,” U.S. Department of Transportation, 2018. 

[131]  Asphalt Institute, “Asphalt mix design methods (MS-2),” Asphalt Institute, 2014. 

[132]  Federal Aviation Administration, “FAA AC 150/5320-6F - Airport pavement design and 

evaluation,” U.S. Department, 2016. 

[133]  Transportation Research Board, “Report 673: A Manual for design of Hot Mix Asphalt with 

commentary,” NCHRP, USA, 2011. 

[134]  Asphalt Institute, “SP-1 Superpave Performance Graded asphalt binder specifications and 

testing,” Asphalt Institute, 2003. 

[135]  AASHTO, “Mechanistic-Empirical Pavement Design Guide - A manual of practice,” 

American Association of State Highway and Transportation Officials, 2008. 

[136]  V. Aurilio, W. J. Pine and P. Lum, “The Bailey Method: Achieving volumetrics and HMA 

compactability,” 2005. 

[137]  R. Bonaquist, “Precision of the Dynamic Modulus and Flow Number tests conducted with 

the Asphalt Mixture Performance Tester, NCHRP Report 702,” Transportation Research 

Board, Washington, D.C., 2011. 

[138]  R. Bonaquist, “Evaluation of Flow Number (Fn) as a discriminating HMA mixture property,” 

Advanced Asphalt Technologies, LLC, 2012. 

[139]  C. M. Evertsson, “Cone Crusher performance,” Chalmers University of Technology, 

Sweden, 2000. 

[140]  J. Garrity and J. Ulring, “Asphalt Binder: Multiple Stress Creep Recovery (MSCR) 

overview,” Minnesota Department of Transportation, Minnesota, 2013. 



 

1151 | P a g e  
 

[141]  R. Muniandy, E. Aburkaba and R. Taha, “Effect of mineral filler type and particle size on the 

engineering properties of Stone Mastic Asphalt pavements,” Univerity Putra Malaysia, 

Serdang, 2012. 

[142]  W. Tapijner, “Airfield asphalt pavements,” 2018. 

[143]  W. J. Tappeiner, “Laboratory wheel track testing - An international perspective,” 2017. 

[144]  M. W. Witczak, “Asphalt mixture material characterization,” University of Maryland, 1989. 

[145]  SABITA, “Design and use of asphalt in road pavements, Manual 35/TRH 8, Third Edition,” 

SABITA, 2018. 

[146]  Federal Highway Administration, “User Guidelines for Waste and By-product Materials in 

Pavement Construction,” 1998. 

[147]  Sabita, “Sabital Manual 35/TRH8: Design and Use of Asphalt in Road Pavements,” South 

Africa, 2016. 

[148]  J. K. Anochie-Boateng and T. B. George, “Laboratory Investigation of the Performance 

Properties of Hot-Mix Asphalt Containing Waste Glass,” in Southern African 

Transportation Conference (SATC), Pretoria, 2016.  

[149]  D. Cheng, D. N. Little, R. L. Lytton and J. C. Holste, “Surface Energy Measurements of 

Asphalt and Its Application to Predicting Fatiue and Healing in Asphalt Mixtures,” 

Transportation Research Record: Journal of the Transportation Research Board, vol. 

1810, pp. 44-53, 2002.  

[150]  SABITA, “Manual 22 - Hot Mix Paving in Adverse Weather,” SABITA, Cape Town, 2007. 

[151]  SANS 3001-PD1, Part PD1: Determination of permanent deformation and moisture 

sensitivity in asphalt mixes with the MMLS3, Pretoria: SABS Standards Division, 2016.  

[152]  C. Nel, “Identifying gradings and binder combinations for imporving the grey water 

resistance of asphalt,” University of Stellenbosch, Stellenbosch, 2017. 

[153]  City of Cape Town, “Minimum Standards for Civil Engineering Services in Townships 

Version 1,” City of Cape Town, Cape Town, 2013. 



 

1152 | P a g e  
 

[154]  COTO, “TRH26: South African Road Classification and Access Management Manual,” 

Comitee of Transport Officials, Pretoria, 2012. 

[155]  R. Briedenhann, A. Greyling and K. Jenkins, “Testing the grey water resistance of popular 

bitumen modifiers,” in Conference on Asphalt Pavements for Southern Africa CAPSA 

ISBN 978-1-874968-69-6, Sun City, South Africa, August 2015.  

[156]  K. Jenkins, A. Greyling and G. van Zyl, “Grey Water Resistant Asphalt Study: Volume 9 - 

Conclusions and Recommendations,” Grey Water Resistant Asphalt Study Group, Cape 

Town, 2017. 

[157]  F. Wittmann, “Surface tension skrinkage and strength of hardened cement paste,” Materials 

and Structures, vol. Volume 1, no. Issue 6, pp. 547-552, November 1968.  

[158]  A. E. A. E.-M. Behiry, “Laboratory evaluation of resistance to moisture damage in asphalt 

mixtures,” Ain Shams Engineering Journal, vol. Volume 4, no. Issue 3, pp. 351-363, 

2013.  

[159]  L. Tashman, K. Nam and T. Papagiannakis, “Evaluation of the Influence of Tack Coat 

Construction Factors on the Bond Strength between Pavement Layers,” Washington 

Center for Asphalt Technology, Washington State University, August 2006. 

[160]  J. Wu, S. Cook and P. Herrington, “Cracking in specialist surfacing systems,” Transport 

Agency research report 598, New Zealand, August 2016. 

[161]  R. C. West, J. Zhang and J. Moore, “Evaluation of Bond Strenghth between Pavement 

Layers,” National Center for Asphalt Technology (NCAT), Auburn, 2005. 

[162]  C. Fung-Lung, Y. Haryati, H. Mohd Rosli and A. R. Ahmad Safuan, “Compilation of 

Pavement Interface Bond Strength Devices for Bond Strength Quantification,” Jurnal 

Teknologi, vol. 73, no. 3, pp. 15-22, 2014.  

[163]  A. Nikolaides, “Bituminous Mixtures & Pavements VI,” Thessaloniki, Greece, June 2015.  

[164]  B. B. Sutradhar, “Evaluation of Bond Between Bituminous Pavement Layers,” Department 

Of Civil Engineering National Institute of Technology, Rourkela, May 2012. 



 

1153 | P a g e  
 

[165]  N. H. Tran, R. Willis and G. Julian, “Refinement of the Bond Strength Procedure and 

Investigation of a Specification,” National Center for Asphalt Technology (NCAT), 

Auburn University, Auburn, Alabama, June 2012. 

[166]  NYDOT, New York State Department of Transportation , “GreenLITES Transportation 

Environmental Sustainability Program,” [Online]. Available: 

https://www.dot.ny.gov/programs/greenlites. [Accessed February 2019]. 

[167]  CEEQUAL, “CEEQUAL Infrastructure Sustainability Rating Scheme,” [Online]. Available: 

https://www.ceequal.com/. [Accessed February 2019]. 

[168]  KwaZulu-Natal Department of Transport, “Strategic Visions 2004,” KZN Department of 

Transport, Pietermaritzburg, 2005. 

 

 

  

 

 

 

  



 

1154 | P a g e  
 

Waterbound Macadam Construction on the N8 Truck Stop at the Maseru Border Post: A 
Case Study 

 

Neo Frank Tsemane 

Civil Engineer (of WSP Africa) 

Muthen Marshall 

Director (of WSP Africa) 

Rajesh Dookie 

Project Manager (of SANRAL) 
 

 

 

Synopsis—Given the general interest in promoting labour based road construction 

technologies, this paper will present the experience gained with implementing Waterbound 

Macadam base construction on a Category A road with associated requirements on high 

performance and high production while maximizing labour and small contractor 

involvement. During the project, a waterbound macadam base, 175mm thick, was 

constructed utilizing entirely labour intensive methods. Due to complexities in design, 

construction methodology and quality control of the waterbound macadam base, it may be 

overlooked as an appropriate solution for implementation on high order roads construction. 

The design information, construction methods employed, production rates achieved and 

general lessons learnt on the project will be shared to allow a more informed decision to be 

taken on the use of waterbound macadam base on future projects.  

 

 Keywords - Waterbound Macadam, Labour intensive construction, Training of local 

labour, Pavement Design, Laboratory Testing 

 

I.  INTRODUCTION  

A Waterbound Macadam (WBM) is typically a layer that consists of nominal single-size large 

aggregate (maximum size of 37 to 75 mm) filled with fine aggregate (less than 4 to 5 mm), as 

described by [1]. The waterbound macadam consists of a stone skeleton usually filled with dry 

cohesionless fine aggregate. The stone skeleton, due to its single size aggregate, consists of a large 

amount of voids but has a high shear strength. A requirement of the waterbound macadam is to 

ensure that the layer is restrained in the transverse direction. This keeps the stone skeleton in place, 
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and allows the stone skeleton to form the ‘backbone’ of the layer which is largely responsible for the 

strength of the constructed layer. The filler material is used for lateral support of the stone skeleton. 

This kind of structural configuration, gives the waterbound macadam good water resistance and good 

water drainage properties. 

The constant need, by the engineering and construction industry, for higher design reliability and 

more efficient material utilisation, has led to the introduction of modifications such as; filling the voids 

with bitumen or slurry. This paper will present the experience gained with implementing Waterbound 

Macadam base construction on a Category A road, with associated requirements and specifications 

on high performance and high production, while maximising labour and small contractor involvement. 

II. ORIGINS OF WATERBOUND MACADAM 

Macadam is a method of road construction that was developed by Scottish engineer John 

Loudon-McAdam around 1820, in which single-sized crushed stone layers of small angular stones 

were placed in shallow lifts and compacted thoroughly. McAdam used layers of broken stone, with 

dimensions less than or equal to 25 mm, and placed them directly on the roadbed. The broken stone 

was angular and consolidated under traffic. No fine filler material was used in the voids, instead, a 

layer of even smaller broken stones was placed and spread over the surface of the Macadam layer. 

These smaller stones would then be broken down further under the action of traffic to produce a solid 

and smooth riding surface.  

McAdam believed that the correct method of breaking down the stone used in the Macadam layer 

was by physically knocking the stones to the required dimensions, using small hammers. The quality 

of the road would depend on how carefully the stones were spread on the surface, one shovelful at 

a time. 

In South Africa the Macadam pavement has gone through various phases, having been 

constructed until the 1970s. The use of the waterbound macadam subsequently declined in favour 

of materials that could be efficiently laid by machines. It is the ‘good in-service’ record of the 

waterbound macadam that has kept this type of pavement construction alive, and has motivated 

attempts to mechanise the construction of waterbound macadam pavements [2]. The mechanisation 

of the waterbound macadam would comprise of; spreading and levelling the large aggregate with a 

motorised grader and filling the voids with the fine aggregate using mechanical brooms. This paper 

will focus on the labour intensive procedure of constructing a waterbound macadam.  

III. WATERBOUND CONSTRUCTION ON THE N8 TRUCK STOP AT THE MASERU BORDER POST  

A. Route Information 

The project was located on National Route 8 Section13 in the Free State Province, between 

Ladybrand and the Maseru Border Post, within the Thabo Mafutsanyana District Municipality. The 

project limits commenced at km 8.62 and ended at km 11.04, at the Border Post. The existing road 

comprised of an undivided carriageway. In the eastbound direction, the road comprised of a single 

lane of 3.7m width and a 2.5m wide surfaced shoulder. The westbound direction comprised of two 
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lanes of 3.7m width and a 0.5m wide surfaced shoulder from km 11.04 to km 9.70, it then reduced 

to a single lane of 3.7m width and a 2.5m wide surfaced shoulder to km 8.62. 

Heavy vehicle drivers, entering the border post, were using the eastbound shoulder as parking 

while processing their documents at the Maseru border post. This caused a traffic backlog and was 

a major safety concern for vehicles travelling to the border post, as the heavy vehicles encroached 

on to the eastbound lane. The project was intended to alleviate traffic at the border post, by widening 

the existing carriageway to accommodate two passenger vehicle lanes and a truck crawler lane in 

the eastbound direction. 

A. Traffic Considerations 

A traffic investigation was carried out on National Route 8 Section 13 in 2013. The traffic data 
used in the pavement design stemmed from data obtained from Station 888 near Ladybrand (the 
data comprised of traffic counts prior to the year 2013), manual traffic counts from March 2013 
(conducted by WSP), which comprised of the number of trucks travelling on the N8 towards the 
Maseru Border Post and hourly truck traffic cleared at the Border Post, and information from the 
border gate which has a Toll Gate on the Lesotho side of the border. A clear seasonal variation of 
the average daily truck traffic (ADTT) was observed, with the truck traffic ranging between 190 ADTT 
in November 2012 and 142 ADTT in February 2013. The ADTT was determined to fall within a range 
of 150 to 200 vehicles per day, and the traffic growth rate was determined to be between 3% and 
6% over a 20-year design period. An average E80s per vehicle of 2.5 was used, as determined from 
CTO stations in the vicinity. This yielded an anticipated traffic loading of 3 to 10 million Equivalent 
Standard Axles (MESA). 

Figure 87 below shows the location of Station 888.  

 

 

Figure 87.Traffic Station Locality 
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B. Proposed Waterbound Macadam Pavement Structure  

To accommodate the anticipated loading as discussed under ‘Traffic Considerations’, the 

recommended pavement structure for 3-10 MESA according to TRH4 as shown in the Figure 88 

below was recommended. The employer (SANRAL) however, advised that the existing pavement 

structure as shown in above should be the preferred option for the lane widening. 

 

Figure 88. TRH4 flexible pavement catalogue 

Following the draft Detailed Design Report discussion with the employer, it was proposed that a 
Waterbound Macadam pavement structure be utilised for the N8 eastbound lane widening. Figure 
89 shows the proposed Waterbound Macadam base pavement. 

 

Figure 89. Flexible Pavement with Waterbound Macadam base 
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Based on the assumptions made in the N8 Traffic Study Report by WSP, the following information 
was used to calculate the required traffic loading capacity for the N8 Section 13 for a 20-year design 
period: 

 ADTT – 152 

 Traffic growth rate – 4.5 % 

 Equivalent E80s per truck – 2.5 

 Years till opening – 2 

 Average E80s Traffic at opening per day – 415 

 Design period – 20years 

A sensitivity analysis, taking into account different design periods and different traffic growth rates 
was conducted.  

TABLE 39: Cummulative E80s Traffic 

Design Life Period 

(year) 

E80s at 

Opening 

Toatal E80s (million) for a compound growth rate of 

3.0% 3.5% 4.0% 4.5% 5.0% 6.0% 

10 415 1.788 1.839 1.891 1.945 2.000 2.116 

15 415 2.902 3.025 3.154 3.290 3.432 3.737 

20 415 4.192 4.433 4.691 4.965 5.259 5.906 

 

TABLE 39 above shows that the traffic loading capacity, indeed does fall within the bracket of 3 
to 10 MESA.  

The Technical Recommendations for Highways (TRH4) design procedure set out by the 
Committee of State Road Authorities (CSRA), equates the WBM to crushed stone materials in terms 
of strength. The required thickness of the WBM base coarse is the same as that of a G1 or G2 layer. 
The required compaction is either 88 % to 90 % of apparent relative density (WBM1) or 86 % to 88 
% of apparent relative density (WBM2). According to [3], the permanent deformation is the dominant 
mode of distress for WBM as it is basically an unbound material. In his publication Theyse gives a 
model that he obtained for the friction angle (ɸ) of the Waterbound Macadam as a function of relative 
density (RD) and saturation (S) of the material as shown below: 

 ɸ = −26.38 + 1.021 × 𝑅𝐷 − 0.171 × 𝑆    (1) 

The Waterbound Macadam base discussed in this paper is a WBM1 with a density requirement 
of not less than 88 % of apparent relative density (ARD). Therefore, according to research by [3], 
due to the low voids content, the saturation of the base layer is about 45 % for normal moisture 
conditions. Reference [3] also provides suggested stiffness input values for the mechanistic-
empirical design of waterbound macadam material based on extensive static and dynamic triaxial 
testing of waterbound macadam material as shown in TABLE 40 below. The cohesion was found to 
be independent of the density and the saturation, and an average value of 74 kPa was obtained for 
cohesion. 

TABLE 40. Stiffness moduli for mechanistic-empirical design of waterbound macadam base layers 
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Material 
code 

Layer 
thickness 
(mm) 

Dry condition (30-45% 
saturation) 

Moist condition (60% saturation) 

  Well 
supported 
by an intact 
cement 
treated 
subbase 
creating 
confinement 
of the 
waterbound 
macadam 
layer 

Relatively 
weak support 
provided by a 
granular 
subbase layer 

Well 
supported 
by an intact 
cement 
treated 
subbase 
creating 
confinement 
of the 
waterbound 
macadam 
layer 

Relatively weak 
support provided by a 
granular subbase 
layer 

WBM 1 100 1200 800 1100 640 

>100 1080 620 1010 550 

WBM 2 100 1000 600 900 440 

>100 880 420 790 330 

 

Reference [2] also provides guidance for the moduli or stiffness values that should be used for 
macadam layers. The stiffness values were determined by back-calculating Falling Weight 
Deflectometer results and are presented in TABLE 41 below. These guidelines, together with the 
information provided by TRH4, the South African Pavement Engineering Manual (SAPEM) Chapter 
10 and parameters obtained from [3], have been used to mechanistically analyse the adequacy of 
the structural capacity of the Waterbound Macadam pavement for the projected future traffic loading. 
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TABLE 41. Moduli for Macadam Layers Back-calculated from FWD Deflection Basins 

Value 
Description 

Over 
strong 
cemented 
layers 
(C1, C2, 
C3) 

Over 
weak 
cemented 
(C4) MPa 

Over 
gravel 
soils 
MPa 

Mean 860 580 490 

Range 450 – 
1500 

260 – 950 150 – 
900 

Median 720 600 460 

20th 
percentile 

550 420 360 

 

The following parameters were used in the mechanistic-empirical design of the Waterbound 
Macadam base pavement: 

 Cohesion – 74 kPa 

 Elastic modulus – 580 MPa (conservative value) 

 Level of Saturation – 45 % 

 Angle of friction – 55.77degrees 

 Poisson’s ratio – 0.35 

Figure 90 and Figure 91 show the results of the multistage mechanistic-empirical analysis of the 
WBM pavement structure using Rubicon Toolbox. As can be seen from the two figures, the total load 
bearing capacity of the pavement structure is 19.12 MESA, this is well above the required range of 
between 3 and 10 MESA. It was determined that the conservative design approach was appropriate 
given the potential variability in the parameters used in the mechanistic design for the WBM base; 
considering the slow, channelized, stop-start heavy traffic in the truck crawler lane; and the disruptive 
effect of maintenance and pavement repairs on the operations at the border post. 
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Figure 90. Mechanistic-empirical design analysis of WBM Phase 1 
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Figure 91 Mechanistic-empirical design analysis of WBM Phase. 2 

C. Waterbound Macadam Construction Material Specifications 

The WBM construction materials was specified in terms of coarse and fine aggregate 
requirements.  

1. The following construction specifications were set out using TRH14 “Guidelines for Road 
Construction Materials”, as follows: 
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 Aggregate containing mica, such as granite, gneiss, mica schist, pegmatite or sandstone, 
shall not contain more than 2% by mass of free mica, especially muscovite, when assessed 
by visually separating the particles or more than 4% by volume when assessed by means 
of microscopic slides. Aggregate containing easily detectable quantities (more than 1%) of 
olivine, serpentine and sulphide minerals such as pyrites and marcasite must be 
considered with caution and may warrant additional evaluation to the satisfaction of the 
engineer. 

 The aggregate crushing value (ACV) shall be determined in accordance with SABS method 
841. This value shall not exceed 30 % 

 The grading of the nominally single sized aggregate to be used as a coarse aggregate for 
the WBM shall be as shown in Error! Reference source not found. below. 

TABLE 42. Grading requirements for coarse aggregate 

Sieve Size (mm) % by mass passing 

63.0 100 

53.0 85 – 100 

37.50 0 – 30 

28 0 – 5 

10 - 
 

 Liquid limit – 25 max 

 Plasticity – 6 max 

 Linear shrinkage – 3% max 

 The 10% aggregate crushing values as determined in accordance with SANS 3001-BT12 
(replacing TMH1 Method B2), shall conform to requirements in below. 

TABLE 43. 10% Fines aggregate crushing values 

Rock type Matrix Dry 
min 
(kN) 

Wet 
min 
(kN) 

Wet/dry 
relation
ship 
min 

Arenaceous 
rocks 

Non-
siliceous 
cemente
d 
material 

140   75% 

Siliceous 
cemente
d 
material 

110   75% 

Diamictites 
(tillite) 

 200   70% 

Argillaceous 
rocks 

 180  125   
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Other rock 
types 

 110   75% 

 

2. The following specifications were contained in the Project Specifications of the contract 
document for the N8 Truck Stop: 

Provision was made for the determination and calculation of the Apparent Density for aggregates 
with a total water absorption greater than 1.5 %, when total water absorption is determined according 
to SANS 3001-AG20 (replacing TMH1 Method B14) and SANS 3001-AG21 (replacing TMH1 method 
B15), using the following formula: 

 
(𝑎−𝑏)

(𝑑−𝑎)+(
(𝑤−1)

100
×(𝑏−𝑎))−(𝑐−𝑏)

      (2) 

The flakiness index determined on the -53 +37.5 mm shall not exceed 30. 

Where the electrical conductivity (EC) is less than or equal to 0.15 mS/m, the material may be 
used. Where the EC is greater than 0.15 mS/m, the pH of the material shall be determined. Where 
the pH is less than 6.0, the material shall be treated with lime until the pH is greater than or equal to 
10. The material may then be rechecked for EC.  

Fine aggregate to be used as filler between the coarse aggregate in the WBM shall be approved 
by the engineer and may be either crusher dust, sand or a combination thereof, but shall comply with 
the following requirements: 

The grading of the fine material to be used as filler between the coarse aggregate in the WBM 
shall be as shown in TABLE 44. 

TABLE 44. Grading requirements of fine aggregate 

Sieve Size (mm) % by mass passing 

7 100 

5 85 – 100 

0.075 10 - 20 

 

 

IV. GENERAL CONSTRUCTION PROCEDURE 

F. Traffic accommodation 

Accommodation of traffic is an important consideration in the construction of a WBM. A section of 

theWBM layer has to be constructed to completion, allowed to dry sufficiently (50% of optimum 

moisture content), and primed before it can be opened to traffic. This process can take weeks, 

depending on the length of the WBM layer. The spreading of stone to level can be done in sections, 

however adding the fines and slushing can only be done once the entire stretch of WBM has been 

spread to level, otherwise the longitudinal edge of each completed section will be susceptible to 

shearing. This means that traffic accommodations needs to be carefully considered, to avoid traffic 

backlogs and the potential of accidents due to impatient road users.  
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All construction works were carried out from the eastbound shoulder, extending outwards towards 

the open field. Expropriation of land and the relocation of farm fences, meant that the construction 

team had plenty of space to manoeuver on site. During working hours, from km 8.6 to km 9.7 both 

the eastbound direction and the westbound direction comprised of single lanes, the lanes were 

maintained to accommodate traffic as the construction works commenced at the eastbound shoulder 

and extended to the open field. From km 9.7 to km 11.04 the eastbound lane was used as a buffer 

zone for the construction staff to drive along the site and park their vehicles as needed. This area 

was demarcated using delineators from km 9.7 to km 10.60 and protected by temporary concrete 

New Jersey barriers from km 10.80 to km 11.04. At km 10.60 to km 10.80, an access to the site was 

created for the staff to drive in and out of the construction works area. The westbound direction 

comprised of to two lanes, one was used for the eastbound traffic towards the Maseru Border Post 

and the other was maintained for the westbound traffic towards Ladybrand. After working hours (night 

time), the lanes were restored to their original configuration and the delineators were moved to the 

eastbound yellow line that separates the shoulder from the travelled lane. No major issues were 

encountered with regards to traffic accommodation. The schematic view of the traffic accommodation 

layout is shown below. 

 

Figure 92: N8 Truck Stop Section 13 Traffic Accommodation 

G. Requirements prior to construction 

Before the WBM was constructed, certain requirements had to be met; the underlying layer had 

to comply with the requirements as set out in the project specifications, fit the layer description as 

specified in TABLE 41 and not be too wet (on account to rain or any other cause) as to be susceptible 

to damage when the WBM aggregate is laid on the layer, and outer edge restraints such as a gravel 

shoulder, a concrete channel or kerb and channel combination had to be in place to support the 

WBM layer. 

󠇁

ORIGINAL

site staff site staff

TRAFFIC ACCOMMODATION
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A. Construction tolerances 

The finished surface of the base has to be true to level and cross-section, uniform and smooth 
and free of corrugations, humps and depressions. At least 90% of the level differences between the 
design and the finished level must be less than or equal to 20mm, and may never be greater than 
25mm. At least 90% of the measured thicknesses must be more than the specified thickness minus 
21mm and not one of the thicknesses may be less than the specified thickness minus 27mm. The 
mean thickness may not be less than the specified thickness minus 5mm. TABLE 45 shows  the 
allowed deviation from the design grade due to differences between the actual levels and the design 
levels. 

TABLE 45. Variation from the design grade 

Length of Grade 
measured 

Maximum Variation 
(%) 

2m 0,34 

5m 0,27 

10m 0,21 

20m 0,13 

30m 0,08 
 

When a 3m straight edge is laid up on the finished surface, the gap between the straight edge and 
the coarse aggregate in the surface, at any point, may not exceed 10mm, when placed parallel or at 
right angles to the centreline of the road. The width of the base may not vary by more than 50mm to 
the specified width. 

B. Spreading the coarse aggregate 

The construction of the WBM was to form part of the labour intensive component of the works. A 
trial section was first constructed at a bellmouth adjacent to the mainline N8 that has a road extension 
to a police accommodation, and was used to train the contractor’s labour (which comprised of men 
and women) and staff in the construction of the WBM. No pre-requisite capabilities was expected 
from the labour force, apart from being able bodied. The training comprised of theoretical and 
practical training conducted by the Employer’s Agent Representative. 

The theoretical component comprised of a technical site meeting attended by the site supervision 
staff and the Contractor’s site agents. In this training, the technical specifications of the WBM layer 
were discussed, along with supervision requirements, such as; how to spread the aggregate, the 
level tolerances, how to visually determine the adequacy of compaction, etc. 

The practical component comprised of the construction of a trial section, which would be used as 
the benchmark going forward, provided it passed the quality control tests. The training however did 
not end at the trial section as it continued to the road widening. Constant improvements were 
observed as the construction team became more efficient with time. The summary of the lessons 
learnt is covered under the section “Summary and Conclusion”. 

 

The work was completed using hand tools and conventional compaction equipment. The coarse 
aggregate was collected by a Tractor Loader Backhoe (TLB) from the material stockpile and dumped 
at the site at which the WBM was to be constructed. The aggregate was spread by shovel and fork 
to a line and level that would allow the compacted layer to meet the line, level and thickness required 
by the project specifications. The thickness of the layer was checked and controlled in intervals not 
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more than 1,0 metre, by means of dip stick and fishline. Low or high spots were remedied by adding 
or removing stone as required. 

 

Figure 93. TLB delivering coarse aggregate to construction area 

 

Figure 94. Spreading of coarse aggregate using hand tools at road extension to police accommodation 
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Figure 95. WBM Level Control 

C. Initial dry rolling 

Once the coarse aggregate had been spread and the level control was complete, the layer was 
lightly compacted with a 12 ton oscillating roller. Any irregularities that appeared as a result of the 
roller movement, were corrected by removing or adding the coarse aggregate as required. The 
process was repeated until the surface was uniformly smooth, free of irregularities and in accordance 
with the specified requirements. Once the layer was shaped, it was compacted over its full width 
using a 12 ton smooth drum roller. The rolling progressed from the low side of the layer, by lapping 
uniformly each preceding pass of the roller by one half of the width of the roller drum and continued 
until the entire width of the layer was covered. Rolling continued until all the coarse aggregate was 
keyed and compacted and no movement of the aggregate under the rollers could be detected. Where 
surface irregularities that exceeded 10 mm appeared, the area irregularity was corrected by 
loosening the stone in the area, reshaping the area and rolling the area until the requirements are 
met. Where necessary, to take out minor slacks and depressions, the contractor was permitted to 
use 26.5 mm aggregate. 

 

Figure 96. Rolling of coarse aggregate 
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D. Adding fine aggregate and rolling 

Fine aggregate was added using the dry method. The fine aggregate was tested to ensure that at 
the time of application, the moisture content did not exceed 4 % by mass of the aggregate. Once the 
initial dry rolling was completed and the compacted coarse aggregate layer had been approved, a 
layer of dry fine aggregate was evenly applied over the surface of the coarse aggregate, by hand, in 
a layer thickness not exceeding 15 mm. A vibrating plate compactor was used in order to ensure that 
the fine aggregate settled into the coarse aggregate. Brooming of the surface was necessary to 
ensure even distribution of fine aggregate. A second layer of fine aggregate was added and the 
process repeated until no more fine aggregate could be worked into the voids of the coarse 
aggregate. 

 

Figure 97. Brooming in fine filler aggregate 

If no more dry fines could be worked into the voids, the layer was watered using a hosepipe. 
Additional dry aggregate was then added and a process of washing the fines into the voids began. 
This process consisted of, evenly distributing the dry fines over the coarse aggregate, watering the 
fines using a hosepipe, pushing the fines into the coarse aggregate using a plate compactor and 
brooming the excess fine aggregate off the surface. 

 

Figure 98. Washing the fines into the voids of the coarse aggregate 
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The process continued until the fines could no longer be washed-in using a plate compactor and 
the use of a 22 ton pneumatic tyre roller (PTR) was warranted. This slushing process, using a PTR 
continued until all the voids of the coarse aggregate were filled with fine aggregate and a firm base 
with a closely knit surface, free of areas of segregated material, loose aggregate and other 
irregularities, was obtained. 

 

Figure 99. Use of the PTR 

 

Figure 100. Wet brooming of excess fine aggregate 

Once the base was deemed complete and had dried sufficiently, 50% of optimum moisture content 
(OMC) of infill material, the surface was swept clean, with hand brooms, to present a mosaic of 
regular stone face, free of the fine aggregate and foreign material before the prime coat is applied. 



 

1171 | P a g e  
 

 

Figure 101. WBM surface ready to swept of all the excess fines 

Priming of the WBM surface was done using a hand sprayer. No specified application rate was 
given in the project specifications. The application rate was determined on site, by the contractor 
applying the prime at different application rates at different positions. Once the Employer’s Agent 
was satisfied with the application rate, that rate ( 0,8 – 1,0 l/m2) was used to prime the rest of the 
WBM surface. If the prime was not correctly applied or there were patches of non-primed surface, 
the priming team would go out to re-prime the surface to the satisfaction of the site supervision team. 

 

Figure 102. Primed WBM surface 

E. Quality Control 

The construction of a WBM is a labour intensive exercise, that relies on the proficiency of those 
whom are constructing it and those that are supervising its construction. Hand tools are used to lay, 
spread, level the coarse aggregate and to fill the voids between the coarse aggregate with fine 
aggregate. It is therefore difficult to assess the correctness of the construction by means of visual 
inspections. To ensure the correct construction of the WBM, the site supervision team was always 
on site to ensure the correct procedure and quality checks as set out in the project specifications 
were being carried out as frequently as required. Level measurements (using dip sticks) were taken 
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as and when a section was completed, and final levels were found to be within the specified layer 
tolerances. To test whether the design densities were achieved, the testing procedures of a large 
sand replacement test, known as a Rondawel Test were applied. Due to the relationship between 
the diameter of the hole excavated and the size of the coarse aggregate, the standard sand 
replacement test did not suffice. With coarse aggregate of 75 mm maximum size taken as the 
standard size, it was determined that a hole with a diameter of 300 mm should be used to determine 
the densities of such a coarse aggregate layer. The rondawel form was used to reduce the volume 
of standard calibrated sand needed to determine the volume of an excavated hole. Density tests 
conducted at km 0.012, km 0.038 and km 0.175, using the rondawel test procedure, produced 
densities of 99.727 %, 100.310 % and 97.293 % of ARD, respectively. 

 

Figure 103. Rondawel Test hole 

 

Figure 104. WBM coarse aggregate and fine aggregate configuration 
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V. OBSERVATIONS, CHALLENGES AND EXPERIENCE GAINED WITH WATERBOUND MACADAM 

CONSTRUCTION 

M. Procurement of materials 

The 175 mm thick Waterbound Macadam Base, was constructed utilising dolerite material from a 
commercial source. No problems were encountered with the supply or procurement of materials. To 
test the resistance of dolerite to weathering, the following tests were specified in the contract 
documents, which gave satisfactory results: 

 Petrographic analysis of thin sections for the identification of minerals. 

 X-ray diffraction test to confirm the absence of smectite clays. 

 Slake durability tests in ethylene-glycol. 

A. Construction of Waterbound Macadam Base 

There were no major challenges with constructing the WBM. The only problems encountered 
comprised of breaking of the prongs of the garden forks, which was quickly remedied by using better 
quality forks with more closely spaced prongs. Other problems comprised of the washing away of 
the surface fines due to fast flowing water during times of rain. This problem was remedied by 
applying a slurry to the affected areas. 

 

Figure 105. Top fines removed by rain water 
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Figure 106. Slurry applied to damages areas 

The main observation with the construction of the WBM is that, more consideration should be 
given to construction time allowed for the construction of a labour intensive Waterbound Macadam 
base by the Engineer and Contractor, as this is a time consuming exercise. In order to successfully 
construct the WBM, within the time constraints of the construction programme, three teams of local 
labour were utilised. Each team managed to construct a length of 70 m per day 229 m². 

B. Summary and Conclusion 

The construction of a Waterbound Macadam base offers labour based construction opportunities. 
It offers the community within which the work is carried out an opportunity for large scale employment, 
regardless of the fact that it is temporary employment.  

It is important to ensure that before the construction process commences, the entire construction 
team is trained in the correct construction procedure for the WBM. Strict implementation of the project 
specifications and frequent quality checks, during the construction of the WBM, allowed the 
construction team to achieve timely construction of the WBM.  

Careful attention to design, materials and construction tolerances and specifications allowed for 
the successful construction of the Waterbound Macadam, with compaction densities well above the 
design specified densities being achieved. 

Careful consideration should be given to the time allocated for the construction of the WBM. 
Training of the labour work force is vital and should be given adequate time, this will result in a 
competent labour work force, requiring lesser supervisory effort from the Engineer’s. In turn this can 
reduce the time required to construct the WBM as the labour work force will be working effectively 
and efficiently.  

The training should be planned and phased in such a manner to ensure both the theoretical, 
practical and performance aspects are presented to the various levels in the construction team. This 
will ensure that the team are aware of the impacts of their individual roles on the final quality of the 
end product. 
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Synopsis— The methods for analysing pavement performance has graduated from 

empirical methods through to mechanistic-empirical design methods. Over the last decade, 

pavement performance capacities were analysed using methods such as multi layered 

elastic methods and finite element methods of analysis. The aforementioned methods have 

not been able to distinctly analyse pavement to maximum performance design requirements 

due to ever-changing design variables such as traffic requirements, environmental 

conditions, design life, human activities, construction practice and maintenance culture 

among many others potentially impacting pavement design. The objective of this study is 

the development of an ontology-based expert system for determining the performance 

indicator of HMA pavements and to provide a relationship between the response of pavement 

layers modelled using the layered elastic design principles as well as applying rules of finite 

element analysis to predict and simulate pavement failure responses looking at parameters 

that are specific to each independent layer as they behave distinctively with each load, 

changing climatic and environmental variation using internet of things (IoT), conventional 

methods of pavement design, knowledge-based content, operational knowledge of 

pavement design, socio economic requirement and life cost analysis of the pavement, etc.  

Keywords—Pavement performance; design life; JAVA Expert System Shell; ontology; life 

cost analysis; confidence level.  
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 INTRODUCTION 

Recently, studies in pavement engineering with relation to laboratory tests and new methods 

employed in the design procedures for highway pavements are either empirical or mechanistic-

empirical (often called “mechanistic). The mechanistic approach includes a more fundamental 

component and involves the determination of pavement material parameters for analysis, at 

conditions as close as possible to what they are in the road structure. The mechanistic approach, 

which is based on the elastic or viscoelastic representation of the pavement structure as linear and 

non-linear materials, gives more detailed control over the pavement layer thickness as well as the 

material quality to ensure that the theoretical stress-strain computation or deflection analysis is in 

correlation to what happens during the service life span of the pavement in reality. Like any fabricated 

structural system, pavement systems can fail due to repeated traffic loading, environmental loading 

or a combination of both. Pavement failure stress generation is associated with the combination of 

geological, geotechnical, design, construction, maintenance problems or because of one of these 

aspects (1). With innovation in research and development in pavement engineering, asphalt 

pavement failure is traditionally grouped into fatigue cracking and rutting deformation caused by 

excessive horizontal tensile strain at the bottom of the asphalt layer and vertical compressive strain 

at the top of the subgrade, respectively. The responses of a pavement system to wheel loading 

amongst many other factors was of paramount interest in the 1920s when Westergaard (2) used the 

principle of elastic theory to predict the responses of rigid pavements (2). This analysis was not 

sufficient to properly analyse multi-layer systems since pavement structures are best modelled as a 

layered system consisting of various layers that require characterization of different material types. 

In addition, further studies brought to light the effect of other pavement distress mechanisms, that 

are of critical importance and may dictate pavement structural capacity.  

In a report carried out by the Kentucky Transportation Research Program (3), it was mentioned 

that, “the behaviour of asphalt-bound layers, unbound aggregate base and the foundation formation 

layer (subgrade) is usually affected by certain characteristic failure variables such as: gradation, 

density and method of compaction, temperature, magnitude and frequency of loading, duration of 

each load cycle and other environmental significant variables that may be induced in some way to 

degrade the quality and performance of pavement while in service”. In traditional pavement analysis 

and design, vehicle loading is commonly modelled as a simplified static or moving single load with 

constant amplitude on a multi-layered elastic system. In reality, the pavement layers are subjected 

to moving multiple axles loading as well. This phenomenon paved the way to a strong statement by 

Perret and Dumont (4) that vehicle speed should be considered through dynamic analysis or a time-

dependent factor. Owing to the fact that HMA generally behaves like a viscoelastic material, elastic 

behaviour (obeying Hooke’s law) only features when the material is at low temperatures and high 

loading frequency (5). Al-Qadi (6), Elsefi et. al. (7), and Liao and Sargand (8), concluded that at 

intermediate and high temperature gradients or under low loading frequency (slow moving load), 

analysing the pavement system as a multi-layered elastic system often underestimates the pavement 

responses. In Addition, it was found that there was lack of agreement between the multi-layered 
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linear elastic system responses under static loading and field measured pavement responses under 

moving wheel load and dynamic load (9 - 10). This study will provide the relationship between the 

response of pavement layers modelled using the layered elastic design principles as well as applying 

rules of finite element analysis to predict and simulate pavement failure responses looking at 

parameters that are specific to each independent layer as they behave distinctively with each load, 

changing climatic and environmental variation. 

CONCEPT OF PAVEMENT DESIGN  

Methods of Pavement Design 

It is important to note that a number of pavement design types exist that require variations in the 

basic methodology, subject to certain principles of design and analysis. Since flexible pavements 

form an integral part of highway transportation systems, and therefore sustain economic activity, it is 

imperative to properly maintain and manage these assets. Theoretical analyses, laboratory 

experiments, as well as the finite element method of analysis have been in practice for decades and 

there hasn’t been a perfect solution to understanding and predicting the behaviour of pavements; 

including failure and response to environmental conditions. In recent times, numerical modelling of 

pavement cracking became a popular analytical approach because it enhances the understanding 

of the mechanical behaviour and failure mechanisms of pavement structures; especially to assist 

engineers to potentially improve design of Hot Mix Asphalt mixtures with enhanced fracture 

resistance. In a report by Cortes et.al. (11), it was pointed out that pavement analysis and design 

combine mechanistic theories and empirical relationships. Many studies after that and even before 

that indicate other forms and methods incorporated into pavement design. Kim (12) noted that more 

detailed underlying concepts are explicitly recognised in the latest mechanistic empirical pavement 

design guide developed by the National Cooperative Highway Research Program (13). HMA crack 

analysis will be considered in the current study with respect to Mode I failure mode (crack opening 

caused by tensile stresses from traffic loads and environmental loading; acting normal to the plane 

of crack) in other to classify the extent to pavement failure under loading conditions and temperature/ 

environmental related effects. 

Design Considerations for HMA 

Consequently, it is of significant importance to understand the principles adopted in pavement 

design and the prevailing environmental conditions in order to achieve a durable and efficient design 

throughout the service life of the pavement. It should be noted that for a given design situation, the 

pavement selection will also be influenced (directly or indirectly) by decision making processes, such 

as national government, local authority, the public as well as the design and construction team. For 

a given road section, maintenance and construction data can be used to estimate the pavement age 

and structural strength amongst several other factors. However, traffic data acquired from the road 

authority’s records and accumulated traffic loading as estimated for all segments along the roadway 

corridor, can be used as a basis for pavement rehabilitation and maintenance analysis. 

More specifically, pavement design considers two basic pavement distress principles, namely 

resistance to cracking and resistance to rutting failure. Longitudinal cracking propagates parallel to 

the centreline and generally occurs from three main causes: Poor joint construction, reflective cracks 
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from an underlying layer, or load related fatigue.  Transverse cracking, on the other hand, propagates 

perpendicular to the centreline and is caused by shrinkage of the asphalt due to extremely cold 

temperatures or asphalt binder hardening due to improper grade selection or ageing, or reflective 

cracks from underlying layers.  These two failure distress modes are often the first that a pavement 

structure will experience before it finally gives way to total disintegration, which at that stage manifest 

as potholes.  Although, pavement roughness is not technically defined as a pavement distress; it is 

a measure of the irregularities on the pavement surface, which affect the quality of ride experienced 

by the user. In this study, the International Roughness Index (IRI) is used as the roughness 

measurement - the calculation for IRI is based on a ratio of the suspension motion of the vehicle and 

the distance travelled. 

There has been an improvement towards design considerations for HMA pavements as previously 

alluded to. Consideration has also been given to an improved approach to the design of inverted 

pavement systems – these pavements consist of an unbound granular base on top of a stiff cement-

treated base, covered by a relatively thin asphalt concrete layer surfacing (11). This layer 

configuration demonstrates a nonlinear behaviour of unbound aggregate layers with the use of finite 

element methods allowing for development of constitutive models. General purpose finite element 

programs have been used to study the pavement conditions such as multiple wheel loads, tyre 

configuration and various tyre width configuration, traffic loading frequency, duration and amplitude, 

environmental/ climatic conditions in the form of temperature, stress state, aging and moisture 

variations (14 - 18).  In the behaviour and modelling of pavement layers, tensile strength and strain 

at failure depend on both temperature and the fraction of air-filled void space. This assertion as 

presented by Underwood et. al. (19) provided standard values of HMA strength to vary between 3.6 

and 5.4 MPa at (10oC) and 0.9 to 1.6 MPa at (21oC). However, taking note that strain failure of the 

HMA pavement will occur at 1 x 10-4 to 3 x 10-3 (12, 20), there is a need to assess the onset of strain 

propagation while the pavement is in service. Since the response of HMA to service load can be 

represented by a visco-elastoplastic model (21, 12) it is important to determine the intrinsic 

parameters resulting to failure taking note of it from initiation of the failure mode (Mode I: crack 

opening/initiation) to the stage when failure fully matures into visible deformation of the individual 

layer (Mode II:sliding mode/shear (caused by shear stress acting parallel to the plane of crack and 

perpendicular to the crack front and Mode III: tearing mode (caused by shearing stress acting parallel 

to the plane of the crack and parallel to the crack front), e.g. “the cracks form due to the forces applied 

by turning or braking motion of vehicles. Distortions in an asphalt pavement are caused by instability 

of an asphalt mix or weakness of the base or subgrade layers. These distresses may include rutting, 

shoving, depressions, swelling and patch failures” (22, 23). 

Ontology of Pavement Expert System Domain 

Development of an ontology based expert system stems from the concept of ontology of simple 

systems, which involves creating logical domains towards the analysis of a specific system. The most 

cited definition of ontology is from Gruber (24) where ontology is defined as “ a set of concepts and 

categories in a subject area or domain that shows their properties and the relations between them”. 

Conceptualization referring to an abstract model of phenomena in the world by having identified the 
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relevant concepts of the parameters involved. Explicit on the other hand defines the type of concepts 

used, and the constraints on their use while formal refers to the machine language readability of the 

conceptualization (25). Although, ontology technologies within the broad field of artificial intelligence 

include computational ontologies that are knowledge representation mechanisms using standardized 

representations that are based on description logics (DLs). This logic of computational ontologies 

provides for the computerized capturing and manipulation of pavement analysis and design, 

computational methods in pavement design and performance requirements. Furthermore, this study 

proposes the development of a theoretical basis of computational ontologies employed in pavement 

design to ensure particular suitability towards classification. This however, is considered as a core 

function of systematics of pavement functionality during its design service life. Studer et. al. (26) 

stated that, ontology in semantic web application is the fundamental technology for domain 

modelling. Since ontology is a formal and explicit specification of a shared conceptualization it 

provides a formal, structured representation of knowledge, with the advantage of it being reusable 

and shareable. The expression of this knowledge is mainly formalized with five kinds of components 

namely: classes, relations, attributes, axioms, and instances. Ontologies have been successfully 

applied to numerous domains, including financial organizational planning and budget planning and 

execution (27), question and answering (28), human perception (29), and cloud services (30) among 

others. The application of the Java Expert System Shell (JESS) to HMA pavement will be as defined 

by Friedman-Hill (31) JESS is a Java based expert system shell developed by Sandia National 

Laboratories which was previously identified as C Language Integrated Production Systems (CLIPS) 

formulated by Giarratano and Riley (32) developed by NASA. Notably, JESS is capable of conducting 

inferences with both Forward Chaining and Backward Chaining functions, which make it compatible 

with most expert systems’ shells. Most importantly, in knowledge representation, it allows users to 

express knowledge content in both rules as well as frames with a greatly enhanced modularity 

function that raises its capability in system maintenance and efficiency (33).  

METHODOLOGY 

 

Furthermore, Akanbi, and Masinde (34) gave a report on the advancements in the field of Artificial 

Intelligence (AI), which provides the capability of developing information systems that have the 

abilities to generate inference, reasoning, and prediction (from data, which is provided). 

Considerably, information systems that have these abilities are called Expert Systems. Laudon and 

Laudon (35) defined an expert system (ES) as a "knowledge-intensive program that solves a problem 

by capturing the expertise of a human in limited domains of knowledge and experience". Notably, 

Expert Systems have been applied in a variety of areas, such as pavement engineering, structural 

design, marketing, crop science, energy systems, economics, taxonomy, and corporate financial 

rating system; and may fulfil a function that normally requires a human expert (25). Examples of the 

first-generation ES are OPS52, KEE3, and ART. For rule-based expert systems, domain expert 

knowledge being translated into a set of rules for reasoning and generating inference using 

appropriate reasoning strategies. In this paper, a Rule-Based Confidence Level for HMA Pavement 

Performance (RB-CLHMAPP) is presented. The uniqueness of RB-CLHMAPP is its integrated 



 

1181 | P a g e  
 

knowledge base and advancement in developing research and new technologies, which contains 

indigenous expert knowledge on pavement failure modes. The expert system would use a 

probabilistic reasoning technique to automatically generate inference from the ruleset in a pavement 

failure information database system. The use of probabilistic reasoning would ensure a certainty 

factor is assigned with the inferred information of safety and performance. 

The standard of pavement life performance and safety in this study is centred on the classes of 

distress models encountered and the causative mode responsible. This will be further categorized 

into different segments for analysis generated by a system of algorithmic occurrence based on 

probable outcomes. 

Operational knowledge of HMA design 

Defining a standard procedure for undertaking a logical task is very important in programming and 

logic. Since a Rule-based Expert System (RBES) uses human expert knowledge to solve real-life 

challenges in a specific domain, the domain-specific knowledge is stored in a knowledge base in the 

form of rules; and are typically created by the knowledge acquisition engineer in conjunction with the 

domain expert. Rules are expert knowledge in the form of if-then conditional statements (modus 

ponens). Consequently, for functionality, an inference engine component of the pavement expert 

systems searches for material and stiffness pattern in the input data that match performance patterns 

in the rule set to infer answers, generate predictions and make recommendations in the way a 

domain expert would. The “if” means when “the condition is true”, the “then” command means trigger 

a corresponding action. In summary, a RBES requires detailed information about the pavement 

domain and the strategies for applying this information based on design parameters to problem-

solving and generating inference. However, it is important to note that the design of pavements 

constitute various parameters, which relate to structural strength, stiffness, durability and its efficient 

performance during its design life. These variables, depending on the road design requirements, 

may include geometric pavement characteristics (layer thickness, lane width, length of curve, sight 

distances, stopping and braking distance, vertical and horizontal alignment), importantly the design 

speed, traffic loading, environmental conditions and human factors. 

DATA CATEGORISATION AND PAVEMENT ARCHITECHTURE 

The primary essence of pavement modelling is to assist in the simulation process to study the 

behaviour of the pavement as if it were already in service. In the aforementioned simulation process, 

all necessary loading parameters are assigned to the pavement and the responses being reported 

and considered for modification; i.e. where failure points are noted and structurally strengthened. 

The architecture for the pavement performance model relies on information resources (e.g. structural 

reliability of pavement systems, pavement engineering research), pavement design processes, and 

modelling inferences, pavement ontology repository and lastly a semantic indexing and decision 

support module. It is important to note that pavements make up the largest portion of the world’s 

transport infrastructure. Knowledge of analysis of pavements can be transposed in relation to 

network and project level maintenance strategies. This further emphasises the need for structured 

and well-planned pavement management systems. Recent advancements in mobile data collection 

technology has led to automated distress surveys. Automated surveys allow capturing of pavement 
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performance values from mathematical models and/or still imaging via typical pavement distress 

interpretations based on images from visually surveyed distress points.  

Pavement failure modes will be studied based on the causal effects and the necessary action to 

avert such failure modes considered. For the purpose of this study, this section is categorized in an 

architectural format that describes each component and how they individually link to each other with 

the various hierarchy of occurrence and the magnitude of damage. A syntax of relationships between 

the cause, effect and the necessary action plan will be further analysed using diagrammatic linkages 

and variable assignments. This is then categorized into data attributes to generate a data 

visualization system.  

JESS System Architecture in HMA Pavement design 

The intrinsic outcome of any pavement design is life expectancy or structural capacity which is 

based on data obtained from long-term pavement performance programs or by calibrated simulation. 

The proposed development will evaluate trends of pavement sections classification, future pavement 

conditions, effect of pavement maintenance and rehabilitation treatments, and analysis of the 

pavement treatment strategies in extending pavement the life. 

This study groups the various pavement failure modes into specific models as seen as well as 

parameters that may lead to pavement failure in the future. Table I lists the different failure models.  

TABLE I.  PAVEMENT FAILURE MODES 

Failure Modes 

Pavement Distress Pavement Deterioration 

Pavement Cracking Traffic Loading 

Pavent Distortion Environmental/Climatic 

factors 

Pavement Disintegration Drainage effect 

Skidding hazzard Material quality 

Surfacing/roughness Utility/Service cuts 

 Construction defects 

 

Furthermore, the distress model is further categorised to generate the data architecture system. The 

individual failure model class is grouped based on two categories as either pavement distress or 

pavement deterioration. A web data architecture showing the relationship between each failure mode 

is provided in the Figure 1. 
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Fig. 1. Web Data Archutecture Model for HMA pavement failure mode 

 

Information resources used by HMA design engineers differ from one region to another depending 

on the local environmental factors, design parameters, as well as decision makers in transportation 

and highway planning design (Figure 2). However, it is with regard to this that the development of an 

ontology based expert system is needed to predict the behaviour of HMA during its design service 

life. From the Web Data Architecture model, it is seen that pavement failure is inter-twinned with one 

another. The resultant of one failure mode could be as a cause or a cumulative of two modes 

together. The Web Data Architecture Model provides the excerpt for failure in HMA based on two 

major dysfunctionalities. 
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Fig. 185. An Adaptive Data Algorithm for HMA pavement design 

 

In other to populate the confidence level of a given pavement design, it is required to ascertain the 

mode of failure as this will serve as a guide to its performance during its service life. 

The decision support system for the pavement architecture will require a domain of operation with 

which it will function. In this model, the ontology repository stores all the ontological models that will 

be used in the semantic annotation module to perform the corresponding pavement analysis. In order 

to achieve the main goal of this study, an ontology describing the software development technologies 

domain will be designed in a subsequent study. 

In conclusion, the above semantics presents a common vocabulary for the development technology 

domain, this domain will include the tools, technology and equations that provide all the phases of 

the software development life cycle with support such as generating a Database Management 

System (DBMS) using a programming language.  

Furthermore, the correlation indicates that; there is a relationship between pavement distortion 

climate conditions and traffic loading. In contrast, this may be taken as an example for a simple case 

study. In complex situations, there will be a combination of several failure indicators; increasing traffic 

loading over time will result to Mode I failure (crack opening) which further develops to mode II failure 
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(Crack shear: fatigue cracking, edge cracking, reflective cracking, alligator cracks, transverse and 

longitudinal cracks) before the final pavement failure Mode III (Crack tear: visual separation acting 

normal to the plane of loading, rutting, depressions and potholes, 24).Further study will be conducted 

on individual pavement layer failure indicators with expected life performance before Mode III 

(pavement rutting, depressions, and formation of potholes)..  
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Disruptors in Transportation 
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Synopsis-The world of transportation and mobility is changing rapidly; the market share 

of Connected and Autonomous Vehicles (CAV) in different stages of development will grow 

exponentially in the next few years. Are we ready for this disruption? Is South Africa’s 

Legislation, Policy Framework, Standards, Communication Networks and the road and 

related infrastructure ready for this? 

Major disruptions will take place in the following 3 areas of transportation as we know it 

today: 

• The Automotive Industry 

• Communication Systems 

• Transportation hard infrastructure 

 
 
 
 

INTRODUCTION 

 Globally, the world of transportation and mobility is changing rapidly and the market share of 

Connected and Autonomous Vehicles (CAV) in different stages of development is growing and will 

continue to grow exponentially in the next few years. South Africa is not isolated or independent of 

these disruptive developments merely because most of these technologies are developed elsewhere 

in the world and not in South Africa.  Therefore, it will find its way onto our shores albeit slightly 

delayed from the rest of the world, but it is coming. The BIG question is, are we ready for this 

disruption? Is South Africa’s Legislation, Policy Framework, Standards, Communication Networks 

and the road and related infrastructure ready for this? This paper will look at the major disruptions 

that is taking place in the following three areas of transportation as we know it today: 

 The Automotive Industry 

 Communication Systems 

 Transport Hard Infrastructure 
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THE AUTOMOTIVE INDUSTRY 

Global Trends in the Automotive Industry 

Globally the trend is rapidly developing towards CASE Mobility, (Connected, Autonomous, Shared 

and Electric).  

 Connected and Autonomous technologies are inter-dependant as autonomous driving is 

completely dependent on communication between the vehicle and the environment around it. 

Autonomous vehicle technologies are developing together and in parallel with communication 

platforms such as 5G and various methods of sensoring. Large scale adoption of 5G is required 

and is under rapid development globally as the “new” standard for wireless technologies as 

the current top of the range 4G networks are just not fast and stable enough to support 

autonomous vehicles safely and efficiently. 

 Shared Mobility in the form of MaaS, (Mobility as a Service) is also rapidly gaining traction and 

growing. It is important to note that MaaS needs technology to function properly, a “connected 

environment” is required, people need to be connected to vehicles and vehicles need to be 

connected to infrastructure and various combinations of communication lines in between 

necessitating smart and intelligent road infrastructure. The concept of MaaS was developed 

over the past decade and following is the brief roadmap of MaaS: 

o 2006 – Idea of MaaS formed 

o 2012 – The first time MaaS was used in public in Finland 

o 2013 – Uber launched in South Africa 

o 2017 – Over 1.8 million Uber riders in South Africa since 2013 

o 2019 – Various ride sharing platforms are operating globally, the most well-known of which 

are Uber, Lyft, Bolt to name a few. 
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 Electric Vehicles 

According to the Mobility Centre for Africa’s Position Paper on the Future of Mobility (2040) 

[1], the biggest driver of this trend is climate change and the commitments that many 

countries signed under the Paris Climate Change Agreement in 2015. Whilst Tesla is 

credited with making electric vehicles (EVs) more accessible to the US market, the real 

revolution has been coming out of China. In 2017 approximately 1,2 million EVs were sold 

globally, with just over 50% of these being sold in China, accounting for 1,2% of all new 

vehicle sales in that country. China targeted sales of at least 1 million EVs in 2018 and 

outperformed their target by selling 1.26 million EVs during 2018.  

Another country that is setting the trend is Norway, with 34% of all new vehicles sold being 

EVs.   

With China holding a share of just over 50% Europe is a distant second at 26%. It is 

estimated that by 2025, 30% of all new vehicle sales will be EVs. This critical mass will 

surely drive down the purchase prices of EVs, which, together with the significantly lower 

battery costs and operating costs of EVs, will be a huge threat for ICE vehicles.  

By far the biggest impact of EVs in South Africa will be in light delivery vehicles (LDVs) and 

Public Transport rather than private vehicles as there are massive room for improvement 

in efficiencies and lowering of end-user cost. At the same time ELDVs have an interesting, 

positive impact on congestion; because of the high torque characteristics of electric motors 

they can accelerate into moving traffic more rapidly than conventional Internal Combustion 

Engine (ICE) driven LDVs. 

 

Figure 1: MaaS Roadmap (Ivan Reutener, 2019) 
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Status of Electric Vehicles (EVs) in South Africa 

The uptake of EVs in south Africa is still very low. At end April 2019 there were only a total of 973 

Electric Vehicles and 1931 Hybrid Vehicles operating in South Africa, with only 3 models of EVs 

being freely available – Nissan Leaf, BMW i3 and Jaguar i-Pace. 

The main reasons for the slow uptake of EVs in South Africa are: 

 The price of imported EVs have been and are still significantly higher than its equivalent 

ICE powered vehicle 

 Two contributing factors to the relative high price of EVs are: 

o High import Tax on EVs 

o Price of EV batteries 

 Lack of Charging Infrastructure and the phenomenon of “Range Anxiety” 

However, the lack of EV Charging Infrastructure is in the process of being addressed as the 

Charging Infrastructure has seen a rapid growth since 2018 and continuing to grow in 2019.  

The current Charging Infrastructure landscape in South Africa consists of 200 Public Charge 

Points [2] and the footprint is depicted in Fig. 2. 
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Figure 2: EV Charging Infrastructure in South Africa [2] 

 

A smart web-based Open Charge Point Protocol (OCPP) charging backbone has been developed 

for South Africa and is not proprietary dependent therefore supports all three OEMs, Nissan, BMW 

and Jaguar that has currently EVs in the South African Market. 
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The future forecast of increasing the 

market share of EVs in South Africa is looking very positive. 

Various new BEV models, at least 5, will be entering the South African market during 2019/20. 

It is estimated that the South African EV car park will increase to 145 000 units by 2025 and that 

price parity between Internal Combustion Engine (ICE) vehicles and EVs will be reached by 2023 – 

2025 which is seen by many as the “Tipping Point”. Already in 2017, international source Exane BNP 

Paribas [3] forecasted this scenario in Fig. 3. 

 

Future of Autonomous Vehicles (EVs) Globally and in South Africa 

The most notable technological developments that have affected the automotive industry in the 

past five years have been the advent of connected and autonomous vehicles (AVs) or driverless 

cars. Since Google started testing its AVs on selected public roads in 2013, the automotive industry 

players have had to take these developments seriously and in 2016 the Obama Administration 

announced a US$10 billion fund to finance research and deployment of new vehicle technology.  

Figure 3: EV Charging Infrastructure in South Africa [3] 
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In addition, the 

National Highway 

Traffic Safety Administration (NHTSA) [4], in conjunction with the US Department of Transport, 

issued regulations and guidelines for the development of connected and autonomous vehicles. The 

interest of the NHTSA comes from the fact that over 33,000 die on US national roads each year and 

it is believed that AVs would reduce these fatalities. In 2013 the NHTSA and the Society of 

Automotive Engineers (SAE) International issued a blueprint document that sought to define various 

levels of vehicle automation as depicted in Fig. 4 above. 

 Over the past years the OEMs have been adding safety features and Advanced Driver Assistance 

Systems (ADAS) to their new vehicles. These Level 3 Advanced Driver Assistance Systems (ADAS) 

aim to compensate for drivers’ shortcomings and to prevent road crashes. They include innovations 

like Adaptive Cruise Control (ACC), Blind Spot Monitor (BSM), Automotive Night Vision (ANV), Driver 

Drowsiness Detection (DDD), Traffic Sign Recognition (TSR), Autonomous Emergency Braking 

(AEB), Lane Departure Warning (LDW), Forward Collision Warning (FCW). Some of the major OEMs 

like VW, BMW, Nissan, Volvo and Ford are currently building cars with ADAS and these models are 

already available and are being tested on South African roads.  

Current legislation in most countries only caters for vehicles up to Level 3 autonomy and Levels 4 

and 5 requires a major shift in road traffic regulations. A number of US states have however issued 

regulations to allow for testing of Level 4 and 5 vehicles with very strict provisions.  

Source: Busin 

 

Figure 4: Levels of Vehicle Automation (Business Insider "This is what the evolution of self-driving 

cars looks like") 
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 As car ownership declines and ridesharing rises, AVs represent the path toward a new and 

improved city living experience. In countries with good public transport and advanced ride/car sharing 

penetration, millennials are not in a hurry to get their driving licenses. For them driving is an 

unnecessary distraction in the preoccupation with technology. 

Fig. 4 below illustrates the Victoria Transport Policy Institute’s [5] estimated deployment of 

autonomous vehicles.  If accurate, in the 2040s autonomous vehicles will represent approximately 

50% of vehicle sales, 30% of vehicles, and 40% of all vehicle travel. Only in the 2050s would most 

vehicles be capable of automated driving.  

 

 

Figure 5: Autonomous vehicle sales deployment rates [5] 

If autonomous vehicle implementation follows the patterns of other vehicle technologies it will take 

one to three decades to dominate vehicle sales (according to Litman) [6], plus one or two more 

decades to dominate vehicle travel, and even at market saturation it is possible that a significant 

portion of vehicles and vehicle travel will continue to be self-driven, indicated by the dashed lines in 

Fig. 5. 

As predicted by the Victoria Transport Policy Institute [5], autonomous vehicle implementation 

could be even slower and less complete than these predictions. Technical challenges may be more 

difficult to solve than expected, so fully self-driving vehicles may not be commercially available until 

the 2030s or 2040s. They may have higher than expected production costs and retail prices, their 

benefits may be smaller and problems greater than predicted, and technical constraints, privacy 

concerns or personal preference may reduce consumer acceptance, resulting in a significant portion 

of vehicle travel remaining human-driven even after market saturation, indicated in the graph by 

dashed lines.  

Significantly faster implementation would require much faster development, deployment and fleet 

turnover than previous vehicle technologies. For example, for the majority of vehicle travel to be 

autonomous by 2035, most new vehicles purchased after 2025 would need to be autonomous, and 
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new vehicle purchase rates would need to triple, so the fleet turnover process that normally takes 

three decades can occur in one.  

As Waymo, Google, Uber, others and the automobile industry continue to make rapid 

technological advances, it is vital that the South African government at all three levels establish 

policies, laws and regulations that account for these disruptive technologies. 

 

D Autonomous Vehicle Technologies and how it impacts on future road infrastructure: 

The different levels of autonomous features influence the future road infrastructure as elaborated on 

in Table 1: 

 

 

Graphic Level Description Effect on future road infrastructure 

 

0 No Automation 

Still completely manual control by a 

human, no specific needs from 

infrastructure other than current needs 

 

1 

Some Driver Assistance such 

as Cruise Control and Lane 

Assist 

Improved lane markings required, paint 

specifications and road marking 

technologies to be researched to allow for 

better detection by vehicle systems 
 

2 

Occasional Self-driving such 

as Adaptive Cruise Control, 

Lane Assist, Brake Assist 

Same as for Level 1 with the addition of 

more definite lane and road marking 

identification through radio frequency 

sensors, improved V2I communication 

 

3 

Limited self-driving, vehicle in 

full control in some situations, 

monitors road and traffic & 

communicate with driver 

Same as for Level 1 & 2 but in addition 

will need smart and interactive ITS with 

V2I to traffic signal controllers, road sign 

identification extensive use of in-

pavement sensors. Improvement in 

pothole repair and crack sealing required  
 

4 

Full self-driving under certain 

conditions where the vehicle 

is in full control for an entire 

trip along a specific route 

For Level 4 & 5 vehicle to everything 

(V2X) will be required, Smart ITS, 

intelligent pavements, interactive road 

signs and road markings. Consistent road 

surfaces and road textures required, 

longitudinal crack sealing need to be 

developed in such a way that the crack 

seal is not seen as a line 

 

5 

Full self-driving under all 

conditions, no driver or human 

intervention needed, no 

steering wheel 

Table 1: Levels of Vehicle Automation and its effect on road infrastructure as depicted by SAE & NHTSA [15] 
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COMMUNICATIONS SYSTEMS 

The South African Communication Networks 

According to Businesstech [7], South African current network providers are as follows: 

 Vodacom – 43,1 million subscribers 

 MTN – 30,2 million subscribers 

 Cell C – 16,3 million subscribers 

 Telkom – 5,2 million subscribers 

These networks operate on various technologies of which at present 4G is the fastest connection 

technology. 

Autonomous Vehicles and 5G - The incremental improvements of connected and autonomous 

vehicles will require not only broad internet coverage but will need it at higher speed with near-

zero latency. Current 4G networks with higher latency are one of the barriers to the realisation of 

full Level 5 autonomous vehicle (AV) technology. An autonomous vehicle is expected to 

generation about 4 terabytes of data, which is equivalent to the data generated by over 3,000 

smart phones. Not only will AV technology be dealing with sheer volumes of data, but this data 

will be coming at huge speeds, which current networks are unable to deal with. To enable vehicle-

to-vehicle (V2V) and vehicle-to-infrastructure (V2I) communications, Autonomous vehicles will 

need much faster networks and 5G networks will revolutionise this change. 

 

Big Data and Data Analytics 

The definition of Big Data is; “extremely large data 

sets that may be analysed computationally to reveal 

patterns, trends, and associations, especially 

relating to human behaviour and interactions”.  

According to IBM [8], Big Data is being generated 

continually through every digital process transmitted 

by systems, sensors, mobile devices and social 

media exchanges. Generally, this data is in an 

unstructured form, requiring cutting edge data 

analytics involving and sometimes augmented by 

machine learning to make it usable. 

 

Specifically, Big Data in the world of Transportation can be classified as follows: 

Figure 6: Depiction of Big Data as depicted by Netapp 

Blog [16] 
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 Microscopic Traffic Data which is down to the 

level of detail of individual vehicles as depicted 

in Fig. 7. 

 

 

 

 

 

 

 

 

 Macroscopic Traffic Data is a continuum of 

larger aggregated data collected over a period 

of time as depicted in Fig. 8. 

 

 

 

 

 

 

 

 

 

 Eulerian Data that is depicting fixed geographic location data whereas; 

 Lagrangian Data is the observation and collection of data along the trajectory of vehicles 

 Static Data which is collected once at a specific location 

 Dynamic Data which is live and continuously over a specific period of time 

 

The application of Big Data in the world of transportation is fixated primarily on Intelligent Transport 

Systems (ITS). Further applications of Big Data are in: 

 Weigh-in-motion, load monitoring 

 Vehicle tracking and monitoring 

 Road Safety monitoring / CCTV footage and analysis of photographic and video media 

 Speed profiling 

 Condition monitoring 

 Weather and flooding conditions 

 Structural movements and deflections 

 

Figure 6: Microscopic Data 

Figure 8: Macroscopic Data depicted by ResearchGate 

[18] 

Figure 7: Microscopic Data as depicted by Science 

Direct [17] 
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Vehicle-to-Infrastructure (V2I) and Vehicle-to-Everything (V2X) technologies and its role in South 
Africa 

What is V2I? 

Vehicle-to-infrastructure (V2I) as depicted in 

Fig. 9 is a communication model that allows 

vehicles to share information with the 

components that support the road network 

system. Such components include overhead 

radio frequency identification readers and 

cameras, traffic lights, lane markers, 

streetlights, signage and parking meters. V2I 

communication is typically wireless and bi-

directional, using dedicated short-range 

communication (DSRC) frequencies to 

transfer data. 

In an intelligent transportation system (ITS), 

V2I sensors can capture infrastructure data and provide travellers with real-time advisories about 

such things as road conditions, traffic congestion, crashes, construction areas and parking 

availability. ITS systems can use infrastructure and vehicle data to set variable speed limits and 

adjust traffic signal phase and timing to improve fuel economy and optimise traffic flow. The 

hardware, software and firmware that makes communication between vehicles and roadway 

infrastructure is an important part of all vehicle autonomous features. 

What is V2X? 

Vehicle-to-“Everything” (V2X) as published by Mahbubul Alam [9] and as depicted in Fig. 10 below 

is the transmitting of data, wirelessly, to any entity a vehicle may effect or vice versa. Traditionally 

V2X technologies used mobile networks as communication platforms but with the rapid 

development of wireless networks and the 5G technology on the horizon, these latter technologies 

becoming preferred. 

Predominantly V2X, which includes Vehicle-to-Vehicle, -Pedestrian, -Grid, and -Home, is used for 

improving traffic flows and traffic efficiency, road safety and improving electricity grid efficiency by 

flattening the peak demand. Further V2X is a critical component of the Smart Grid and Smart 

Neighbourhood concepts.  

Figure 9: V2I Communications depicted by ExtremeTech  [19] 
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TRANSPORTATION HARD INFRASTRUCTURE 

Challenges with current state of Infrastructure 

Electric Vehicles (EVs) 

The main challenge faced by early EV adopters is “range anxiety” - the fear of running out of 

charge and being stuck alongside the road. 

While “range anxiety” exists, the truth is that South Africa already has an adequate number of well 

distributed charge points in all the major centres, Johannesburg, Pretoria, Cape Town and 

Durban. Further, the EV charging infrastructure is growing rapidly and will continue to grow. 

Therefore, the real challenge faced with fast-tracking the adoption of EVs is the matter of 

education and information. 

Another fear is that South Africa’s electricity grid will not be able to cope with the additional 

demand of charging a large, continually growing number of EVs. This however is a complete 

misperception because the South African EV Charging Platform/Backbone has been designed to 

function on Smart Grid principles where the system will dictate when charging will take place when 

you charge overnight. The system will avoid charging during peak consumption periods and will 

only charge during off peak periods thus using the grid more efficiently as depicted in Fig. 11 

hereunder by Energy Atlas 2018 [10]. 

Figure 10: V2X as published by Mahbubul Alam [9] 
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A further mitigating factor is that many charge points, public and private draw their energy from 

renewable resources such as Solar installations.  

With the imminent arrival of Electric Freight Trucks in South Africa in the near future, high capacity 

fast DC charge points will have to be installed along the major freight routes such as the N3 

between Gauteng and Durban and the N1 between Gauteng, Bloemfontein and Cape Town. 

These charge points need to be installed at approximately 150km intervals which will inevitably 

result in some of these installations located at undeveloped areas without the required bulk 

electricity supply. In these instances, renewable energy sources such as wind and solar will be 

used to energize large battery banks that will have the capacity to provide a typical 150kW high 

powered DC Fast Charger with electricity. 

An alternative source of charging on the major national routes could be opportunity charging along 

certain sections of these freeways in one of the following forms: 

 In pavement embedded induction coils providing dynamic charging, on the go albeit at 

reduced speeds to increase the efficiency rating of the charging. 

 Overhead electricity powerlines on certain sections where trucks equipped with a 

pantograph can dynamically engage and charge on the go. 

Both these aspects are further elaborated on in the section below dealing with the “Future Proof 

requirement for Infrastructure and opportunities for the Pavement Engineers of the future” 

Autonomous Vehicles (AVs) 

Apart from the legislative issues, one of the main challenges to effectively deploying 

Autonomous Vehicles (AVs) in South Africa, even Level-3 AVs is the generally poor and highly 

variable condition of the different levels of road networks, National, Provincial and Local. South 

Africa’s National Road network ranks amongst the best in the world whereas the lower order road 

networks are generally not in a consistent good condition.  

Figure 11: The Case of Smart Charging as published by Energy Atlas 2018 

[20] 
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To understand the infrastructural challenges an AV faces requires the following basic explanation 

how an AV functions and the infrastructure requirements to enable is to do so. 

An AV uses 5 core components that form the autonomy function: 

 Localization (GPS / Satellite navigation) – to establish position precisely with an accuracy of 

1 to 2 centimeters. 

 Path Planning through Artificial Intelligence (AI) – using collected data and analysed data to 

decide how to manoeuvre the vehicle safely and comfortably. 

 An array of Cameras, Sensors & 3D Scanning, using LiDar - to identify obstacles, lane 

markings, other vehicles, etc. 

 On-board Computer – to analyse all collected data. 

 Electronic Control System – to control the vehicle or elements of the vehicle in the case of 

partial autonomy. 

 

Understanding these requirements, the infrastructural challenges that need to be addressed on 

South African roads are, inter-alia: 

 

 Road Markings 

Road markings are very important features for the array of cameras in an autonomous vehicle, 

even vehicles that are equipped with Advanced Driver Assistance Systems (ADAS) or 

autonomous level 2 and 3 features and functions. When the vehicle cannot sustain directional 

guidance from these road markings the autonomous features disengage and do not function. 

For the autonomous vehicle, road markings and specifically lane markings are one of the 5 

core components of vehicle autonomy requirements. A good way to describe the importance 

of road markings and what an autonomous vehicle sees as visual reference is when you 

compare it with a human driving at night; in the light on the road ahead the driver focus largely 

on road markings, centreline, lane markings and very importantly the side of the road which 

is demarcated in South Africa with a yellow line. When an autonomous vehicle loses sight or 

guidance from the road markings it is the equivalent of a human driving at night and switches 

of the headlights of the vehicle he is driving. Challenges with road marking infrastructure in 

South Africa are: 

o In many cases the road markings are old and faded or just very poorly done and on 

lower order roads sometimes completely missing 

o In the absence of road markings, the cameras of an autonomous vehicle pick up the 

edge of the road surface and use that to navigate with dangerous consequences 

o In a publication “Horizontal Road Markings and Autonomous Driving – Back from the 

Future”, H Mosbock, E Tomasz and T Burghard [11] elaborated on the importance of 

colour in road markings and the fact that yellow being a lot more difficult to detect. In 

practical tests it was constantly found that yellow lines of similar width than white lines 
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are only detected a significant shorter distance. This poses a real challenge for South 

African road markings where the side of the road is demarcated with a yellow line 

o Width of road marking lines is not consistent and wide enough and the standards for 

road markings will have to be revised. In 2018 CALTRANS (California Department of 

Transport) [13] adopted a new standard for the width of road marking lines as 6” or 

152mm wide 

 

 Longitudinal Cracks and Crack Sealing 

Due to the age and condition of the pavements and surface seals of South African roads 

longitudinal cracks are a common occurrence. The array of cameras in many cases identify 

these cracks as lines and in the absence of a definite lane marking (white line) the 

autonomous features such as “Lane Assist” picks up the longitudinal crack and follows it. A 

recent trip from Gauteng to Cape Town in a vehicle with advanced level 2 capabilities it proved 

this phenomenon scary and dangerous as the vehicle for a brief moment swerved violently in 

an attempt to follow the crack before it disengaged the crack line. 

The same scenario as above is valid for crack sealing that leaves behind a definite shiny line 

where a crack was sealed and again the array of cameras picks it up as a “line”. 

 

 Edge breaks 

In the case of edge breaks especially where the edge leaves a distinct line and in the absence 

of a yellow line depicting the boundaries of the lane travelled, the array of cameras may define 

the edge of the road as the boundary of the lane causing the same problems as stated above. 

 

 Rutting 

During recent autonomous readiness trials on South African roads it was experienced that 

longitudinal ruts in the lane travelled tends to steer the vehicle slightly to the left or to the right 

and in the event that at the same time the “Lane Assist” function takes control over the steering 

it conflicts with the steering effects the rutting is caused resulting in directional instability. In 

the contrary, significant volumes of autonomous vehicles may have a greater impact on 

pavements in South Africa that is already under severe stress because of the fact that an 

autonomous vehicle will follow exactly the same path every time, resulting in concentration of 

loads onto a very specific longitudinal strip along a carriageway. This may aggravate or fast-

track rutting. 

 

 Roughness and various pavement and surface types 
The effect of road surface types and roughness has a direct impact on an autonomous 

vehicle’s braking system as default values determine braking distances required for a specific 

speed travelled and varying IRI (International Roughness Index) conditions lowers an 

autonomous vehicle’s braking efficiency.  
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 Road signs and road markings in general 

The array of cameras identifies certain road signs and various road markings as one of the 

navigational processes and in many cases in South Africa the age and condition of road signs 

and road markings are poorly visible or non-existent and subsequently having a detrimental 

effect on the autonomous features of the vehicle.  

 

 Traffic Calming measures, local flooding of roads with geometric design or pavement defects 

potholes and other “abnormal” road features 

Various shapes and forms of traffic calming measures compounded by the phenomenon of 

potholes are all challenges facing an autonomous vehicle driving on South African roads. 

There are furthermore many roads in South Africa that are prone to localised flooding after 

heavy downpours as were experienced on major highways around OR Tambo International 

Airport and in Durban South during the past year. Extensive development through machine 

learning and artificial intelligence is required to effectively enable an autonomous vehicle to 

identify these features, to act on it and to inform the driver. Ongoing research and 

development using photographic analysis, LiDar detection and a combination of multiple 

sensors, to name a few, aims to find effective technological solutions for an autonomous 

vehicle to deal with these road features. 

 

 Absence of Road Reserve Fencing, stray animals and pedestrians 

Absence of road reserve fencing, stray animals and pedestrians walking within road reserves 
and crossing roads at random places are all common sights on South African roads. A 
constant concern is how effectively will an autonomous vehicle deals with these conditions. 
In the United States of America, 2 cases were reported during the first half of 2018 where 
vehicles in autonomous mode driving were involved in fatal accidents involving pedestrians. 
In the one case, The Guardian [14] reported an accident that occurred in a public street in 
Arizona where a vehicle driven in autonomous mode was involved in a crash in which a 
woman was critically injured and later died in a hospital.  
Extensive improvements to South African road reserves will be required to reduce the risk 
and manage the number of stray animals and pedestrians and therefore reducing the risk of 
pedestrians and animals ending up in conflict situations with motor vehicles. 
 

 Inconsistent Speed Limits and Road Signage 

Autonomous vehicles rely heavily on vehicle embedded navigational systems for detecting 
speed limits and road signage supplemented with the array of cameras that real-time detects 
and identifies road signs. In many cases in South Africa, the data sets used in these 
navigational systems does not correlate with the actual speed limits and road signs on the 
road. Either the data is incorrect or outdated. This poses the threat and will result that vehicles 
in autonomous mode may travel at the wrong speeds causing hazardous situations and/or 
conflict with other traffic.  
Much improvement is required to reflect the correct actual road signs and speed limits on 
navigational systems for South African roads. 
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In a recent study KPMG [12] determined the “Autonomous Vehicles Readiness Index” of various 

countries. The following factors were considered: 

 Policy and Legislation 

 Technology and Innovation 

 Infrastructure 

 Consumer Acceptance 

 

The Netherlands was found to be the country most ready for autonomous vehicles followed by 

Singapore in the second place and the United States in the third place. Of note is the fact that 

South Africa did not make the top twenty ranking thus emphasising the challenge South Africa has 

to overcome to become ready for these future mobility technologies. 

 

Future Proof requirements for Infrastructure and opportunities for Road Engineers of the future 

 

Electric Vehicles (EVs) 

More awareness is needed in the Engineering Design and Construction industry to ensure future 

proof designs that will provide for the needs of Electric and Autonomous vehicles. 

A greater frequency and number of charging points along routes by adding charging points at 

existing “fuel stops” and developing additional “EV Charging Stops”. 

New concepts and business models need to be developed for the establishment of commercial 

public charge points at places where a vehicle is typically stationary for extended periods such as 

Parking Garages, Shopping Malls, Hospitals and other similar locations. This opens opportunities 

for entrepreneurs, commercial brands and property owners to get involved in investing EV charge 

point facilities and use it further for branding and marketing. Many of these business models could 

include the renewable energy component as part of the configuration and business case. 

In general, whenever any transportation hard infrastructure is designed in future, it must be 

ensured that it includes EV charging infrastructure, such as static charging stations, as depicted 

in Fig. 12 below. 
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AC Pillars Charger Points           Cabinet AC Chargers                       DC Fast Chargers       

0 up to 7,4 kW                             32 A, 3 Phase, 22kW                          15 to 60kW 

 

 

Figure 12 – Typical Static Charging Facilities provided by GridCars in South Africa [21] 

 

Alternative EV charging technologies - Dynamic Charging 

Dynamic Charging brings huge research and development opportunities to the South African Civil 

Engineering industry. 

In Europe, especially Germany and Sweden, Electric Freight Trucks seem to favour the Overhead 

Dynamic Pantograph concept as depicted in Fig. 14 further below. Still early days in South Africa but 

EV Trucks are coming into South Africa and proof of it is the fact that a major logistics company 

intends to deploy EV Trucks between Durban and Gauteng on the N3 Corridor before the end of 

2019. Extensive research in South Africa is needed to determine whether we will actually need 

dynamic charging or not? However, due to the vast distances on the major freight and logistics 

corridors South African major highways may require some form of dynamic charging. 
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Another form of dynamic charging is “Inductive Highways” 

as depicted in Fig. 13, which is probably the most futuristic 

option out there.  

Wireless Induction Charging is mainly done in two ways, 

Static and Dynamic. 

In the cases of Static Wireless Charging electro-

magnetic inductive coils or plates are embedded in the 

pavements of selected and clearly demarcated sections of 

the road such as parking bays earmarked for wireless 

charging. Alternating current (AC) from the grid supplier is 

converted into high frequency alternating current which is 

then received and converted to Direct Current (DC) by 

corresponding receivers that are installed in the vehicles which is controlled by an intelligent cloud-

based charging platform. The efficiency of this type of wireless charging is high. Actual projects are 

currently employed in Europe and specific Norway. 

 

In the cases of Dynamic Charging, electro-

magnetic inductive coils are embedded in the 

pavement over a specific distance where high 

voltage alternating current (AC) from the grid 

supplier is converted into high frequency AC 

into a micro-grid which is then received and 

converted to Direct Current (DC) by 

corresponding receivers that are installed in the 

vehicles that is picking up a charge when the 

vehicle passes over these coils. Efficiency and 

transfer rates or at present not very high and 

mostly suited for opportunity type “top-up” charging for the lighter passenger vehicles. 

 

For EV Trucks much higher transfer rates 

and efficiency levels are required due to 

the sheer energy demand of these trucks.  

Electro-magnetic conductive rails 

embedded in the pavement and visible 

on the road surface is used where a 

physical arm is lowered from the vehicle 

and engaging with the embedded rail to 

transfer the electrical charge. Another 

solution for dynamic charging for EV 

Trucks is high voltage overhead 

electricity powerlines with two conductors 

Figure 13: Inductive Highways as depicted by 
Lab for Innovative Mobility Systems (LIMOS) [22] 

Figure 15: Pantograph charging by Siemens [24] 

Figure 14: Electro-magnetic coils in Inductive Highways by 

Qualcomm [23] 
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over and along a certain section of roadway. The EV Truck engages with the high voltage overhead 

electricity powerlines through a double pantograph system that transfers the electrical charge as 

depicted in Fig. 15 above. Small pilot sections are already being tested in Europe.  

A lot more research and development are needed for this to become a standard option. But it is an 

interesting perspective, roads that invisibly charge your vehicle while it’s driving! The question, will 

we need it in South Africa?  

EV Charging Technologies, in whatever form will need to be part of our future design considerations 

which brings opportunities for research and development for South Africa’s engineers, including our 

Pavement Engineers. Suitably qualified and experienced Electrical and Automotive Engineers will in 

future be collaborating on major road and highway design projects to ensure a future proof design. 

 

Autonomous Vehicles (AVs) 

South Africa’s road infrastructure needs to be made future proof and concepts to sustain and 

enhance autonomous driving technologies should be developed and incorporated into our future 

road designs. Aspects such as intelligent and consistent road markings, intelligent and interactive 

road signs and roadside furniture need to be researched and developed.  

Intelligent and interactive road markings will be one way to ensure that autonomous features are 

supported. An automotive industry suggestion is the using of highly visible lane markings and glow 

in the dark or illuminated markings to keep autonomous vehicles in their proper lanes. Some have 

suggested embedding into the road paint a machine-readable component like an RFID chip at 

predefined intervals. 

Research and development in the field of intelligent road marking technologies is required to 

determine possible applications for South African conditions and then furthermore road marking 

methods, guidelines and industry standards for South Africa will have to be developed taking into 

consideration the autonomous vehicle technologies. 

   

 

 

  

Figure 16: Intelligent and interactive road markings as depicted by “dezeen” [25] 



 

1209 | P a g e  
 

 

Road Construction and Road Maintenance methods 

Future road construction methods, guidelines and industry standards for South Africa will have to be 

developed taking into consideration the “needs” of electric and autonomous vehicles. More focus 

and detail will be required for road surface texture specifications, crack sealing and pothole repair 

methods and materials. 

 

Future Intelligent Transport Systems, V2I and V2V 

Intelligent Transport Systems (ITS) is well established and functioning well in most South African 

major cities and towns. Future ITS will go far beyond the current “connected” technologies of existing 

systems. On the one hand, ITS is well developed in South Africa and on the other hand the 

automotive industry is now developing fast into the space of expanded communication platforms with 

features listed below already available as standard features in autonomous level 2 models available 

on South African roads: 

 Cruise Control (passive, activated and de-activated by driver inputs) 

 Adaptive Cruise Control (system start taking control but still relies heavily on driver) 

 Automated braking (sensing the environment and taking action, form of communication) 

 Self-parking systems (sensing and communication with surrounding environment and actively 

taking control of steering wheel, some driver participation in executing an assisted parking 

manoeuvre) 

 Some electric vehicles available in South Africa actually has a mobile ID and actively connects to 

the mobile/4G networks with predefined communication actions during impact or cases of 

emergency 

Combining the above two scenarios and V2I and V2V technology becomes reality. 

Adding sensors and expanding CCTV camera networks, communication platforms and with the soon 

to be commercialised 5G and most of the technologies for full V2I, V2V and V2X will be possible. 

South Africa’s roads are all designed for long term lifespans, all these terms, 15yr, 20 yr or 25 yr will 

be in co-existence with fully adopted electric and autonomous vehicles therefore the future roads 

infrastructure need to be designed for these technologies and be future proof. Areas for future 

research and development includes: 

 Predictive traffic management; 

 Pavement design using data analytics of real-time data collected of a period of time in 

predictive scenario forecasting; 

 Generic open source payment platform for user-based parking, tolling, incentives to avoid 

congestion, penalties causing congestion, geofenced rates and emissions; 
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 Predicted multi-modal planning. 

Overall seen, taking an integrated approach to predictive and intelligent traffic management using 

advanced technologies, intelligent solutions and advanced communications platforms. 

 

Sensoring and collecting data from hard infrastructure 

The world of “in-pavement sensors” need to be researched and developed to the next level to include 

wireless sensor technologies and Distributed Acoustic Sensing (DAS). 

Distributed Acoustics Sensing (DAS) is an acoustics and seismic method of sensing that uses 

inexpensive optical fibre as means of communication to transmit data. A single strand of fibre 

becomes thousands of highly sensitive sensors picking up vibrations, the vibration patterns are then 

associated with certain events.  

  

 

 

Specific areas where sensoring and Distributed Acoustics Sensing (DAS) can be deployed on road 

networks and specifically future Smart Intelligent Transport Systems are: 

 Traffic flow monitoring on roads and railways with live real-time feed into a common data 

environment; 

 Vehicle detection and classification; 

 Weigh in motion; 

 Monitoring of movement of people and crowds; 

Figure 17: Depiction of sensors including Distributed Acoustics Sensing (DAS) depicted by ESEN 

[26] 
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 Detection of people, animals and any unwanted objects near airport runways, within road 

servitudes and sensitive and restricted areas; 

 Condition assessments of vehicles and rolling stock using the infrastructure, extracting 

intelligence for future smart asset management; 

 Condition assessments of roads and railway infrastructure; 

 Real-time monitoring of climatic and seismic parameters. 

In conclusion, vast research and development opportunities exist in the space of the future of 

transportation and the readiness of the South African road infrastructure. 

 

CONCLUSION 

Taking into consideration the contents of this paper and the global trends in the context of how the 

world of transportation is evolving, it is clear that we are on the cusp of one of the fastest, deepest, 

most consequential disruptions of transportation in history. 

All fossil-fuel vehicles will see a massive decline in the next 3 decades in what will be a ‘twin death 

spiral’ for the oil industry and large internal combustion engine vehicle manufacturers.  

The “tipping point” for the transition to electric vehicles will arrive over the next five years as electric 

vehicle battery ranges will surpass in general the 350km range km’s and electric car prices in drop 

below R 500 000. By 2024 the low-end models could cost the equivalent of the same fossil-fuel 

vehicle in South Africa. 

The presence of CASE Mobility (Connected, Autonomous, Shared and Electric) will become 

stronger, will attract more focus and will have a direct impact on how engineers design the road and 

related infrastructure of the future. No longer will the conventional skills set of road design engineers 

suffice, the integration with communication systems, intelligent transport systems and electronics will 

become an integral part of road and related infrastructure design. 

This brings a massive and exciting opportunity for the engineers of today to adapt and upskill in 

response to what the future will demand. 
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 Heavy Duty Asphalt Pavements and IMO (International Maritime Organization) 2020 
implications 

 

Frank Beer 

Shell Deutschland Oil GmbH, 22284 Hamburg, Germany 

 

 

Synopsis - With the International Maritime Organisation (IMO) Sulphur content reduction in 

Fuel Oil from 3,5% to 0,5% on 1st of January 2020 it is likely that crude slates will change to 

comply with this new specification. Knock on effects on bitumen quality and ultimately 

application performance are likely.  

Implementing a PG specification system in South Africa in 2018 is a clear sign for dedication 

to bitumen quality which must not be jeopardized by IMO 2020. On the contrary, by increasing 

the focus on bitumen quality it is foreseen that bitumen will still be suitable for Heavy Duty 

Asphalt Pavements.  

However, road specifications for binders are not harmonized across the African continent 

and this brings about inefficiencies in Africa’s road industry. Common specifications are 

desirable to permit manufacturers to produce binders that can be sold throughout the 

continent as is the case in Europe. The specifications should focus on the main mechanical 

aspects of binder performance, given that the pavement must withstand the climatic 

conditions and traffic loads to be experienced. 

Quality Control is pre-condition for high performance and it starts by the evaluation and 

selection of suitable crude oils for manufacturing bitumen not only after processing the crude 

oil.  

To face the ever-increasing loading of roads, bitumen needs to be modified. That can be done 

via a special production route and/or additivation. Polymer modified bitumen and hard grades 

like 10/20 for EME are designed to perform at the highest level and have a proven track record 

on Heavy Duty Asphalt Pavements. 

 

Keywords—IMO; Quality; Specification; HiMA; Heavy Duty Asphalt Pavements 
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I. WHY DO WE NEED A NEW SULPHUR CONTENT SPECIFICATION FOR MARINE FUEL OIL? 

 

The International Maritime Organization decided in 2016 to limit the sulphur content of marine fuel 

oil to 0.50% m/m with effect 1st of January 2020. Today’s sulphur limit is 3.50% m/m [1], so this will 

be a significant reduction. 

Marine fuel oil is heavy fuel oil/high sulphur fuel oil (HSFO) which is derived from crude oil distillation. 

Crude oils contain sulphur and so does heavy fuel oil. After combustion of the fuel in the engine the 

sulphur is emitted as sulphur oxides (SOx).  

SOx are among the gases that impact air quality, hence reducing sulphur and SOx respectively will 
improve air quality. World Health Organisation (WHO) data states that in 2016, 91% of the world 
population was living in places where the WHO air quality guidelines levels were not met [2]- a 
clear call for action to improve air quality. The decision to reduce the sulphur limit in marine fuel oil 
is not driven by technology or efficiency, it is purely driven by environmental aspects, which is the 
right thing to do. Bitumen is not burnt like marine fuels; hence it emits significantly lower amounts of 
SOx compared to marine fuels. However even low levels of emissions must be further reduced.  
Since the IMO decision had been communicated already in 2016, shipping companies have had 
enough time to prepare for this change [3]. Table one gives a summary of potential solutions for 
shippers: 
 

A 
Shippers can switch from HSFO to low sulphur fuel oil (LFSO), subject 
to availability and the ability for the ship engines to burn LFSO.  

B 

Shippers can switch from HSFO to marine gas oil. Only minimal 
operational changes of the engines are required to make this work. 
Marine gas oil is used as a blending component for diesel, and hence 
has a very low sulphur content. It complies with the IMO regulations but 
will probably come at a higher cost compared to HSFO. 

C 
Shippers can install exhaust gas cleaning systems (scrubbers). These 
scrubbers are designed to remove SOx from ships’ engines. In this case 
the shippers can continue to use HSFO. 

D Shippers can switch to alternative fuels like liquified natural gas (LNG) 

Table 1: Options for Shipping companies post IMO (selection) 

Whilst there are alternative solutions for shippers to cope with the IMO changes [4], what does this 
mean for refiners especially the ones producing bitumen? It is likely that refiners will change their 
crude slates from high sulphur crude oils to low sulphur crudes oils to comply with IMO regulations 
provided the metallurgy of the columns in the refinery can cope with the change. Bitumen 
producing refineries could encounter challenges as low sulphur crude oils tend to yield no, or very 
little, bitumen.  
 

HSFO is not banned as it is still required for e.g. power generation, but the overall demand will 
probably decrease. To produce HSFO a high sulphur crude oil is required. High sulphur crude oils 
are used to produce bitumen because they have a high residue yield, but bitumen has to compete 

https://www.who.int/
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commercially with HSFO. If margins for HSFO are higher than for bitumen it is likely that the 
refineries will use high sulphur crude oils for producing HSFO and not bitumen.  
 
Another option for refineries is increasing residue conversion capacity by investing in an upgrader 
of one sort or another (cokers, hydrocrackers, thermal gasification units, etc.). These conversion 
units allow the refinery to run virtually residue free if they are appropriately sized. That basically 
means that neither fuel oil nor bitumen is produced.  
 
A refinery might also choose to simply close because they are not competitive anymore. In Europe 
for example, 30 refineries have closed or stopped producing bitumen over the last 10 years5. This 
is equivalent to a loss of close to 10% of the global bitumen supply. 
 
Big and flexible refineries can and will decide to continue producing bitumen but this will mean that 
the point of supply and demand will dislocate. Multiple crude oils/crude oil slates can be processed. 
This can enable a refinery to produce bitumen economically. If this is not done in a responsible way 
it will have a negative impact on bitumen quality. Table 2 gives an overview of options for refiners. 

 

A Move to low sulphur crudes only. No bitumen production expected. 

B Increase conversion capacity. No bitumen production expected. 

C Refinery closure due to economical reasons. No bitumen production. 

D 
Refinery is deliberately producing bitumen as they are big and flexible 
enough.  

Table 2: Options for refineries post IMO (selection) 

BITUMEN QUALITY, QUALITY CONTROL, PERFORMANCE 

 

When referring to a high-quality bitumen it usually means that it performs very well in an 

application like e.g. asphalt or roofing. To produce a high-quality bitumen the following, as a 

minimum, needs to be addressed [5]: 

 Rheology 

 Cohesion 

 Adhesion 

 Durability 
Complying with a given specification doesn’t automatically mean that the bitumen is of good 

quality. With the IMO changes there is a likely scenario that refiners meet a bitumen specification, 

but the product is not fit for purpose for the application. To prevent this from happening, quality control 

of bitumen must start before the bitumen is produced and not after. Quality control has to start already 

when the crude oil for bitumen production is selected: 

                                  
5 Between the years 2017 and 2007 
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Figure 1:Selecting crude oils for bitumen manufacturing 

Only after this step the usual (frequent) quality control for bitumen starts.  

 

BITUMEN SPECIFICATIONS 

 

A specification is necessary to check if the product meets the requirements set out by the 
purchasing party. Specifications are not only important for refiners but also for end- users as they 
need to have the possibility to check if they received what they ordered. But a specification can 
also be a trade barrier. This is the case if e.g. neighboring countries or countries in one community 
have different sets of specifications for the same bitumen grade. To address this and minimise 
trade barriers Europe implemented harmonised specifications e.g. EN12591 (6).  
Very often different specifications for the same thing are unnecessary and are only maintained for 
historical reasons. The specifications should focus on the main mechanical aspects of binder 
performance, given that the pavement must withstand the climatic conditions and traffic loads to be 
experienced. 
 
The main specifications for bitumen across the globe are: 

 Penetration grade specifications 

 Performance grade specification 

 Viscosity grade specifications 
 
Penetration grade specification [6] (Example of grade 50/70): 

Penetration grade specification 50/70 

Penetration at 25 °C 0.1 mm 50-70 

Softening point Ring and Ball °C 46-54 

Flash point CoC (minimum) °C 230 

Solubility (minimum) % (m/m) 99,0 

Obligatory properties - RTFOT aged binder (Resistance to hardening at 
163°C) - EN 12607-1 or EN 12607-3 
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Change of mass (maximum, ±) % 0,5 

Retained penetration (minimum) % 50 

SEVERITY 1 

Increase in softening point (maximum) 
°C 9 

SEVERITY 2 

Increase in softening point (maximum) 
°C 11 

Optional properties - Fresh binder 

Dynamic viscosity at 60°C (minimum) Pa.s 145 

Kinematic viscosity at 135°C (minimum) mm2/s 295 

Fraass breaking point (maximum) °C -8 

Penetration index (min-max)  
°C 

-1.5 
+0.7 

Table 3: EN 12591 Paving grade bitumen specification, Europe 

 

Performance grade (PG) specifications [7] (Example of PG 58-22) 

Performance grade specification 58-22 

Maximum pavement design temperature  [° C]  58 

Minimum grading temperature  [° C]  -22 

G*/sinσ @ 10rad/s (kPa) @ T = Tmax  [kPa] ASTM D7175 to be reported 

Viscosity @ 165ᵒC ≥ 30 sec-1 [Pa.s] ASTM D4402 ≤ 0.9 

Storage Stability @ 180ᵒC (% diff in G* @ Tmax) [%] 
ASTM D7175 
TG1 MB-6 

≤15 

Flash Point (COC) [° C] ASTM D92b ≥230 

After RTFO Ageing 

Mass Change [% m/m] 
ASTM D2872 
TG1 MB-3 

≤1,0 

Jnr at Tmax [kPa] ASTM D7405 ≤4,5 

Ageing Ratio (G*RTFO/G*ORIG) °C ASTM D7175 ≤3,0 

After RTFO and PAV Ageing 

S (60s) at Tmin +10 ᵒC [Mpa] ASTM D6648 ≤300 at -12 °C 

m (60s) at Tmin  [Mpa/s] ASTM D6648 ≥0,300 at -12 °C 

ΔTc (ᵒC) = Tc,S – Tc,m  °C ASTM D7643 ≥-5 

mailto:Viscosity@60%20°C
mailto:Penetration@25%20°C
mailto:Viscosity@60%20°C
mailto:Ductility@25%20°C
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Ageing Ratio (G*PAV/G*ORIG)   ASTM D7175 ≤6,0 

Table 4:SATS 3208, South Africa Performance Grade specification (Draft) 

 

Viscosity grade specification (Example of grade AC 20): 

Viscosity grade specification AC 20 Minimum Maximum 

Viscosity@60 °C P 
D 4402 or  

D 2171 
1600 2400 

Kinematic viscosity at 135°C cSt D 2170 300   

Penetration@25 °C 1/10mm D 5 40   

Flashpoint COC ° C D 92 232,0   

Penetration index (min-max)  - - -1,5 +1 

Solubility in Trichlorethylene % D 2042 99,0   

Effect of heat and air in an asphaltic film in motion@163 °C, ASTM D 2872  

Viscosity@60 °C P 
D 4402 or  

D 2171 
  8000 

Ductility@25 °C cm D 113 50,0   

Table 5: Asphalt AC 20, Uruguay 

 

A European Penetration grade 50/70 obviously fulfills the European specification EN 12591 but 

can also comply with Performance grades and Viscosity grades. The rheological properties of 

bitumen produced in a refinery are comparable, but the way bitumen is specified across the globe 

is completely different. For refineries it is difficult to market bitumen across borders as the bitumen 

quality doesn’t change but the way bitumen is assessed does.  

Regardless of the various bitumen specifications these bitumens are not only used successfully as 

finished grade bitumen but also for modification e.g. for polymer modified bitumen for heavy duty 

asphalt pavements. Pre-condition is that the base bitumen for modification is fit for purpose.  

South Africa is currently undergoing a major change as they are moving from a Penetration grade 

specification to a Performance grade specification. Will this change the bitumen quality in a 

refinery? Probably not, but the way the bitumen is assessed will change. Some tests, especially in 

the PG specification give more information to the end user than others. All tests conducted e.g. in 

a Dynamic Shear Rheometer (DSR) allow users to assess bitumen stiffness as well as its viscous 

and elastic behavior in a wide range of service temperatures. This is especially interesting for 

modified binders as some rheological properties can be related to the performance of asphalt. 

 

 

mailto:Viscosity@60%20°C
mailto:Penetration@25%20°C
mailto:Viscosity@60%20°C
mailto:Ductility@25%20°C
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HEAVY DUTY ASPHALT PAVEMENTS 

 
Asphalt pavements, especially heavy-duty asphalt pavements need high performance bitumen.  

 

 

Picture 1: Heavy Duty Asphalt Pavements. Source: Shell Brand Assets 

This can be very hard bitumen, a very special product available in only a few refineries, or 

modified bitumen. The following examples will demonstrate that heavy duty asphalt pavement 

across the globe can be designed irrespective of the specification of the base bitumen.  

 

A. High Modulus Asphalt Mixtures (HiMA) 

 

The concept of High Modulus Asphalt Mixtures was developed more than 30 years ago in France 
[8]. These kinds of mixtures are also known as EME (Enrobé à Module Elevé). They are mainly 
used for major roads and highways. The high stiffness and fatigue resistance are achieved by a 
special asphalt mixture design combined with a special binder. 
An example for a HiMA in South Africa is the N3, Section 3 Sanctuary Road I/C to Section 4 
Cedara I/C.  
 

Percent 
passing 
sieve size 

D=10 D=14 D=20 

Min Target  Max Min Target  Max Min Target  Max 

6,3mm 45 55 65 50 53 70 45 53 65 

4,0mm  52  40 47 60 40 47 60 

2,0mm 28 33 38 25 33 38 25 33 38 

0,063mm 6,3 6,7 7,2 5,4 6,7 7,7 5,4 6,7 7,7 

Table 6:Target grading curves and envelopes for EME base course (European sieve sizes) [9] 

 

The EME D14 was designed according to table 6 and laid at a thickness of 70mm. The average binder 
content was 5,8%.  
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Picture 2: N3, South Africa, Source: Shell South Africa 

The bitumen used was a Performance grade bitumen PG 76-10 respectively a 10/20 Penetration 

grade bitumen.  

B. Container terminal, Germany 

Loads on container terminals are extreme and it is difficult to find a sustainable solution. The 

highest loads/stresses are found in the areas where container carriers roll over a parked truck and 

either unload or load the truck with a full container [10]. The trucks are directed onto a narrow, 

specifically marked position. These areas have been paved with a special asphalt and have 

outperformed every other solution. 

 

Picture 3: Container terminal Hamburg, Germany. Source: Shell Germany 
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SMA 0/11 S 

  Unit 40/1 40/2 41/1 41/2 Average 

Binder Content M.-% 6,3 6,3 5,8 5,9 6,1 

Softening Point Ring and Ball  °C 90,0 90,2 89,4 89,0 89,7 

Elastic Recovery % 70 70 72 70 70,5 

< 0,09mm Sieve M.-% 10,4 10,7 10,7 10,8 10,7 

> 2mm Sieve M.-% 79,6 76,3 75,0 74,3 76,3 

Void content Marshall specimen Vol.-% 3,0 2,5 3,5 3,0 3,0 

Marshall Stability KN 11,5 13,0 13,5 13,5 12,9 

Void content Pavement Vol.-% 3,7 3,9 3,3 3,3 3,6 

Degree of Compaction % 99,7 103,5 100,3 99,7 100,8 

Rut Depth, 50°C 1 mm 3,2 - 2,2 - 2,7 

Rut Depth, 60°C 2 mm - 1,0 - 1,5 1,3 

max. thermally induced tensile 

strains N/mm² -  

 

3,156 - - 

Breaking Temperature °C - - -18,9 - - 

 1 Steel wheel, Water      2 pneumatic wheel, Air 

Table 7: Characteristics of the SMA 0/11S after 7 years in service 

    
Asphalt Binder Course  0/16 S  

  Unit 40/1 40/2 41/1 41/2 i.M. 

Binder Content M.-% 4,3 4,3 4,3 4,6 4,4 

Softening Point Ring and Ball  °C 92,2 92,3 93,2 87,8 91,4 

Elastic Recovery % 68 70 68 76 70,5 

< 0,09mm Sieve M.-% 7,8 8,0 8,0 8,2 8,0 

> 2mm Sieve M.-% 72,2 72,1 72,2 69,8 71,6 

Void content Marshall specimen Vol.-% 6,6 5,3 5,6 5,5 5,8 

Marshall Stability KN 12,0 17,0 16,5 17,0 15,6 

Void content Pavement Vol.-% 4,6 3,3 5,7 4,0 4,4 
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Degree of Compaction % 102,2 103,5 99,8 101,6 101,8 

Rut Depth, 50°C 1 mm 2,4 - 1,6 - 2,0 

Rut Depth, 60°C 2 mm - 1,1 - 1,1 1,1 

max. thermally induced tensile 

strains N/mm² - - 3,491 - - 

Breaking Temperature °C - - -18,7 - - 

 1 Steel wheel, Water      2 pneumatic wheel, Air 

Table 8: Characteristic of the Asphalt Binder Course after 7 years in service 

The base bitumen used was a Penetration grade bitumen modified with polymers and waxes. 

C. Racetrack San Juan circuit, Argentina 

 

Racetracks require a very good surface regularity, a high value of skid resistance and enough 

cohesion to resist extremely high shear forces. For these kinds of applications special binders are 

required having: 

 An increased resistance to fretting through surface shear stress 

 Increased stiffness modulus at in-service temperatures 

 Improved resistance to surface deformation 

 Excellent cohesion and adhesion properties 
Generally, racetracks are surfaced with asphalt. The picture below shows the Villicum circuit in 

Argentina. 

 

Picture 4:Villicum circuit (San Juan), Argentina, Source: Shell Argentina 

Asphalt Type  MAC F10 

Binder 
Content  

% 5,2 

Density g/cm³ 2,352 

Void content % 5,5 
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VAM % 17,8 

Table 9: Asphalt characteristics MAC F10 

 
 

Slab number Binder content Rut Depth Rut Depth 

1 5,2% 1,36 mm 2,7% 

2 5,2% 1,29 mm 2,6% 

    

Average 5,2% 1,33 mm 2,7% 

  
Table 10: Results Wheel Tracking Test (WTT) 

Picture 5:Wheel Tracking Test, Source Shell Argentina 

The base bitumen used was a Viscosity grade bitumen (AC 10) modified with polymers. The 
finished polymer modified bitumen complies with a PG 76-28.  
 

D. Hong Kong-Zhuhai-Macau Bridge 

 

Bridge decks, especially steel bridge decks must be extremely flexible and need to withstand high 

stresses at the same time. This is certainly the case for the 55-kilometre long Hong Kong-Zhuhai-

Macau Bridge- the world’s longest sea-crossing bridge. It has three sections: the main bridge section, 

the tunnel section and the Hong Kong section. Located in a high-temperature, high-salt marine 

environment, and being a suspension bridge with many additional challenging factors, such as the 

long span and complex stress conditions, the Hong Kong-Zhuhai-Macau Bridge project was already 

highly predisposed to vibrations and deformation. In addition, the bridge deck is bidirectional with six 

lanes and the steel box girder is twice as wide compared to average bridges, creating even greater 

chances for deformation. 
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Picture 6: Hong Kong-Zhuhai-Macau Bridge, Source: Shell China 

For the steel bridge deck a three-layer system was used. On top of the waterproofing layer a 

protective layer of 30-35mm Mastic Asphalt was applied. For the asphalt surfacing a Stone Mastix 

Asphalt (SMA) with polymer modified bitumen was used. The thickness of the SMA amounts to 

45mm.  

Per day a maximum of 1200t of Mastic Asphalt and 4000t of SMA were laid.  

The base bitumen used was a Penetration grade bitumen modified with Polymers and additives. 
The finished polymer modified bitumen complies with a PG 76-22.  
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CONCLUSIONS 

 

The new IMO regulations on sulphur content of marine fuel oil will not only have an impact on the 

shipping industry and refineries but also on the quality and quantity of bitumen in most places in the 

world. Bitumen will still comply with the basic specification, but its quality will fluctuate and might not 

be fit for purpose anymore, unless the supplier has a strong commitment to bitumen manufacturing 

and bitumen supply. Bitumen suppliers who: 

 

 Have a sound and proven understanding of bitumen, its composition and performance in 
asphalt 

 Have the competences to modify bitumen to improve its performance and provide solutions 
to the asphalt industry’s problems 

 Have access to a wide range of supply sources 

 Have the logistics to ensure supply reliability 

 Have a strategic interest in bitumen 
 

are most likely reliable partners even after the implementation of the new IMO regulation beginning 

of 2020. 

With responsibly manufactured bitumen it will still be possible to produce the highest quality 

asphalt pavements as well as heavy duty asphalt pavements. Specifying these bitumens will still be 

necessary but harmonised specifications containing rheological properties would not only be 

beneficial for refiners but also for the asphalt industry. 

For South African Petroleum Refineries (Pty) Ltd (SAPREF) we don’t foresee any major changes in 

terms of product quality and/or production capacity for Bitumen post IMO regulations 

implementation.  
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Synopsis—The asphalt construction sector is being flooded with new technologies that 

support the asphalt construction process using big data and data analytics. An advantage 

of using the collected data is that it makes asphalt construction operations more explicit in 

terms of their structures and interconnections. Operation execution in relation to real-time 

site conditions, the operational behaviour of involved personnel and features of used 

materials, become less ambiguous. This enables contractors to decrease process variability 

that exists within civil construction projects and asphalt construction operations. Also, a 

better understanding of construction operations and possibilities to translate them into 

algorithms, opens the stage for further process automation. Although, the automation trend 

is present implicitly in the area of pavement construction, it is barely defined in terms of 

metrics, standards and use protocols when compared to the Unmanned Aerial Vehicles 

(UAV) industry and widely used metrics of autonomous control levels (ACL). Therefore, a 

framework is presented that can be used to define autonomy classification (autonomy levels) 

for the asphalt construction industry. Firstly, current levels of automation are assessed in 

state-of-the-art on-board solutions that are produced by machine manufacturers or 

proposed by academia, through the evaluation of operator and machine responsibility and 

involvement. Secondly, the barriers for wider autonomy implementation in current state-of-

the-art solutions are determined. Lastly, a framework is proposed for designing an 

architecture of a system to move towards higher levels of automation. 

Keywords—asphalt construction; real-time condition assessment; operator support 

system; autonomy levels. 
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I. INTRODUCTION 

 

An increase in the construction of newly paved roads [1] coupled with maintenance and 

rehabilitation requirements necessitates enhanced construction operations in order to increase road 

lifecycle and decrease possible road failures. Conventional asphalt construction processes are very 

equipment-intensive, meaning that the successful completion of processes requires the use of 

various heavy equipment such as pavers and compactors. Unlike many other counterpart industries, 

activities of heavy equipment in asphalt construction processes are highly interdependent and 

interconnected. This high interdependency introduces a considerable degree of variability in the 

outcome of processes, making process control difficult. High process variability inextricably 

prejudices the as-planned delivery of projects in terms of projects’ schedule and quality of the final 

product, the constructed road. However, recent advancements in information technologies have 

brought an opportunity to employ different smart solutions [2 to 6] to support operators of heavy 

equipment (paver and roller operators) in the construction process. These operator support solutions 

harness the power of sensor technologies and data analytics to collect, process and present a wide 

range of process related information including machinery locations and project progress to 

appropriate operators on site in a timely manner. The development of these support systems has 

been a major step towards reducing construction process variability. However, current support 

systems that have been developed for machine operators focus on these operations separately and 

independently. An example is that paving or compaction operations are considered separately and 

treated as such during the construction process. This approach ignores the intricate interplay 

between paving and compaction operations. Moreover, it neglects interconnections between the 

asphalt construction process, product quality and the operator’s behaviour. In other words, these 

systems exclude the interdependencies between the operations on site and the quality of the final 

product, which leads to inaccurate assumptions about on-going and final construction project results. 

Apart from research initiatives, the evolution of construction machines and the development of 

new support systems has been led by machine manufacturers. The available solutions can be 

categorized into two major classes. In the first, the focus of the systems is aimed at the control of 

asphalt paving operations [7 to 11]. Sub-classes that can be differentiated within this class are 

systems that provide a 3D road profile or systems that visualize a thermal road profile. The systems 

do not account for compaction operations performed by a set of rollers, thus, can be inaccurate in 

the analysis of the collected data. In the second class [12 to 21], the support systems focus on 

compaction operations. These, and solutions from the first class, are partially process independent 

and rely on process related data that is only collected from the corresponding construction machines 

(i.e. rollers). The narrow focus of the second-class solutions negatively impacts systems usability 

and practicality due to missing information from paving operations. Altogether, industrial solutions 

introduce the same approach for system development that eliminates interconnections between 

paving and compaction operations and the quality of the final product. 
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In applying different support systems during asphalt construction processes, operators need to 

process a huge amount of process related information. As the project’s complexity grows, so does 

the amount of information. The plethora of information makes it difficult for operators to (1) find the 

relevant information for their tasks and (2) analyse, process, and translate this information into 

actions. One of the possibilities to overcome drawbacks of current solutions and challenges that are 

expected in future in the area of asphalt construction (e.g. the growth of process related information), 

is to bring more automation on site. To do so, the first step is to cope with a dearth of existing effective 

metrics and taxonomies to determine a support systems autonomy level. In other words, where are 

the current solutions in terms of autonomy and what are the steps that need to be taken to move 

within different levels and from one level to another? 

Motivated by the above-mentioned gaps in the research, this paper presents a comprehensive 

framework for (1) autonomy classification (autonomy levels) in the asphalt construction industry and 

(2) developing an architecture for a real-time system that integrates data from various sensors, 

holistically covers process related operations and can help operators develop effective working 

strategies with the aim of reducing process variability. 

 

AUTOMATION IN ROAD CONSTRUCTION 

Necessity of taxonomy 

The capabilities provided by current asphalt construction support systems, that are proposed by 

academia or exist as current market solutions, can have a significant impact on the usefulness and 

satisfaction provided by a system. Traditionally, the development of support solutions in the area of 

asphalt construction has been focused on the explication of process related parameters driven by 

the demand of process variability reduction. However, the ever-increasing amount of data that is 

presented to the system end-users, the construction machine operators, has started to limit users’ 

performance due to overwhelming data streams. Therefore, the goal of further system design can 

be shifted towards automation of specific parts of the process or whole operations. To be able to 

identify current challenges that face researchers and developers in an area of support solution for 

asphalt construction, it is necessary to classify the research on asphalt construction support solutions 

conducted to date. The definition of a clear taxonomy at the very beginning or at an early stage of 

the systems evolution track inevitably helps in future design and development activities, providing a 

clear roadmap for steps that need to be taken or achieved to reach the next system evolution level. 

As a first step in the synthesis of a new classification, areas can be studied that are very well 

classified and far more mature in terms of established autonomy levels and used taxonomies (e.g. 

aviation, automotive industry). 
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Where can asphalt construction borrow from for a taxonomy definition? 

Aviation 

One of the pioneering areas with a sophisticated definition and clear implementation of 

autonomous metrics for computer-based systems is aviation. The cornerstone research was 

undertaken in the area of automation in air traffic control (ATC) [36], where researchers proposed a 

10-point scale, with higher levels representing increased autonomy of computer over human action 

(Fig. 1). 

10. The computer decides everything, act autonomously, ignoring the human.

9. informs the human only if it, the computer decides, to

8. informs the human only if asked, or

7. executes automatically, then necessarily informs the human, and

6. allows the human a restricted time to veto before automatic execution, or

5. executed the suggestion if the human approves, or

4. suggests one alternative

3. narrows the selection down to a few, or

2. the computer offers a complete set of decision/action alternatives, or

1. the computer offers no assistance: human must take all decisions and actions.

HIGH

LOW  

Figure. 1. Levels of automation of decision and action selection, adapted from [36] 

Elaborating on this scale, Parasuraman et al. [37] suggested four broad classes of functions: 1) 

information acquisition; 2) information analysis; 3) decision and action selection; and 4) action 

implementation, to which automation can be applied. In addition, the introduced scale and defined 

classes have been widely used in the process of developing intelligent autonomous agents for 

Unmanned Aerial Vehicles (UAV) control systems, specifically for the clear specification of 10 

Autonomy Control Levels (ACL) for UAV [38, 39]. 

 

Autonomous cars, related metrics 

In the area of autonomous cars, the most proactive initiative with a clear definition of levels of 

autonomy was proposed by The National Highway Traffic Safety Administration (NHTSA) [40] and 

later implemented by the Society of Automotive Engineers (SAE) [41]. The proposed scale (Fig. 2) 

introduces six levels of autonomy for cars, starting from no automation and reaching fully 

autonomous cars with intermediate levels, where an on-board solution can assist the driver with 

varying degrees of responsibilities that the system takes from the human operator. 

Level 4

High Automation

Level 0 Level 1 Level 2 Level 3

Conditional AutomationDriver Assistance Partial Automation

Level 5

Full AutomationNo automation

Zero autonomy, the driver 

performs all driving tasks.

Vehicle is controlled by the 

driver, but some driving 

assist features may be 

included in a vehicle 

design. 

Vehicle has combined 

automated functions, like 

acceleration and steering, 

but the driver must remain 

engaged with the driving 

task and monitor the 

environment at all times.

Driver is a necessity, but is 

not required to monitor the 

environment. The driver 

must be ready to take 

control of the vehicle at all 

time with notice.

The vehicle is capable of 

performing all driving 

functions under certain 

conditions. The driver may 

have the option to control 

the vehicle.

The vehicle is capable of 

performing all driving 

functions under all 

conditions. The driver may 

have the option to control 

the vehicle.

 

Figure. 2. SAE levels of autonomy, adapted from [41] 
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Construction examples 

Lagging a bit behind the ''group leaders'' in the definition and implementation of autonomous 

metrics, researchers and developers in construction also provide some ideas of classifications that 

can be implemented by other areas. 

Full 

Autonomy

No local supervision 

(Remote supervision or 

artificial intelligence)

Guidance Coordination & 

Optimization

Operator 

Assisted 

Autonomy

Supervised 

Autonomy

In-field supervision of 

unmanned vehicles

All manned vehicles Manned back-upAll manned vehicles

 

Figure. 3. CASE IH automation, adapted from [43] 

For example, based on extensive interviews with construction machine manufacturers Anderson 

[42] suggests a broader scale for the automation process on construction sites, where several 

generation of future support systems can be developed (from the automation of machine parts to 

fully autonomous/intelligent construction sites). Case IH, one of the oldest manufacturers of 

machines for the agricultural sector, offers a five-level scale for the automation of field fleet. In this 

scale (Fig. 3) an operator of the machine will be guided by the system at the first level. The next 

levels (from 2 to 4) will introduce different degrees of assistance for the operator during his working 

activities. The last level (5) will represent fully autonomous operations in the field. 

 

ASPHALT CONSTRUCTION PROCESS AND CURRENT MONITORING APPROACHES 

 

The asphalt construction process is performed by pavers and compactors with the main goal of 

achieving an appropriate level of density of the asphalt mixture. Rudimentary rollers have been 

present on construction sites for a long time before the first mechanical asphalt mixture spraying 

machine (paver/finisher) was introduced to the asphalt industry [23]. Pavers immediately became 

more popular among practitioners through placing the asphalt mixture more rapidly and with greater 

uniformity. Ironically, linking and coupling paving directly with compaction operations has seldom 

been considered. This has formed a mindset for decades of asphalt machinery evolution and framed 

most asphalt construction process control initiatives. 

Since the early 1980’s when the first prototype GPS system for compaction operation was 

presented by GEODYN [24], significant improvements in sensors technologies have allowed a shift 

from cumbersome systems that were very complex to install on a construction site and were very 
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sensitive to the environmental conditions [25], towards uncomplicated, more robust and smaller 

solutions [26 to 28]. 

A new era of system development was marked by the ‘Intelligent Compaction’ (IC) trend from 

2000 onwards, where researchers mainly focused on types of information to retrieve from the roller 

by adding different sensors and on prediction algorithms for mixture density and the number of roller 

compactor passes. For instance, the Compaction Tracking System (CTS-III), proposed by Oloufa 

[28], assumed that roller frequency, wheel load and roller speed are constant parameters. The major 

factors that the system analyzed were the number of roller passes and the surface temperature of 

the asphalt mat. Thinking differently, Briaud [29] introduced a system that controlled different 

compaction parameters for the roller such as: drum vibration, amplitude, frequency and working 

roller speed (impact distance). The main advantage of the proposed solution was the instantaneous 

and complete evaluation of the compaction zone. Xu et al. [35] showed that IC systems could help 

improve roller patterns and identify weak or soft areas in the pavement layers. The Compaction 

Monitoring System (CMS) by Kassem et al. [2], also mainly focused on the compaction process 

where a set of sensors such as Differential Global Positioning System (DGPS), a temperature 

sensor, and an accelerometer were used to identify the vibration during compaction. 

An ongoing challenge in asphalt construction is the real-time measurement of density during 

construction. To this end, an Onboard Density Measuring System (ODMS) was proposed by 

researchers in [32 to 34]. This measuring system focused on the density measurements in real-

time. The system showed a higher accuracy in comparison to the nuclear density gauge, providing 

the contractor with the ability to recognize and correct compaction problems immediately during the 

construction process. Although developers of ODMS system considered compaction in a holistic 

manner by implementing density prediction, this work has not made a significant step towards a 

new generation of asphalt support systems. 

Recently, more examples of the practical implementation of IC were highlighted by Gallivan et al. 

[30]. Extensive IC field validations provided a base for Quality Control (QC) and Quality Assurance 

(QA) specifications [31] that could be used by contractors and public clients. 

An analysis of the aforementioned development efforts shows a main drawback. The proposed 

solutions mostly focus on compaction. Also, Xu et al. [4] identified the following critical problems 

with IC in relation to Quality Control and Quality Acceptance (QC/QA): (1) the on-board computer 

on a compactor does not supply sufficient post-data analysis; and (2) the IC compactor is unable to 

directly measure the mixture density resulting in possible inaccuracies in the results of the 

measurements made during construction. 

Academia is not alone in the development of asphalt construction support systems. Machine 

manufacturers and related companies that produce solutions useful for the asphalt construction 

process have committed to this cause. Table 1 presents participants that continuously introduce 

their support solutions for the asphalt construction industry [7 to 21]. 
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TABLE 1. INDUSTRIAL SOLUTIONS FOR ASPHALT CONSTRUCTION PROJECTS 

Company Solution Name Solution domain 

Caterpillar 3D asphalt paving [7] Paving 

Leica Leica iCON pave asphalt [8] Paving 

Moba PAVE-IR [9] Paving 

Trimble PCS900 3D [10] Paving 

Vögele RoadScan [11] Paving 

Ammann ACEpro+ and ACEforce+ [12] Compaction 

Atlas / Copco-
Dynapac 

Compaction control and documentation system 

Dyn@Lyzer [13] 
Compaction 

Bomag BCM start / BCM 05 /BCM net [14] Compaction 

Caterpillar CAT® Compaction Control Technologies [15] Compaction 

HAMM HAMM Compaction Quality (HCQ) [16] Compaction 

Sakai Compaction Information System 2 (CIS2) [17] Compaction 

Topcon C-63 intelligent compaction [18] Compaction 

Trimble Trimble Compaction Control System (CCS900) [19] Compaction 

Volvo DENSITY DIRECT™ [20] Compaction 

Völkel VCC-Völkel Compaction Control [21] Compaction 

 

While the industrial solutions which are currently on the market are useful, they appear to have 

the same drawbacks as solutions from academia. The main focus of the systems is either on paving 

or compaction and not both. The other disadvantage is that the solutions are 'black'-boxes for the 

end user, where the customer (asphalt construction company) is unable to improve the system, to 

change it or to be able to use it from their own operational perspective. What more, the systems are 

closed for system integration and the customer has to use several solutions to control data from all 

phases of the asphalt construction process. Also, most systems have not changed much from the 

1990’s in terms of data collection, storage and visualization. On a more positive note, manufacturers 

have of late developed systems that enable several roller compactors’ data to be visualized 

individually and mutually in order to obtain an accurate overview of all compaction activities. Also, 

several sensors have been added to recent models including those for measuring the mat 

temperatures. However, data collected from these sensors should be treated with caution since the 

surface temperatures of the mat could be inaccurate due to the water used by the roller drums. In 

addition, the internal temperature of the asphalt mat is not considered despite it being important [44]. 

Overall, most academic and industrial initiatives still focus on asphalt construction process 

operations (paving and compaction) separately and do not consider the relations between these 

operations that can cause greater variability in ongoing activities and final product quality. Yet, a few 
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initiatives have recently focused on connecting paving and compaction operations. Kuenzel et al. [3] 

presented the SmartSite project where agent models were developed for the paver and all rollers on 

a construction site. One of the advantages of the proposed solution was the determination of the 

core temperature of the asphalt layer. Although the authors stated that to determine the core 

temperature of the asphalt layer, they used a combination of asphalt thickness measurements and 

surface temperature of the asphalt mat obtained from the compactor, it is unclear what methods and 

models were used. Based on the locations of the machines and the known temperature of the asphalt 

layer, the SmartSite agent defined where the vibration mode should be turned on/off as well as the 

location for changing the direction of the compactor. The SmartSite developers also identified strong 

relations between the paver’s speed and compaction patterns. Also, Chang et al. [22] stressed the 

importance of coupling the collected data obtained from different industrial support systems that are 

installed on construction machines used simultaneously during construction. Although the first steps 

have been made to consider the entire asphalt construction process in terms of leveraging and 

coupling data from both construction operations, further research is needed to design a more 

comprehensive architecture for a new generation of support systems. 

 

PROPOSED AUTONOMY LEVELS FOR ASPHALT CONSTRUCTION 

 

Based on the available scales and metrics for the aviation and automotive industries, autonomy 

levels are proposed for asphalt construction projects (Fig. 4). Level 0, or the level with no automation 

implies the absence of any support systems on board of construction machinery. At this level of 

autonomy, the operator of a paver or roller is fully responsible for decision-making made over the 

working pattern and chosen strategy. Level 1 refers to solutions that are added to machines mostly 

with the aim of collecting certain process related data using different sensors and further presenting 

the data to operators. At this level of autonomy, operators have to analyse the raw data on the fly 

(engaged control) and make operational decisions. At Level 2, a processing unit converts the raw 

data collected from sensors into actionable guidance or cues for operational strategies. At this level, 

while operators will oversee their own operations (i.e. translating guidance to actions), they are 

expected to fully comply with the provided guidance fully (i.e. disengaged control). Level 3 represents 

semi-autonomous systems. At this level, the support systems partially take over the execution of 

some actions (e.g. adjusting the screed of the paver during paving operations). These systems (like 

autopilots in aircraft) would require the interference of the actors in the execution of certain (more 

sensitive) operations. Like the previous level, the operators are expected to comply with the provided 

guidance (disengaged control). Finally, Level 4 brings fully autonomous construction equipment (i.e. 

fully automated construction sites). 
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Level 4

Autonomous construction 

operations, disengaged monitoring 

of machine operators

Level 0 Level 1 Level 2 Level 3

Semi-autonomous construction 

operations, disengaged control of 

machine operators

No automation

Operator assistance with raw 

process related information (no 

guidance, engaged control)

Operator guidance during paving 

and compaction operations

 

Figure. 4. Autonomy levels in asphalt construction projects 

Fig. 4 therefore defines a vocabulary that provides uniformity and consistency in the 

representation of autonomy levels that can be used by researchers and developers in their future 

developments. In the following section, by further utilizing the proposed taxonomy for current systems 

and solutions in the area of asphalt construction support systems, a starting point for the 

development of a future solution can be determined to guide future design and development efforts. 

 

RELATION OF CURRENT ASPHALT SUPPORT SYSTEMS TO THE DEFINED AUTOMATION TAXONOMY 

 

To be able to mitigate and overcome the drawbacks of current solutions that are proposed by 

academia and industry for asphalt construction process support, the systems’ affiliation and 

classification have to be related to the previously identified levels of autonomy. 

Level 4

Autonomous construction 

operations, disengaged monitoring 

of machine operators

Level 0 Level 1 Level 2 Level 3

Semi-autonomous construction 

operations, disengaged control of 

machine operators

No automation

Operator assistance with raw 

process related information (no 

guidance, engaged control)

Operator guidance during paving 

and compaction operations

Timeline
1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

GEODYN MACC
Tracking 
pavement 

compaction

CIRC CTS-III CMS

SmartSite

ACE 

(Ammann)

BCM 

(Bomag)

RoadScan 

(Vogele)

CCT 
(Caterpillar)

HCQ 

(HAMM)

VCC 

(Volkel)

...

 

Figure. 5. Placement of current asphalt construction support systems on the autonomy scale 

According to the proposed autonomy levels definition, all current initiatives in the area of asphalt 

construction control and support systems can be placed or spread among Level 1. The sensors (e.g. 

density or temperature gauges) and systems that were added to construction machines by 
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manufacturers or researchers for the purpose of collecting, further post-processing and analyzing 

specific parameters of construction operations can be considered as solutions at Level 0 (Fig. 5). 

The systems and solutions that have capabilities for pre-processing and presenting the obtained 

process related information to machine operators are concentrated at Level 1 (Fig. 5, e.g. the 

Compaction Monitoring System (CMS), HQC, RoadScan). With the usage of such systems during 

construction, operators are fully responsible for the decisions they have made, or they are planning 

to make over operational strategies and working patters based on the given data. In this case the 

support system is only duty-bound to be accurate process related data. Although there is a variety 

of proposed solutions at the first level of autonomy, these systems have the drawbacks mentioned 

earlier, e.g. they focus only on construction equipment and tools, and track the different activities 

separately and independently. To provide asphalt construction teams with a new generation of 

systems that tracks and links all asphalt construction machines, a new type of architecture with the 

appropriate working algorithms need to be designed. The following section focuses on a general 

description of a possible system structure that can be implemented in an upcoming generation of 

support solutions for asphalt construction support. 

 

MOVING FROM LEVEL 1 TO LEVEL 2 OF AUTONOMY 

 

Project conditions 

module

Paving operation 

module

Compaction 

operation module

-Environment conditions (e.g. weather)

-Asphalt mat cooling process

-etc.

 

Figure. 6.  Asphalt construction support system generic architecture, Level 1 of autonomy 

As defined previously, the Level 2 setup boundaries around systems and solutions that will 

translate collected process related data into actions by providing a new type of support for machine 

operators on the construction site viz. guidance. At this level of autonomy, a support system will take 

care of responsibilities for real-time data analysis related to certain process operations. To be able 

to design an appropriate system architecture at this level of autonomy, the intricate correlation and 

interplay between construction operations, operators’ behavior (working patterns) and final quality of 

the constructed road needs to be taken into account. In other words, more meaningful support should 
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be provided to the operators, in terms of how a particular operation can be executed, with better 

understanding of the impact of operators’ actions on the progress of the construction operations and, 

in turn, the effect of various operations on the quality of the product. Therefore, an effective asphalt 

construction support system should be able to (1) dynamically and holistically capture the entire 

construction process in terms of operators’ behavior, performed operations and product, and (2) 

capture the interplay between these elements to provide meaningful support to the operators in real-

time. Fig. 6 represents a modular structure of the proposed support system that holistically covers 

the main asphalt construction process operations. The presented architecture consists of three 

modules, namely: Paver module, Roller module and Project conditions module. All modules are 

interconnected, where the module related data present corresponding construction operations 

(paving, compaction) or general project information, such as the environmental conditions (ambient 

temperature, wind speed) and material conditions (temperature of the asphalt mixture at time of 

delivery and during construction operations). 

Begin of asphalt 

construction project

Collection of 

Compaction operation 

related data

Collection of paving 

operation related data

Processing and 

analysing of obtained 

process related data

Processing and 

analysing of obtained 

process related data

Roller operator supportPaver operator support

End of the 

construction 

process?

No

Yes

End of asphalt construction 

project  

Figure. 7.  Algorithm for working procedure of a new support system on site 
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The flowchart in Fig. 7 shows a proposed working algorithm for the support system that can be 

implemented during system development. 

Data can be collected from a variety of sensors (GPS, temperature scanners, cameras, ground 

penetrating radar). During the main loop the data from paving and compaction operations are 

obtained and analyzed in real-time for every predefined time step. The processed data is then 

converted into guidance, such as appropriate paver and roller speeds, and presented to specific 

machine operators on the construction site. This real-time guidance of the asphalt construction team 

enables the paver and roller operators to reduce variabilities that are associated with their tasks. This 

has potential to reduce process variability and improve quality of the final product – the asphalt mat. 

 

CONCLUSIONS AND FUTURE RESEARCH 

 

The following is proposed in this paper (1) a taxonomy for autonomy levels in the area of asphalt 

construction operations, and (2) a framework to design a system architecture to move towards higher 

levels of automation. It is possible to define different types of support systems that can be used for 

further design and development activities. The key is to not only rely on data related to specific, 

separate asphalt construction tasks. Rather, to better guide the construction process and reduce 

variability, it is advantageous to simultaneously collect, process and share results in real-time for 

both paving and compaction procedures. The suggested support system (generic architecture) has 

the ability to measure and analyze the process related data more accurately and efficiently, while 

providing support for an asphalt team at a new level of autonomy (Level 2). The guidance (speed, 

rolling patterns for compaction) that will be given to machine operators at Level 2 of autonomy will 

provide paver and roller operators with essential support for their construction operations. Having 

such information, operators of both types of machines, will have the ability to improve their working 

patterns and reduce variability during all construction activities. 

There is no doubt that operators will have difficulty working in the proposed semi-guidance 

environment given the results of previous research efforts [45 to 47] which highlighted several 

challenges facing the asphalt construction industry. These include significant barriers to technology 

adoption, the use of work methods based on tradition and custom, little use of new technologies to 

support construction activities, low skill levels of operators and an ageing workforce not used to 

working in IT-driven environments. 

The detailed design of a system prototype for autonomy Level 2 has been completed and will be 

tested on several construction sites in the near future. During the implementation of the system 

prototype on construction sites, a detailed analysis will be conducted of the system operation and 

the estimation of human-machine interactions in terms of operators’ compliance with the provided 

support. 

Researchers and developers will face even more challenges at the third and fourth levels of 

autonomy. Issues of accuracy, the levels of control, safety and human-machine interactions 
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(including operator intervention) will need to be thoroughly researched and tested before asphalt 

construction researchers and machine manufacturers are to make significant progress towards full 

automation. 
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Synopsis— Performance grade specifications for bituminous binders focus on the 

evaluation of bitumen properties based on the loading and environmental conditions under 

which the material will be subjected to in the field. The temperature of the asphalt layer (as 

determined by the climate and geographical location), in conjunction with the grade and age 

of the bitumen, plays a pivotal role in determining the stiffness or dynamic modulus of the 

asphalt layer. Most climate models predict an increasing rate in the rise of average air 

temperatures in the near future. As the average air temperatures increase, it is expected that 

the frequency and duration of extreme temperatures will also rise. This will have a direct 

impact on asphalt pavement performance by increasing the potential for permanent 

deformation of pavements and the rate of age hardening of asphalt binders. In this study, 

interpolated maps of minimum and maximum pavement temperatures were generated using 

a climate model for predicted air temperatures for two 20-year periods, up to the years 2040 

and 2060. The same model was used to generate two historic 20-year periods, going back to 

2000 and 1980. The Viljoen temperature prediction algorithms were used for calculating the 

pavement temperatures as opposed to the Superpave models. The maps produced in this 

paper can eventually be used to identify adaptation measures which may include modifying 

current design and maintenance practices. 

Keywords—climate change, temperature maps, performance grade specifications 
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 INTRODUCTION  

In recent decades, climate change has been of growing concern considering its impact on the 

natural and built environment. Some of these changes have been linked to human influences and 

have resulted in increased warm temperature extremes, decreased cold temperature extremes, an 

increase in extreme high sea levels as well as an increase in the number of heavy precipitation 

events. Researchers have been able to link climate change effects to regional weather patterns, such 

as heavy precipitation events in Mozambique, wetter climates in East Africa and particularly dry 

climates in Zambia and Angola [1] indicating the region-dependant effects of climate change. Recent 

flooding and cyclone events in Mozambique, Zimbabwe and Malawi signal the importance of climate 

adaptation strategies for infrastructure planning. It was estimated in 2011 that the African continent 

could be liable for up to US$183.6 billion to repair and maintain roads damaged from temperature 

and precipitation events alone, resulting from climate change [2]. In some areas, it was determined 

that the maintenance and repair costs will more than double when a reactive approach is taken for 

road infrastructure management as opposed to a proactive adaptation plan. In order to mitigate these 

effects, the AfCAP/ReCAP programme has commissioned projects across Africa which are aimed at 

providing regional guidance on the development of a climate resilient road network [3]. 

Meyer et al. [4] identified three categories of climate change impacts on pavements namely, 

temperature, precipitation and sea-level impacts. Ten climate change models were assessed in their 

report. The models showed an average air temperature increase of 2.2°C between the years 2010 

and 2050 which was double the increase from the preceding 50 years. Higher extreme temperatures 

were also projected as well as the duration and frequency of the extreme temperatures. Current 

literature recognizes the importance of changing pavement design procedures to include the impacts 

of climate change but fall short of recommending immediate changes in practice. A key issue in 

adaptation planning is knowing when to modify current practices by monitoring trends over longer 

periods of time [5]. In this study, the impact of increasing air temperatures on South African asphalt 

pavement temperatures due to climate change were analysed, as well as the ensuing effect on 

material selection for asphalt pavements. 

Given that asphalt performance is temperature dependent due to the visco-elastic nature of the 

asphalt bitumen, the principle of Performance Grade (PG) specifications for asphalt bitumen is to 

address three failure mechanisms of asphalt layers, namely (i) permanent deformation at high 

temperatures; (ii) fatigue cracking at intermediate service temperatures and; (iii) brittle fracture at low 

service temperatures. The in-service temperature (climate) and traffic conditions, in conjunction with 

the ageing effects of bituminous binders, play a pivotal role in selecting bitumen to achieve a given 

in situ performance within the asphalt layer. Pavement failures due to poor selection of bituminous 

binders can be reduced by correctly specifying the appropriate binder for a given climate.  

This paper specifically looks at the temperature impacts of climate change. The temperature maps 

provided in this paper indicate the progression of pavement temperatures, and focuses more on the 

temperature differences predicted, than the actual development of maximum and minimum 



 

1244 | P a g e  
 

temperature zones for PG specifications. As part of the binder selection process in an asphalt mix 

design, pavement temperature maps are used for specifying the correct bitumen for a given 

geographical location of a given road construction. Twenty-year historic air temperature data is 

typically required to calculate the maximum and minimum pavement temperatures. The temperature 

maps produced from this study brings into perspective the importance of also considering climate 

change projections in this process, due to the potentially adverse effects climate change may have 

on pavement engineering designs. 

 

DEVELOPMENT OF PAVEMENT TEMPERATURE MODELS  

 

According to Li et al. [6], albedo (solar reflectance as a ratio of incoming radiation) is the parameter 

which has the highest effect on pavement temperature in comparison to thermal emittance, thermal 

conductivity and specific heat. Williamson & Kirby [7] introduced energy balance concepts which rely 

on the thermal pavement properties, such as albedo, in the South African pavement industry for 

determining pavement temperatures. This was followed by an introduction of a corresponding 

methodology to the country in the mid-seventies [8]. The methodology required extensive solar 

radiation data which was not available in the country at the time, thus limiting its further 

implementation.  

Everitt et al. [9] investigated the use of the Superpave method for South Africa. During the study 

it was found that maximum surface temperatures were predicted within reason but refined algorithms 

were suggested to produce more accurate results. The South African National Roads Agency 

sponsored and conducted a study which was able to produce a database of surface and in-depth 

asphalt pavement temperatures to calibrate against the Superpave model [10]. Hourly temperatures 

over one year were produced from three locations in South Africa. They found that Superpave 

models were able to estimate maximum pavement temperatures within reasonable margins but they 

needed to be adapted for South African conditions. The method needed to account for South Africa’s 

large diurnal temperature changes rather than large seasonal differences. New constants were then 

tentatively determined which allowed provision for the large diurnal changes. It was also found that 

temperature gradients within the pavement were flatter than Superpave predictions, particularly in 

the Eastern Cape. This necessitated a methodology which was able to predict South African 

pavement temperatures and from previous research it was evident that the methodology needed to 

incorporate daily air temperatures, zenith angle and cloud cover.  

Viljoen [10] then developed empirically derived algorithms based on recorded pavement 

temperatures and the zenith angle which accounts for the seasonal and diurnal effect on the 

pavement temperatures. The algorithms were able to predict 80% of the recorded asphalt pavement 

temperatures within a margin of 3°C using the same dataset from the Everitt et al. study in 1999. 

Best fit values for variables in the energy balance equation were identified as part of the algorithm 

development. The variables were asphalt absorptivity, transmission coefficient of air, emissivity of 

the asphalt surface, asphalt surface heat transfer coefficient and the conductivity of the asphalt 
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material. Denneman [11] further verified Viljoen’s model using an additional dataset of pavement 

temperatures in Gauteng and Western Cape. Subsequently the development of the CSIR 

ThermalPADS software ensued which contains air temperature data from 121 weather stations in 

South Africa and can be used to determine asphalt pavement temperatures across the country [12]. 

Denneman also recommended a more extensive air temperature database to be incorporated into 

the CSIR ThermPADS software to improve its reliability given the sparsely populated dataset 

obtained from local weather stations. The inclusion of data from climatic models is therefore 

motivated, given these models are capable of providing climatic data at a significantly higher 

resolution than weather stations. The climatic model used in this study was able to provide historic 

as well as predict future air temperature data, based on a realistic scenario of climate change effects.  

The Viljoen algorithms described below are used in this study to compute the average 7-day 

maximum pavement temperature from the air temperature data obtained from the climatic model 

data. This is the design temperature range and is representative of the asphalt pavement layer 20 

mm below the pavement surface.  

The equation for calculating the maximum pavement surface temperatures is shown in (1) below. 

Ts(max) = Tair(max)+24.5(cosZn)2.C                         (1) 

Where: 

Ts(max)   = the daily maximum asphalt surface temperature in ºC 

Tair(max) = the daily maximum air temperature in ºC 

Zn   = Zenith angle at midday 

C  = Cloud cover index 

with: 

C   = 1.1   if Tair(max) > 30 ºC 

C   = 1.0   if monthly mean air temperature < Tair(max) < 30 ºC 

C  = 0.25  if Tair(max) < monthly mean air temperature 

 

Zenith angle is a function of the solar declination as shown in (2) below: 

cos(Zn) = sin(latitude).sin(declination)+cos(latitude).cos(declination)   (2) 

An approximation of the solar declination is provided in (3) below: 
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365

360º
cos23.45º +N=nDeclinatio      (3) 

Where: 

N  = day of the year (with 1st of January = 1) 

The prediction algorithm for maximum pavement temperature at depth, as validated by Viljoen is 

shown in (4) below. 

     38253 108.53102.95104.2371 dd+dT=T maxsmaxd

 
   (4) 

 

Where: 

Td(max)   = Maximum daily asphalt temperature at depth d in ºC 

Ts(max)   = Maximum daily asphalt surface temperature in ºC from (1) 

d   = depth in mm 

The Viljoen equation for calculating the minimum pavement temperature is purely empirical and 

is presented below in (5) as the best fit to the available local data during that investigation. Note only 

the surface pavement temperatures are calculated and used for producing the minimum pavement 

temperature maps. 

 

    5.20.89 +T=T minairmins      (5) 

 

Where: 

Ts(min)   = the daily minimum surface temperature in ºC 

Tair(min)  = the daily minimum air temperature in ºC 

According to Denneman [11], the Viljoen model predictions show less scatter and have a lower 

standard deviation compared to the Superpave model. O’Connell [13] also reported that the Viljoen 

algorithms were more consistent, while the Superpave predictions generally overestimated the 

minimum pavement temperatures and underestimated maximum pavement temperatures. It was 

observed that although the Viljoen temperature predictions showed less scatter for maximum 

pavement temperatures, the standard deviations for the minimum temperature dataset were more or 

less similar. Also, the mean error for the Viljoen equations showed only a slight improvement when 

compared to the Superpave predictions. 
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METHODOLOGY 

Climate Model 

 A very high resolution climate model simulation of present-day climate and projections of 

future climate was performed for South Africa. The spatial resolution of the model simulation over 

South Africa was 8 km. The regional climate model used to create the high-resolution dataset was 

the conformal-cubic atmospheric model (CCAM), a variable-resolution global climate model (GCM) 

developed by the Commonwealth Scientific and Industrial Research Organization (CSIRO) 

[14][15][16]. The model’s ability to realistically simulate present-day Southern African climate has 

been extensively demonstrated by authors such as [17][18][19][20][21][22]. CCAM was coupled with 

a dynamic land-surface model CABLE (CSIRO Atmosphere Biosphere Land Exchange). The model 

was forced with bias-corrected sea-surface temperatures (SSTs) and sea-ice fields of a Coupled 

Global Circulation Model (CGCM) to simulate its own climate at high resolution – referred to as the 

process of downscaling. The bias was computed by subtracting for each month the Reynolds [23] 

SST climatology (for 1961-2000) from the corresponding CGCM climatology. The bias-correction 

was applied consistently throughout the simulation. The global sea surface temperature was used 

as well as the sea ice concentration output data from the Australian Community Climate and Earth 

System Simulator (ACCESS1-0) CGCM which formed part of the Coupled Model Intercomparison 

Project Phase Five (CMIP5) and Assessment Report Five (AR5) of the Intergovernmental Panel on 

Climate Change (IPCC). The high-resolution modelling was done using CCAM prescribed with 

atmospheric CO2, sulphate and ozone forcing consistent with a low-mitigation scenario for the 21st 

century, known as Representative Concentration Pathway 8.5. A multiple-nudging strategy was 

followed to obtain the 8 km resolution downscaling. After completion of a 50 km resolution simulation, 

CCAM was integrated in stretched-grid mode over South Africa, at a resolution of about 8 km (0.08° 

degrees in latitude and longitude). Near-surface (2 m) air temperature was simulated by CCAM at 

an 8 km spatial resolution, with the broad land-cover class as per CABLE being the surface interacted 

within the simulations. 

Temperature Maps 

The generated air temperature information was then used as input into the CSIR’s ThermalPADS 

software (based on the Viljoen temperature prediction algorithms) to generate the corresponding 

pavement temperatures.  

In order to create interpolated maps of the minimum and maximum pavement temperatures, data 

from points on an 8x8 km grid across South Africa were processed to determine the 7-day average 

maximum pavement temperatures at 20 mm depth and the 1-day minimum pavement surface 

temperatures. The accuracy of the maps is influenced by the number of data points used to generate 

the maps. In this study, over 20 000 points were used to generate the maps compared to the 118 

operating weather stations available in South Africa. 

The grid centroids of the abovementioned grid points were processed in ArcGIS using their latitude 

and longitude information to create a point-s dataset covering the country. In order to interpolate 
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these data points to extend across South Africa an interpolation process had to be applied. The 

selected general interpolation technique is the Kriging method or a Gaussian process of regression. 

Kriging is an advanced geostatistical procedure that generates an estimated surface from a set of 

points with z-values. Kriging assumes that the distance or direction between sample points reflects 

a spatial correlation that can be used to explain variation in the surface. The Kriging tool fits a 

mathematical function to a specified number of points, or all points within a specified radius, to 

determine the output value for each location. Kriging is a multistep process; it includes exploratory 

statistical analysis of the data, variogram modeling, creating the surface, and (optionally) exploring 

a variance surface [24]. Kriging, like most interpolation techniques, is built on the basis that things 

that are close to one another are more alike than those farther away (quantified here as spatial 

autocorrelation). The settings applied to the Kriging method within the ArcMAP GIS software’s 

Geospatial Analyst determined the nature and extent of the resulting surface(s) produced. To ensure 

comparability between maps the same settings were applied for different time periods. A measure 

of smoothing was applied to reduce jagged interpolated results. The resulting grid surface was 

clipped to display only values for South Africa and contour lines were generated from the resulting 

grid. Several contour lines representing Performance Grades were highlighted to compare the 

movement over time of critical temperature ranges. No barriers were applied in the interpolation 

process – thus the possible effect of terrain can only be indirectly gauged through the recorded 

values of the data points. The effect of barriers might therefore also slightly influence the resulting 

surfaces produced. 

A low mitigation scenario was used for the climate model in this study which assumes minimal 

intervention to lower current greenhouse gas emissions. It should also be noted that an interpolation 

process was used to create the temperature maps therefore pavement temperatures calculated 

between discrete data points are estimated as part of the Kriging technique and not directly from the 

Viljoen algorithms. The interpolation process may however, carry less of an error due to the high 

resolution of the dataset in comparison to current pavement temperature maps. 

 

RESULTS AND DISCUSSION 

Temperature maps of four time periods, as described below in Table I, were investigated. Each 

period spans a duration of 20 years where temperature data were generated to demonstrate the 

effect of climate change on asphalt pavements. 

TABLE I.  YEARS REPRESENTED BY EACH TIME PERIOD 

Period Years 

A 1980-2000 

B 2000-2020 

C 2020-2040 
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Period Years 

D 2040-2060 

Maximum pavement temperatures 

According to the data for Period A, the country is evenly divided into three regions in terms of the 

PG maximum temperature classification, namely a PG 64 region (majority of Northern Cape and 

northern Limpopo), a PG 58 region (Northern Gauteng and majority of Western Cape, Eastern Cape, 

Free State and Limpopo provinces) and a PG 52 region (most of Mpumalanga and Kwa-Zulu Natal, 

Southern Gauteng, coastal regions, parts of Eastern Cape and Free State), this is illustrated in Fig. 

1a.  

An increase in pavement temperatures can be observed over the 80-year period from 1980 to 

2060 which will affect the binder selection for any given region. The difference in predicted maximum 

temperatures is shown in Table II, for specific points in selected cities in the country, between two 

subsequent periods; the overall change in temperature is shown in the last column over the total 80 

year period analysed. Of the selected locations listed in the table, Johannesburg showed the largest 

change in temperature, an increase in 7.64°C which corresponds to two increases in PG binder 

selection. Pretoria showed the second highest increase with an increase in at least one PG binder 

grade. Coastal regions show the least increase in temperatures, with Durban giving the smallest 

change with an increase in 0.22°C. No change in binder selection is expected for such areas.  

The coastal perimeter of the country remains unchanged classification during the analysed time 

period with minimal change in pavement temperatures over time. This less pronounced change is 

most likely influenced by the cooler ocean temperatures as well as the Drakensberg mountain range. 

According to the climate model used during this study, pavement temperatures are expected to 

be in the vicinity of 70°C in the north-western parts of the country; specifically along the border 

between the Northern Cape and North West province with Botswana during Period D.  

  

(1a) Period A:1980-2000 (1b) Period B: 2000-2020 
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(1c) Period C: 2020-2040 (1d) Period D: 2040-2060 

Fig. 1. Effect of climate change on maximum pavement temperatures over 80 years 
between Period A and Period D 

 

PREDICTED CHANGE IN MAXIMUM PAVEMENT TEMPERATURES (°C) 

Location Period A to B Period B to C Period C to D Overall 

Johannesburg +2.88 +3.74 +1.02 +7.64 

Pretoria +2.96 +2.13 +1.40 +6.49 

Cape Town +0.88 +0.35 +0.86 +2.09 

Durban -0.34 +1.30 -0.74 +0.22 

Pietermaritzburg +0.14 +0.75 +0.99 +1.88 

 

Minimum pavement temperatures 

In general, there is a less pronounced difference in minimum pavement temperatures between 

1980 and 2060 as observed in Fig. 2. The predicted change in minimum pavement temperatures is 

also demonstrated in Table III where smaller temperature differences are observed at the selected 

locations in comparison to maximum temperatures. Minimum pavement temperatures are generally 

warmer along the coast compared to inland areas. The uppermost tip of the Northern Cape 

experiences the lowest minimum pavement temperatures (and highest maximum temperatures) due 

to the large variation in daily extreme air temperatures in this area.  

Larger variations in temperatures were observed inland compared to the coastal regions. 

Consequently, selecting bitumen as per the exact minimum pavement temperature could create quite 

a number of PG grades for these areas. 

PREDICTED CHANGE IN MINIMUM PAVEMENT TEMPERATURES (°C) 
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Location 
Period A to B Period B to C Period C to D Overall 

Johannesburg 0.76 -0.49 2.16 2.43 

Pretoria 0.27 -0.42 1.31 1.16 

Cape Town 0.63 -0.31 0.99 1.31 

Durban 1.35 -2.27 -0.35 -1.27 

Pietermaritzburg 0.64 0.10 0.55 1.29 

 

  

(2a) Period A:1980-2000 (2b) Period B: 2000-2020 

  

(2c) Period C: 2020-2040 (2d) Period D: 2040-2060 

 

Fig. 186. Effect of climate change on minimum pavement temperatures over 80 years between 
Period A and Period D  
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CURRENT PRACTICE AND ADAPTATION PLANNING  

The current national Technical Specification, SATS 3208:2018 [25], for performance grade 

bitumen indicates two main binder grades namely, PG 58-22 and PG 64-16 based on the maximum 

pavement temperature map (Fig. 3) and an 80°C interval to determine the minimum temperature 

specification. This practice sufficiently caters for minimum calculated pavement temperatures in the 

specification and also for the effects of climate change given the largest temperature difference 

observed between maximum and minimum pavement temperatures was approximately 59°C for the 

locations listed in Table II and Table III. Provisions have also been made for the incorporation of a 

PG 70-10 binder due to higher actual temperatures being recorded on site at certain locations. Given 

that the current specification is based on actual measured historical air temperatures, a proposed 

adaptive approach to incorporate climate change and the effects of global warming for binder 

selection would be to increase the binder classification by one or two grades depending on the area 

under investigation. This approach would likely not be required along coastal regions, particularly 

along the east coast given the minimal temperature changes observed from the models.  

 

Besides increasing the binder grade during the design stage, another adaptive measure could be 

the strategic utilization of asphalt mixes such as using stone matrix asphalt or polymer-modified 

binders to mitigate increased rutting potential anticipated along high trafficked areas.  

Meyer et al. [4] also identified that increased stiffness due to ageing of the binder in asphalt 

pavements would need to be investigated as this would increase the potential for asphalt pavements 

to crack. The effects on climate change will not only affect material selection by promoting the use 

of more robust materials but they will also affect road construction procedures and pavement 

resilience to endure more frequent extreme weather events [5]. 
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Fig. 187. Maximum temperature at  97,5 % confidence level for 7-day annual average at a depth of 
20 mm below the road surface [25] 

The current temperature maps used in industry (Fig. 3) differ from the maps generated using the 

climate change models. One of the reasons why this should be so is that the model predicts changes 

in average air temperatures and not necessarily individual daily temperatures. This average effect is 

in sharp contrast to the manner in which the maximum road temperatures are currently calculated, 

which is aligned with extreme temperature events. Consequently, the limitation of this study is that 

the climate model creates conservative pavement temperature extremes. The generated maps 

should therefore not be used as a prediction for future PG requirements but rather as an indication 

of change in PG requirements.  

Further research is recommended to establish the effects on pavement temperatures with the use 

of extreme air temperatures.  

 

CONCLUSION AND RECOMMENDATIONS 

 

From the study carried out, it is clear that the effects of climate change will affect the binder 

selection process. Current practice is to use historical temperature data for the design of roads. It is 

recommended to incorporate the expected increases in temperatures resulting from climate change 

in order to prevent costly repairs associated with reactive approaches to maintenance and 

construction. It has also been shown that certain areas of the country (mostly inland regions) will 
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experience larger changes in temperature over time in comparison to coastal regions. The 

progression in increasing maximum temperatures, from the results of a low-mitigation scenario 

climate model, has been illustrated in the temperature maps presented in this paper. The 

incorporation of other models is recommended to observe the effects of a broad case  

Road authorities and municipalities will need to take the effects of climate change into account 

when planning infrastructure activities. Although minimal changes in temperature are observed along 

the coast, it should be noted that coastal areas exhibited steep temperature gradients; this will be an 

important aspect in terms of road design and infrastructure planning where a road can cross different 

PG zones in a relatively short distance therefore the PG binder specification may need to be carefully 

considered. A closer look at each province in detail is also highly recommended for similar reasons; 

where one can easily see the pavement temperature patterns at a closer scale.  

This paper highlights the need to consider climate change in transport infrastructure design and 

maintenance. This will inform both local and national road authorities to employ the necessary 

preventative maintenance measures, which includes the appropriate selection of bituminous binders 

for asphalt pavements. It should also be noted that temperature is only one factor to consider in the 

overall pavement structure, therefore the design and maintenance of an effective pavement needs 

to also consider other parameters relating to climate change which will affect the condition and 

integrity of the road network. These considerations include other climatic factors such as rainfall and 

humidity. A sustainability model also includes socio-economic factors such as human settlement 

patterns that could change due to climate change effects, which could further impact the climate due 

to factors such as heat islands. The overwhelming conclusion is the importance of incorporating 

anticipated future conditions when it comes to infrastructure planning and designs. 
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Synopsis— It has been estimated that by the end of the century, $150 billion will be 

required to repair and maintain existing roads in Africa, the majority of which will be low 

volume rural access roads. Research into the prioritisation and adaptation of roads to 

improve their climate resilience has shown that it is essential to provide good vulnerability 

assessment information to allow unbiased and equitable prioritisation for the installation of 

adaptation measures. Such measures will depend on the expected modes of climate change 

(higher or lower precipitation, higher or lower temperatures, etc) as well as the nature, 

topography and materials along the road alignment. Most adaptation techniques will rely on 

existing good engineering principles, although innovative and low cost solutions directly 

applicable to each situation will be necessary for low volume roads to ensure economic 

feasibility.  

Keywords— roads, infrastructure, climate change, vulnerability assessment
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 INTRODUCTION 

The fact that the earth’s climate is changing is undisputable and there is almost daily evidence in 

the international news to indicate this. Floods, droughts, cyclones and tornadoes, often more 

devastating than in past human memory, are regular occurrences. All road networks, but in particular 

the lower volume road (LVR) networks constructed to slightly lower standards, often using marginal 

materials and less conservative design assumptions, are highly prone to damage caused by these 

extreme climatic events. 

It has been estimated that by the end of the century, $150 billion will be required to repair and 

maintain existing roads in Africa [1], the majority of which will be low volume rural access roads. It is 

thus essential that all new roads are designed considering optimum climate resilience and those 

existing roads prioritised as important in terms of social, economic or strategic significance are made 

as climate resilient as possible. It is certainly less costly to incorporate climate resilience into new 

structures than to try and address resilience problems on existing roads through specific adaptation 

interventions, unless upgrading and/or retrofitting to climate-resilient standards are embedded in 

maintenance/rehabilitation strategies. However, most African countries already have maintenance 

backlogs, and a special effort will need to be made to overcome these problems. 

This paper summarises the impact of climate changes on rural low-volume roads, the mechanism 

for prioritising which roads should include additional adaptation measures and what types of measure 

should be implemented. This is a significant economic challenge as in most (probably all) African 

countries, there is currently insufficient funding to even maintain the existing roads at an appropriate 

level, let alone invest in costly climate resilience adaptation measures. However, the costs of not 

preparing roads for the future will be significantly higher than the costs of implementing at least basic 

measures [2]. 

THE PROJECT 

To help address the significant threat of climate change to Africa’s development, the Africa 

Community Access Partnership (AfCAP), a research programme funded by UKAid, commissioned a 

project in April 2016 to produce regional guidance on the development of climate-resilient rural 

access in Africa. The overall project aim was to sustainably enhance the capacity of twelve AfCAP 

partner countries (but primarily focusing on three AfCAP lead countries namely Ethiopia, Ghana and 

Mozambique) to reduce current and future climate impacts on vulnerable rural infrastructure. This 

has been achieved through the research, and consequent uptake and embedment (at both policy 

and practical levels) of pragmatic, cost-beneficial engineering and non-engineering procedures, 

based on the recognition of country specific current and future climate threats.  

The fundamental (principal) research objectives were to identify, characterise and demonstrate 

appropriate adaptation procedures at multiple levels from national to local that may be implemented 

to strengthen the long-term resilience of rural access, based on a logical sequence of guidance 

covering the following: 

 Climate threats – locally-specific 
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 Climate impacts 

 Prioritisation 

 Vulnerability to impact (risk)  

 Non-engineering adaptations (referred to as Change Management adaptations in this 

project) 

 Engineering adaptations  

 Adequacy of funding 

 

The second objective, which focused on capacity building and knowledge exchange within 

selected countries, was to meaningfully engage with relevant road and transport authorities in a 

knowledge dissemination and capacity-building programme.  

The third objective was to ensure that there was focus on uptake and subsequent embedment of 

outcomes aimed at a range of levels – from informing national policies, through regional and district 

planning, down to practical guidance on adaptation procedures and delivery at rural road level. 

Attention was also paid to the management of measures that could be taken in a scenario where 

budgets are inadequate or absent. Those activities and actions that conventional standard 

approaches do not cover, were addressed within the adaptation guidelines as well. 

The project produced a number of outputs related mostly to African rural roads, but generally 

applicable to any road, of which the most prominent are the following: 

 Climate Adaptation Handbook: For managing risks and optimising resilience of vulnerable 

Low Volume Roads (LVRs); it covers new construction, rehabilitation/retrofitting, 

maintenance [3]. 

 Climate Threats and Vulnerability Assessment Guideline: It provides a semi-quantitative 

risk and vulnerability assessment framework [4] 

 Engineering Adaptation Guideline: It addresses all measures to adapt different low-volume 

road networks and components to expected local climate changes [5] 

 Change Management Guideline: It highlights options for: policy, strategy and programme 

feedback; asset management systems; maintenance planning, early warning and 

emergencies; augmenting design standards; research priorities; road alignments; user 

safety provisions; capacity building; how to maximise uptake, embedment of climate 

adaptation strategies [6] 

 Visual Assessment Manual: Accompanying document to the Engineering Adaptation 

Guidelines as well as to the Climate Threats and Vulnerability Assessment Guideline, and 

supports the adaptation methodology outlined in the Climate Adaptation Handbook [7] 

The sections that follow will address some of the aspects of the Engineering Adaptation Guideline, 

with references provided to some of the other documents listed above. 
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CLIMATE CHANGES 

Modelling of projected climate changes indicate that they are likely to vary significantly from 

country to country and even within small areas of certain countries, depending primarily on the 

topography and geographic location. The effects of these changes on the transportation 

infrastructure will also vary diversely depending on the age, location and original designs of the 

infrastructure facilities. Although this paper concentrates on the road infrastructure, other 

transportation facilities such as railways, airfields and harbours could be equally affected and many 

of the adaptation techniques are probably relevant to these facilities as well as higher volume roads, 

where they occur in countries impacted by climate variability and change. 

The following primary climate changes are likely to occur to varying degrees in most parts of sub-

Saharan Africa (SSA) [8]: 

 Increased temperatures (average, maximum and number of extremely hot days (> 35◦C) 

per year) 

 Decreased precipitation and longer drier periods 

 Increased extreme weather events – violent storms, heavy precipitation, heat waves, etc. 

 Rising sea-level 

 

 Northern migration of the tropical cyclone belt in Southern-East Africa  

 Increased wind speeds 

These will be accompanied by related secondary effects that will affect transport infrastructure 

and operations: 

 Increase/reduction in soil moisture 

 Changes in groundwater level 

 Changed frequency of extreme storm surges  

 Flooding 

 Changes in the optimum construction season (possibly timing and length) and conditions 

due to precipitation and temperature constraints.  

 Longer/shorter growing seasons – changes in traffic movement 

 Possible changes in crop/vegetation types 

 Changes in vegetation density and type and rate of growth 

 Changes in ecological equilibrium 

Climate changes such as decreased temperatures are unlikely to affect SSA and are not 

considered in this work. However, there may be localised areas where reduced temperatures occur 
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(e.g. extreme highlands, etc.) and these could have an effect on bitumen properties or working 

windows, but these are expected to be minimal. 

Associated with the main climatic changes and secondary effects, the impacts of, for instance 

more severe flooding, increased wild-fire hazards, rising sea-levels and lowered groundwater tables 

on the road infrastructure need to be considered. Other associated influences such as water 

shortages under increased temperature environments because of higher evaporation could also 

have an indirect impact on infrastructure provision through limiting construction water availability. 

It is anticipated that changes in other climatic parameters (e.g., relative humidity, barometric 

pressure, presence of fog, ultraviolet radiation, etc.) will have minimal impact on the engineering 

aspects of the low volume road infrastructure or else be incorporated into the above effects. 

Climate modelling is carried out at numerous institutions around the world, using increasingly 

sophisticated models and improving all of the time as the data inputs necessary are better 

characterised and quantified. Despite this, modelling at a small scale is still time consuming and 

expensive. However, as computer power increases (exponentially), the ability to predict climate 

changes at any particular facility is expected to improve dramatically. This will increase the availability 

of high-resolution climate maps for use on specific projects, as already identified in some African 

countries. 

PRIORITISATION 

With the limited road funding available, the need to ensure that the most “deserving” roads are 

treated first. The roads in a network (at national, provincial, state or local level) thus need to be 

classified in terms of various factors. These include whether the roads are considered to be primarily 

for access or mobility, those roads being used for mobility generally being the higher priority to ensure 

that they are affected minimally by “shock” climatic effects. However, there is usually a hierarchy of 

roads at different levels of mobility and access as shown in Figure 1. 

Prioritisation of the access roads depends on various factors as follows: 

 Potential loss of life 

 Availability of alternative routes 

 Cost and consequences of closure 

 Environmental/sustainability issues (i.e. pollution, aesthetics, etc.) 

 Cost of repair 

 Available funds  

 Accessibility requirements. 
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FIG. 1. USE OF DIFFERENT ROAD TYPES IN TERMS OF ACCESSIBILITY AND MOBILITY [9] 

 

Generally, safety (loss of life) considerations will take precedence over the others. However, other 

than large landslides induced by excavation for roads, the safety implications of climate-related road 

failures are generally minimal. It should also be borne in mind that it is still more important to ensure 

that the primary and secondary road networks are maintained in good condition before concentrating 

on the tertiary or low-volume access road network.  

It is essential that all roads are carefully and correctly classified in terms of their required levels of 

serviceability as a part of the prioritisation process. This serviceability level will be a function of 

numerous factors, but mostly whether the road is purely an access road (Table 1) or whether it is 

also used for mobility (Table 2). Various levels of serviceability (LoS) can be defined based on certain 

variables, for instance, based on whether the road is primarily access or also has an important 

mobility function and the expected needs of the communities affected (adapted from TRH 20 [10]). 

Such a classification can be directly related to the required prioritisation as shown in Table 1 for 

accessibility and in Table 2 for mobility. 

TABLE I.  GUIDELINES FOR LEVELS OF SERVICEABILITY FOR ACCESSIBILITY 

Level of 
Serviceability 

Required standards for accessibility 

Comfortable 
driving speed 

(km/h) 
Impassability Duration of 

impassability 

6 
5 
4 

N/A 
15 
20 

> 20 days/yr 
< 20 days/yr 
< 5 days/yr 

> 5 days 
Not more than 5 days 
Not more than 2 days 



 

1263 | P a g e  
 

3 
2 
1 

35 
50 
60 

Never 
Never 
Never 

None 
None 
None 

 

It should be noted that roads classified as LoS 1 would be those carrying higher traffic, leading to 

important services and usually not having an alternative route. Roads classifies as LoS 6 on the other 

hand would serve very small relatively self-sufficient communities, who can handle loss of access for 

extended periods based on past experience. 

GUIDELINES FOR LEVELS OF SERVICEABILITY FOR MOBILITY 

Level of 
Serviceability 

Required standards for mobility 

Max Roughness 
(IRI units in 

m/km) 
Impassability Duration of 

impassability 

5 
4 
3 
2 
1 

12 
9 
8 
7 
6 

Not more than 4 days/yr 
Never 
Never 
Never 
Never 

Not more than 1 day 
None 
None 
None 
None 

 

HAZARDS, EXPOSURE AND VULNERABILITY 

During the design of new infrastructure, climatic impacts should be determined as part of the 

Environmental Impact Assessment or Strategic Environmental Assessment and should thus be 

considered in the design, which can incorporate the necessary adaptation measures. However, 

traditional Environmental Impact Assessments evaluate any new road’s impact on the environment, 

but, the impact of the environment on new roads is not normally considered in a systematic way – a 

gap that needs to be addressed. 

For existing roads, however, during or parallel with the routine visual assessment of roads for 

input into Pavement Management Systems (PMS), it will be essential to include an assessment of 

the vulnerability of the road and associated structures (bridges, culverts, embankments, slopes, etc.) 

to variability and changes in the climate. Potential vulnerabilities and their mitigation will need to be 

identified. Guidelines for this have been developed [5] and should either be used with the routine 

visual assessment manuals for the Asset Management System to assist assessors with these 

decisions or preferably used by teams specifically trained to do climate vulnerability assessments. It 

should be noted that different experience is required for the two visual assessment programmes with 

the climate vulnerability requiring more geomorphological and materials experience or training. This 

information should be used in conjunction with the routine asset management visual assessment as 

issues such as surfacing condition are not specifically characterised in the vulnerability assessment.   
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Unlike the prioritisation process, the vulnerability assessment would be a more tactical operation. 

The climate sensitivity of all components of the road infrastructure needs to be identified in terms of 

two primary parameters during the visual assessments. These are the potential for: 

 Damage (i.e. physical harm that impairs the value, usefulness or normal function of an asset) 

– this can normally be repaired rapidly by local works teams  

 Collapse (i.e. structural failure initiated when the material is stressed beyond its strength limit) 

– this is usually costly to repair and involves significant construction and repair works, often 

by specialised teams requiring a tendering process and can lead to road closures for an 

extended period. 

To minimise the cost of acquiring data on the climate vulnerability of assets, it is essential that 

vulnerability assessments be carried out as described in the following section and that all necessary 

data elements are captured. However, the lack of effective asset management in many SSA 

countries will impact on the availability of historical asset condition data that would inform and support 

climate vulnerability studies and the identification and prioritisation of adaptation options. To achieve 

the latter, data will need to be collected directly for each road in the network.  

Risk can be defined as a function of hazards, rural access road exposure and vulnerability in terms 

of rural community access [8]. In particular, the following definitions apply:  

 Hazards: Climate-related events that can possibly cause damage to and/or interruption of 

service of rural low volume access road infrastructure as well as potential loss of life (e.g. 

floods);  

 Exposure: Location of low volume road facilities, the associated structures and road 

environment as well as rural communities in places that could be adversely affected (within 

the hazard footprint); 

 Vulnerability: Propensity to be adversely affected, considering the dependence of rural 

communities on these low volume access roads. 

Disaster risk, as illustrated in Figure 2, is determined by the occurrence of a natural hazard (e.g. 

flood or cyclone), which may impact exposed populations and assets (e.g. rural communities and 

rural roads located in flood-prone areas). Vulnerability is the characteristic of the population or asset 

making it particularly susceptible to the damaging effects of the hazard (rural roads in poor condition) 

and the exposure of the asset or community to the hazard. Poorly planned development, socio-

economic vulnerability, environmental degradation and climate change are all drivers that increase 

the magnitude of these interactions, increasing the risk and effects of large disaster events.  
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Fig. 2. CONCEPTUAL FRAMEWORK FOR CLIMATE-RELATED RISK AS AN INTERACTION BETWEEN CLIMATE-

RELATED HAZARDS, EXPOSURE AND VULNERABILITY OF HUMAN AND NATURAL SYSTEMS [11] 

VULNERABILITY ASSESSMENT 

The vulnerability is assessed by a walk-over survey of each road during which the hazards and 

exposure of each of the facilities is assessed. The method of carrying this out and the requirements 

have been described in [7] and make use of a standard form with an assessment of all the criteria 

for each 100 m section of road (this could be increased to 500 m for highly uniform environments in 

flat dry areas) using the degree and extent approach with a 5-point rating scale. 

The issues considered during the assessment are directly related to the transport infrastructure 

affected as described in the following section. They include aspects such as the properties of the 

materials used in and occurring around the infrastructure, regional and local drainage efficiency, 

earthwork stability and construction and maintenance issues [5].  

A typical example of an assessment exercise over a 2 km section of road is included in Appendix 

A. By combining the degree and extent of each item assessed with an appropriate weighting value 

a vulnerability index per section of road can be obtained. Those areas which are shown to be 

vulnerable should then be addressed first on each specific project being made climate resilient. 

ROAD INFRASTRUCTURE AFFECTED AND ADAPTATION TECHNIQUES 

The following road infrastructure facilities or issues can be considered vulnerable to climate 

change and adaptation measures for each of these must be considered. 

 Unpaved roads – earth, engineered earth and gravel 
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 Paved roads – thin bituminous, asphalt and concrete 

 Earthworks – embankments and cuttings 

 Subgrade soils – particularly problematic soils such as expansive, dispersive, collapsible, 

saline, and karst areas 

 Drainage (water from within road reserve) – road and shoulder surface, side drains, mitre 

drains, small culverts for cross drainage, etc.  

 Drainage (water from outside road reserve) – large culverts and bridges 

 Construction 

 Maintenance 

 

In several countries, including Ghana, it was concluded that the engineering solutions needed to 

make a climate-resilient road can to a very large extent be found in the existing design manuals, 

“from solutions to hydraulic-related problems, such as scour and sedimentation, to problem soils and 

sub-grade problems as well as slope stability and surface drainage solutions” [5]. The main problem 

identified is a lack of appropriate and timely maintenance and the inability to identify potential problem 

areas, which are primarily geological and geomorphology issues.  While it is agreed that current 

designs are probably sufficient if implemented properly and with adequate drainage facilities for 

extreme events for critical infrastructure, there are several adaptations or specific design decisions 

that can increase the resilience of roads to climate change. 

Most of the problems affecting climate resilience that have been identified are related to excessive 

precipitation over a short period, either in the direct vicinity of the infrastructure element or resulting 

from flooding originating from extreme events “upstream” of the facility. Vulnerable areas will usually 

be known from past experience and older generations in communities can often assist in identifying 

such problem areas. It must be noted that existing return periods used in design are based on data 

from extreme events recorded in the historic past. In future, return periods are expected to change 

significantly as a result of more frequent events with different quanta and durations compared with 

past events. The main issue is that what was once a 1:50 return period may in future become a 1:10 

or 1:15 return period, i.e. extreme storms are likely to become more frequent, but these will need to 

be quantified based on climate modelling and experience. 

As described earlier, adaptation is essentially the implementation of good fundamental road 

engineering complemented by good construction and maintenance. Innovative and cost-effective 

techniques are necessary for certain situations but high cost, sophisticated solutions used on high 

volume roads should be avoided unless absolutely necessary. These include expensive slope 

stabilisation measures, where bioengineering, slope flattening and gabion retaining walls will often 

suffice.  

In nearly all situations, good collection and control of precipitation and runoff is the most effective 

solution and no compromises should be made in the provision and maintenance of drainage.  
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Appropriate adaptation techniques have been summarised in a manual for AfCAP [5] and are 

widely discussed in the literature. A typical example of this is in National Cooperative Highway 

Research Programme (NCHRP) report on adaptation techniques specifically for embankments [12], 

which is a lengthy document of more than 100 pages covering embankment resilience alone. 

Unpaved Roads 

These include earth, engineered earth and gravel roads and are probably the most vulnerable 

roads to excessive precipitation and runoff, where erosion, ponding and structural failures under 

traffic occur. Un-engineered and engineered earth roads are difficult to adapt to a resilient state and 

can only be made resilient by being constructed to a full gravel road standard with a good cross-

sectional shape and a high-quality gravel wearing course conforming to appropriate specifications. 

Good surface- and side-drainage is essential for the resilience of any unpaved road. 

Paved Roads 

This includes thin bituminous, asphalt and concrete surfaced roads. These are normally resilient 

to extreme climatic events if properly designed, constructed and maintained. Any deficiencies in 

these areas will result in problems under excessive moisture conditions, particularly under-

compaction and poor finishing off of bituminous surfacings (e.g. streaking, joints, irregular application 

of binder and aggregates, aggregate loss, etc.). One of the main problems affecting paved roads is 

erosion of unsealed shoulders and supporting embankments and lower pavement layers during 

overtopping. Careful design of the horizontal alignment to avoid concentrations of water and turbulent 

flow across the pavement is necessary in areas prone to this. 

Earthworks 

These are related to embankments and cuttings, structures that are strongly affected by excessive 

moisture in terms of both stability and erosion. This is one area that innovative and creative thinking 

is necessary in order to minimise earthwork quantities and yet retain adequate carriageway width. 

Control and drainage of surface water affecting cut slopes is vital in order to minimise subsurface 

water, which is difficult and expensive to control.  

Bioengineering of embankment and cut slopes has been shown to be highly effective in improving 

the resilience of cut and fill slopes in mountainous areas of the Himalayas and significant experience 

and expertise has been published on this, some of which is included in the AfCAP Engineering 

Adaptation Guidelines [5]. 

Subgrade soils 

Potentially problematic soils such as expansive, dispersive, collapsible and saline soils and karst 

areas are highly susceptible to fluctuating moisture conditions with potential volumetric movements 

and even total collapse. Such soils should be identified during the design stage of roads and 

adaptations made at this stage. Once the road is constructed over problematic materials, it is 

prohibitively expensive to rectify problems beneath the pavement. In cases where problematic soils 

are identified after construction, embankment slopes should be flattened with low permeability 

material, the impermeability of shoulders and pavement surfaces should be ensured and effective 

side-drains installed to avoid the access of water into the subgrade. 



 

1268 | P a g e  
 

Drainage (water from within road reserve) 

Adequate drainage of water from the road, shoulder and embankments surfaces, into side drains, 

mitre drains and small culverts for cross drainage, etc., is of critical importance. Conventional 

drainage structures such as side- and mitre-drains as well as culverts and cross-drains must be 

designed to handle the expected increased run-off water in the area.  Modified return periods should 

be considered, but if no information in this regard is available, use double the existing return periods 

for design: i.e. instead of 1:10 or 1:20 return periods, use 1:20 or 1:40, respectively). 

It is also essential that head and wing walls are intact and effective and appropriate erosion 

protection works around these are installed (e.g. mortared stone pitching or gabions founded on 

concrete beams, etc.). 

Drainage (water from outside road reserve) 

Large culverts and bridges that convey water in streams that may originate some distance from 

the specific roads should be investigated and adapted (if required) in line with future demands. Some 

of these water courses may originate many hundreds of kilometres away, and even in other 

countries, such as the Limpopo and Zambezi Rivers in Mozambique. Complicating this problem, is 

the effect of large dams and water-retaining structures on “international” rivers. These become 

particularly relevant when overall rainfall is expected to decrease but the frequency and intensity of 

shock (extreme) events are likely to increase. The effect of low water levels in dams prior to the 

shock event may result in no impact – however, if the dams are relatively full at the time, they would 

be overtopped with severe consequences downstream. Design making allowance for such factors is 

almost impossible, but risk factors should nevertheless be incorporated in design. 

In order to cater for future conditions, where large structures are designed to provide a service of 

50 or 100 years, there is no doubt that much higher water flows can be periodically anticipated in 

most rivers. This should be considered by the structural engineers, as well as issues such as the 

performance of bearings and joint seals, etc. The widespread increase in the number of very hot 

days (> 35◦C) will affect large concrete members which are likely to be subjected to prolonged higher 

temperatures resulting in larger and more severe thermal gradients and this needs to be considered 

in their design. 

Construction 

Although quality control and assurance requirements are strictly enforced by clients during the 

construction of infrastructure, there is no doubt that modern construction practices are not perfect. 

Any deficiency in construction (layer thicknesses, material quality, compaction, mix design, etc.) will 

make the facility more susceptible to premature failure, exacerbated by increased moisture and/or 

temperature regimes. It is thus essential that quality control requirements are rigidly enforced on all 

projects. 

Maintenance 

One of the biggest problems encountered in road management is the provision of funding for 

optimum routine and periodic road maintenance, particularly for lower volume roads. It has been 
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stated by numerous authors (e.g. [13], [14], [15]) that the provision of good maintenance alone will 

increase the resilience of most roads to changing climatic effects. 

This is particularly relevant to the cleaning and repair of drainage structures, whether these are 

unlined side drains or large culverts. Ensuring their effective operation is critical – all drains must 

allow an unimpeded flow of water to low points where it can be removed from the close vicinity of the 

road and dispersed or led into a local water-course. 

Maintenance of vegetation is also essential. Apart from the effect of excessive vegetation 

impeding water flow in water courses, it adds mass to unstable slopes, provide debris during flooding 

and increases pore water pressures in underlying soils. It can also be a significant fire hazard leading 

to wildfires (particularly with predicted higher wind speed and drier conditions), which can cause 

damage to roadside appurtenances and even road surfacings (Figure 3). 

 

FIG. 3. DAMAGE TO GUARDRAIL AND BITUMINOUS SURFACING CAUSED BY WILDFIRE 

 

CONCLUSIONS 

It has been estimated that by the end of the century, $150 billion will be required to repair and 

maintain existing roads in Africa, the majority of which will be low volume rural access roads. 

Research into the prioritisation and adaptation of roads to improve their climate resilience has shown 

that it is essential to provide good vulnerability assessment information to allow unbiased and 

equitable prioritisation for the installation of adaptation measures. Such measures will depend on the 

expected modes of climate change (higher or lower precipitation, higher or lower temperatures, etc) 

as well as the nature, topography and materials along the road alignment.  

Most adaptation techniques will rely on existing good engineering principles, although innovative 

and low-cost solutions directly applicable to each situation will be necessary for low volume roads to 

ensure economic feasibility. Although the scarcity of funding for routine and periodic maintenance is 
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and always will be a problem, regular and high quality maintenance of all transportation infrastructure 

components will also be essential to ensure climate resilience. 
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APPENDIX A: TYPICAL COMPLETED VULNERABILITY ASSESSMENT FORM 

 R
o

a
d

 N
u

m
b

e
r:

D
a

te
:

1
2/

1
0

/2
0

1
8

A
ss

e
ss

o
rs

:
S

R

C
h

a
in

a
g

e

G
ra

d
e

Fl
at

Fl
at

F
la

t
Fl

at
M

e
d

iu
m

 d
ow

n
hi

ll
"

"
"

"
"

F
la

t 
e

m
ba

nk
m

en
t

"
"

"
"

B
ri

dg
e

F
la

t
M

e
d

iu
m

 u
p

hi
ll

"
"

"
G

e
n

tl
e 

u
ph

il
l

A
cc

e
ss

 t
o

 f
a

ci
lit

ie
s

Sc
h

oo
l

N
o

. 
o

f 
a

lt
e

rn
a

ti
v

e
 r

o
a

d
s

C
o

m
m

o
n

 v
e

h
ic

le
 t

y
p

e
s

La
n

d
co

v
e

r 
a

n
d

 u
se

G
P

S
 a

n
d

 p
h

o
to

 N
o

E
ro

d
ib

ili
ty

  
S

ug
b

ra
d

e
0

0
0

0
0

0
0

0
0

2
5

2
5

2
5

0
0

0
0

0
0

0
0

0

  
R

o
ad

 s
u

rf
a

ce
 -

 u
n

p
av

e
d

P
P

2
2

2
2

2
2

2
2

2
3

3
3

3
3

1
2

0
0

0
0

0
0

3
3

3
2

3
1

1
1

0

  
S

id
e

 d
ra

in
s 

- 
u

n
lin

e
d

1
4

1
4

1
4

1
4

0
0

0
3

4
3

4
0

0
0

0
0

0
0

5
3

5
4

5
3

5
3

5
3

  
E

m
ba

n
km

en
t 

sl
op

e
s 

0
0

0
0

0
0

0
0

0
0

0
3

3
3

3
4

3
0

3
3

0
0

0
0

0

  
C

ut
 s

lo
p

es
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
5

3
5

3
5

4

S
u

bg
ra

d
e

 p
ro

bl
e

m
s

  
M

a
te

ri
a

l t
yp

e
0

0
0

0
0

0
0

0
0

0
0

0
5

5
5

5
0

0
0

0
0

0
0

  
M

o
is

tu
re

0
0

0
0

0
0

0
0

0
0

3
5

3
5

4
5

4
5

0
0

 
0

0
0

0
0

D
ra

in
a

g
e

 (
in

 r
e

se
rv

e
)

  
R

o
ad

 s
h

ap
e

2
5

2
5

3
5

3
5

3
5

3
5

3
5

3
5

3
5

4
5

4
5

4
5

4
5

5
5

5
5

5
5

3
5

3
5

3
5

3
5

3
5

  
S

ho
u

ld
e

rs
2

5
2

5
3

5
3

5
3

5
3

5
3

5
3

5
4

5
4

5
4

5
4

5
4

5
5

5
5

5
5

5
3

5
3

5
3

5
3

5
3

5

  
S

id
e

 s
lo

p
e

s
0

0
0

0
0

0
0

0
0

0
2

2
2

2
2

2
2

2
2

2
2

2
0

0
0

0
0

  
S

id
e

 d
ra

in
s

2
4

2
4

3
4

3
4

2
3

2
3

2
3

2
4

2
4

4
5

4
5

4
5

4
5

4
5

0
 

4
5

2
1

2
1

2
1

2
1

2
1

  
M

it
re

 d
ra

in
s

0
0

0
0

0
0

0
5

5
0

0
0

0
0

0
0

0
0

 
0

0
0

0

D
ra

in
a

g
e

 (
st

re
a

m
s)

  
S

tr
u

ct
ur

e
0

0
0

0
0

0
0

0
0

0
0

0
0

0
2

1
0

3
3

0
0

0
0

  
A

p
pr

o
ac

h
 f

il
ls

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

  
E

ro
si

o
n

 o
f 

a
p

p
ro

a
ch

 f
ill

s
0

0
0

0
0

0
0

0
0

0
0

0
0

0
3

3
0

0
0

0
0

0

  
P

ro
te

ct
io

n
 w

o
rk

s
0

0
0

0
0

0
0

0
0

0
0

0
0

0
5

2
0

4
3

0
0

0
0

  
F

lo
o

d
 p

la
in

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

S
lo

p
e

 s
ta

b
ili

ty
  

C
ut

 s
ta

b
il

it
y

0
0

0
0

0
0

0
0

0
0

0
0

2
1

0
0

0
0

0
0

0
0

  
F

ill
 s

ta
b

ili
ty

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

4
1

5
3

0

C
o

n
st

ru
ct

io
n

  
O

ve
ra

ll 
fi

n
is

h
0

0
3

5
3

5
3

5
3

5
3

5
3

5
3

5
0

0
0

0
0

0
0

0
0

0
0

0

  
E

ro
si

o
n

 p
ro

te
ct

io
n

 w
o

rk
s 

1
1

0
0

0
0

0
2

1
0

0
0

0
0

0
0

0
0

3
3

0
0

0
0

M
a

in
te

n
a

n
ce

  
Q

u
a

n
ti

ty
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5

  
Q

u
a

li
ty

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

5
5

C
O

M
M

E
N

T
S

:

F
F

Cu
lv

er
t 

w
it

h
 

br
ok

en
 w

in
g

 

an
d 

h
ea

dw
al

ls

P
o

th
ol

e
s 

a
n

d 

ru
ts

F
F

F
F

F

C&
M

C
C

&
M

C

PU
P

U
P

U
A

A
A

A
F

F
F

F
F

F
F

C&
M

C
C

&
M

C
C

&
M

C
C&

M
C

C&
M

C
C&

M
C

C&
M

C
C&

M
C

C
&

M
C

C
&

M
C

C&
M

C
C

&
M

C
C

&
M

C
C&

M
C

C
&

M
C

0
0

0
0

0

Sc
ho

ol
Sc

h
o

ol
S

ch
o

o
l

S
ch

o
o

l
S

ch
o

ol

0
,5

2 
(s

id
e 

d
ra

in
s)

Sc
h

o
o

l
S

ch
o

ol
Sc

ho
o

l
S

ch
oo

l

0
0

0
0

C
&

M
C

C&
M

C
C

&
M

C

0
,1

1
 3

3.
2

1
4

67
S.

 

2
9

.0
17

52
W

0,
2

0
,3

0
,4

0

C
&

M
C

0
,6

0
,7

0
,8

0
,9

1
0,

7
0,

8
0

,9
2

S
ch

o
ol

S
ch

o
o

l
S

ch
oo

l
Sc

h
oo

l

0
0

0
0

X
Y

 &
 Z

A
W

e
a

th
er

:

0
,2

0
,3

0,
4

0,
1

S
ch

o
o

l
S

ch
o

o
l

S
ch

oo
l

Sc
h

o
ol

0
0

0

3
3.

2
1

45
S 

2
9.

0
19

9
W

0
,5

0
,6

0,
6

S
ch

o
ol

S
ch

o
o

l
S

ch
o

ol

0
0

0
0

To
p

o
gr

a
p

h
y

R
1

2
3



 

1273 | P a g e  
 

 

Training and Educating Pavement Engineer 4.0 

 

WJvdM Steyn 

Department of Civil Engineering, University of Pretoria, South Africa  
 

 

 

Synopsis— The effects of the 4th Industrial Revolution is being debated on many levels. 

In pavement engineering, the influence of developments such as autonomous, connected 

and electrical vehicles, Internet of Things sensor networks and smart transportation and 

materials are being evaluated regarding impacts on the way that business is being 

conducted. Focus needs to fall on the requirements of training engineers to be future-ready. 

The realities of training civil engineering students for the future is that this training has 

always been focused on provision and maintenance of public infrastructure for the future. 

The essence of civil engineering is to ensure that the general public has access to the 

required infrastructure to travel, live, and work. This infrastructure generally are provided 

for, and maintained to be operational and safe for decades. Students thus need to be 

equipped with tools and skills to enable them to respond proactively to the world over the 

next 50-odd years. Engineering students typically arrive at institutions of tertiary learning 

having been trained in fundamentals (Reading, Writing and Arithmetic). Their knowledge of 

engineering as a discipline is typically meagre and will be developed through tertiary 

education. In a post-modern internet driven world, the digital skills of these students are 

relatively well-developed, although general technical skills are lacking. Four types of 

knowledge should be gained by these potential engineers - fundamental, applied, 

internalized and searchable knowledge. This paper investigates needs and requirements for 

educating pavement engineers of the future, and evaluates the balance between the four 

types of knowledge. 

Keywords— Training, Educating, Pavement engineers, 4th industrial revolution 
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 INTRODUCTION 

Evolutionary progress in mankind has always focused on generating new knowledge and 

improving the living conditions for the general population. Hawking [1] indicated that the growth in 

knowledge and papers is an exponential process. A short search indicates that there are already at 

least 130 new research papers on the topic of Dynamic Shear Rheometer (DSR) and bitumen 

published in 2019, and 1 090 on autonomous vehicle and pavement (first 2 months of 2019). It thus 

becomes an extraordinary feat for an engineer to keep up to date with all new knowledge, and clear 

selections has to be made regarding which knowledge to internalize. In this environment, new civil 

engineers has to be trained and educated to first understand the intricacies of civil engineering, 

followed by specialization in pavement engineering (including materials, pavement analysis and 

related disciplines for the topic of this paper).  

The world is thus constantly changing and this requires appropriate responses from those that 

make civilized life possible – in this context the civil / pavement engineers that design, construct, 

maintain and manage road infrastructure. In order to enable these engineers to remain agile and 

equipped to conduct such tasks efficiently, it is important to continuously reflect on the needs and 

contents of training and education. 

Another aspect affected by the 4th Industrial Revolution (4IR), is the automation of various tasks 

and what is generally called the future of work. With improved intelligence incorporated into various 

technologies, mundane tasks that do not require complicated thinking skills can often be conducted 

through application of intelligent systems, diminishing the need for engineers to conduct these tasks. 

This can include efforts such as predicting the non-linear layer moduli of asphalt road pavement 

structures [2], modelling pavement serviceability indices [3] and backcalculating pavement moduli 

using data mining [4] and asphalt mix performance prediction [5]. Social media plays a further role 

in this process with methodologies of collecting engineering-related data through social media 

platforms [6].  

In this regard it is important to heed the warning that not all patterns that are identified are 

necessarily valid, and that sound engineering judgement is always important to evaluate the 

outcomes of such approaches [7]. It is necessary for both the new engineer and the engineering 

educator to reflect on what a pavement engineer should be able to do in the next 50 years to ensure 

that they are trained and educated for continuous change in their careers. 

The objective of this paper is to investigate the needs and requirements for educating pavement 

engineers for the future, by discussing the definitions of civil and pavement engineers, postulating 

on the future pavement engineering world, and identifying the skills that should be required for an 

engineer to contribute in this environment. 
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ENGINEERING TRAINING AND EDUCATION 

Defining an Engineer 

ABET (an organization similar to the Engineering Council of South Africa (ECSA)) defines 

engineering as “the profession in which a knowledge of the mathematical and natural sciences 

gained by study, experience, and practice is applied with judgment to develop ways to utilize 

economically the materials and forces of nature for the benefit of mankind” [8]. It sets the following 

requirements for engineering degree programs: 

 Ability to apply knowledge of mathematics, science, and engineering; 

 Design and conduct experiments as well as to analyse and interpret data; 

 Function on multidisciplinary teams; 

 Communicate effectively; 

 Identify, formulate, and solve engineering problems; 

 Understand professional and ethical responsibility 

 Understand the impact of engineering solutions in a global/social context; 

 Engage in life-long learning, and 

 Exhibit a knowledge of contemporary issues. 

The definition of a Pavement Engineer is viewed as an engineer that focuses on design and 

maintenance of road pavement infrastructure. It is typically differentiated from transportation 

engineering in terms of the focus on infrastructure, compared to the focus on planning, operation 

and management of the traffic and operations that the transportation engineer focuses on. Pavement 

engineering is also termed highway engineering in some countries. Scoping the Body of Knowledge 

(BoK) and areas of influence of pavement engineers in part of the activities of the Academy of 

Pavement Science and Engineering (APSE) [9]. 

From a recent survey on career skills deemed vital in engineering [10], it appears as if general 

consensus exists that employers need T-shaped engineers with depth of technical knowledge and 

breadth of other career skills, with the following vital skills for any engineer (regardless of discipline): 

 Problem solving (ability to break down an issue and frame it in a way to create a solution); 

 Listening and communication (listen to presented problem entirely, and then communicate to 

the customer potential solutions, and a thorough understanding of the issue); 

 Creativity (engineers need to apply principles and create a unique solution), and 

 Determination, diligence and dedication. 

This T-shaped model requirement reinforces the traditional concept of educating engineers in the 

broad sciences first, followed by mire specialist training in specific fields. The education and training 

of an engineer is thus built up through exposure to basic sciences, followed by general engineering 
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sciences, broad discipline-specific engineering sciences (e.g. civil vs. mechanical vs. chemical etc.), 

and completed with specialized sub-discipline engineering specialization (e.g. pavement vs 

transportation vs structural etc.). It is the belief of the author that even in a 4IR environment, this 

basic educational process is required. 

Education and Training 

Education and training of engineers does not constitute the same action. In a general sense, 

training implies the act of imparting a special skill as required on an operational level. Education is 

the process of systematic learning of fundamentals that develops a sense of judgment and 

reasoning. Engineers thus require both education and training, with an initial focus on education 

(fundamental concepts) followed by lifelong training as technologies evolve and the BoK in the 

specific field of engineering develops through continuous research. 

Fundamental knowledge in the BoK of engineering education contains all the basic sciences 

(mathematics, physics, chemistry, materials science) that engineers has traditionally been exposed 

to. This forms the generalized solution case for any engineering problem that needs to be solved. 

This is followed (as indicated) by education in the engineering sciences. The emphasis on traditional 

engineering science concepts such as basic rheology, thermodynamics, strength of materials etc. 

remains important in a 4IR environment, as all new knowledge are still based on the fundamental 

laws of science.  

This fundamental knowledge underpinning engineering practice requires continues research at 

the extremes of the discipline (nano- to mega-levels). Greater support for long-term basic 

engineering research necessary to build the engineering knowledge base are required to address 

society’s evolving needs [11]. This education needs to be evaluated from the perspectives of a 

discipline, a profession, a knowledge base supporting innovation, entrepreneurship, and value 

creation through a diverse educational system characterized by quality, rigor, and diversity. 

Engineers thus needs to be trained to be resilient with the required knowledgebase to enable 

adaptation of skills to a changing environment and continuous value-addition to the analysis of any 

engineering problem. A structured approach to lifelong learning is essential to keep up. 

A recent (unpublished) discussion between various prominent senior civil engineers supported 

this issue of basic training with the essential lifelong learning aspect as the basis of previous, current 

and future engineering training. The discussion linked to these senior engineers that were trained at 

university in using slide rulers, but that have survived and excelled in a world where calculators, 

computers and tablets took over the role of the slide ruler. Their fundamental training supported their 

abilities to use the new technologies that did not even exist when they were at university. 

From this background, the practice of too much emphasis on applied technologies on a first 

qualification level is to be resisted, and the focus should be on education of principles that will not 

change with evolving technologies. 

One way to look at the different types of knowledge that are required in the BoK for an engineer 

is to look at a model with four types of knowledge. These are fundamental, intrinsic, searchable and 

applied knowledge. Fundamental knowledge constitutes the basic mathematical and physical laws 
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and relationships, intrinsic knowledge is that which an engineer should internalize to enable effective 

and efficient work in the field. Searchable knowledge is that which is readably available in digital 

format and not needed to be remembered by the engineer, while applied knowledge is the point at 

which the various types of knowledge are incorporated into solution of a specific problem. The issue 

of the use of searchable knowledge in engineering education is debated in educational forums, as a 

balance needs to be struck between searching for all required information, and internalizing 

fundamental information while searching for only applicable additional and specialized information 

[12]. For pavement engineers, this means that fundamentals such as the rheology of bitumen needs 

to be internalized, while the actual properties of specific bitumens or the environmental conditions in 

a specific region may be a searchable item. 

Reference to the ABET definition indicating the “need for knowledge of the mathematical and 

natural sciences” [8] is quite important in the education of Pavement Engineer 4.0, as this basis is 

essential to ensure that this engineer still understands the basic foundational concepts on which the 

physical world operates. Whatever advanced knowledge is required to survive in the future world of 

work for the engineer, will always be based on such concepts. It is expected that in the 4IR future, 

the level of knowledge of such basic sciences will be higher than in the past, as integration between 

sciences and disciplines is one of the characteristics of the 4th Industrial Revolution. 

An aspect that should never be neglected in this education of engineers is the ability to 

communicate effectively. Based on their confidence in knowledge of the basic and engineering 

sciences, an engineer should be in a position to listen to the requirements for a specific project 

clearly, analyse and synthesize the fundamental issue, develop a solution, and then communicate 

this solution to both specialists and laymen with confidence and clarity. In world where opinions of 

the public often affects daily life and the engineering process, it is important that the messages that 

engineers convey in their communication must be clear, founded on facts and be ethically 

responsible [13, 14, 15, 16]. Complicated engineering concepts should be communicated in simple 

terms, without neglecting the importance of the need for specialised knowledge and experience to 

solve such problems effectively. 

 

INDUSTRIAL REVOLUTIONS 

 

The four industrial revolutions are typical indicated as the first (mechanization - around 1760), 

second (mass production – around 1870), third (electronics and information technology – around 

1969) and the fourth (merging technologies – around 2000) [17]. From a road engineering viewpoint 

the four revolutions can also be mile posted looking at the Telford road system (1775), Macadam’s 

pavement design (1870), the US Interstate development (1969) and the interconnection of vehicles 

and infrastructure (current). 

It is important to keep in mind that transportation infrastructure is typically developed with a long 

time-scale. A 30 to 50+ year design life is quite achievable and required to ensure that the scarce 
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resources used in constructing a road are not wasted. Thereafter, through appropriate rehabilitation 

techniques, the life can often be extended further. Land-use issues also makes it desirable not to 

change transport infrastructure location and use significantly, as it affects whole communities 

depending on these infrastructure. This is in comparison with more rapid changes in technology in 

other engineering disciplines (e.g. developments in the internet, telecommunications and vehicles).  

The National Academies of Sciences, Engineering, and Medicine (NASEM) views 

transformational technologies and services, resilience and security, system performance and asset 

management, goods movement, institutional and workforce capacity, and research and innovation 

as some of the critical issues in transportation for the next two decades [18].  

The expected effects of the 4th Industrial Revolution on the life of the pavement engineer may 

include changes in pavement structures due to the wandering patterns of autonomous vehicles [19], 

changes in materials due to developments in nanotechnology [20], changes in traffic loading due to 

vehicle technology developments [21], and the availability of traditional materials such as bitumen 

[22, 23] and the need for development of novel road pavement surfacing options. In terms of the 

education and training of pavement engineers, a resilient fundamental knowledge of materials and 

engineering mechanics and dynamics should enable a competent engineer to cope with these (and 

other, probably currently unknown) technological challenges to his/her traditional education and 

training. Further, a more in-depth understanding of materials science and chemistry is probably 

becoming an important tool for the road pavement engineer, to enable a better understanding of the 

interactions between materials and the environment. Lastly, the 4IR developments will enable 

collection of large datasets of various parameters previously only available in discreet volumes (such 

as pavement deflection, traffic loading, etc.) through the application of IOT devices within the 

pavement and vehicles. Communication between vehicles (V2V), vehicles and infrastructure (V2I) 

combined with general environmental data, enable data sets that can be interrogated on a mass 

scale for a much improved understanding of the behaviour and performance of the vehicle / 

infrastructure environment. Such inferences may lead to improved safety, longevity, durability and 

sustainability of the pavement network. This area of interaction between civil engineering and 

electronic engineering have previously briefly been referred to as civiltronics [24], a term that may 

become more applicable in the next few years. 

 

PAVEMENT ENGINEER 4.0 

Based on the discussions in the preceding sections, it becomes clear that Pavement Engineer 4.0 

will need to internalize the fundamentals of materials science, engineering mechanics and dynamics. 

This knowledge should be combined with an appreciation of the environment and its effects on 

materials, as well as a sound appreciation of IOT and big data analysis and data sciences. Finally, 

the ability to integrate internalised knowledge with searchable information and data and development 

of models to describe the interaction between materials, traffic and the environment will be essential.  

To ensure the continuous development of the BoK for pavement engineering, anticipating novel 

materials and technologies and their impacts on pavement engineering, it is important to approach 
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the issue on a global scale. Globalization allows pavement engineers to be in constant contact with 

colleagues internationally, assisting in solving pavement related challenges through a much more 

focused approach.  Obviously, each region has specific issues to cope with, based on local materials, 

environment and traffic conditions. However, the principles underlying potential solutions remain 

similar, and therefore global communication is vital for sustainable solutions to future pavement 

engineering challenges.  

In 2017 the Academy of Pavement Science and Engineering (APSE) was founded based on 

discussions a vision to strive to build safe, secure, and sustainable mobility for people and goods 

through academic excellence and a mission to serve the pavement science and engineering 

academic community through education, research and professional development [9]. APSE focuses 

on education, research and professionalism for pavement engineering. In the Education arena the 

immediate goal is to develop a BoK, which is deemed essential for the practice of pavement 

engineering on the level of training and education of technicians and engineers. The Research focus 

is development of white papers defining the most significant challenges expected to impact 

pavement infrastructure over the next decades. The Professionalism group focuses on a base 

statement that highlights the importance and impact of pavement engineering in general society, 

including economic, engineering, societal and scientific aspects of pavement engineering. It thus 

attempts to define what is required to distinguish between a civil and a pavement engineer (typically 

a person with advanced knowledge in the discipline of road pavement design, construction, 

maintenance and management). Through APSE it is envisioned that Pavement Engineer 4.0 will be 

well defined in terms of its education, research focus and standing in the community.  

Future of work is a novel term used to describe the field of changes in traditional work 

environments that affect the practitioner through issues such as automation and new technologies. 

Such effects are partly driven by technological advancement, but also policy changes, as politicians, 

employers and workers have the power ensure that digital technology can be to the benefit of society 

in general. A recent study found that economic benefits, demographic trends and safety factors are 

catalysts for automation, with low- and medium skilled workers being typically exposed to high risks 

of automation [25]. The pace of introduction and diffusion of technologies depend on differences in 

the development stage of countries. Novel technologies that may affect the future of work in the 

transport discipline include automation and maintenance of vehicles and infrastructure, digital user-

interfaces between customers and operators and new services. Analysis of the effects of automation 

indicates a potential shift in workforce rather than labour reduction – however, in a developing country 

such as South Africa, with a current high unemployment rate and low educational skills in the younger 

workforce, such shifts to higher-technology jobs may be problematic.  

Development of new transportation routes, new transportation modes and the related 

maintenance requirements may affect the life of Pavement Engineer 4.0 through more work required 

(development of new facilities and maintenance of these facilities under higher productivity cycles), 

but on a different technological level than before (use of novel materials, incorporation of new modes 

and models of transportation, maintenance during use, development of automated and autonomous 

maintenance techniques). The need for Pavement Engineer 4.0 is thus firmly entrenched in the 4IR 
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world, but most probably in a different context than what was the norm over the last few decades. 

The need for skills development, redevelopment and refinement will thus be a constant to ensure a 

productive future. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 Based on the discussions in this paper, it is concluded that Pavement Engineer 4.0 will require a 

solid traditional education in the basic and engineering sciences, combined with the ability to apply 

such knowledge in unknown situations to develop solutions for a transportation world that is 

constantly changing. This should be supported by a solid continuing education and training 

programme to obtain new knowledge in the design, construction and maintenance of pavements, as 

influenced by diverse fields such as electronics, chemistry, nanotechnology and environmental 

sciences. These changes are mostly driven by factors outside the area of influence of the pavement 

engineer. Pavement Engineer 4.0 therefore needs to be a well-educated, resilient person with access 

to a toolbox of both traditional and modern solutions to the transportation demands of the future. 
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