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Introduction 

Climate today is changing rapidly. In some regions, freeze-thaw cycles are changing 

and winter is becoming shorter, altering pavement-damage distribution throughout the year 

(Knott et al., 2019a). In other regions, extreme heat is becoming more frequent and more 

intense (Jacobs et al., 2018), reducing the temperature-dependent modulus of hot mix asphalt 

(HMA), which in turn increases rutting and fatigue cracking (e.g. Stoner et al., 2019). In 

coastal regions, sea level is rising, increasing flood risk, erosion, storm-surge damage, 

groundwater levels, and the frequency of nuisance flooding. Hurricanes are also becoming 

stronger, bigger, slower, and with more intense rainfall (Fleming et al., 2018). Finally, heavy 

precipitation is becoming more frequent in some regions and flood risk is increasing in many 

watersheds (USGCRP, 2017). These changes can drive premature pavement failure when 

surface water or groundwater moves into the unbound layers of the pavement structure 

(Elshaer, 2017; Roshani, 2014).  

All these changes are projected to continue, and many are projected to accelerate, as a 

result of heat-trapping greenhouse gas emissions. Across the contiguous United States (U.S.), 

for example, average annual temperatures over the next century are projected to increase 

anywhere from two to four times more than over the last century even if emissions are 

reduced (USGCRP, 2017). The rate of sea-level rise (SLR) has already tripled over the last 



few decades compared to the last century; over the next century it is projected to increase 

between 1.5 to 10 times more (Sweet et al., 2017). 

Together, these changes have the potential to impact nearly every aspect of the built 

environment, including transportation infrastructure, from the materials used to the placement 

and integrity of the structures once they are built. Under standard practice, increased costs of 

maintaining roads due to climate impacts are estimated to be on the order of billions of U.S. 

dollars (Underwood et al., 2017). It is therefore imperative that pavement design and 

management systems incorporate climate projections to ensure they are achieving their 

intended lifespan and reliability.  

The objective of this paper is to introduce a set of techniques for incorporating 

climate change into pavement design and management practices with examples from research 

conducted in the U.S. 

Future Climate Projections 

 Projections of a range of plausible greenhouse gas emissions from human activities 

(multiple scenarios) are used as input to global climate model (GCM) simulations of possible 

climate futures (Hayhoe et al. 2017). Human choices are the primary source of uncertainty in 

emissions projections; scientific uncertainty regarding the climate-system response to these 

emissions is the second. In using future climate projections, these two sources of uncertainty 

can be addressed by using, at a minimum, a higher and a lower emissions scenario and an 

ensemble, or collection, of GCMs. Because GCM output is too coarse for regional analyses, 

statistical downscaling and/or regional climate modelling is typically used to translate and 

bias-correct the GCM output to a spatial and/or temporal scale relevant to a given analysis.  

To ensure pavement resilience in a changing climate, transportation agencies must 

incorporate regional or local climate projections into pavement designs and maintenance 

plans. This can be accomplished from information that is either publicly available or 



developed in coordination with a climate scientist, depending on the scope of the project. In 

some instances, qualitative information about general trends from national and international 

climate reports may suffice (e.g. USGCRP, 2017, 2018; IPCC, 2013). For other applications, 

publicly available GCM simulations or downscaled datasets, can be used. A summary of the 

available models and guidance on their use can be found in Kotamarthi et al. (2016). For 

larger and/or more critical or specialized designs, asset- or location-specific projections and 

indicators generated by a climate scientist or technical expert may be necessary. 

Accounting for Climate Change in Pavement Design 

Pavements are typically designed to last at least 20 years, often with pavement base 

layers being in place for 60 years or longer (Christopher et al., 2006). Pavement designers in 

the U.S. typically use the AASHTO empirical approach or various mechanistic-empirical 

approaches to flexible pavement design. The empirical approach is based on field 

performance data measured by the AASHTO road test from 1958 to 1960 (Highway 

Research Board, 1961). The effect of long-term changes in climate conditions on pavement 

life can be built into empirical approaches through the resilient modulus, the primary material 

property for predicting the pavement response to traffic loading. Changing environmental 

conditions affect resilient modulus in both the HMA and the base layers. Relationships 

between the HMA, base layer, and subgrade resilient modulus and temperature exist that can 

be used in the pavement design calculations with projected temperature increases determined 

from downscaled GCMs (e.g., Knott et al., 2019a).  

Once established, these relationships between environmental conditions and resilient 

modulus can also be used in mechanistic-empirical pavement design. Mechanistic-empirical 

(M-E) models, calibrated to observed pavement performance, are used to calculate stresses 

and strains in the pavement structure in response to simulated traffic loading (e.g. AASHTO, 

2008). These models are useful in predicting pavement life for future climate/environmental 



conditions, which may differ from those experienced in the AASHTO road test. In this case, 

time series of future climate projections for one or more emissions scenario(s) at site-specific 

scales (e.g., statistically downscaled high-resolution station-based hourly climate projections 

from a GCM) can replace historical weather data in order to examine when and how current 

pavement practices lead to changes in the lifetime and performance of typical roads (Stoner 

et al., 2019). 

There are also asset-based approaches that assess an asset’s sensitivity to changing 

climate conditions without first choosing an emissions scenario. In this case, potential 

combinations of climate stressors that a pavement might experience in the future (e.g., rising 

temperature and SLR-induced groundwater level increases) can be used to understand a 

pavement’s sensitivity to a changing climate. The approach is equally capable of considering 

potential changes over a pavement’s lifetime or how pavement design changes reliability 

(e.g., HMA thickness) (Knott, 2019b). This approach provides practitioners with increased 

knowledge of the pavement’s sensitivity to incremental environmental change untethered to 

climate scenarios and can be used to identify adaptation options. 

Once stakeholders understand their asset’s sensitivity to climate change, both in terms 

of the important climate variables and thresholds (or tipping points) for action, scenario-

based approaches can be used to determine adaptation pathways, a sequential series of 

adaptation actions, and costs. There are many options available for pavement management. 

Consideration of the performance, cost, and road-surface inundation of numerous, flexible 

adaptation pathways over the next 50 to 100 years using a scenario-based approach provides 

practitioners with the ability to understand the trade-offs between various management 

strategies (Knott, 2019b).  

 

 



Summary and Future Work  

Climate is changing at a rate that is unprecedented in human history resulting in more 

frequent extreme heatwaves, heavy rain events, stronger hurricanes, coastal flooding, and 

higher groundwater tables as well as a shift in the mean temperature. These trends are 

expected to continue as human choices drive our future climate. Numerous studies have 

shown that these changes will reduce flexible pavement performance and lifetime due to a 

weakening of existing pavement materials under increasing temperatures and diminished 

base-layer strength from water inundation and soil saturation. However, uncertainties exist in 

the climate projections, making it essential to engage stakeholders early and throughout the 

process to identify the critical environmental parameters and tipping points for the asset(s) of 

interest, the relevant timeframe, and budgetary constraints. Extensive further research is 

needed to incorporate stepwise, flexible and cost-effective adaptation plans into pavement 

design and pavement management systems to prevent the high cost of premature pavement 

failure.  
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