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Abstract: Flexible pavements and climate are interactive. Pavements are climate sensitive
infrastructure, where climate can impact their deterioration rate, subsequent maintenance, and life-
cycle costs. Meanwhile, climate mitigation measures are urgently needed to reduce the
environmental impacts of pavements and related transportation on the macroclimate and
microclimate. Current pavement design and life cycle management practices may need to be
modified to adapt to changing climates and to reduce environmental impacts. This paper reports an
extensive literature search on qualitative and quantitative pavement research related to climate
change in recent years. The topics cover climate stressors, sensitivity of pavement performance to
climatic factors, impacts of climate change on pavement systems, and, most importantly,
discussions of climate change adaptation, mitigation, and their interactions. This paper is useful for
those who aim to understand or research the climate resilience of flexible pavements.

Keywords: pavement; climate change; performance; maintenance; life cycle cost; adaptation;
mitigation

1. Introduction

Evidence from previous studies has shown that the climate is changing. For example, global
surface temperature has increased 0.85 °C between 1880 and 2012, and the rate of change has become
more rapid in the most recent decades. Meanwhile, the sea level has been rising globally and extreme
weather events, e.g. floods, hurricanes, and heat waves, have become more frequent in many regions.
Climate change will likely continue, at least into the near future [1].

In the United States, 94% of paved roads are flexible pavements. These pavements have almost
always been designed and maintained with the assumption of historical local climatic conditions. As
challenges from climate change arise, it is of importance to adapt pavement infrastructure to these
changes. Flexible pavements are a type of environmentally sensitive infrastructure. When
environmental conditions change negatively, pavement deterioration can occur faster and vice versa.
In regions where the negative changes will occur, additional costs may be incurred by road
authorities to address this. If nothing is done, costs will be borne by the users in terms of losses such
as fuel consumption, safety, and time. On a national level, this means the sum of costs incurred due
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to climate change may become significant, and additional budgets will be needed for climate
adaptation and mitigation in the future.

Hence, it is an urgent task to incorporate climate resilience into pavement design and
management; however, there are important questions that must first be answered, including 1) How
do pavements and climate interact? 2) What is the research trend for assessing impacts of climate
change on flexible pavements? 3) How does climate change impact flexible pavement systems
(including performance, maintenance, and costs) in a pavement life cycle perspective? 4) What are
the current research gaps regarding climate adaptation and mitigation for flexible pavements?

To answer these questions, this paper attempts to present a comprehensive literature review
synthesizing the current understanding of the interactions between climate change and flexible
pavement systems, particularly in terms of climate adaptation and mitigation. The authors consulted
various literature research engines including Web of Science, Scopus, Transportation Research
International Documentation (TRID), and Google Scholar. An extensive literature search was
conducted, using the keywords “climate change”, “temperature”, “moisture”, “sea level rise”,
“cloud”, “wind”, ”life cycle assessment”, “life-cycle cost analysis”, “climate adaptation”, or “climate
mitigation”, in combination with “flexible pavement”. A final list of 141 publications (publication
types: papers/reports/books/theses/standards/websites) were selected for this study. The majority of
them have been published in the past decade. The selection criteria primarily included the number
of citations, of relevance to this study, and each publication’s quality [2]. The expert judgment of
authors was used to determine the relevance and qualities of these publications. Finally, the authors
synthesized and compared characteristics (e.g. qualitative or quantitative research, the methodology
utilized, key conclusions, and limitations) of the selected publications. Despite the care taken to
achieve a comprehensive review, some relevant publications with merit may still have been omitted
due to the limitation of the utilized search engines, document types, search language, keywords, etc.

The remaining part of this paper is arranged as follows. First, the “Background” section is
presented to help readers to establish a conceptual sequence of impacts of climate (change) on
pavement systems. It starts by reviewing the known responses of pavement infrastructure to
environmental factors. Then, a critical review of research methodology is conducted. The critical
review primarily examines recent studies on impacts of climate change on pavement performance,
maintenance, and costs for both qualitative and quantitative perspectives. Next, popular climate
adaptation and mitigation methods are described and discussed. The interactions between climate
change adaptation and mitigation are subsequently discussed. For adaptation and mitigation, rather
than conducting an extensive review of specific adaptation and mitigation measures, this paper
focuses on the general methodological approaches and their principles, emphasizing the gaps to be
bridged and research areas that need to be further investigated.

This paper can serve as a “hitch-hiker’s guide” for agencies, road users, researchers, and
practitioners to understand climate change adaptation and mitigation of flexible pavements from a
systematic perspective. It also serves as a synthesis of the existing knowledge regarding what is
known and what is not known related to climate resilient and sustainable flexible pavements.
Eventually, gaps in the current research are identified with recommended future research areas.

2. Background

2.1. Flexible Pavements and Climate Change

In general, climate change can have a direct impact on environmental conditions and, therefore,
change pavement performance. The energy and moisture balance of a pavement can be disturbed by
climate stressors, and the long-term pavement performance (rate of deterioration) will change as a
consequence (i.e., the direct impact). From the literature, the most common climate stressors include
temperature, precipitation, groundwater, cloud cover, and wind speed [3]. Typically, pavement
performance is most influenced by temperature and moisture, and the long-term impacts from the
climate stressors can be significant [4,5].
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Climate change can also have indirect impacts on flexible pavements. Indirect impacts are
principally from demographic changes caused by climate-related migrations, but also may include
such factors as changes in vegetative shade due to growth differences resulting from climate change
[6]. Climate change related migration is believed to have an influence on the population of certain
regions and the change of local traffic demand [7]. Traffic, especially heavy vehicles, is a main source
of pavement damage [8]. Consequently, the indirect impact of climate change on the performance of
flexible pavements can be significant. Unfortunately, predictions of changes in traffic demand due to
specific climate change are currently uncertain or even impossible to predict.

2.1.1. Temperature

Pavement temperature is dependent on energy balance, particularly on the pavement surface.
The pavement absorbs heat from solar energy, which is nearly constant over the service life of
pavements (typically 2040 years). The reflection coefficient (albedo) of a pavement surface plays a
significant role in absorbing solar energy, which can have a dominant influence on maximum
pavement temperature [9,10]. Some energy leaves the pavement by radiation and convection, and
the magnitude of convective heat loss depends on air temperature and wind speed. Heat is conducted
through asphalt layers to the layers beneath. Heat capacity and thermal conductivity of pavement
materials are important properties that determine the temperature profile in the pavement [2,9,11].
The re-emission by paved areas, by convection or radiation, of previously absorbed heat is a
significant contributor to the urban heat island effect; therefore, albedo and the pavement materials’
thermal characteristics are themselves indirect contributors to local warming [12].

It has been widely accepted in the pavement research field that temperature mainly impacts the
asphalt layers, where increases in temperature can reduce the stiffness of asphalt materials, which
can limit the stress-strain response of the pavement and reduce the ability of a pavement structure to
spread loads [3]. In addition, even if the change in the stiffness of these materials is not significant
over the length of a single day, changes in stress-strain response and load spreading ability can
exhibit their effects in the long term and may accelerate load-related deterioration. Furthermore, the
ability of asphalt materials to resist permanent deformation reduces as temperature increases [13—-
15]. In extreme cases, when temperature has significant daily/hourly increases, accelerated
development of permanent deformation can be expected [3,16]. Increases in the temperature ranges
due to climate change can increase thermal stresses in asphalt layers, and more thermal cracking can
be expected [17,18]. In addition, higher temperature can lead to faster aging of asphalt mixtures, and
pavements can become more prone to cracking due to brittleness [19-21].

2.1.2. Precipitation and Groundwater

Precipitation and groundwater can impact pavements by changing moisture levels in
pavements. In practice, moisture can enter and exit pavements in different ways [22,23]. Rainfall will
drain away from a pavement by uncontrolled runoff or via drainage infrastructures (gullies, drains,
and pipes). Surface runoff can enter a pavement’s structure from its sides and through cracks and
potholes. Groundwater level varies in different seasons and can be influenced by precipitation,
flooding, and, in coastal areas, by storm surge and sea level rise [23-25]. Moisture content in the
unbound granular layers and subgrade can be significantly affected by the groundwater level in
regions where the existing groundwater level is high. Due to flooding or heavy rain, the pavement
subgrade or even unbound layers may be submerged, resulting in significant moisture levels. Water
in the pavements can also move in the form of vapor in capillaries, depending on temperature [22].
Therefore, evaporative potential may be significantly increased in areas where droughts may occur.

Moisture mainly influences unbound and soil materials and adhesion between bitumen and
aggregates. With an increase in the degree of saturation, the resilient modulus of unbound and
subgrade materials can decrease significantly [23]. Moisture can also have an influence on the rutting
resistance of the subgrade [4,26]. The shear strength of unbound and subgrade material may reduce
significantly at high levels of saturation, which can cause permanent deformation to accumulate
rapidly and, under extreme circumstances, lead to the collapse of the materials (an exponential
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increase of permanent deformation) [27,28]. In addition, unbound and subgrade materials with a
greater proportion of fine materials are more susceptible to moisture damage [23].

Moreover, moisture can also impact asphalt concrete materials [29]. Stripping (raveling) at the
asphalt surface can be caused by various factors, such as poor materials, construction, environmental
factors, traffic, or a combination of one or more of these factors. It was found that saturation in asphalt
layers (e.g. after a rainfall) can accelerate stripping [30-32]. This is probably because excessive
moisture in asphalt layers allows pore pressures to develop under trafficking, which can disrupt the
aggregate-bitumen adhesion [33]. In regions where precipitation (or even flooding) will increase,
stripping may become more frequent, especially when drainage is inadequate.

2.1.3. Freeze-thaw Cycles

The freeze-thaw phenomenon is caused both by temperature and moisture in cold regions. Low
temperature in winter freezes moisture into ice lenses that defrost during spring. In some soils,
extended freezing acts to draw up more water into lower pavement layers from below. Excessive
moisture can then be released on thawing, which remains trapped in the pavement until thawing is
complete. This often occurs in unbound layers and subgrade soils so that a significant reduction in
resilient modulus and rutting resistance can be expected. A reduction in resilient modulus of between
48% and 63% due to spring-thaw was found in previous research [34]. Severe pavement distress may
occur during the spring-thaw period [2,14,23,27].

Climate change can impact freeze-thaw cycles in many ways. Firstly, climate change can prolong
thaw periods in some regions and lead to extended periods of high moisture content in pavements,
which results in more rapid development of distress such as rutting and stripping. Longer spring
load restrictions may then have to be applied in such regions, resulting in consequential economic
loss due to limited accessibility, detours, and reduced local business [35]. Secondly, climate change
may delay the beginning of seasonal frost and potentially lead to more freeze-thaw cycles, possibly
due to a reduction in the depth of the snowpack [36]. Such climate change can eliminate freeze-thaw
in some regions with mild winters. In this case, the result may be reduced pavement deterioration in
spring. However, many businesses in northern climates depend on freezing months to harvest wood
or to travel on local roads without load restrictions, e.g. New England in the U.S. Without a freeze,
these pavements may be significantly damaged if load restrictions are not put in place or the
pavement structures reconstructed. Access to some forests may be, in effect, curtailed.

2.1.4. Cloud Cover

Cloud cover can impact the shortwave and longwave radiation and affect the energy balance on
pavement surfaces [37]. On the one hand, cloud cover can directly influence the amount of solar
radiation (i.e., shortwave radiation) incident with Earth’s surface and hence with pavement surfaces,
which may be absorbed or reflected. Increases/decreases of cloud cover can also influence air
temperatures and further impact pavement temperatures. On the other hand, cloud cover can reflect
surface radiation (i.e., longwave radiation) back down to the Earth’s surface (and hence to pavement
surfaces) by a back radiation mechanism. In areas where cloud cover will significantly increase in the
future, pavements may tend to cool down due to a decrease in shortwave radiation. However, in
compensation, there will be increases in longwave radiation to slow down the cooling process.

2.1.5. Wind Speed

Wind speed affects the heat convection from pavement surfaces. It is generally considered that
increasing wind speed can reduce pavement surface temperatures and, thus, is beneficial for
pavements (assuming very low temperatures are not involved). Qin and Hiller found that wind speed
can vary pavement temperatures between 2 °C and 10 °C [38]. The variation is greater when the
surrounding air temperature is higher, e.g. at midday or on a sunny day. Extreme wind (e.g. a tornado
or hurricane) may bring debris and damage a pavement; however, this is out of the scope of this
study and, thankfully, rare.
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2.2. Sensitivity of Pavement Performance to Climate Stressors

The significance of various climate stressors differs with regards to pavement performance.
Many studies have been performed to evaluate the sensitivity of pavement performance indices to
climatic factors, using the Mechanistic-Empirical Pavement Design Guide (MEPDG) [38-43]. The
MEPDG is a pavement performance prediction tool considering factors including traffic, pavement
structure, material, and environmental factors. The environmental factors have been considered
using the Enhanced Integrated Climatic Model (EICM) [44]. The EICM can “translate” weather to
pavement environmental conditions (e.g. temperature and moisture profiles), which are then used to
calculate material responses and predict long-term performance.

The sensitivity of pavement performance to climatic factors is usually nonlinear and, thus, needs
to be analyzed for each specific case. However, there are a few general observations. Most research
has demonstrated that temperature is the most influential climate stressor for pavement performance
[43,45]. Qiao et al. [41] examined the sensitivity of pavement performance to climate stressors on three
typical highway sections in three regions of the U.S. that are likely to be subject to the impacts of
climate change. It was discovered that both the average annual temperature and temperature range
can be influential. This conclusion is supported by Yang et al. [43] and Li et al. [45], using a similar
approach. Precipitation was not found to be influential [45]. On the other hand, Qiao et al. [46] found
that precipitation can sometimes be as influential as temperature for pavements with a high
groundwater level. Percent sunshine (i.e., cloud cover) and wind speed can be influential, but not as
influential as temperature [43,45].

In summary, these studies indicated that temperature, temperature ranges, and groundwater
level may be critical climate stressors for pavements. Thus, the long-term/extreme changes of
temperature (e.g. local warming or more frequent heat waves) and high groundwater level (e.g. due
to flooding, storm surge, or sea level rise) are of particular concern. Other factors (including
precipitation, wind speed, and sunshine percentage) are not found to be as influential as temperature
or groundwater level. Their impacts are insignificant most of the time and are usually neglected in
analyses. However, as a state-of-the-art tool, there is no scientific evidence to prove that the MEPDG
is always accurate in predicting pavement performance in the light of climate variability. Thus, the
uncertainties in the pavement performance and the consequent effects on any sensitivity analysis
need to be further quantified [47,48].

2.3. Interactions: Climate, Pavement Performance, Maintenance and Costs

Interdependency exists in the pavement system in the phases of design, construction,
maintenance, operation, and disposal. Climate change will not only impact pavement deterioration
but also these other phases. Therefore, it is important to understand the interaction of climate change
and the pavement from a systematic perspective in order to develop cost effective and
environmentally friendly adaptation and mitigation methods. An attempt to describe the interactions
is shown in Figure 1:
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Figure 1. Interactions: climate, performance, maintenance, and costs [46,49,50].

The input variable to the pavement system is climate change and the outputs include the
consequent changes in deterioration, maintenance, costs, and environmental impacts. The direct
impacts (as represented by arrow ‘a’ in Figure 1) and indirect impacts (arrows ‘b” and ‘c’) of climate
change need to be considered in the design phase of flexible pavements. For the direct impact, climate
change needs to be considered, especially in areas where climate will become hotter, colder, wetter,
dryer, and more extreme. Climate change can even cause impassibility, e.g. some coastal roads may
be flooded due to the sea level rise. The demographic changes due to climate change (the indirect
impacts), are likely to impact traffic volume in some locations and, thus, are also expected to have
profound effects on pavement performance and, hence, the requirements at design, operation,
maintenance, and renewal stages. Traffic redistribution across the network as desirable places to live
and work change (due to climate change) may have a greater influence than the direct climate change
impacts [7].

In practice, pavement maintenance and rehabilitation (M&R) decision-making are performed
based on pavement performance levels (arrow ‘d’), e.g. indicated by the International Roughness
Index (IRI), rutting and cracking [51-53]. Different M&R treatments have different maintenance
effects and can return pavements to various performance levels (arrow ‘e’) [54]. In addition, different
materials applied in the treatments may have a different ability to resist further deterioration (e.g.
thermal cracking) [55]. As pavement performance can be impacted by climate change (Output 1:
arrow ‘f" in Figure 1), maintenance decision-making may need to adapt to the changes as a
consequence (Output 2: arrow ‘g’ in Figure 1) [56]. For example, more (or less) “intensive”
maintenance (e.g. corrective maintenance instead of the historic preventive maintenance) may need
to be chosen to address the additional deterioration. Eventually, life-time pavement performance
impacts the user costs and environmental impacts (arrow ‘h’) [57]. For example, road user fuel
consumption and emissions are higher on a rougher road and, thus, they can be impacted by climate
change that causes increased pavement deterioration. It can also be affected by changes in traffic
demand (arrow ‘i’). In practice, maintenance decision-making is constrained by the agencies’
maintenance budget and how different maintenance interventions have different costs and
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environmental impacts (arrow ‘j'). Furthermore, more frequent maintenance can result in more
delays and lead to greater work zone user costs, e.g. delay costs, detour costs, and fuel consumption
costs (arrow ‘k’) [58]. Therefore, more intensive maintenance, although addressing the additional
deterioration due to climate change, will need to be justified by budget and life-cycle costs (LCC)
(arrows ‘I’ and ‘m’). Furthermore, of course, these environmental impacts have a consequential
impact on future climate change, so the decisions taken earlier by users and agencies in the light of
climate change have a 2-way consequence on both the response to and the cause of climate change.
In addition, some of the elements in this figure have a climate change mitigation (or generating) effect
(e.g. arrows ‘n” and ‘0’). These will be discussed later in Section 3.7.

3. Review of Research Methodology

3.1. Qualitative Assessment Method

The qualitative method applies risk assessment methods that seek to describe the combined
consequences of changes to a climate stressor (e.g. change in frequency or severity of a certain climate
stressor) on both the highway infrastructure and transport. Particular attention is given to highways
where future increases in high or low temperature, intensive precipitation, and frequency of flooding
are predicted to be significant [59]. Qualitative studies are commonly performed to evaluate the
potential risk of climate change on highways at a network level, to identify regions for investigation,
and to discuss adaptation and mitigation methods [60-63].

With specific topography, climatic, and hydrological information of the region, these studies can
identify significant climate stressors, such as more frequent extreme hot weather, flooding,
hurricanes, and extended thaw periods. Extreme weather events, which are difficult to predict in
quantitative ways, are often assessed using qualitative studies, although downscaling techniques are
sometimes employed for a semi-quantitative approach (see Section 3.2). The qualitative research
topics are usually informative and have wide applications. Nevertheless, it has been recommended
that quantitative methods such as economic evaluation and risk assessment should be conducted to
quantify costs and risks associated with climate change [64,65].

Qualitative research is important to understand the interactions between climate and
pavements, to identify regional climate stressors, and to recognize climate-related vulnerability in
pavement design and management. In addition, qualitative analyses can be used to identify
direct/indirect pathways of disruption to which climate change may lead, not only of physical
pavement infrastructure, but also, through interconnections, of social factors such as human health,
behavior, habits, and decisions [66]. However, none of the studies can quantify the amount of
additional damage caused by climate change and the additional cost for adaptations and mitigation.
They are usually applied along with quantitative methods.

3.2. Quantitative Assessment Method

With the development of climate prediction tools, predictions of future climate such as daily
temperature and precipitation can be available both at global and local scales. Together with the
development of pavement performance prediction models (e.g. the MEPDG), they enable
quantitative research to assess the impact of climate change on pavement performance. For example,
Tighe et al. [39] and Mills et al. [40] modelled the impact of climate change on pavement performance
in Canadian cities using the MEPDG. It was concluded that longitudinal cracking, alligator cracking,
and rutting will be exacerbated by climate change, and maintenance will have to be performed earlier
to mitigate the impact. While accounting for site specific traffic conditions, climate models, and
pavement thickness (arrows ‘a’ and ‘c’ in Figure 1), these studies used generalized material properties
for asphalt layers. Incorporating locally calibrated asphalt properties (e.g. asphalt mixture dynamic
modulus testing and thermal properties) may improve the accuracy of pavement performance
predictions and thus the reliability of the results [2]. Li et al. [49] developed a framework to assess
the impact of climate change on flexible pavements (indicated by arrow ‘a’ in Figure 1) and estimated
calibration factors for modifying MEPDG performance predictions to account for climate change.
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This study developed an easy and feasible way to incorporate the impacts of climate change into
mechanistic-empirical pavement design. In addition, the results of these studies indicated the
necessity of investigating the subsequent maintenance and Life Cycle Cost (LCC) analysis due to
climate change. However, the utilized MEPDG calibration factors are “coarse” and may contain large
uncertainties when applied to other different pavement sections, due to the limited number of cases
validated. Mndawe et al. [67] simulated the pavement’s life due to extra moisture content caused by
climate change in South Africa. They concluded that variabilities in precipitation and, thus, in soil
moisture, can reduce road design reliability, although the climate change signal may be minimal in
terms of precipitation. Similar studies were also conducted for the USA, Canada, and Egypt [68-73].

While most of these studies focus on the quantifying impacts of climate change on pavement
performance, only a few studies considered improving the reliability of future climate prediction by
using statistical downscaling methods. These methods use historical weather observations to remove
the bias in global/regional climate model output, which can better represent local extreme climates.
Meagher et al. [42] proposed a method to assess the impact of climate change on pavement
deterioration by using downscaled regional climate models. This study developed a method to match
the Cumulative Distribution Function (CDF) of predicted climate with the CDF of historical climate
data. Nega et al. [74] applied statistically downscaled climate data to predict pavement temperature
and then distresses under future climates. Even though the downscaling techniques are
computationally efficient, flexible, and able to process a large number of global climate scenarios in
a limited amount of time, statistical downscaling assumes that the current relationship (e.g. CDF)
between local climate and large-scale climate model output does not change in the future.

Further consideration has been given to the impacts of climate change on the economic
consequences of accelerated or decelerated deterioration and changed service life due to climate
change. Such studies are usually conducted either at section levels or at the network level. The
section-level studies usually explore the consequent changes in life-cycle cost components caused by
climate change. For example, a section-level assessment framework to evaluate the impact of climate
change on pavement maintenance and LCC was developed with project level case studies [46]. This
study applied pavement performance prediction with climate change projection as input and
performed an analysis to obtain the subsequent maintenance decision-making triggers and LCC
(considered arrows ‘a’, ‘d’, ‘e’, ‘h’, ’{’, and ‘k’ in Figure 1). Road user costs, as an important component
of LCC, were considered in this study. Notably, it was concluded that climate change can not only
increase costs but may, under some circumstances, reduce road user costs and LCC. This is because
the increasing frequency of adaptive maintenance under future climate may improve the life-cycle
performance levels and thus save significant user costs (e.g. fuel consumption and abrasion costs) as
the road will be smoother after maintenance. The study suggested that user costs are important and
need to be considered in assessing the impact of climate change on the economic performance of
highways. Section-level studies show advantages in using material-specific performance modelling
under different climate scenarios and can account for the life-cycle economic impacts to discover cost
components that can be significantly influenced by climate change. However, the economic
estimations are only targeted at specific combinations of climate, structure, maintenance, and traffic
pattern in a specific region and, thus, the results are likely to remain limited in scope [48].

Furthermore, many studies attempted to quantify the impacts of climate change on highway
systems at network levels. Austroads [75] conducted a study to investigate future changes in climate,
Thornthwaite moisture index, and pavement life-cycle costs in Australia. As one of the earliest and
most comprehensive literatures on climate change and pavements, this study provided an
assessment of climate change in Australia in 100 years and its impacts on pavement deterioration and
costs. It also identified adaptive measures in construction and maintenance, considering
demographic changes (not necessarily only associated with climate change as arrow ‘b’ in Figure 1).
However, it was reported that pavement performance prediction may be inaccurate due to a lack of
local calibration. Therefore, the estimated cost may need to be revised with calibrated models (see
arrows ‘d’ and ‘j" in Figure 1). In 2009, the World Bank developed a framework to quantify highway
adaptation costs associated with climate change [76]. In a climate change resilience assessment of the
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African continent, a budget of 180 billion U.S. dollars was estimated for African roads to adapt to
climate change [77]. An opportunity cost approach was applied in the study, and this budget
estimation can be used to claim climate change adaptation budgets. Schweikert et al. [78] used an
Infrastructure Planning Support System (IPSS) to assess the fiscal costs of climate change for
highways, which considered adaptation costs. This method is capable of predicting costs with and
without adaptation. Although comprehensive, a limitation in these network level studies is that they
may not have sufficient engineering details (neglecting the pavement performance box in Figure 1),
including interactions among pavement structure, material, traffic, and additional details that must
be considered [48].

Houghton and Styles [79] reviewed work undertaken by the Australian Road Research Board
(ARRB) on the long-term impact of climate change on major road infrastructure in Australia. The
ARRB used future climate projections to evaluate highway life-cycle costs using a Highway
Development and Management Model (HDM-4) (considered as arrows ‘a’, ‘d’, and ‘e’ in Figure 1)
[80]. Like most of the other studies [49], this research only investigated the effects of changes in
temperature and rainfall, and climate stressors such as wind speed, percentage sunshine, and
groundwater were not considered. Even though stressors such as wind speed may not be dominant
for pavement performance, neglecting the groundwater level may lead to underestimated
deterioration and, thus, maintenance costs [41,45]. Mallick et al. [81] developed a system dynamics
approach to understand and quantify the further economic impact of climate change on highways.
This study viewed climate change, pavement performance, and service life as a dynamic system
integrating these multi-disciplinary topics (considered as arrows ‘a’ and ‘d” in Figure 1). This method
was first performed for section levels and was subsequently applied to road networks. The study
estimated a 160% increase in maintenance costs by 2100 for thin asphalt pavements. These costs are
of greater magnitude compared to other studies, e.g. Underwood et al. [48], probably due to the
combined effects of increasing temperature and soil moisture in coastal regions (e.g. sea level rise).

Underwood et al. [48,82] estimated a U.S. national budget ranging between $19.0 and $26.3
billion by 2040 if the current material selection does not adapt to predicted climate. By 2070, the
number will range between $21.8 and $35.8 billion. These studies are probably the most
comprehensive network analysis so far, with consideration of downscaled general circulation climate
models, traffic, structure, and materials (considered as arrows ‘a’, ‘d’, and ‘j in Figure 1).
AASHTOWare Pavement ME Design (a newer version of MEPDG) was used for pavement
performance modelling. Maintenance costs and maintenance cycles were considered to estimate the
additional costs incurred by climate adaptation measures. Another study from the same author to
supplement the selection of the general circulation models is described in Underwood et al. [83].
Although comprehensive, the studies made various simplifying assumptions, e.g. assumed traffic
from typical values, generalized material properties, and simplified LCC components. These
assumptions may add uncertainties in the analysis results and make them less specific/accurate at
project levels. Therefore, there is an urgent need to further enhance the network level studies using
site-specific traffic data, material properties, and more sophisticated LCC models. Again, none of
these studies fully addressed the uncertainties from climate inputs and the modelling of the
pavement system, which will lead to inaccuracy in analyses of performance, sensitivity, or costs.

Kottayi et al. [84] conducted a stochastic cost analysis to investigate the feasibility of climate
adaptation measures, with sensitivity analysis and a Monte-Carlo simulation. The study adopted the
sensitivity analysis to identify inputs that have larger influences on the estimated costs. Then,
stochastic values for the identified influential inputs were used to evaluate the variabilities in the
final cost estimations. This study demonstrated an uncertainty-based approach to quantify
uncertainties in estimated costs of climate adaptation measures.

In recent years, risk-based approaches have been developed to establish frameworks to quantify
environmental risks to pavements due to changes in climates. The concept of risk here is substantially
different from the aforementioned concept of uncertainty. Uncertainty is caused by inaccuracies in
modelling the interactive system and the sub-models (see Figure 1), while the risk is caused by an
environmental hazard, e.g. extreme temperature or precipitation. Lu et al. [85] adopted a
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“performance-based” design approach, commonly seen in seismic design for structures, to quantify
the environmental risk of extreme precipitation on pavements. This approach considered risk as the
multiplication of the probability of extreme precipitation, the fragility of pavements to extreme
precipitation, and the economic consequences on pavements. Both the uncertainty and the risk
described above are unsolved parts of Figure 1 and need to be considered in future studies.

3.3. Climate Change Adaptation Methodology

Adaptation refers to the ability to change a highway system in order to adjust to climate change
and reduce its vulnerability to climate stressors. Even though many studies have been performed to
find methods for climate change mitigation, far less attention has been paid to adaptation [59]. Meyer
and Weigel [86] reviewed climate change adaptation of transportation systems, considering
subsurface conditions, material specifications, structures, drainage, and location engineering, and
developed a six-step-method to identify vulnerability, risk, and costs of transportation systems. For
pavements, local changes in high temperature, intensive rainfall, flooding, sea level rise, and freeze-
thaw cycles need to be considered in climate adaptation designs.

In areas with increasing extreme temperatures, upgrading binder grade or increasing layer
thickness in pavement design may be desirable [82,87]. In addition, where gaps between
daily/monthly/seasonal high and low temperature increases, the choice of binder needs to be able to
cover all extremes [88]. However, it may increase economic/environmental costs significantly when
applying binder upgrading or increasing layer thickness at network levels [89,90]. The cost-
effectiveness of these adaptation methods needs to be investigated in future studies [91].

Increasing precipitation frequency or intensity, within anticipated magnitudes, is generally not
a major concern for life-cycle performance of flexible pavements, compared to extreme temperatures
[50]. However, when it causes more frequent or intensive flooding, the impact can then become
significant. When flooded, pavement unbound layers and subgrade can become saturated, and
stiffness was found to reduce significantly [92]. As a result, the traffic bearing capacity and shear
strength can also reduce significantly. In this case, it may be good adaptation practice to improve
drainage or raise road surface levels to a higher level relative to the surrounding ground in areas
where flooding is frequent, while considering its cost-efficiency [93,94]. In addition, use of fine
materials in unbound granular layers needs to be reduced where precipitation and groundwater level
will increase in the future [95]. This can help to reduce the capillary effects and thus help to reduce
moisture content, especially where existing groundwater levels are high. Moreover, accidents related
to pavement deterioration may occur more frequently and cost lives and money in areas where wetter
pavement surfaces are expected due to climate change. In this case, porous asphalt can be used to
provide a surface that is free of water and improve driving safety. However, porous asphalt is more
prone to surface moisture damage, i.e., raveling and, thus, should be carefully designed when applied
as an adaptation to climate change [96]. In addition, porous asphalt usually adopts additives to
achieve better durability [97,98].

Pavement design in the future may also need to consider changes in induced traffic demand due
to climate change (i.e., the indirect impact). For example, some coastal areas will be more prone to
flooding when the sea level rises. As a consequence, local residents may move inland, where traffic
demand may increase. Without considering this, the impacts of climate change can be
underestimated [7]. Even though demographic changes are caused by various factors and can be
difficult to quantify from place to place, qualitative studies on the indirect impacts, at least, need to
be performed when assessing impacts of climate change on pavements.

Current maintenance practices usually consider a responsive approach, i.e., maintenance can be
triggered by a particular type of distress, e.g. rutting. In this case, climate change can accelerate
rutting development and, thus, will trigger maintenance earlier. A significant reduction of a
pavement’s service life due to climate change was found in some case studies [41,99]. At a network
level, a significant amount of maintenance may be triggered much earlier. Clearly, this could have
major implications for highways agencies’ maintenance budgets. In order to avoid expensive costs,
small relaxations in maintenance thresholds may be adopted by which additional deterioration is
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tolerated. In addition, research demonstrated that maintenance intervention optimization by
minimizing total life-cycle costs can improve the resilience of highway sections against climate
change [46]. Without changes to maintenance, additional deterioration due to climate change may
lead to greater vehicle operating costs, including fuel consumption and vehicle repair costs.

An example of a, yet unassessed, impact of climate stressors on pavement deterioration is the
impact on skidding resistance. It has been known for many years that wet pavement skidding
resistance can decrease during summer months and recover during winter months [100] due to the
interaction of environmental and traffic factors and the polishing of the microtexture of the surface.
How this might be influenced by a changing climate has not yet been studied. Furthermore, high-
speed wet skidding resistance is influenced by the texture depth of the pavement surface and has
been shown to be adversely affected by low texture depths [101]. If hotter weather leads to the greater
embedment of chips in an asphalt surface, this may contribute to a loss in wet skidding resistance, or
the requirement for more frequent maintenance where a minimum texture depth is specified.

3.4. Mitigation

Pavements are not only affected by climate change but can also contribute to it. The reasons are
two-fold. Firstly, a large amount of Greenhouse Gas (GHG) is emitted in various phases of a
pavement’s life cycles. In the U.S., transportation contributes a significant share (approximately 30%,
measured in 2006) of total domestic GHG emissions [102]. Highway transportation including trucks
and passenger cars accounted for approximately 80% of GHG emissions of the whole transportation
sector [102]. Therefore, it can be estimated that about 25% of total domestic GHG emissions are from
highway users. In the 28 European Union member countries in 2012, the transportation share of
domestic GHG emissions was 24.3%, and the ratio of emissions from trucks and passenger cars to
emissions of the whole transportation sector was 71.9%, hence, the ratio of emissions from highway
users to domestic GHG emissions was 17.5% [103]. Accordingly, any actions to the pavement that
can reduce such emissions (like greater smoothness) will likely provide significant GHG warming
mitigation on heavily trafficked roads. Secondly, asphalt roads cover large proportions of urban areas
and can store and release more heat compared to soils, which can aggravate urban heat island effects
[104]. Mitigation requires efforts to reduce highway GHG emissions over their life-cycle and to reduce
pavements’ heat storage capacity, as a contribution to slow down the process of climate change/urban
warming.

Cool pavements have become more popular in research to alleviate urban heat island effects.
Typically, this adaptation method is applied by overlaying existing pavements with a high reflective
coating (i.e., high albedo coating) [105]. The coating enhances the reflection of solar energy and is
found to reduce air temperatures near pavement surfaces [106]. A 17 °C reduction of asphalt surface
temperature was recorded by using such a coating in Singapore [107]. However, the reflected solar
energy can warm up the surrounding built environment and, therefore, the application of the “cool”
coating needs to take the surrounding environment into consideration [108,109]. Even though
targeted at climate mitigation, the “cool” coating also seems to be a good climate adaptation measure.
By significantly reducing pavement temperature, less rutting will be expected [107]. Permeable
pavements are also found to have a “cooling” effect and can be used to alleviate the urban heat island
effect. Thisis caused by the utilization of heat in the asphalt concrete as the latent heat of vaporization
of water and, hence, the water is indispensable for this process [10]. Besides, permeable pavements
can drain stormwater more rapidly and reduce the chance of pavements flooding. In addition,
shading provided by buildings and trees can be advantageous as it is found to be effective in reducing
pavement temperature and, thus, can reduce the surrounding temperature [109].

3.5. Life-Cycle Assessment (LCA)

Climate mitigation studies have focused, primarily, on quantifying the environmental impacts
of highways, using a Life-Cycle Assessment (LCA) approach [110-114]. LCA has been used as a
metric to evaluate and compare design and maintenance alternatives so that practices with lower life-
cycle emissions can be identified either at the project level or the network level [115-117]. Pavement
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LCA is a huge subject and has been documented in various publications [112,113,118]. In this section,
discussions are limited to general methodologies of pavement LCA within the boundary defined in
Figure 1.

GHG emissions can occur in various phases of a pavement life cycle, including raw material
acquisition, construction, transportation, operation, maintenance, and end of life recycling [112,118-
121]. Practices with lower GHG emissions can be used as climate change mitigation methods:

1) Many studies show the environmental benefits of Reclaimed Asphalt Pavement (RAP) in the
recycling phase (e.g. [122-126]). The environmental benefits of RAP are greater when the
recycling rate is higher. However, it is critical that the life-cycle performance of the RAP
(particularly at high recycling rate) and service life will be evaluated and considered in LCA;

2) Use of lower temperature asphalt is found to reduce environmental impacts in the
construction phase (e.g. [127-129]). This encourages the use of cold or warm mix asphalt
instead of hot mix asphalt to reduce energy consumption in material production and, hence,
to reduce GHG emissions. However, care must be taken to avoid unintended consequences
(e.g. high GHG emissions from use of additives, increased material transport distances, or
maintenance frequencies), which should be assessed using LCA;

3) On-site recycling usually has less GHG emissions compared to plant recycling due to saved
GHG emissions in the transportation phase.

4) Techniques have been suggested to select maintenance options based on pavement condition,
LCA, and LCC (e.g. [130]). Preventive maintenance is typically cost-efficient and less energy
intensive compared to, for example, rehabilitation. However, it does not improve pavement
roughness and, thus, does not save emissions from vehicles traveling on the pavements.

Perhaps unsurprisingly, the results of LCA and LCA-based decision-making depend on the pre-
defined LCA system boundary and the perspectives of different stakeholders. Moreover, it is
important to consider the operation phase of a highway LCA due to the significance of user vehicle
emissions (see arrows ‘e’, ‘h’, and ‘k’ in Figure 1). For example, a “do nothing” maintenance strategy
will lead to lower maintenance GHG emissions from materials and plants compared to a “do
something” option. However, the “do nothing” strategy may lead to poorer highway serviceability,
e.g. rolling resistance due to pavement roughness, or skid resistance [131,132]. This can cause higher
user vehicle emissions in the operation phase, which can dominate the total life-cycle GHG emissions
[133]. Increases in user fuel consumption due to pavement roughness have been estimated to be
between about 1% and 6% [134,135]. At the beginning of this section, the volume of GHG generated
by vehicles was summarized. The volume that is directly attributable to the pavement construction
and maintenance activity is tiny in comparison, although the indirect impact (e.g. by congestion
caused by maintenance) may be more significant [102]. Therefore, mitigation effects in terms of
improving fuel efficiency, promoting telecommuting, taxation changes, carpooling, etc. may have a
much greater impact than changes to pavement design or pavement maintenance intervention
regimes. However, it is important to optimize pavement design and maintenance so that user
emissions can be minimized. It was concluded by many studies that it is worthwhile to invest in more
durable pavements that have slower rates of deterioration. Even though the initial energy
consumption, environmental impacts, and costs can be higher, the environmental impact can be
lower over the long term [136].

In the literature, the LCA of pavement materials and on-site construction equipment is well
documented [112]. However, a few gaps still exist to enable “full” life-cycle assessment of highways,
including the operation phase, traffic delay, and salvage phase [113,119,137]. Huang and Parry (2014)
have recommended a checklist of actions to improve the comparability and transparency of road
pavement LCA studies [115].

3.6. Wider Consideration

There are other opportunities to mitigate against climate change in the wider highway beyond
the pavement (e.g. in using solar panels on noise barriers, or solar pavements, or to power electrical
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systems, or in the management of the green estate beyond the pavement), but these are beyond the
scope of this review [12,138-141].

3.7. Interactions between Adaptation and Mitigation

As well as considering construction and materials issues, adaptation measures need to address
current maintenance practices and pavement design to meet the demands of future climate
conditions or demographic changes caused by climate change, in order to avoid costs associated with
climate change (see “adaptation” in Figure 2). Furthermore, pavement design, maintenance (arrow
n’ in Figure 1), and use (arrow ‘0’ in Figure 1) can be optimized to produce fewer greenhouse gases,
which may help to alleviate climate change. Pavements and climate change require a partially
coupled analysis to account for the interaction between the adaptation and mitigation methods under
consideration (see Figure 2).

Mitigation --—---—- - Demographic
Adaptation —— factors

Emissions

- —
J
o ™

Climate Change
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—
Jd L
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Figure 2. Pavement and climate change interaction.

As discussed earlier, climate change can add additional environmental loads to pavements,
accelerating deterioration and impacting construction and maintenance. However, the response to
this may lead to increases (or decreases) in GHG emissions and accelerate (or decelerate) climate
change because, as summarized earlier, the transportation sector is a significant contributor to
greenhouse gas emissions. Such interaction at the network level, thus, couples these effects. Current
pavement construction and maintenance can be adapted to future climate in order to bear the extra
environmental loading caused by climate change. The adaptation measures need to be targeted at
improving road durability and serviceability. By doing so, they can reduce emissions and, thus,
mitigate climate change. However, adaptation measures to improve durability and serviceability will
certainly need modified procedures and practices and will likely require extra investment in the
construction and maintenance of road infrastructure and, thus, are subject to budget constraints.
Therefore, it is important to incorporate both Life-Cycle Cost Analysis (LCCA) and LCA
methodology in the development of climate change adaptation and mitigation methods in order to
minimize the “cradle-to-grave” economic and environmental impacts. When construction and
maintenance budget is limited, the LCCA and LCA methodology can be combined and used to
optimize achievable construction and maintenance targets, so as to maximize durability and
serviceability and thus reduce emissions (or, at the very least, minimize them).
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4. Conclusions

Climate stressors can affect the interactions among flexible pavement performance,
maintenance, and life-cycle costs. This review identified two types of methods for the assessment of
climate change impacts, including the qualitative and quantitative methods that have been
researched in the context of flexible pavements and climate change. The qualitative methods can be
applied to identify various adaptation plans and the quantitative methods can be used to evaluate
cost-benefits of a specific adaptation/mitigation plan. Based on the work reviewed in this study, the
following conclusions can be drawn:

IL.

II1.

Iv.

VL

Early climate resilience assessment methodologies adopted qualitative risk assessment
approaches. Development in pavement modelling tools allows for mechanistic-
empirical modelling of pavement deterioration caused by climate change. Recent
studies have attempted to evaluate potential economic benefit/loss caused by climate
change at section or network levels.

The indirect effects of climate change, specifically changes in demography and traffic
demand, seem likely to have large but, as yet, largely unquantified effects on pavement
loading and, thus, on pavement life. Future studies should incorporate qualitative or
quantitative techniques to assess this impact (Recommendation 1).

Various studies have supported the view that temperature, compared to other climatic
factors, is the most influential for flexible pavement performance. Some climatic
factors, e.g. groundwater level, can either be influential or not, depending on
individual cases. Wind speed is a much less critical climate stressor compared to
temperature. Even though these climatic factors need to be assessed case-by-case, there
are some general findings:

i.  High temperature is the greatest climate concern as flexible pavements are
highly sensitive to high temperature, and the impacts can accumulate over
the complete service life. Pavement design needs to consider changes in high
temperature to adapt to future climate. Asphalt binder upgrading to adapt to
greater temperature can be applicable, but its cost-effectiveness needs to be
further investigated and justified (Recommendation 2).

ii. ~ Changes in precipitation are of much less concern in a pavement life-cycle
compared to temperature, unless it causes changes in flooding, storm surges,
or a significant groundwater level rise. Future researches are needed to
identify, locate, and quantify these impacts, e.g. quantifying pavement
damage caused by flooding (Recommendation 3).

iii.  In cold climates, it can be critical when climate change extends the spring
thaw period. In these areas, (extended) spring vehicle load restrictions must
be considered. Alternative pavement designs may need adopting at times of
renewal. Otherwise, significant damage will occur on road networks.

Pavement maintenance will be triggered earlier on significant road networks due to
climate change. Road agencies need to be aware of this and be prepared for the much
earlier arrival of maintenance budgets.

The highway transportation sector is a significant source of total anthropogenic GHG
emissions, and highway LCA can be applied to plan GHG emission reductions and
help mitigate climate change. Use of RAP, low temperature asphalt, on-site recycling,
preventive maintenance, and high albedo coatings are typical practices for climate
mitigation. Emissions from trucks and passenger cars during the use phase can be
significant in total highway transportation GHG emissions and must be included in
pavement LCA studies.

Climate change can cause changes in pavement LCC, depending on changes in climate
stressors, structure, and materials of the pavement maintenance regimes. Potentially,
the total impacts of climate change on pavement performance, adaptation, and
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mitigation measures can be assessed based on the interaction of the climate-pavement
system (Figure 1 and Figure 2) so that optimal cost-effectiveness and environmental
benefits can be achieved. This requires integrating LCCA and LCA methodology in
developing cost-effective adaptation and sustainable mitigation measures. In addition,
climate resilient and sustainable pavement design and management are multi-
objective. They will not only need to adapt to the impacts of climate change but must
also play a role in reducing GHG emissions. Future research in these areas is needed
(Recommendation 4).
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