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Abstract

Extreme climate events, including hurricanes, flooding, heatwaves, and wildfires, increasingly
challenge the resilience and functionality of transportation infrastructure. This perspective
synthesizes multi-hazard vulnerabilities and forward-looking adaptation strategies. Using
Hurricane Helene (2024) as a case study, screening-level hydrological simulations show that
lime-treated base layers can reduce flood-induced erosion significantly. For heatwaves, phase
change material (PCM)-modified asphalt stabilizes pavement temperatures through latent heat
absorption, mitigating rutting and oxidative aging. Wildfire modeling further indicates that
vegetation-free roadside buffer zones of approximately 20 m can substantially reduce modeled
thermal exposure above the roadway, helping preserve the functionality of evacuation routes.
These findings underscore the importance of integrating advanced materials, predictive climate
modeling, and multi-hazard design frameworks into transportation planning to support long-term
infrastructure resilience and community safety.
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Introduction

The effects of climate change, including stronger hurricanes, frequent flooding, prolonged
heatwaves, rising sea levels, and severe temperature variations, are becoming increasingly
evident' 3. Transportation infrastructure is acutely vulnerable to these shifts, as rising sea levels
and intensified weather events continue to damage roads, bridges, and rail networks
worldwide*®. Flooding and storm surges are occurring with greater frequency and severity,
imposing substantial damage in coastal and low-lying regions such as the Mississippi River
Basin in the United States and the Yangtze River Basin in China®’. Hurricane Helene in 2024
further demonstrated the vulnerability of roadway systems in the southeastern United States.

Transportation infrastructure designed using historical climate records may be exposed to
conditions outside the ranges represented in those records, resulting in accelerated deterioration
and unexpected failures®. Roadway design traditionally uses historical temperature, precipitation,
and weather data to guide material selection and structural configuration. For instance, ASTM
D6373, “Standard Specification for Performance-Graded Asphalt Binder *, specifies that binder
selection should align with the seven-day average maximum and minimum pavement
temperatures. However, these methods are becoming outdated as climate change leads to more
frequent and severe extreme weather events, such as prolonged heatwaves, intense rainfall,
flooding, and stronger storms, which exceed the thresholds obtained from historical data.



These conditions can exceed the performance ranges assumed for existing infrastructure and
increase deterioration rate®. Prolonged heat exposure can soften asphalt mixtures and increase
susceptibility to rutting and permanent deformation, while excessive rainfall can overwhelm
drainage systems and weaken pavement structure. In coastal regions, sea-level rise and storm
surge increase the frequency of roadway inundation!®2, According to the National Oceanic and
Atmospheric Administration (NOAA), more than 60,000 miles of U.S. roads and bridges in
coastal areas are at risk of flooding and endangered by climate change-related sea-level rise2.
More broadly, the reliability, safety, and efficiency of the U.S. transportation system are at risk
from increases in heavy precipitation, coastal flooding, heat, wildfires, and other extreme events,
and changes in average climate conditions*4,

While roadways are designed to endure a range of environmental conditions, human-induced
climate change introduces uncertainties about future atmospheric conditions, potentially
accelerating deterioration or causing premature failure. Current climate models suggest that
many transportation-related impacts of climate change will emerge gradually over time®. Many
pavement systems undergo major rehabilitation or reconstruction over timescales of decades,
creating opportunities to incorporate updated climatic inputs and more resilient designs during
normal renewal cycles.

This perspective synthesizes the effects of extreme events on roadway infrastructure, supported
by numerical analysis results, and demonstrates how strategic mitigation approaches can reduce
these impacts in an uncertain climate future. As climate change accelerates, transportation
infrastructure must endure frequent and severe weather events. Among the most immediate
threats are storms and hurricanes, which bring heavy precipitation, flooding, storm surges, and
intense heat waves. These phenomena directly compromise the structural integrity and durability
of pavements, mostly in coastal, flood-prone, and fire-prone regions. The following section
explores the impacts of these extreme events on road infrastructure, focusing on how floodwaters
and erosion weaken pavement sublayers and undermine stability, followed by an analysis of
proposed mitigation strategies.

Scope and limitations of the numerical examples: the calculations presented below are screening-
level illustrations. Their outputs depend on assumed material properties, boundary conditions,
empirical relationships, and event data and have not been calibrated against field measurements
for the specific pavement systems considered. Accordingly, the numerical values should not be
interpreted as design thresholds or as validated predictions of field performance.

Challenge 1: Pavement Structural Integrity and Durability Under Flooding
and Tropical Cyclones

Assessment

Heavy precipitation, storm surges, and prolonged inundation can compromise both the stability
and functionality of pavement systems*®. These hazards may render roads impassable, erode
shoulders and embankments, saturate unbound layers, and prolong closures. Tropical cyclones
intensify this vulnerability through the combined effects of rainfall, surge, debris, slope
instability, and erosion.



Statistical models have been used to estimate pavement deterioration and time to failure under
hurricane hazard scenarios 1”8, Inkoom et al.'° used competing-risk theory to analyze the effects
of Hurricane Categories 1, 2, and 3 on pavement survival probabilities. Their findings indicate
that Category 3 hurricanes significantly elevate the hazard ratios for pavement failure across both
coastal and non-coastal areas, affecting all roadway types, including urban and rural interstates
and non-interstates. The high hazard ratios associated with Category 3 events suggest a
substantial increase in the likelihood of pavement failure due to the combined effects of intense
wind forces, heavy rainfall, and storm surges %%,

Hurricane Helenee in September 2024 caused a considerable transportation disruption in the
southeastern United States. The North Carolina Department of Transportation (NCDOT)
reported widespread road closures due to flooding and subsequent maintenance, with
approximately 207 miles of roads affected and an average closure duration of 1,680 hours per
mile. Figure 1 illustrates the analyzed road closure events in North Carolina as of October 4,
2024, showing that most closures occurred on the west side of the state, with over 500 reported
incidents. The hurricane disrupted road systems serving more than 120 cities and towns,
impacting a residential population exceeding 2.3 million people. Further analysis revealed that
74 percent of the impassable roads were classified as high-severity damage. Interestingly, despite
the high severity classification, maintenance time per mile for these roads is estimated to be
lower than for roads classified under medium or low severity. This difference may reflect the
prioritization of critical state roads and US highways by NCDOT to ensure timely recovery for
essential transportation routes.
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Figure 1. 2024 Hurricane Helene analysis on road closure incidents at North Carolina State as of 4 Oct, 2024.

Table 1 groups the closure descriptions in the October 4 snapshot into qualitative screening
categories. Flooding, erosion, washouts, landslides, debris, and sinkholes were common
descriptions among the more disruptive closures. Because these categories were assigned for this
analysis, they should not be interpreted as official NCDOT damage-severity ratings.



Table 1. 2024 Hurricane Helene Road closure reasons by severity level grouped by the author.

Severity Level

High Medium Low
e Flooding and severe e Landslides e Road inundates
erosion e  Shoulder erosions e Minor flooding
Bridge Failure e Roadway blocked by e  Pipe failure
e  Section of road washouts debris e Shoulder washouts and
e Power line Down e Partial washouts and erosions
¢ Road washed away eroded e  Emergency repairs
e Severe sinkholes e  Tree down with power e Sinkholes
Mud and Debris blocking lines
roads e  Water Encroachment

Structural Impact of Flooding

Prolonged water exposure significantly weakens subgrade soils by reducing their shear strength
and stiffness, thereby diminishing the pavement’s load-bearing capacity. This degradation can
lead to permanent deformation and, in severe cases, the formation of sinkholes within the
pavement layers. Inadequate drainage systems exacerbate these effects by trapping moisture
within the pavement structure, which saturates and weakens the base and subbase materials.
Moisture accumulation also promotes asphalt stripping and erosion of unbound layers, further
compromising structural integrity.

Empirical studies confirm the detrimental effects of flooding on pavement performance. For
instance, a field study of the LA 46 roadway in Louisiana, conducted before and after Hurricane
Katrina, revealed that flooding reduced the subgrade resilient modulus by 10-30 percent?.,
Similar adverse trends were observed in the pavement structural number, indicating a significant
loss of structural capacity. This reduction in structural capacity was more pronounced in asphalt
pavements compared to concrete pavements, underscoring the vulnerability of flexible
pavements to flood-induced damage?®.

Flexible pavements begin to lose structural strength after just six hours of submersion in
floodwaters, with significant weakening occurring within two hours?. Studies have shown that
flood-damaged pavements can experience up to a 67 percent reduction in the California Bearing
Ratio (CBR) of the subgrade and a 50% decrease in structural number. These substantial
reductions highlight the severe impact of flooding on pavement performance. Pavements with
pre-existing distress, such as alligator cracking, map cracking, and transverse or longitudinal
cracking, are especially vulnerable to accelerated deterioration, as cracks facilitate water
infiltration, exacerbating asphalt stripping and washout of filler particles in base or subbase
layers??,

Flooding and Road Resiliency

Flooding often results in prolonged roadway submergence, causing significant disruptions that
hinder economic activities and emergency response operations. The vulnerability of roads to
flooding depends on both the surface material and the underlying structural layers. Alipour et
al.?® analyzed a county road network in lowa under flooding scenarios ranging from 2-year to
500-year recurrence intervals. Their findings indicate that asphalt pavements (HMA) are
particularly susceptible to flood-induced closures. For example, during a 2-year flood event, 7.98



miles of HMA roads required closure, increasing to 18.34 miles during a 500-year event. In
contrast, Portland cement concrete (PCC) pavements demonstrated slightly better resilience, with
fewer closures under comparable conditions. These results underscore the critical influence of
surface material on a pavement’s ability to withstand inundation. The structural base layers also
play a pivotal role in road resiliency. Roads constructed with untreated granular subbases or
asphalt-treated bases experienced more closures compared to those built with more robust
foundational materials. This highlights the importance of both material selection and structural
design in mitigating flood-related disruptions®,

llustrative Flood-Erosion Screening Analysis

To illustrate how hydraulic loading and material erodibility may be compared, a simplified
pavement-edge scenario is considered. The considered conditions include two types of base and
subbase materials (regular granular materials and lime-treated materials), different floodwater
velocities, and varying angles of flood movement relative to the roadway centerline. Note that,
the calculation uses representative material parameters and varying near-surface flow velocity. It
IS a screening exercise rather than a coupled hydrologic-hydraulic model of a roadway, and it
does not account for changing flow depth, turbulence, pavement geometry, progressive scour, or
loss of confinement. A conventional pavement structure with fixed layer thicknesses is assumed,
as shown in Figure 2.

Yuan et al.* derived and validated a critical shear stress (tc) based on the force equilibrium shear
stress concept as follows:

B 3(1 —n)a tan® + gd?[(Gs — 1)(1 — n)(cosOtand — sinf) — sinb] Eq. 2
fe = 0.0235d(1 — 1) (Cp + C,.tan®)

where n is soil porosity; a is an integrated cohesion parameter (m?/s?); ¢ is the internal friction
angle; Gs is particle specific gravity; d is representative particle diameter; g is gravitational
acceleration (9.81 m/s?); 0 is the eroding-surface slope angle in the direction of runoff; and Cp
and C_ are drag and uplift coefficients, respectively. Because the relation was developed for
cohesive soil slopes, its application to pavement base and subbase materials requires material-
specific validation.

Figure 2. Schematic road configuration for erosion rate analysis.

The applied boundary shear stress is related to friction velocity by?425:



= 2 Eq. 3
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Where, p,, is the density of water, pi« is the friction velocity (m/s), which is related empirically to
water velocity in flooding.

In the field of soil erosion, the erosion rate is expressed as the excess shear stress equation as
below?®:

€ =kq(ta—7)" Eq. 4

Where kq is the erodibility coefficient obtained from laboratory tests. Also, exponent a
(dimensionless) is often taken to be 1.0%*. Both kg and 1 should ideally be obtained from erosion
testing of the actual untreated or treated material.

Given the calculated erosion rate, the erosion depth of a pavement subjected to flooding can be
estimated based on the duration of inundation. Simulation results, illustrated in Figure 3,
demonstrate that lime-treated base and subbase layers provide significantly greater resistance to
erosion under various flood conditions compared to untreated granular soils. As flood velocity
and angle of attack increase, the erosion rate for untreated soil rises sharply, reaching a peak of
0.02976 kg/m2.s at a flood speed of 3.5 m/s and a 90° angle. In contrast, lime-treated layers
exhibit much lower erosion rates, with the maximum observed value being only 0.00621 kg/m?.s
under the same conditions. These findings highlight the effectiveness of lime stabilization in
mitigating erosion-related pavement failures during extreme flooding events.

These findings underscore the importance of using treated base or subbase layers to improve the
resilience of road infrastructure in areas with potential flooding hazards. By reinforcing the base
and subbase layers with treated materials, the damage caused by floodwaters can be significantly
mitigated, making roads more resilient and prolonging their service life under extreme weather
events. Additionally, to prevent washouts, geomembranes or geogrids can be integrated into the
base and subbase soils alongside these treatments. Geomembranes act as impermeable barriers,
reducing water infiltration into the subgrade, while geogrids provide tensile reinforcement,
improving soil load-bearing capacity and resistance to erosion?’. Integrating these materials
reinforces the structural integrity of pavement layers, providing increased resistance against
severe flooding events.

2.5E-02 4.0E-02
’a.\ Granular aggregate ';;
NE 2.0E-02 %l 3.0E-02
“5n Lime treated base and subbase =0 T
oy
= 1.5E-02 =
L o
= = 2.0E-02
= 1.0E-02 £
= 1.0E-02
g 3
z Z 1.0E-02
S 5003 e
S8} t 84

0.0E+00 | 0.0E+00

0 20 40 60 80 100 1.5 2 2.5 3 35 4
Flood movement angle to road centerline (degree) Flood velocity (m/s)
(a) (b)

Figure 3. Flooding erosion rate at (a) different pavement base and subbase materials; (b) different flood velocities.



Challenge 2: Extreme Temperature Variations and Pavement Performance

Assessment

Weather information is one of the key inputs in road design. For instance, the current method for
selecting asphalt binder Performance Grades (PGs), such as the Superpave system, relies heavily
on historical climate data to estimate pavement operating temperatures. This approach assumes
that future temperature patterns will mirror past trends, an assumption increasingly invalidated
by ongoing climatic shifts?®. Consequently, the continued use of outdated climate records leads
to inappropriate asphalt binder selections, compromising pavement longevity and performance
under current and future conditions.

Underwood et al.® analyzed the economic and performance impacts of rising temperatures on
U.S. pavement infrastructure using an ensemble of global climate models under various
Representative Concentration Pathways (RCPs). Their analysis projects additional costs of $21.8
billion under RCP 4.5 and $35.8 billion under RCP 8.5 by 2070, primarily due to increased
maintenance, rehabilitation, and early reconstruction of pavements originally designed for a 20-
year lifespan.

To quantify performance vulnerability, Gulzar et al.?® introduced the Extent of Pavement Grade
Reliability Loss (EPGRL) index, which integrates asphalt binder rheology with network
connectivity metrics to assess serviceability under projected temperature regimes. Application of
EPGRL to Colombia and India revealed substantial reliability losses, particularly in the Amazon
basin and the northeastern and western regions of India, underscoring the global nature of this
challenge.

The limitations of current PG selection methods are further underscored by studies advocating
for the integration of predictive climate models into the material selection process. Swarna and
Hossain *° utilized multiple pavement temperature prediction models to examine the
implications of climate change on asphalt binder selection. Their analysis predicts rising
pavement temperatures over the coming decades, necessitating higher-grade asphalt binders to
mitigate issues such as rutting and thermal cracking. Viola and Celauro® similarly concluded
that traditional PG binder selections based on past climate data are insufficient, forecasting that
many regions will require upgraded binders to cope with expected temperature extremes.

Underwood et al.® evaluated the impact of climate change on asphalt pavements and found that
approximately 35 percent of sites were using incorrect asphalt binder grades, leading to increased
maintenance costs. They believed in employing predictive models like the Long-Term Pavement
Performance and the Mechanistic-Empirical Pavement Design Guide to enhance temperature
forecasting and binder selection accuracy. Delgadillo et al.?® conducted analyses using multiple
climate models under various emission scenarios, indicating that most regions would require
significant binder grade improvements to maintain pavement integrity.

Mitigation Strategies
Material Innovation and Effective Adaptation Selection

Adapting asphalt binder selection to projected climatic conditions is both a technical necessity
and an economic imperative. Incorporating polymer-modified binders significantly enhances
resistance to rutting and thermal cracking under extreme temperature regimes, thereby reducing



life-cycle maintenance costs and extending pavement service life. To improve selection
accuracy, it is strongly recommended to integrate predictive climate models and advanced
reliability metrics, such as the Extent of Pavement Grade Reliability Loss (EPGRL), into the PG
specification process.

In practice, achieving the required binder grade can be challenging, as petroleum refineries may
not routinely produce the desired PG. Consequently, binder modification using polymers,
elastomers, or industrial by-products is often employed to modify rheological properties for
specific climatic demands. This customization ensures compliance with performance thresholds
under future temperature extremes.

Innovative thermal mitigation strategies are also emerging. One promising approach involves
increasing the thermal storage capacity of asphalt mixtures through the incorporation of phase
change materials (PCMs). PCMs absorb and release latent heat during phase transitions,
moderating pavement surface temperatures during heatwaves. Experimental studies have
demonstrated the feasibility of PCM-modified asphalt for environmentally adaptive pavements,
supported by thermodynamic heat transfer simulations that model thermal behavior under
projected extreme heat scenarios®?33,

Air temperature and wind speed data from a representative hot day in August 2024 in Phoenix,
Arizona, were used to model realistic extreme heat scenarios. The PCM-modified asphalt
mixture incorporated phase change materials with a transition temperature of 38 °C, enabling
latent heat absorption during peak thermal loads and stabilizing pavement surface temperatures.
The model computed the temperature at a depth of 76.2 mm (3 inches) below the surface using
the thermal conductivity, specific heat capacity, and density of the asphalt layers. To capture the
influence of wind on convective cooling, convective heat transfer equations were integrated into
the model.

The venerable McAdams equation®* for wind-driven convection was used to estimate the effect
of temperature on pavements by considering air temperature and wind speed .

h=5.7+3.8V Eq. 4

Where h is the convective heat transfer coefficient (W/m2.K) and V is the wind speed (m/s). The
thermal diffusivity (o=k/(pc)) of both traditional and PCM-modified asphalt was used to simulate
the temperature distribution over time and depth, where k is thermal conductivity, p is density,
and c is specific heat capacity.

As illustrated in Figure 4, the PCM-modified asphalt mixture maintains a near-constant
temperature around 38 °C during peak thermal loading due to latent heat absorption during the
phase transition. This thermal buffering effect significantly reduces surface temperature
fluctuations compared to conventional asphalt mixtures. The PCM-modified pavement exhibits a
smoother subsurface temperature gradient throughout the diurnal cycle. In contrast, traditional
asphalt, characterized by higher solar absorptivity and lower heat capacity, experiences rapid
heat accumulation, often exceeding ambient air temperatures. By attenuating extreme
temperature peaks, PCM-modified asphalt mitigates rutting, thermal deformation, and oxidative
aging, thereby enhancing structural durability and extending service life under heatwave



conditions. Although initial implementation challenges exist, such as material cost, PCM
encapsulation stability, and integration with existing paving practices, the long-term benefits in
performance reliability, reduced maintenance frequency, and lifecycle cost savings position PCM
technology as a promising adaptation strategy for climate-resilient pavement systems.
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Figure 4. Thermodynamic simulation results of featured and traditional materials in relation to air temperature.

Challenge 3: Wildfire

Assessment

Wildfires can expose roadways to extreme heat, rapidly escalating pavement temperatures. For
instance, during the 2018 “Camp Fire” in California, roadway temperatures reportedly reached
approximately 297°C within five hours of ignition®. Although asphalt is not inherently
combustible, prolonged exposure to high heat or burning debris (i.e., vehicles, vegetation) can
cause binder oxidation, volatilization combustion vapor at temperatures above its flash point, and
aggregate debonding, leading to surface scarring, deformation, and cracking. These damages are
exacerbated by increased traffic from emergency response and debris removal operations, which
impose heavy loads on already weakened pavements.

Wildfires not only damage road surfaces but also disrupt transportation networks, hindering
evacuation efforts and delaying emergency responses. The economic costs of repairing damaged
infrastructure and the social impacts on affected communities are substantial. Understanding how
wildfire conditions impact roadway temperatures is critical for assessing potential damage and
planning safer evacuation routes®’-3°. Pavement temperatures within wildfire zones are not
uniform; they vary significantly due to factors such as climate, fuel type, and topography. The
highest temperatures are typically recorded at the fire's leading edge-the fire line-and decrease
sharply as the fire progresses. Studies have shown that wildfire flame temperatures generally
range from 850 to 950 K*°. The distance between a wildfire and a roadway significantly



influences pavement temperature, with greater distances slowing the rate of temperature
increase.

Multi-hazard interactions amplify the complexity of wildfire impacts. For instance, in January
2018, post-fire heavy rains in Montecito, California, triggered catastrophic floods and debris
flows, resulting in fatalities, community destruction, and a two-week closure of a major
highway*!. Such cascading events expose the limitations of reactive mitigation programs, which
often lack the capacity to address compound hazards. Proactive initiatives like the Four Forest
Restoration Initiative (4FRI) aim to reduce wildfire spread and protect communities, yet
transportation corridors outside these zones remain highly vulnerable. These challenges
underscore the need for risk-based design standards that account for wildfire-induced thermal
loads and subsequent geohazards®*.

Mitigation Strategy

At the network scale, strategic vegetation management is crucial to reduce fire exposure.
Removing combustible materials and increasing the width of vegetation-free roadside zones can
significantly lower the probability of fires affecting roadways. Creating wider cleared areas
along roads acts as a fuel break, slowing the spread of wildfires and reducing heat exposure to
pavements. This practice is vital near tunnels, residential areas, and other high-risk zones where
road closures can have severe consequences. Implementing wider vegetation-free zones requires
coordination with land management agencies and may face challenges such as land ownership
issues or environmental concerns. However, successful cases like the fuel breaks established
along highways in Australia demonstrate the effectiveness of this approach®,

To understand the effect of vegetation-free roadside zones, a screening heat transfer model was
used to estimate air temperature 1 m above the roadway as a function of fire height and distance
from the road edge. By combining convective heat transfer and radiative heat flux equations, the
model simply calculates the temperature rise due to the fire's proximity. The total distance
between the fire and the observation point is calculated using the Pythagorean theorem,
accounting for both horizontal and vertical separation. Note that, the calculation is not a
validated pavement-temperature model and should not be used directly to establish roadside-
clearance requirements.

Figure 5 illustrates the relationship between fire height, distance, and air temperature. Results
indicate that as fire height increases and the fire approaches the roadway, air temperature rises
sharply, reaching 160.5 °C at a fire height of 9 m and a distance of 6 m from the road edge. Such
extreme conditions can severely compromise pavement integrity and create unsafe conditions for
vehicles and emergency personnel. Conversely, temperature decreases significantly with
increased separation, reinforcing the importance of maintaining adequate buffer zones to protect
critical transportation routes during wildfire events.
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Post-fire recovery traffic can also affect pavement performance. Following the Camp Fire, the
removal of over 3.6 million tons of debris imposed heavy loads on local roads, reducing
pavement life by several years*. Strategic debris management, such as routing heavy vehicles
onto more durable pavements or designating alternative haul routes, can mitigate long-term
damage. Incorporating pavement condition assessments into recovery plans is essential to
prevent accelerated deterioration. Advanced tools like ground-penetrating radar (GPR) can detect
subsurface damage, enabling targeted maintenance and reducing lifecycle costs*.

Addressing wildfire-related risks requires a multi-layered approach, combining design
adaptations, operational planning, and policy integration. Policies should mandate regular
inspections, allocate dedicated funding for timely repairs, and incorporate risk-based design
standards that account for wildfire-induced thermal loads and subsequent hazards such as
flooding and debris flows. Embedding these measures into transportation resilience frameworks
ensures that road networks can withstand both the immediate and cascading impacts of wildfires.

Conclusion

Climate change requires roadway design and asset management to move beyond unexamined
assumptions of climate stationarity toward adaptive, risk-informed practice. This perspective
considered flooding and erosion, extreme heat, and wildfire as interacting threats to roadway
function and durability. Published evidence supports updating climatic design inputs, improving
drainage and erosion protection, selecting materials for projected service conditions, managing
roadside fuels, and planning recovery traffic. The numerical examples in this paper are
screening-level illustrations: they show expected qualitative sensitivities but do not establish
field-validated performance gains, universal buffer widths, or design thresholds. Future work
should calibrate the erosion and heat-transfer models with material-specific laboratory data and



field measurements, quantify uncertainty, and evaluate life-cycle performance and
implementation constraints before these strategies are adopted in specifications.
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