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Abstract: Greenhouse gas emissions have caused global temperatures to rise since the mid-20th
century accompanied by sea-level rise (SLR). Temperature increases and SLR-induced groundwater
rise have been shown to cause premature pavement failure in many roadway structures. Hybrid
bottom-up/top-down (hybrid) adaptation approaches have shown promise by initially investigating an
asset’s response to incremental environmental change and then identifying the timing of critical effects
for budgetary planning. This improves practitioners’ understanding of the asset’s climate resiliency
and informs adaptation-plan development to minimize both cost and risk. In this study, a hybrid
approach to pavement adaptation with climate-change-induced temperature and groundwater
rise is demonstrated at a case-study site in coastal New Hampshire. The hot-mix-asphalt (HMA)
thickness that achieves a minimum of 85% reliability is calculated for 70 combinations of incremental
temperature and groundwater rise. Increasing the base-layer thickness improves resiliency against
rising temperatures, but rising groundwater diminishes this improvement demonstrating that both
HMA and base-layer thickness increases are needed. Thirteen adaptation pathways are evaluated
for pavement performance, life-cycle costs, and road-surface inundation over a 60-year pavement
management period. A stepwise and flexible adaptation plan is developed that includes HMA
overlays with prescribed thickness and application timing, base-layer rehabilitation options, and
re-evaluation opportunities.

Keywords: pavements; climate change; sea-level rise; adaptation planning; groundwater rise;
temperature rise; infrastructure; resiliency; life-cycle costs; pavement management systems

1. Introduction

Pavements have been historically designed with the assumption that climate is stationary or not
changing with time. Many studies have shown the importance of incorporating climate change into
pavement design and management practices [1–5]. Pavement design and maintenance occur on a
regional scale and depend on the climate and traffic conditions of that region. Coastal regions will
experience SLR and SLR-induced groundwater rise [4,6]. Some regions will experience changes in
season duration, seasonal average temperatures, and the number of freeze–thaw cycles [5,7], and other
regions are projected to experience extreme temperatures [7]. Transportation agencies are looking for
ways to include climate change in their pavement design and management practices but uncertainties
associated with climate-change scenarios and the high cost of robust designs have been barriers to
adaptation planning and implementation [8–10].

Two approaches have been used in climate-change adaptation planning that are applicable to
pavement design: the top-down (or scenario-based) approach and the bottom-up (or asset-based)

Sustainability 2019, 11, 4382; doi:10.3390/su11164382 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0002-3663-107X
https://orcid.org/0000-0001-5284-0392
https://orcid.org/0000-0001-9788-2246
http://www.mdpi.com/2071-1050/11/16/4382?type=check_update&version=1
http://dx.doi.org/10.3390/su11164382
http://www.mdpi.com/journal/sustainability


Sustainability 2019, 11, 4382 2 of 23

approach. The top-down approach begins with choosing one or more climate-change scenarios and
is useful in identifying potential future pavement-life reductions and promoting climate resiliency
through enhanced pavement design [9,11,12]. The results depend on the chosen climate-change
scenarios, however, and designs may cease to be effective if the climate-change predictions, upon which
the design is based, change in the future [13–15]. The bottom-up approach begins with evaluating the
effect of various combinations of environmental/climate parameters on pavement life. Climate-change
scenarios are not initially chosen for pavement design but used only to identify the possible range in
future climate/environmental parameters [12,16,17].

Knowledge of pavement sensitivity to select traffic, materials, hydrology, local climate, and
historical practices achieved through a bottom-up approach is useful in pavement design, maintenance
and rehabilitation [18]. In addition, climate-change impacts on road infrastructure occur on a local
scale and, consequently, adaptation plans involving local stakeholders utilizing their knowledge
of specific assets are more likely to be adopted [19]. While the bottom-up approach provides
asset-specific performance information, the top-down approach provides information on the timing
of critical environmental change. Because the top-down and bottom-up approaches both provide
useful information, benefits can be realized using a hybrid approach for future pavement design and
adaptation [20].

In this study, a hybrid bottom-up/top-down framework [8,12,15,16,21] is introduced for designing
a climate-ready flexible pavement in a coastal region. The hybrid approach utilizes both bottom-up and
top-down approaches. A bottom-up assessment of flexible pavement response to loading under many
combinations of environmental/climate stressors is first used to quantify the pavement’s sensitivity
to changing environmental conditions. A top-down assessment using downscaled Global Climate
Models (GCMs) and traffic projections is then used to determine the pavement’s response to plausible
future environmental conditions and loading. This provides a time frame for the effects that is
subsequently used to develop an adaptation plan. The approach is demonstrated at a case-study site in
southern coastal New Hampshire (NH) in the United States, where changes in seasonal and long-term
temperature and groundwater rise caused by sea-level rise (SLR) both have the potential to negatively
impact pavement life [2,20,22]. The case study demonstrates the type of pavement information that the
hybrid approach provides to stakeholders with respect to temperature and groundwater level changes.
Adaptation in this case study is achieved by varying pavement-layer thicknesses and results in a
flexible and staged adaptation plan. While not demonstrated in this study, other climate parameters
and adaptation methods, including changes in materials, can be incorporated into the approach.

2. Methods

The general framework of the hybrid bottom-up (asset-based)/top-down (scenario-based) approach
to climate adaptation for pavements is presented first and then the approach is demonstrated
at a pavement evaluation site on Route 286, a regional corridor and coastal evacuation route in
Southeastern NH.

2.1. General Framework

A flow chart of the hybrid adaptation approach is presented in Figure 1. Stakeholders are involved
in the process from the beginning. First, important pavement climate stressors for the region of interest
are identified. Cold regions are expected to experience changes in season length, seasonal average
temperatures and, number and intensity of freeze–thaw cycles [5,20]. Warm regions are expected
to experience more intense heat and/or longer duration heat events [7]. Some regions are projected
to receive more rainfall leading to riverine flooding [23] and coastal regions will experience SLR,
rising groundwater, and more intense storms [6,24–27]. Second, the vulnerable pavement systems
are identified, such as coastal roads within the Groundwater Rise Zone (GWRZ) [25], roads exposed
to more frequent or extreme riverine flooding, service roads affected by shortening frozen periods,
or pavements that are weakened by more intense heat or longer duration high temperatures [1,3,28].
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Third, a pavement model and the pavement performance metric are chosen. Depending on the
stakeholder’s goals, the pavement model should be capable of processing changes in temperature,
season length, seasonal average temperatures, moisture content, and frost depth, etc. [29,30]. It also
must be capable of simulating changing material properties as a function of climate variables (supported
by field and laboratory data) on annual, seasonal, and/or daily time scales. The pavement performance
metric could be the pavement condition index (PCI), a common performance metric used in Pavement
Management Systems (PMS), or another metric depending on stakeholders’ goals [31].
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Figure 1. Flow chart demonstrating the hybrid bottom-up (asset-based)/top-down (scenario-based)
approach to climate-change adaptation for pavements.

Next, a Pavement Climate Sensitivity Catalog (PCSC) is created for the vulnerable roadways.
A PCSC is based on the concept of the climate-stress test [12,16,17] and is a tool for assessing the asset’s
sensitivity to incremental changes in one or more climate parameters independent of climate-change
scenarios. It assists practitioners in choosing adaption options, and if climate projections change in
the future, practitioners will still have actionable guidance for the new conditions. The PCSC can
provide information on how typical pavement designs will respond to various climate and loading
futures, such as changes in temperature (maximum, minimum, annual average, seasonal average,
etc.), moisture content, saturation duration, freeze–thaw cycles, and traffic [16]. Finally, adaptation
pathways [8,32,33] are constructed using information gained from the PCSC, downscaled climate
model output [34], pavement modeling [29,35,36], and life-cycle cost analysis [37]. If many adaptation
pathways are to be evaluated, budget optimization techniques [31,38] can be used to identify the most
cost-effective adaptation strategies. The best pathways are then mapped on a pathways map [21,32]
that includes other factors such as road-surface inundation, the adaptation strategy’s carbon footprint,
safety, road abandonment, and/or other factors of concern to stakeholders. The pathways map is used
to construct a stepwise and flexible adaptation plan over the pavement management period with
opportunities for re-evaluation and plan modification.
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2.2. Existing Pavement Evaluation Site Properties

Route 286 has a simple pavement structure with 140 mm of Hot Mix Asphalt (HMA) and 406 mm
gravel base overlying a sand subgrade [39]. The resilient modulus (MR) of the HMA, the gravel base,
and the sand subgrade, respectively, are 1493 MPa at 25 ◦C [40]; 103 MPa from AASHTO correlation
charts [41] and NHDOT layer coefficients [42,43]; and 62 MPa from testing at the US Army Corps of
Engineers Cold Regions Research and Engineering Laboratory (CRREL) [44]. The combined effect of
climate-change-induced temperature rise and SLR-induced groundwater rise on these materials is
evaluated using pavement performance modeling.

2.3. Pavement Performance Modeling

Pavement performance modeling was performed using Minnesota DOT’s (MnDOT’s) pavement
analysis and design program called MnPAVE [29]. This software utilizes a mechanistic-empirical
approach based on layered-elastic theory. MnPAVE was chosen because changes in season length,
seasonal average temperatures, and seasonal MR, needed to assess climate-change-induced impacts,
can be readily simulated [29,30].

2.3.1. Adaptation Alternatives and Performance Metric

The adaptation design alternatives evaluated for the case study consist of four fixed gravel
base-layer thicknesses, each with HMA-layer thickness used as a design variable. While the materials
in the HMA and base layers may also be varied, i.e., a different binder grade in the HMA for rising
temperatures or different base-layer materials or additives, this case study considers only structural
changes to the pavement. The gravel base-layer begins with the existing thickness of 406 mm and is
increased in approximately 102 mm intervals to 508, 610, and 711 mm. The performance metric is the
HMA thickness required to achieve a minimum of 85% reliability for less than 1 million Equivalent
Single Axle Loads (ESALs) and 90% reliability for greater than 1 million ESALS (optimal-HMA thickness
or O-HMA) determined using Monte Carlo simulation within MnPAVE [29]. This performance metric
was chosen to provide actionable adaptation guidance. The cost metric is the life-cycle adaptation cost,
defined as the agency cost incurred for HMA overlays and/or base-layer rehabilitation/modification
and the user costs associated with work-zone delays. The costs are summed over the 60-year pavement
management period from 2020 to 2080 and discounted to present-value dollars using a rate of 3.8% [45].

2.3.2. Pavement Analysis

There are four sets of inputs required in MnPAVE: environmental/climate variables, material
properties, traffic, and pavement structure. The environmental/climate inputs include five seasonal
average air temperatures (fall, winter, early spring, late spring, and summer), season duration, and
frost depth. Spring is divided into early spring and late spring to account for changes in aggregate-base
and subgrade-soil properties during the spring thaw period [29,30]. The seasonal average temperatures
and the season durations were calculated from freezing and thawing indices and 3-day average
temperatures [29,30] for current conditions and 0.5 ◦C incremental temperature rise as described
in Knott et al. (2019) [20]. A frost depth of 1020 mm, based on data from southern NH and
Massachusetts, was used as the early spring interface between the frozen and thawed soil in the
pavement profile [29,46]. Groundwater elevations measured in wells near the case-study site from 1970
through 2014 were evaluated and combined with LiDAR data [47] to determine the annual average
and seasonal groundwater depths beneath the pavement surface [48,49]. Groundwater depth is not
entered directly into MnPAVE but is simulated indirectly through moisture content-driven changes in
material properties.

The material properties depend on the environmental/climate conditions. The HMA modulus was
calculated as a function of temperature using the Federal Highway Administration (FHWA) Long Term
Pavement Performance Program (LTPP) temperature adjustment factor with the FHWA default slope
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parameter [50]. The asphalt temperature at one-third the pavement thickness was calculated from air
temperature using the equation developed by Witczak [30,51,52]. The MR of the unbound materials
also changes with temperature. Relationships between MR and temperature from laboratory tests [44]
were established for gravelly-coarse sand and fine sand in Knott et al. (2019) [20]. MR at optimum
moisture content (MR,opt) for the gravel-base and sand subgrade was calculated as a function of
temperature using these relationships and varies with long-term annual-average temperature increases
and the corresponding seasonal-average temperature changes [20].

The gravel base and subgrade MR will also change with groundwater level fluctuations [53,54].
As the groundwater rises both seasonally and over the long term, the unbound material MR was
adjusted for moisture content using the methodology described in Elshaer [55]. The pavement
layers were divided into five sublayers (HMA, two base layers and two subgrade layers) to simulate
saturation and consequential MR changes within the pavement structure [29]. For example, initially
the groundwater table defines the top of the saturated lower subgrade layer. As the groundwater
table rises, the thickness of the unsaturated subgrade layer is reduced. Eventually, with groundwater
rise, both subgrade layers are saturated. As the groundwater rises in the base layer, the (initially
thin) saturated base-layer thickness increases and the unsaturated base-layer thickness decreases.
The MR for the unsaturated and saturated gravel-base and subgrade layers was calculated using
the Witczak equation [56,57]. The matric suction was estimated from the distance between each
sublayer-midpoint and the groundwater table. The degree of saturation was determined from the soil
water retention curve (SWRC) for each soil type and used in the Witczak equation to calculate the
ratio of MR at the current moisture condition to the MR,opt [55–57]. This moisture-content adjustment
factor (MR/MR,opt) was applied to the MR,opt calculated for the annual-average and seasonal-average
temperature changes [20] resulting in a MR adjusted for temperature and groundwater rise for each
pavement layer. Traffic loading was modeled using ESALs over a 20-year design period based on local
traffic information and growth projections [58,59].

The material properties were entered into MnPAVE and the O-HMA was calculated for the various
temperatures, groundwater levels and base-layer thicknesses. Pavement damage, defined as ESALs/Nf,
was calculated for both rutting, based on the vertical compressive strain at the top of the subgrade,
and fatigue cracking, based on the horizontal tensile strain at the bottom of the HMA layer. At this
case-study site, rutting was the critical pavement distress for base-layer thicknesses 406, 508, and
610 mm and fatigue cracking was the critical pavement distress for a base-layer thickness of 711 mm.
The HMA thicknesses needed to overcome the critical pavement distress, i.e., either rutting or cracking,
with a minimum of 85% reliability are presented in the results. The pavement is assumed to have no
pre-existing distresses.

2.4. Hybrid Bottom-Up/Top-Down Analysis

2.4.1. Pavement-Life Climate Sensitivity

A Pavement Climate Sensitivity Catalog (PCSC) was constructed using the bottom-up (asset-based)
framework [12,16] to determine pavement-life sensitivity to future temperature increases and
groundwater rise. Projected temperature rise for the time period from 2000 to 2080 relative to
the baseline period from 1979 to 1999 ranges from 0 to 5 ◦C in the study area [20]. This was determined
by analyzing projected daily average temperatures from the U.S. Bureau of Reclamation’s Downscaled
Climate and Hydrology Projections (DCHP) [34] CMIP5 (Coupled Model Intercomparison Project
Phase 5) with the high Representative Concentration Pathway (RCP8.5) [60]. CMIP5 is the aggregation
of multiple Global Climate Models (GCMs) based on RCP scenarios that represent varying paths to
different levels of greenhouse gas concentrations in the atmosphere. RCP4.5 to RCP8.5 used in this
study ranges from a lower to a higher degree of climate change. The DCHP contains fine spatial
resolution climate projections over the United States [34,60].
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Incremental groundwater rise was simulated from the existing 700 mm average groundwater
depth to the existing pavement surface [25,48,61]. An array was then created with temperature rise
from 0 to 5 ◦C in 0.5 ◦C increments along the horizontal axis and groundwater rise from 0 to 700 mm in
100 mm increments along the vertical axis. Traffic was simulated as 938 ESALs with a 1% annual growth
over the 20-year design life. The pavement analysis was used to calculate the O-HMA thickness for the
70 combinations of temperature and groundwater rise for the four gravel base-layer configurations.

2.4.2. Scenario-Based Pavement Analysis

Once the pavement’s sensitivity to incremental temperature and groundwater rise across the
possible range of values has been investigated and used to identify adaptation options, the top-down
(scenario-based) approach is used to identify plausible temperature and groundwater rise and the timing
of the effects. Projected annual temperature rise was determined from downscaled climate models for
RCP4.5, RCP6.0, and RCP8.5 [34,60] as described in Knott et al. (2019) [20]. Projected SLR-induced
groundwater rise at the case-study site is 46% of relative SLR determined using groundwater modeling
in coastal NH [25]. The relative SLR projections ranging from intermediate low to high are from
Sweet et al. (2017) [24]. The projected temperature rise, groundwater depth from the pavement surface,
and traffic adjusted in 10-year time steps are presented in Table 1.

Table 1. Projected temperature (Temp.) rise, groundwater (GW) depth and traffic at Route 286 in
coastal New Hampshire for three emissions scenarios: RCP4.5, RCP6.0, and RCP8.5 and four SLR
scenarios: Intermediate Low (IL), Intermediate (I), Intermediate High (IH) and High (H); F = Pavement
Surface Flooded.

Year

RCP4.5
Intermediate Low

RCP6.0
Intermediate

RCP8.5
Intermediate High RCP8.5 High

Traffic
(ESALs/106)

Temp.
Rise
(◦C)

GW
Depth
(mm)

Temp.
Rise
(◦C)

GW
Depth
(mm)

Temp.
Rise
(◦C)

GW
Depth
(mm)

Temp.
Rise
(◦C)

GW
Depth
(mm)

2000 0.3 700 0.4 700 0.4 700 0.4 700 0.944
2010 0.7 672 0.7 663 0.8 644 0.8 630 0.944
2020 1.1 644 1.0 612 1.2 593 1.2 561 1.000
2030 1.5 612 1.3 565 1.7 514 1.7 482 1.061
2040 1.8 584 1.7 519 2.2 459 2.2 380 1.124
2050 2.1 552 2.0 463 2.7 371 2.7 273 1.191
2060 2.3 524 2.3 398 3.4 273 3.4 150 1.263
2070 2.5 512 2.7 343 4.0 187 4.0 16 1.337
2080 2.7 494 3.0 279 4.8 86 4.8 F 1.416

O-HMA thickness, the HMA thickness required to achieve a minimum of 85% pavement-life
reliability for the given base layer, changes with increasing temperatures, groundwater levels and traffic
all of which change with time. Pavement performance in terms of O-HMA thickness was calculated
and plotted against time for No Climate Change (NCC) and the four RCP/SLR scenarios and projected
traffic levels presented in Table 1. These plots were used to develop adaptation pathways.

2.5. Adaptation Pathway Analysis

Adaptation pathways are a set of sequential adaptation actions taken at specific points along a
time line [8,21,32]. Determination of adaptation pathways employs the top-down part of the hybrid
approach because temperature, groundwater and traffic projections are needed. The concept of an
adaptation pathways map was introduced by Haasnoot et al. as a tool for decision making under
deep uncertainty [32]. In the Haasnoot et al. approach, the current condition and future objectives are
first defined, and the pathways represent different routes through time to achieve the future objective.
The pathways are chosen based on model results or expert judgement and all must satisfy a minimum
performance level. Multiple adaptation pathways are presented that encompass the range of future
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uncertainties. Some pathways can be followed all the way to the end of the performance period. Others
end prematurely at a tipping point, i.e., the point at which the performance criteria are no longer met,
triggering transfer to a different pathway [33]. The costs and side effects of each pathway are tallied in
a scorecard and decision makers can compare pathways with respect to their goals and constraints [32].

2.5.1. Adaptation Pathway Determination

In this case study, the objective is to determine the most cost-effective adaptation pathway that
maintains at least 85% pavement-life reliability over the 60-year pavement management period despite
increases in temperature, groundwater levels, and traffic. This is achieved through either use of HMA
overlays or a combination of HMA overlays and base-layer thickness increases. HMA overlays are
typically more desirable than base-layer rehabilitation or enhancement due to the relatively high cost
of base-layer rehabilitation.

As in the PCSC analysis, only four base-layer thicknesses (406, 508, 610 and 711 mm) are considered,
but in the pathway analysis, the thickness increases are achieved through onsite HMA recycling to
305 mm reclaimed stabilized base (RSB) mixed into the exiting 406 mm gravel base. Excess HMA is
removed for off-site recycling and additional gravel is hauled to the site, if necessary, to achieve the
specified base-layer thicknesses [62]. Onsite recycling is introduced for cost purposes only. The MR of
the RSB ranges from 1.1 to 2.0 times that of gravel base [41–43,63]; however, an additional RSB layer
with the higher MR is not simulated because MnPAVE limits the number of layers to five. In reality, the
RSB would provide more support than the gravel base requiring less HMA thickness. Other pavement
(HMA or base-layer) materials or base-layer thicknesses are not considered in this case study but can
be incorporated into the approach.

O-HMA overlay thicknesses were calculated using the pavement analysis. Thirteen adaptation
pathways were chosen for evaluation. These are summarized in Table 2. The pavement thickness
applied during repaving after base-layer rehabilitation is the O-HMA thickness calculated in the
pavement analysis.

Table 2. Description of adaptation pathways for analysis.

Pathway
Initial Base
Thickness

(mm)

Base
Rehab.?

Year of Base
Rehab.

New
Base-Thickness

(mm)
Description

P1 406 No - - O-HMA overlays only
P1A 406 Yes 2020 406 Remove HMA, repair base, repave
P2 406 Yes 2020 508 Recycle HMA, add 102 mm base, repave
P3 406 Yes 2020 610 Recycle HMA, add 204 mm base, repave
P4 406 Yes 2020 711 Recycle HMA, add 305 mm base, repave

P5 406 Yes 2040 406 Remove HMA, repair base, repave
P6 406 Yes 2040 508 Recycle HMA, add 102 mm base, repave
P7 406 Yes 2040 610 Recycle HMA, add 204 mm base, repave
P8 406 Yes 2040 711 Recycle HMA, add 305 mm base, repave

P9 406 Yes 2060 406 Remove HMA, repair base, repave
P10 406 Yes 2060 508 Recycle HMA, add 102 mm base, repave
P11 406 Yes 2060 610 Recycle HMA, add 204 mm base, repave
P12 406 Yes 2060 711 Recycle HMA, add 305 mm base, repave

Adaptation pathways [8,21,31] were constructed for NCC and three RCP/SLR scenarios:
RCP4.5IL, RCP8.5IH, and RCP8.5H. RCP6.0I falls between RCP4.5IL and RCP8.5IH after mid-century;
consequently, for simplicity, it was not included in the adaptation pathways analysis. The pathways
for each emissions/SLR scenario illustrate a stepwise approach in which the timing of HMA overlays is
prescribed. While, in theory, maintaining the O-HMA thickness through HMA overlays on the existing
406 mm gravel base layer (P1) should be sufficient to achieve at least 85% reliability, it may not be
the most cost-effective adaptation pathway, or it may not address other issues such as road-surface
inundation by groundwater and/or surface water. Likewise, in practice, adequate HMA thickness
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may not be maintained due to budgetary constraints or unanticipated changes in environmental or
traffic projections. In these cases, or others, such as pre-existing pavement distresses, pre-mature
pavement failure may occur, and base-layer or subgrade rehabilitation will be needed. Hypothetical
tipping points [15], i.e., the points at which base-layer rehabilitation may be required, are proposed
for years 2020 (P1A, P2–P4), 2040 (P5–P8), and 2060 (P9–P12) for all of the emissions/SLR scenarios.
The actual timing of the base-layer rehabilitation will be determined by pavement inspections in the
future. Full pavement rehabilitation including subgrade repair is not considered in this case study.

2.5.2. Adaptation Cost Analysis

All the adaptation pathways were simulated and the HMA overlay and pavement rehabilitation
costs were tallied in present-value dollars over the 60-year pavement management period from 2020
to 2080. FHWA Real Cost software [37,45] was used to simulate life-cycle costs including agency
and user costs. The agency costs including material, transportation, labor and equipment costs were
calculated using FHWA guidance [64,65] with NHDOT material costs [62,66]. The user costs consist of
work-zone delay costs only. Details of the cost analysis and inputs are presented in Knott (2019) [67].
Mean present-value and probabilistic costs were calculated using Monte Carlo simulation. HMA
material-cost uncertainties associated with material MR laboratory test variance [20] as well as
discount rate uncertainties based on the 1979–2017 treasury interest rate statistics (mean = 3.8%, std.
dev. = 1.7%) [68] were included in the Monte Carlo simulations. Comparisons were made between
adaptation pathways including costs, road-surface inundation and RCP4.5IL, RCP8.5IH and RCP8.5H
emissions/SLR scenarios. The results are discussed in the context of adaptation pathways and ultimately
result in a staged and flexible adaptation plan.

3. Results

The results are organized into two parts. Part 1 (Section 3.1) describes the case-study site pavement
performance with climate change using the bottom-up results presented as a PCSC and the top-down
results presented as O-HMA thickness for resiliency vs. time. Part 2 (Section 3.2) focuses on adaptation
including adaptation pathways, costs, and road-surface inundation, and culminates in a flexible and
stepwise adaptation plan. The pavement-performance results and adaptation plan are specific to
this case-study site; however, the approach can be applied in other geographical areas with different
pavement structures and climate stressors.

3.1. Part I—Pavement Performance with Climate Change

Pavement performance with rising temperatures and SLR-induced groundwater rise was assessed
at the case-study site using the bottom-up (asset-based) and the top-down (scenario-based) approaches.
The asset-based results are presented in a PCSC and the scenario-based results are presented as O-HMA
versus time for NCC and the four RCP/SLR scenarios listed in Table 1.

3.1.1. Pavement Climate Sensitivity Catalog (PCSC)

The PCSC is presented in Figure 2 with the O-HMA thickness given in each grid cell for the four
gravel-base thicknesses. The PCSC illustrates that the O-HMA thickness decreases with increasing
base-layer thickness. The reduction in HMA thickness needed to achieve resiliency with thicker
gravel-base layers results in more adaptation capacity through HMA overlays. The O-HMA thickness
is more sensitive to temperature increases than groundwater rise, but this is less pronounced with the
thicker base layers. For example, the O-HMA thickness required for maximum groundwater rise is
sufficient only for a 1 ◦C temperature rise with 406- and 508-mm base-layer thicknesses. In comparison,
the O-HMA thickness for maximum groundwater rise is sufficient for 2.5 ◦C and 5.0 ◦C temperature
rises with 610- and 711-mm gravel-base layer thicknesses, respectively.
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Figure 2. Pavement Climate Sensitivity Catalog (PCSC) shows the HMA thickness required to achieve
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convention is green <140 mm < red. Four gravel-base thicknesses are shown: (a). 406 mm, (b). 508 mm,
(c). 610 mm, and (d). 711 mm.

The ratio of O-HMA at a given temperature and groundwater rise to O-HMA with no temperature
and groundwater rise (O-HMAT, GW/O-HMA0,0) for each base-layer thickness provides a measure of
each structure’s resiliency (Figure 3). Temperature rise from 0 to 3 ◦C with no groundwater rise for
the 508 mm base structure requires an O-HMA thickness increase of 30% increasing to 41% with a
corresponding 400 mm groundwater rise. In comparison, for the 610 mm base structure, a 2% O-HMA
thickness increase is needed for a 3 ◦C temperature rise increasing to 15% with a corresponding
400 mm groundwater rise. Increasing the base-layer thickness from 406 to 508 mm does not improve
temperature and groundwater rise resiliency. This base thickness provides a large reduction in the
O-HMA thickness under current temperatures and groundwater levels, but the benefit is severely
reduced with temperature and groundwater rise. Gravel-base thicknesses of 610 and 711 are the most
resilient to temperature rise, but this resiliency is reduced with a temperature rise greater than 4.0 ◦C
for the 610-mm base layer and when groundwater moves within 300 mm of the pavement surface for
both the 610-mm and 711-mm base-layer thicknesses.

In summary, the bottom-up (asset-based) approach [12,16,17] produced a PCSC in which the
sensitivity of four pavement structures with increasing base-layer thicknesses was determined for
70 combinations of incremental temperature and groundwater rise. The following conclusions can
be drawn from the PCSC. (1) The PCSC is a useful screening tool in adaptation planning because it
illustrates the asset’s sensitivity to incremental environmental change untethered to climate-change
scenarios. (2) O-HMA layer thickness (the HMA thickness needed to achieve a minimum of 85%
reliability) increases are needed for all four base-layer configurations as temperatures and groundwater
rise. (3) Pavement performance is more sensitive to rising temperatures than to rising groundwater
for the 406- and 508-mm base layers. Base-layer thicknesses of 610 and 711 mm show improved
temperature resiliency. (4) Pavement resiliency is reduced when groundwater moves up in the
gravel-base layer. (5) In coastal road infrastructure where both temperature and groundwater are
expected to rise, HMA and base-layer thickness increases will be required to maintain pavement
reliability. This analysis calculates the O-HMA thickness required for resiliency with different base-layer
thicknesses and incremental environmental change. A PCSC could also be designed to evaluate the
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Figure 3. Ratio of O-HMAT, GW/O-HMA0,0 for incremental temperature and groundwater rise. The color
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(b). 508 mm, (c). 610 mm, and (d). 711 mm.

3.1.2. Optimal HMA Thickness for Resiliency

The PCSC bottom-up approach illustrates pavement performance changes with incremental
temperature and groundwater-rise. This analysis is independent of climate-change scenarios and
traffic increases beyond the 20-year design life and the timing of adaptation actions are not considered.
Conversely, the scenario-based top-down analysis incorporates projected temperature, groundwater
and traffic increases for the 60-year period from 2020 to 2080 enabling the evaluation of stepwise
adaptation actions in terms of future performance and cost.

O-HMA thickness increases, i.e., the thickness required to maintain a resilient road, versus time are
shown for all the climate change scenarios including a baseline NCC scenario (i.e., traffic increases only)
in Figure 4. All the structures need increased HMA thickness over time due to traffic increases and
climate change. For the 406 mm base thickness, the mid-century O-HMA increase attributed to climate
change (i.e., the difference between the O-HMA increase for the scenarios and the no climate-change
increase) ranges from 29 to 33 mm. The increase is less, 11 to 15 mm, and close to typical construction
tolerances for the 711 mm base thickness. By the year 2080, the O-HMA increases due to climate change
range from 31 to 66 mm and 15 to 68 mm, respectively for the 406- and 711-mm base thicknesses.
While the O-HMA thickness increase is less for structures with a thicker base, the relative O-HMA
increase with climate change to the traffic-only increases is much higher. This result supports the PCSC
finding that a thicker base improves pavement performance with traffic increases and modest climate
change, but the resiliency is reduced when the groundwater moves into the base-layer, weakening
it, and triggering steep O-HMA thickness increases. The O-HMA thickness divergence among the
climate-change scenarios, shown with ovals in Figure 4, typically occurs in 2040 but is delayed until
2060 for the 711 mm base thickness. Prior to divergence, the required increase in HMA thickness is
largely the same regardless of the RCP scenario. After divergence, the decision points and adaptation
pathways differ by RCP scenario. In practice, mid-to-late-century decisions will be facilitated by
increased knowledge about traffic loading, climate change, and pavement material properties.
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Figure 4. HMA thickness increases needed to achieve O-HMA thickness for no climate change (NCC)
and four climate-change scenarios: RCP4.5IL, RCP6.0I, RCP8.5IH, and RCP8.5H. Four gravel base-layer
thicknesses are presented: (a) 406 mm, (b) 508 mm, (c) 610 mm and (d) 711 mm.

3.2. Part 2—Adaptation and Costs

3.2.1. Adaptation Pathways and Cost Analysis

Using the results of the pavement performance evaluation, adaptation pathways were created,
and life-cycle costs were evaluated to determine the most cost-effective adaptation strategies for this
case-study site.

Adaptation Pathways

Thirteen adaptation pathways were created for the NCC, RCP4.5, RCP8.5IH and RCP8.5H
scenarios. These pathways were developed using the pavement performance analysis, the O-HMA
metric, the four base-layer thicknesses, downscaled climate model output, and estimates of SLR-induced
groundwater rise. The RCP8.5IH pathway is used to illustrate the method (Figure 5) with the adaptation
pathways’ first action occurring in 2020.

All adaptation pathways begin with the existing gravel base-layer (406 mm gravel) and the
calculated O-HMA in 2000 (147 mm) which is slightly greater than the actual HMA thickness at the
case-study site (140 mm). The O-HMA thicknesses for 2010 and 2020 are calculated to be 149 mm
and 175 mm, respectively, for the RCP8.5IH scenario. The large increase in O-HMA thickness from
2010 to 2020 is due to an increase in recommended minimum pavement life reliability from 85%
(ESALs < 1 million) to 90% (ESALs ≥ 1 million) [29]. Each plot (a-d) shows the total O-HMA thickness
vs. time for the various adaptation pathways. The incremental overlay thickness is not explicitly shown
but is presented as part of the adaptation plan in Section 3.2.3. The colors represent the base-layer
thickness. Plot (4a) shows Pathway 1 (P1) in red consisting of a series HMA overlays on top of the
existing structure with the timing of each overlay indicated with an X on the pathway. Plot (4b)
shows Pathways P1A, P2, P3, and P4. In these pathways, base-layer rehabilitation occurs in 2020.
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For example, all the pathways begin along the red line and diverge in 2020 to red, orange, green and
blue, respectively. In these adaptation pathways, the existing HMA is removed to access and repair
and/or increase the thickness of the base layer. In P1A, the base layer is repaired without increasing the
thickness. This action is needed if the pavement is experiencing premature failure from pre-existing
rutting and/or fatigue cracking. In pathways P2, P3, and P4, the base-layer thickness is increased
from 406 mm to 508, 610, and 711 mm, respectively, before repaving with the O-HMA thickness. It is
assumed that the old HMA will be recycled in place as 305 mm RSB. Plot (4c) shows pathways P5
through P8 in which the same structural assumptions are made, but rehabilitation is delayed until
2040, i.e., all pathways begin on the red pathway to maintain the O-HMA thickness and diverge to the
red, orange, green and blue pathways at 2040. Plot (4d) shows pathways P9 through P12 for which
base reconstruction is delayed until 2060.
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Figure 5. Adaptation pathways (a) P1, (b) P1A to P4, (c) P5 to P8, and (d) P9 to P12 shown as the
calculated O-HMA thickness vs. time for RCP8.5IH. The colors represent the base-layer thickness
as follows: red-406 mm (P1, P1A, P5, P9), orange-508 mm (P2, P6, P10), green-610 mm (P3, P7, P11),
blue-711 mm (P4, P8, P12). Colored Xs represent the HMA overlays for individual pathways. Black Xs
represent overlays in all pathways within each subplot. Bull’s eyes represent base-layer rehabilitation
with colors corresponding to the final base-layer thickness.

Adaptation Costs

The average present value of agency and user-delay costs for all pathways and climate-change
scenarios are presented in Figure 6. The climate-change scenario influences the pathway cost,
but not the pathway ranking in most cases. Regardless of the climate-change scenario, P1 is the
least expensive option and, consequently, may be the most desirable; however, there are situations
causing premature failure when rehabilitation may be necessary. The two least-costly rehabilitation
options for all climate-change scenarios are P11 (base-layer thickness = 610 mm) and P12 (base-layer
thickness = 711 mm) with base-thickness increases proposed for year 2060.
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Figure 6. Projected average agency and user costs in present value dollars for 13 adaptation pathways
with NCC, RCP4.5IL, RCP8.5IH, and RCP8.5H scenarios. The solid bars represent the average agency
cost and the hollow bars represent the user-delay costs. The pathways are given along the horizontal
axis and are described in Table 2.

If circumstances other than cost drive the rehabilitation timing, the least costly structure is the
610 mm base achieved through pathways P3, P7, and P11. These pathways benefit from an optimal
use of on-site RSB that minimizes trucking and user-delay costs. Of these, P11 is the least costly due to
a combination of optimal on-site recycling and delayed rehabilitation. If reconstruction is necessary,
the most-costly pathway is P1A: reconstruction in 2020 without increasing the base-layer thickness.

3.2.2. Adaptation Strategies

Cumulative probability distributions of present-value total agency and user-delay costs from
Monte Carlo simulations are shown for pathways P1, P1A, P3, P7 and P11 for RCP4.5IL, RCP8.5IH,
and RCP8.5H in Figure 7. This presentation is useful for decision making because it is a probabilistic
approach and reveals uncertainties in the analysis. Costs increase for all pathways with higher
emissions/SLR scenarios. The low-cost pathways are consistent across scenarios, but the cost differences
among the rehabilitation pathways are less pronounced for the high RCP/SLR scenarios as uncertainty
increases. Delaying rehabilitation (P7 and P11) reduces the cost in present-value dollars but also
increases cost uncertainty. The least-cost rehabilitation pathway (P11) costs approximately twice the
overlay-only pathway (P1) with 85% probability. Increasing the base-layer thickness from 406 mm to
610 mm (P3) saves 20% when compared to constant base-thickness rehabilitation (P1A) under RCP4.5IL
and 12% under RCP8.5H. Delaying rehabilitation from 2020 (P3) to 2060 (P11) saves an additional 24%
for RCP4.5IL and 10% for RCP8.5H. These results show that there is a large financial benefit to early
adaptation using prescribed pavement overlays to avoid the high cost of base-layer rehabilitation.
Increased road-surface elevation associated with a thicker pavement structure may result in ancillary
costs (not included in the analysis) to modify adjacent properties and connecting roads, but also
may delay road surface inundation. Furthermore, this analysis focuses only on HMA and base-layer
thickness increases, but if the subgrade is damaged because of a weak pavement structure, the costs of
full pavement reconstruction including subgrade repair would be much higher.
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Figure 7. Probability distributions for total costs associated with pathways P1, P1A, P3, P7, and P11 for
RCP4.5IL, RCP8.5IH, and RCP8.5H.

Cost is not the only concern when designing a climate-ready coastal road. Some roads will
be vulnerable to tidal water and/or groundwater road-surface inundation caused by SLR. At this
case-study site, groundwater is projected to regularly inundate the road surface before tidal waters
cause overland flooding. The projected groundwater elevation (relative to mean sea level (MSL)) for
RCP8.5IH and RCP8.5H is shown with the pavement-surface elevations for each adaptation pathway
in Figure 8.

For the RCP8.5IH scenario, groundwater is not projected to be above the existing road-surface
elevation (4.33 mm) until 2090. However, the RCP8.5H scenario projections indicate that in 2070, the
groundwater will be only 130 mm below the road surface for P1, P1A, P5, and P9, and in 2080, the
groundwater will inundate the road surface. Properties at similar elevations served by this coastal road
will also flood. Consequently, this case-study site is projected to have flooding problems after 2070
for RCP8.5H (but not the lower RCP scenarios) when following the least expensive (P1) adaptation
pathway. Pathways P3, P7 and P11 will delay groundwater inundation of the road surface at RCP8.5H
with groundwater projected to be 260 mm and 130 mm below the road-surface elevation in 2070 and
2080, respectively. If the O-HMA is maintained and the costs of premature failure are avoided, P11 is
the best choice because road-surface inundation costs and the additional costs of early rehabilitation
will both be avoided. Adoption of P11 will also give practitioners the opportunity to re-evaluate
adaptation strategies based on new information. Looking beyond 2080, the P3, P7 and P11 road
surfaces will be flooded in 2090. This suggests that if the road is still needed to serve properties beyond
2080, P12, an even thicker base, or an elevated road (bridge) will be better than P11. This decision
should be made prior to rehabilitation in 2060.
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Figure 8. Pavement surface elevation at the pavement evaluation site relative to the mean sea level
(MSL) for the 13 adaptation pathways is shown by the bars for each decade from 2020 to 2080.
The inverted triangle marks the projected groundwater-surface elevation for the indicated year and
RCP/SLR scenario. The projected groundwater elevation is shown for years 2070, 2080, and 2090 for the
RCP8.5H scenario and 2090 for the RCP8.5IH scenario.

3.2.3. Flexible and Stepwise Adaptation Plan

The previous sections have focused on determining the most cost-effective adaptation pathways
for maintaining a resilient coastal evacuation route with projected climate change under NCC and three
emissions/SLR scenarios. These pathways are P1, P3, P7, P11, and P12. P1 is the HMA overlay-only
option with a 406 mm gravel base. P3, P7 and P11 all require base-layer rehabilitation and thickness
increases from 406 to 610 mm but differ when the rehabilitation is done (2020, 2040 or 2060, respectively).
P12 involves a base-layer thickness increase from 406 to 711 mm in 2060. An adaptation pathways map
and scorecard [32] can be used to develop a flexible and stepwise adaptation plan and are presented in
Figure 9. The scorecard gives present value costs for the pathways shown only out to 2080, the end of
the pavement management period.

The least costly pathways are P1 and P11, showing that delaying base-layer rehabilitation for as
long as possible is cost-effective over the long-term at this case-study site. Regularly assessing the
pavement condition, traffic projections, and determining which emissions/SLR scenario is correct at
the time of assessment are important factors in choosing the pathways and determining the O-HMA
thickness for the prescribe overlays.

An example of how to use the map in Figure 9 is as follows. 1) Begin on pathway P1, the least costly
option. If the pavement has pre-existing distresses requiring base-layer rehabilitation, as determined by
a field inspection, increase the base-layer to 610 mm (P3) in 2020 and perform the prescribed P3 HMA
overlays. If the pavement does not require base-layer rehabilitation continue along P1 and perform
the prescribed P1 HMA overlays. (2) Just prior to 2040, the pavement condition, traffic predictions
and climate-change scenarios should be re-assessed. If the pavement’s condition is poor, practitioners
will rehabilitate the base and increase the base thickness to 610 mm in 2040 (P7). If the pavement’s
condition is good, practitioners will continue with P1 overlays until 2060. (3) Just prior to 2060, a similar
field, traffic and climate-change assessment is conducted. At this point, SLR-induced groundwater
inundation may be occurring in many-low lying areas along the coast and stakeholder options are as
follows: (a) follow P1 until the road surface is flooding regularly with groundwater, projected to occur



Sustainability 2019, 11, 4382 16 of 23

between 2070 and 2080 under RCP8.5H, but later under lower emissions/SLR scenarios; (b) increase the
base-layer thickness to 610 mm (P11), delaying possible flooding to between 2080 and 2090; (c) increase
the base-layer thickness to 711 mm (P12), delaying flooding until shortly after 2090 under the high
emissions/SLR scenario; (d) elevate the roadway, which may or may not be a viable option depending
on the flooding exposure of properties served by this road; or (e) abandon the roadway and relocate
residents. Decision making at or around 2080 will center around raising the road or road abandonment
because further thickening of the base and HMA layers will not adequately address road inundation.
The condition of the surrounding land, structures and ecosystems will be important factors in the
decision-making process.
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Figure 9. Adaptation pathways map showing the most cost-effective adaptation pathways and the
cost scorecard. The timing of HMA overlays is illustrated with X and tipping points, where a transfer
to a different pathway may occur, are shown with a bull’s eye symbol. Solid lines represent viable
pavement structures for all scenarios and dashed lines represent viable pavement structures for some,
but not all scenarios. PV is present value. (Modified from Haasnoot et al., 2013) [32].

The adaptation pathways map shown in Figure 9 does not specify the overlay thicknesses required
to achieve the O-HMA. The overlay thicknesses recommended to achieve pavement resiliency at the
pavement evaluation site are illustrated in stacked bar graphs for the most cost-effective pathways P1,
P3, P7, P11, and P12 under NCC, RCP4.5IL, RCP8.5IH, RCP8.5H in Figure 10. P1A is also included
for comparison. P1A is the most-costly pathway, but it reflects a common approach to pavement
rehabilitation without considering climate change, i.e., rebuilding the base layer without increasing
its thickness.

The recommended HMA overlay thickness (mm) is shown by the number on the bars. The
colors represent the year that the overlay should be applied. Large overlay thicknesses marked
with a star represent the HMA placed to achieve the O-HMA during repaving after base-layer
rehabilitation. The base-layer thickness is not shown in this figure but can be inferred from the
pathway name as described in Table 2. This graphical summary readily provides decision makers with
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recommended HMA overlay thicknesses for chosen adaptation pathways. When there are differences
in the incremental overlay thickness between climate-change scenarios, it is recommended that the
largest overlay thickness for that pathway and time period be used to avoid the high cost of premature
pavement failure. This is a stepwise approach with overlays applied every 10 years, so as we move
into the future, uncertainties around which emissions/SLR scenario is correct will decline.
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Figure 10. Cumulative HMA overlays required to maintain O-HMA thicknesses for select pathways.
Colors represent the timing of the overlay. Overlay thickness in mm is indicated by numbers. Black stars
mark the HMA thickness to be placed after base-layer thickening. Each chart represents: (a) NCC,
(b) RCP4.5IL, (c) RCP8.5IH, and (d) RCP8.5H.

A hypothetical example of how to use this information is as follows: (1) Begin with P1 and
RCP8.5H (Plot 8d). In 2020, practitioners apply a 34 mm HMA overlay, followed by 16 mm in 2030,
and 16 mm in 2040. (2) Re-evaluate the pavement condition, traffic and climate-change scenarios.
At this point, it is determined that the base has been damaged due to pre-existing rutting and fatigue
cracking. It is also determined that greenhouse-gas emissions have been reduced sufficiently so that
we are now following the RCP4.5IL scenario. (3) Choose P7 in Plot 8b, increase the base layer from
406 mm to 610 mm and repave with 135 mm HMA in 2040. Then apply an HMA overlay of 13 mm in
2050. This should result in pavement resiliency until 2080. If instead, it were determined in 2040 that
we are still on the RCP8.5H scenario, practitioners would choose P7 in Plot 8d, repave with 137 mm in
2040, and apply a 16 mm overlay in 2050, a 28 mm overlay in 2060, and a 19 mm overlay in 2080 for
pavement resiliency out to about 2085 before the road surface is inundated with rising groundwater.
In practice, Figures 9 and 10 are used together to determine the timing and thickness of HMA overlays
needed for resiliency.

In summary, after analyzing the pavement’s sensitivity to temperature and groundwater rise using
the asset-based PCSC, the top-down (scenario-based) approach was used to determine and evaluate
adaptation pathways and costs. Thirteen adaptation pathways were analyzed for performance, cost,
and road-surface inundation. O-HMA thickness increases are required across all adaptation pathways.
Climate change is a cost multiplier, i.e., the costs of HMA overlays or pavement rehabilitation increase
with rising temperatures and groundwater levels. The least-cost adaptation pathway consists of HMA
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overlays with prescribed HMA overlay thicknesses and an implementation schedule. This pathway
is projected to fail, however, between 2070 and 2080 under the high RCP and SLR scenario when
groundwater is projected to inundate the road surface.

If pavement structure rehabilitation is needed because of pre-existing distresses or insufficient
HMA overlay treatments, unexpected changes in loading and/or climate conditions, or projected
road-surface inundation, the existing base-layer thickness should be increased from 406 to at least
610 mm at the case-study site. Increasing the gravel-base layer to 711 mm is slightly more expensive
when done after mid-century and may be a viable option if the road is to be used beyond 2080.
Pavement-structure rehabilitation with little or no base-layer thickness increase is the most expensive
adaptation strategy and should be avoided. The factors controlling the cost differential (in present-value
dollars) between rehabilitation pathways are RSB optimization and the timing of the rehabilitation
actions. It is best to delay rehabilitation until necessary by implementing prescribed HMA overlays to
maintain the O-HMA thickness.

A stepwise and flexible adaptation plan is presented where adaptation actions are taken every
10 years along adaptation pathways from 2020 through 2080. Re-evaluation is recommended every 10
to 20 years to determine (1) the pavement’s condition, (2) changes in projected traffic, and (3) changes in
climate projections. Based on the re-evaluation, the adaptation plan can remain on the same pathway
or change to another. Early adaptation actions must maximize resiliency, minimize life-cycle costs, and
not preclude future actions. The benefits of implementing a prescribed HMA overlay plan include cost
minimization and reduction in future uncertainties.

4. Discussion and Conclusions

Many studies have investigated how climate change will affect pavement performance and
the cost of pavement maintenance and repair, but few have introduced a method for incorporating
climate change into PMS [1,9,10]. This research introduces a hybrid bottom-up/top-down adaptation
framework for addressing climate change in pavement design and management by incorporating
mechanistic-empirical pavement modeling and climate-change modeling into an existing framework
for decision making with uncertainty [32,33]. The approach was demonstrated at a coastal-road
pavement evaluation site but can be expanded to inland road infrastructure when planning for climate
change. The approach is also well suited for incorporation into PMS [31].

The approach includes both asset-based and scenario-based analyses and was demonstrated at a
pavement evaluation site on a regional connector and coastal evacuation route in southeastern NH.
The combined effect of temperature and SLR-induced groundwater level increases on pavement life
was investigated and a stepwise and flexible adaption plan was developed. The main findings of this
case study are:

• Rising temperatures and SLR-induced rising groundwater will reduce pavement life in coastal
roads, but adaptation planning and implementation can reduce the cost of these impacts.

• Climate-change adaptation for pavements must be based on (1) an understanding of the pavement’s
response to the region’s changing climate parameters and (2) an understanding of climate-change
projections to determine the timing of the effects.

• Pavement structural improvements, including HMA overlays and increasing the base-layer
thickness result in more resilient pavement with respect to temperature increases and
groundwater rise.

• The adaptation pathway’s cost is sensitive to the emissions/SLR scenario, but the relative-cost
ranking was dominated by rehabilitation efficiencies and implementation timing at this
case-study site.

• The optimal HMA thickness is a useful metric for evaluating climate-change adaptation options
because it provides practitioners with actionable guidance.
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• Adaptation pathway mapping, as opposed to fixed and robust adaptation actions, provides a
stepwise and flexible adaptation plan that maximizes pavement performance and minimizes cost
with changing climate conditions over the entire pavement management period.

• The hybrid adaptation framework for pavement systems can be a model for other systems that have
considerable operation and maintenance costs that are projected to increase with climate change.

The hybrid adaptation approach and pathway mapping framework will likely result in different
adaptation strategies than either the bottom-up and top-down approaches individually. For example,
at this case study site, the results of the PCSC show that the pavement structures with thicker gravel-base
layers are more resilient than the structures with less substantial base layers. Likewise, when utilizing
only the top-down approach, one or two scenarios are chosen, typically resulting in a robust adaptation
plan to achieve resiliency for the chosen worst-case scenario. In isolation, these approaches may result
in early reconstruction of the base layer to prevent premature failure. The hybrid framework, while
computationally intensive, produces a quasi-continuum of pavement-performance information with
incremental climate change. This results in a very different adaptation plan of “just-in-time” actions
along an adaptation pathway coupled with life-cycle costs. The resultant adaptation plan provides
cost-effective resiliency, the opportunity for reevaluation, and flexibility over time.

The hybrid approach used in this study can be improved by including incremental traffic changes
with incremental environmental change when creating PCSCs. Also, investigating a wider range
of adaptation options and considering the carbon footprint [69] of each adaptation pathway are
both recommended. This analysis investigates the effect of changing layer thicknesses on resiliency.
Other options include using a different HMA binder [70] and/or base-layer materials, additives,
or geotextiles [41]. A desirable adaptation option would reduce the amount of HMA needed to achieve
the desired performance, reduce carbon emissions and reduce costs.

Recommended future work includes incorporating the hybrid climate-change adaptation approach
into PMS. Once incorporated, practitioners will be able to (1) identify roads that are vulnerable to
changes in climate and more frequent extreme weather events, (2) enhance pavement-life forecasting by
including climate change in predictive models, (3) gain increased knowledge of a pavement’s response
to loading with changing environmental conditions using a PCSC, (4) identify adaptation pathways,
(5) use life-cycle cost analysis with probabilistic present-value cost distributions to compare adaptation
pathways, (6) develop a cost-effective adaptation plan that is stepwise and flexible, and (7) re-evaluate
and modify the plan, if necessary.

The following research would support incorporating climate change into PMS: Constructing
PCSCs for many different climatic regions and for typical pavement structures in various functional
classifications of roadways. Developing a simple method for incorporating annual and seasonal
changes in environmental parameters and material properties into mechanistic-empirical models.
Increasing the number of layers that can be simulated in pavement modeling software which is
important when simulating changes in moisture content either from rising groundwater or flooding.
More field and laboratory testing is needed to establish relationships between material properties and
temperature, moisture content, and degree of saturation.
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