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Abstract
Climate change is increasingly posing risks to flexible pavements due to rising temperatures and more frequent and intense 
extreme heat events. As climate patterns shift from historical norms, the vulnerabilities of these pavements become more 
evident, threatening transportation infrastructure and economic stability. This paper presents a climate change impact assess-
ment on the SUPERPAVE ® asphalt binder Performance Grade (PG) selection for mix design in Canada. Therefore, a tool 
was firstly developed named as Performance-Graded Asphalt Cement under a Changing Climate (PGAC3) considering 
projected temperature conditions. Secondly, the relative impact of climate change on design temperatures was studied under 
different Representative Concentration Pathway (RCP) scenarios. The findings indicate that projected temperature changes 
are geographically variable and affect critical design factors differently. Notably, case study simulations for a representative 
city suggested that adapting PG selection to future climate conditions could potentially extend the pavement service life. 
These insights underscore the critical need for the Canadian transportation sector to prioritize and implement robust climate 
adaptation strategies and policies.

Keywords  Climate Change · Asphalt Binder · Pavement Resiliency · Performance Prediction

1  Introduction

Among core public infrastructures, roads deliver critical 
services to our communities for day-to-day life. Canada’s 
public road network comprises more than 1.13 million lane-
kilometres (Four provinces—Ontario, Quebec, Saskatche-
wan, and Alberta—account for over 75% of the total road 
length.). Approximately 40% of these roads are paved and 
the majority of paved roads are constructed using asphaltic 
materials [1]. The country’s road transportation infrastruc-
ture spans a vast landmass which often faces harsh climates 
[2]. Climate change has evidently impacted extreme weather 
patterns, including their frequency, duration, and intensity 

[3, 4]. Canada undergoes accelerated and heightened warm-
ing compared to the global average. Particularly, the winter 
season is projected to experience the most significant warm-
ing across the country [5]. While mitigating the underlying 
causes of climate change is imperative, adapting to its ongo-
ing effects is equally crucial [6].

Proactive adaptation measures to choosing the most suit-
able materials for Hot Mix Asphalt (HMA) layer is essen-
tial for maintaining pavement performance and safety under 
increasingly severe climate conditions [7]. Asphalt binders, 
which serve as the adhesive agent for aggregates to produce 
a dense and smooth road surface, are selected based on the 
Superpave system for Performance-Grade (PG), with climate 
being the foremost factor to consider among others [8]. To 
date, many provincial transportation agencies have already 
incorporated PG zone maps into their pavement design man-
uals based on historical weather records and recommend 
utilizing the Long-Term Pavement Performance Bind (LTP-
PBind Online) [9] web-based tool to confirm the suitable 
PG type.

However, considering the influence of climate change, 
depending solely on historical climate data for asphalt binder 
selection carries the risk of early pavement failures and 
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shortened service life due to insufficient resistance to future 
temperature conditions. Global Climate Models (GCMs), or 
General Circulation Models, are typically used to develop 
climate models on a global scale. These complex numerical 
tools simulate interactions between several components of 
the Earth system, which includes the atmosphere, oceans, 
land surfaces, and icy regions including sea ice, glaciers, 
and permafrost. GCMs help scientists understand and pre-
dict how the Earth's climate system will behave in different 
scenarios by recording these interactions [10]. Nonetheless, 
there are restrictions to GCM forecasts. GCM outcomes can 
occasionally show ongoing biases due to oversimplifications 
or errors in depicting more detailed processes when used 
for local-scale climates. Additionally, their limited spatial 
resolution limits their effectiveness for analyzing localized 
climate changes. Spatial downscaling techniques and bias 
correction are used to improve GCM data for local usage in 
order to address these problems [11]. Among various statis-
tical downscaling methods, the Bias-Correction/Constructed 
Analogues with Quantile mapping reordering (BCCAQ) 
strategy has been shown to outperform several other statisti-
cal downscaling methods, providing high-resolution climate 
data for regional analyses using GCMs from the Coupled 
Model Intercomparison Project Phase 5 (CMIP5) [12].

In recent few years, an increasing number of researchers 
worldwide have explored the potential influence of climate 
change on asphalt binder PG selection, emphasizing its tem-
poral and regional sensitivity. The literature review suggests 
several key studies that have investigated this topic as shown 
in Table 1.

The findings from these studies mainly highlight the 
necessity for updated PG binder selection criteria that incor-
porate future climate projections. In Canadian context, there 
remains a notable gap in a comprehensive assessment of 
the impact of climate change on asphalt binder PG across 
provinces and territories. To address this gap, this study 
focuses on developing and utilizing a new online tool called 
Performance-Graded Asphalt Cement under a Changing Cli-
mate (PGAC3) that integrates climate change data into the 
PG selection process. Hence, the key objective of this paper 
is to quantify the relative impact of climate change on the 
minimum required asphalt binder PG type.

2 � Methodology

2.1 � Climate Data and Scenarios

Statistically downscaled data from 24 CMIP5 global cli-
mate models, using the BCCAQ, Version 2 method, was 
used in this study. Two RCP scenarios, 4.5 and 8.5, were 
considered to account for varying emission levels. That is 
to say, RCP 4.5 exemplifies low reduction in Greenhouse 

Gas (GHG) emissions, while RCP 8.5 demonstrates a con-
dition under the impact of ‘business as usual’ case. In this 
study, four distinct 20-year design life periods were chosen, 
labeled as Cycle 1, Cycle 2, Cycle 3, and Cycle 4. Cycle 1 
(2000–2019) served as the baseline period for comparison. 
Cycle 2 (2020–2039), Cycle 3 (2040–2059), and Cycle 4 
(2060–2079) represent subsequent periods, each reflecting 
evolving climate conditions. Also, the geographic scope 
encompassed the entirety of Canada, with all regions situ-
ated approximately below the Arctic Circle.

2.2 � Asphalt Binder Selection

In this study, the National Research Council (NRC)'s Perfor-
mance-Graded Asphalt Cement under a Changing Climate 
(PGAC3) tool was utilized [29]. This tool enables the selec-
tion of asphalt binder grades by considering projected tem-
perature conditions and is supported by various pavement 
temperature prediction functions, including the recent LTPP 
models [9] chosen for this paper as depicted in Eqs. (1–4).

where LPT  is the lowest yearly pavement temperature, TL,air 
is the lowest yearly air temperature, Lat is the latitude, H 
is the depth into HMA surface, Z is the reliability constant 
equal to 2.055 for 98% reliability, �2

T ,air
 is standard devia-

tion of lowest yearly air temperature. The 98% reliability 
threshold aligns with the Ontario Provincial Standard Speci-
fications (OPSS) for Performance Graded Asphalt Cement 
[30] and is also commonly adopted in equivalent provin-
cial guidelines across Canada to ensure the performance of 
asphalt binders.

where HPT  is the highest pavement temperature, CVPG is 
the yearly PG coefficient of variation, PGH,rel is the relative 
PG value, DD is the Degree Days and RD is the rutting 
depth.

To narrow the scope to climate impact exclusively, 
standard loading conditions (less than 3 million Equivalent 
Single Axle Load (ESAL)) and fast traffic speeds (> 70 
km/h) were assumed. As a result, grade bumping, typically 
recommended for heavy traffic loading or slow speeds, 

(1)

LPT = −1.56 + 0.72T
L,air − 0.004Lat2

+ 6.26log(H + 25)

− Z(4.4 + 0.52�2
T ,air

)
0.5

(2)HPT = PGH,d + (Z)
(

PGH,d

)CVPG

1000

(3)PGH,d = 48.2 + 14DD − 0.96DD2 − 2RD

(4)CVPG = 0.000034(Lat − 20)2RD2
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was not considered in this analysis. The threshold of 3 
million ESALs aligns with established practices in pave-
ment design, including guidance from provincial standard 
specifications and the LTPPBind algorithm, both of which 
recommend grade bumping for traffic levels exceeding this 
threshold.

3 � Analysis and Discussion

3.1 � Sensitivity Analysis

To demonstrate the combined effect of site’s climate fac-
tors and latitude on the High Pavement Temperature (HPT) 

Table 1   Overview of previous studies on climate change impacts on PG selection

1 Environment and Climate Change Canada
2 Global Circulation Models
3Long Term Pavement Performance
4A2x Experiment from Coupled Global Climate Model 2
5 B21 Experiment from Hadley Climate Model 3
6The strategic Highway Research Program
7Global warming forecast models
8Weather Research and Forecasting
9The Auto-Regressive Integrated Moving Average
10Global Climate Model
11Coupled Model Intercomparison Project 5
12Long-Short Term Memory
13 Environmental Master Plan
14 Prediction of Worldwide Energy Resources
15Conformal-Cubic Atmospheric Model
6 The Modified Imposed Offset Morphing Method
7 United States Historical Climatology Network
8 Global Historical Climatology Network

Country (A-Z) Study Area PG Calculation Method Climate Change Database Projection 
Target 
Year

Author

Canada 16 Cities LTPP ECCC​1 & MERRA-2 2079 Shafiee et al. [13]
Canada 16 Cities LTPP2.1 Pacific Climate Impacts 

Consortium
2100 Swarna et al. [14]

Canada 10 Cities Across Ontario LTPP 2.1 & Locally Cali-
brated Model

GCMs2 2100 Basit et al. [15]

Canada 17 Cities LTPP 2.13 CGCM2A2 × 4 & Had-
CM3B215

2050 Mills et al. [16]

Chile 94 Cities SHRP6 & LTPP 2.1 & 
LTPP 3.1

MIROC57 and WRF8 2059 Delgadillo et al. [17]

China East China SHRP ARIMA9 2039 Sheng et al. [18]
China National Scale SHRP GCM10 2059 Liu et al. [19]
Columbia National Scale SHRP CMIP511 2100 Gulzar et al. [20]
India National Scale SHRP CMIP5 2100 Gulzar et al. [20]
Iran 34 Cities SHRP/C-SHRP PROPHET/LSTM12/

ARIMA/EMP13
2061 Dadaei et al. [21]

Italy 71 Cities SHRP Italian Air Force Meteoro-
logical Service

2033 Viola et al. [22]

Morocco 30 Cities LTPP and SHRP POWER14 2080 El Haloui et al. [23]
South Africa Tshwane – CCAM15 2060 Mokoena et al. [24]
United Arab Emirates Sharjah LTPP and SHRP MRI-CGCM3 2070 A. Abttan et al. [25]
USA New Jersey M-IOMM16 CMIP 2040 Marath et al. [26]
USA – SHRP USHCN17 and GCM 2100 Underwood et al. [27]
USA 3 Districts in Virginia – GHCN18 2039 Qiao et al. [28]
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and LPT for PG selection, sensitivity analysis was carried 
out as shown in Fig. 1a and b, respectively. It is evident 
from Fig. 1a that higher Degree Days (DD) levels cor-
relate with increased HPT levels. In fact, DD serves as a 
critical parameter for assessing the combined effects of 
heat intensity and duration. While mean air temperature 
is a commonly used metric, it may not always accurately 
reflect regional climatic variations that influence asphalt 
performance, especially in regions with significant diurnal 
or seasonal temperature fluctuations. Regarding the effect 
of site’s latitude on HPT, it was observed that northern 
regions with even moderate DD levels can still experi-
ence high HPT values. Latitude greatly impacts CVPG , 
with minimal variations in southern regions requiring 
negligible PG adjustments, while significant increases in 
northern regions demand larger adjustments to address 
extreme weather risks. As depicted in Fig. 1b, under the 
assumption of a constant standard deviation of 1, low 
air temperatures in northern sites emerge as the critical 
scenario for the lowest pavement temperatures. The non-
linear relationship between latitude and LPT means that 
as latitude increases, low-temperature conditions worsen, 
increasing the risk of cracking. This underscores the need 
for low PG adjustments to account for more extreme tem-
perature fluctuations in colder regions. It is noteworthy 
that the database in the LTPP low-temperature model cov-
ers a limited latitude range, from 41.69 to 51.90 degrees, 
and low air temperature, from – 41.53 to 4.61°C [31]. This 
underscores the necessity of a more robust model in future 
to include a broader range of latitudes and climatic con-
ditions for improved accuracy in pavement temperature 
predictions.

3.2 � Predicted Design Temperatures

Accurate design temperature prediction is crucial for select-
ing a suitable asphalt binder that matches the respective cli-
mate, ensuring the design of climate-resilient pavements. 
Regional differences in warming rates and long-term projec-
tions, underscores the need for updated design temperatures 
that account for the full spectrum of temperature changes 
anticipated across the country.

Figure 2 compares the projected HPTs under two dif-
ferent climate scenarios, RCP 4.5 and RCP 8.5, across the 
four time periods. Under the RCP 4.5 scenario, a moderate 
climate change projection, temperatures gradually increase 
over time. From 2000 to 2019, HPTs mostly range between 
25 and 40°C, particularly in central and southern Canada. By 
2020–2039, areas in Alberta, Saskatchewan, Manitoba, and 
Ontario see temperatures reaching up to 45°C. This warm-
ing trend continues into 2040–2059, with HPTs extend-
ing further north and reaching between 40 and 50°C. By 
2060–2079, large areas in the central provinces exceed 50°C, 
indicating a substantial rise in temperature.

The RCP 8.5 scenario, representing a more severe climate 
change projection, shows a much sharper increase in HPTs. 
From 2000 to 2019, similar trends to RCP 4.5 are observed, 
but the temperature rise accelerates significantly in subse-
quent periods. By 2020–2039, many regions already expe-
rience temperatures between 40 and 50°C. In 2040–2059, 
temperatures in large parts of Alberta, Saskatchewan, Mani-
toba, and Ontario exceed 50°C, with some areas nearing 
55°C. By 2060–2079, almost the entire southern half of 
Canada is projected to experience temperatures above 50°C, 
with extensive areas reaching up to 55°C.

Figure 3 depicts projected changes in LPTs under RCP 
4.5 and RCP 8.5 scenarios, respectively. In the RCP 4.5 

Fig. 1   Multivariable (2-way) sensitivity analysis graph demonstrating a HPT, b LPT across various climate and latitude ranges
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Fig. 2   Projected HPT Results for RCP4.5 (left) and RCP 8.5 (right) over four analysis cycles

Fig. 3   Projected LPT Results for RCP4.5 (left) and RCP8.5 (right) over four analysis cycles
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scenario, the coldest temperatures during the 2000–2019 
period range from – 55°C in northern regions such as Yukon, 
Northwest Territories, and Nunavut. Central and southern 
regions experience temperatures between – 25 and – 45°C. 
By 2020–2039, a warming trend is observed, with northern 
regions seeing LPTs around – 45 to – 50°C, and central and 
southern regions warming to – 25°C to – 35°C. This warming 
trend continues into the 2040–2059 period, with the coldest 
areas in the north now experiencing temperatures of – 40 to 
– 45°C, while central and southern regions see temperatures 
between – 20 and – 30°C. By 2060–2079, northern regions 
have warmed to around – 35 to – 40°C, with most of Canada 
experiencing less severe winter conditions, and central and 
southern regions experiencing LPTs between – 15 and 25°C.

In the RCP 8.5 scenario, the warming trend is more pro-
nounced. During 2000–2019, the coldest LPTs reach – 55°C 
in northern regions, with central and southern areas expe-
riencing temperatures from – 25 to – 45°C. From 2020 to 
2039, the warming trend accelerates, with northern regions 
showing temperatures primarily around – 45 to – 50°C, and 
central and southern regions warming to – 25 to – 35°C. By 
2040–2059, the coldest temperatures in northern regions are 
around – 40 to – 45°C, with central and southern regions fur-
ther warming to – 20 to – 30°C. By 2060–2079, the warm-
ing trend is most pronounced under RCP 8.5, with northern 
regions seeing temperatures around – 35 to – 40°C, and cen-
tral and southern regions experiencing less severe winter 
conditions, with temperatures warming to – 15 to – 25°C. 
Both RCP scenarios indicate a clear warming trend over 
time, with RCP 8.5 showing a more rapid and pronounced 
warming compared to RCP 4.5.

These projections suggest asphalt binders may need to 
accommodate less severe winter temperatures over time, 
particularly under RCP 8.5. However, it is crucial to remain 
cautious and continually validate these trends through rigor-
ous field studies and temperature monitoring, as the actual 
impacts could vary significantly due to regional climate vari-
ability. For example, insights from recent local studies [32, 
33] have partially demonstrated the utility of LTPP mod-
els in projecting pavement temperature trends in Ontario, 
Canada. Despite some limitations, these models, also used 
in the PGAC 3 framework, have been validated against Road 
Weather Information Systems (RWIS) data, a network of 
roadway sensors that collect real-time weather and pave-
ment data. Validation studies suggest that LTPP models 
offer reasonably accurate predictions in regional contexts, 
though their reliability may vary across different geographic 
and climatic conditions. This highlights the importance of 
interpreting long-term projections and considering their 
implications for binder selection in the context of a chang-
ing climate.

3.3 � Impacts on Asphalt Binder PG Selection

With respect to the high-temperature grade (XX), the pro-
gression from Cycle 1 through Cycle 4 shows an increasing 
trend in the number of grids undergoing grade changes, indi-
cating a direct response to rising temperatures. According to 
Fig. 4, by mid and late century, more grids mainly in southern 
Ontario could experience changes in high-temperature grade 
under RCP 4.5. However, under RCP 8.5 scenario, as shown 
in Fig. 4, these changes could exacerbate, with a notable 54 
affected grids by Cycle 4, spanning multiple provinces with 
a concentration in southern Prairies and central Canada.

Regarding the low-temperature grade (YY), the impact 
is more pronounced from the onset, with 89 grids showing 
changes from Cycle 1 to Cycle 2 under RCP4.5, as illustrated 
in Fig. 5. This pattern intensifies with 179 grids changing 
in the subsequent cycle, highlighting a widespread impact 
across provinces, with parts of Quebec and Ontario being the 
most affected. The RCP8.5 scenario further amplifies these 
changes, with 131 grids affected from Cycle 1 to Cycle 2, 
escalating to 248 and then 256 grids in subsequent cycles, 
as shown in Fig. 5. It is important to note that, due to win-
ter warming, some regions may no longer experience very 
cold temperatures. However, using PG grades with a low-end 
temperature grade above -22 (e.g., PG XX-16 or PG XX-10) 
may lead to some issues as limited experience indicates an 
increased risk of block cracking with – 16 or – 10 grades.

Solely from a climate standpoint, PG 46-34 binder was 
found to be the most common grade, covering about 38% of 
the grid cells by the last cycle (2060–2079) under RCP 8.5. 
In total, four binders (PG 46-28, 46-34, 46-40, and 46-46) 
cover about 85% of the entire grid cells. Stiffer binders, 
such as PG 58-22, PG 52-22, and PG 52-28, will be in high 
demand in Southern Ontario, Quebec, and the Prairies. Par-
ticularly, these regions are heavily populated and have dense 
road networks. Although grade bumping current paper does 
not consider, it must be factored into future mixture designs 
when necessary for the heavy traffic in these regions to 
ensure satisfactory performance. It is important to consider 
the limitations imposed by the relatively coarse temperature 
increments of 6 °C used in the PG grading system. Given 
this broad range, it may be beneficial to recommend optional 
grade bumping for locations situated near the grid borders, 
close to the boundary of a grid that requires a stiffer PG 
binder. These areas may benefit from one increase in binder 
grade (+ 6 °C), which is likely to double the stiffness of the 
binder according to literature [34].

3.4 � Case Study: Comparative Assessment 
of Pavement Life

Drawing from the previous section, this part of the study is 
articulated to assess the effectiveness of the proposed climate 
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Fig. 4   PGXX results under RCP 4.5 (left) and RCP 8.5 (right), reflecting changes over analysis cycles

Fig. 5   PGYY Results for RCP4.5 (left) and RCP8.5 (right), reflecting changes over analysis cycles
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change adaptation strategy—the adjustment of asphalt 
binder PG grades—within the broader context of pavement 
life. Windsor in southwestern Ontario was selected as case 
study site for this analysis, to examine the impact of adjusted 
asphalt binder PG grades on pavement life. A typical flexible 
pavement composed of a 180 mm asphalt concrete layer on 
top of 300 mm granular material over a strong subgrade with 
a resilient modulus of 50 MPa was assumed. A nominated 
in-service Weighted Mean Annual Pavement Temperature 
(WMAPT) according to the Shell Pavement Design Manual 
approach [35], was first calculated before estimating a rep-
resentative asphalt layer modulus. Equations (5–7) show the 
steps involved in establishing WMAPT.

In which WF is the temperature weighting factor for 
each month, Tair is the monthly average air temperature and 
WMAAT​ is the Weighted Mean Annual Air temperature.

As depicted in Fig.  6, the WMAPT is projected to 
increase with higher air temperatures, particularly under 
RCP 8.5 compared to RCP 4.5. In order to predict the asphalt 
modulus corresponding to each WMAPT, Witczak's approx-
imation method was then used as shown in Eq. (8).

(5)WF = 10(−1.224+0.06508Tair−0.000145T
2
air
)

(6)WMAAT = 19.66 + 16.91logWF + 0.3117 ∗ (logWF)2

(7)WMAPT = −12.4 +
6.32(WMAAT)

ln(WMAAT)

(8)

���E∗ = −1.25 + 0.029�200 − 0.0018
(

�200

)2

− 0.0028�4 − 0.058Va − 0.822

Vbeff

Vbeff + Va

+
3.872 − 0.0021�

4 + 0.004�38 − 0.000017
(

�38

)2
+ 0.0055�34

1 + e(−0.603313−0.313351���(f )−0.3935321���(�))

where, E∗ is the dynamic modulus of the mix ( 105psi) , f  is 
the loading frequency (Hz), �200 is % passing the 0.075 mm 
sieve, �4 is % retaining on the 4.76 mm sieve, �38 is % pass-
ing the 9.5 mm sieve, and �34 is % passing the 19 mm sieve, 
Vbeff is the % effective asphalt content, Va is the % air voids 
(by volume of mix) and � is the binder viscosity at tem-
perature of interest (106 P) which was separately estimated 
using Eq. (9).

where � is the binder viscosity (cP), A and viscosity temper-
ature sensitivity (VTS) constants are regression parameters 
related to each PG type, extracted from the Mechanistic-
Empirical Pavement Design Guide (MEPDG) [36], and TR 
is the degrees Rankine.

Tensile strains at the bottom of asphalt layer, �t , and com-
pressive strain on top of subgrade, �c,were predicted using 
ILLI-PAVE algorithm. Equation (10) represents the algorithm 
based on a 9000-lb (40.1-kN) circular load with a contact pres-
sure of 80 psi (552 kPa), equivalent to one dual wheel of the 
standard 18,000-lb (81-kN) single-axle load [37].

in which �t and �c are in microinch per inch, h1 is the asphalt 
layer thickness in inches, h2 is the base thickness in inches, 
E1 is the asphalt modulus in ksi, and K1 is the break-point 
resilient modulus of subgrade in ksi. Finally, the Asphalt 
Institute's failure criteria for fatigue cracking of 20% of the 
total area, as shown in Eq. (12), and rutting of 0.5 inch, as 
shown in Eq. (13), were used to calculate the Nf  and Nd 
which are the allowable numbers of load repetitions.

(9)loglog� = A + VTSlogTR

(10)
log�

t
= 2.9496 + 0.1289h1 −

0.5195

h1

logh2

− 0.0807h1logE1 − 0.0408logK1

(11)
log�c = 4.5040 + 0.0738h1 − 0.0334h2 − 0.3267logE1 − 0.0231K1

Fig. 6   Calculated Weighted 
Mean Annual Pavement Tem-
perature (WMAPT) for Wind-
sor, Ontario
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where, f1 , f2 , f3 , f4 and f5 are constant values suggested to 
be 0.0796, 3.291, 0.854, 1.365 × 10–9 and 4.477 respectively.

Figure 7 a, under RCP 4.5, demonstrates that PG 58-22 
meets the minimum climate requirements in future. How-
ever, opting for an optional upgrade to PG 64-22, rather than 
adhering to the climate-mandated PG 58-22, enhances the 
fatigue resistance of the pavement under projected future cli-
mate conditions. In other words, continued adherence to PG 
58-22 in this case may still lead to a reduction in pavement 
service life over time. Figure 7b illustrates the performance 
under RCP 8.5, where PG 58-22 remains suitable for climate 
conditions until the period 2040–2059, yielding comparable 
benefits with the optional upgrade to PG 64-22. However, 

(12)Nf = f1
(

�t

)−f2
(

E1

)−f3

(13)Nd = f4
(

�c

)−f5

beyond 2060–2079, PG 58-22 fails to meet climate require-
ments, necessitating the adoption of PG 64-22. Similarly, 
opting for an optional upgrade to PG 70-22 during this phase 
enhances the pavement's fatigue life significantly.

When considering the impacts of climate change, rut-
ting emerges as an even more critical performance indicator 
due to its strong dependence on temperature. At elevated 
temperatures, the binder transitions from an elastic to a 
more viscous state, reducing its ability to resist permanent 
deformation. As climate change raises temperatures, the 
decreased stiffness of asphalt increases its susceptibility to 
rutting under heavy vehicle loads [38–40]. This may lead 
to poor driving conditions, including an elevated risk of 
hydroplaning due to water accumulation in ruts and reduced 
vehicle handling [41]. As shown in Fig. 8a under the RCP 
4.5 scenario, the performance of PG 58-22 declines as tem-
peratures rises in subsequent cycles. Meanwhile, a precau-
tionary upgrade to PG 64-22, accounting for the warmer 

Fig. 7   Predicted fatigue cracking life under a RCP4.5 and b RCP8.5
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conditions, enhances the pavement’s rutting resistance dur-
ing cycles 2, 3, and 4. Similarly, Fig. 8b under the more 
severe RCP 8.5 scenario reveals a comparable trend, albeit 
with a shorter time frame for PG 58-22’s effectiveness. The 
option of transitioning to PG 64-22 during cycles 2 and 3 
significantly improves rutting resistance, aligning with the 
projected climatic demands. By cycle 4, PG 64-22 becomes 
a necessary choice, while an optional upgrade to PG 70-22 
further enhances rutting resistance, ensuring sustained per-
formance under extreme warming conditions.

The above case study demonstrates that proactive 
upgrades to PG could extend service life under projected 
future climate conditions. While current standards may meet 
existing climate requirements, they are likely inadequate for 
long-term performance under evolving climate scenarios. 
This adaptive strategy is applicable to other regions with 
similar climate projections, providing a framework for 
enhancing pavement resilience and sustainability in the face 
of climate change.

4 � Conclusions

This paper evaluated the relative impact of climate change 
on minimum required PG for asphalt pavement in Canada 
via Performance-Graded Asphalt Cement under a Changing 
Climate (PGAC3) tool with focusing on short, medium and 
long-term future. Results showed that some of the examined 
regions may require adjustments depending on the RCP sce-
narios. The case study conducted also illustrated the poten-
tial performance benefits of upgrading binder grades in line 
with projected temperature shifts. Integrating climate projec-
tions into asphalt binder selection is essential for develop-
ing resilient asphalt mixes. Overall, this approach not only 
enhances the performance of pavements but also aligns with 
broader goals of sustainable development.
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Fig. 8   Predicted rutting life under a RCP4.5 and b RCP8.5

1.26E+06

□ Required Grade (PG 58-22)
□ Optional Upgrade (PG 64-22)

1.2188E+06

1.2093E+061.2070E+06
1.2008E+06

1.1934E+06  j

1 .1825E+06I

1.1727E+06

1 .24E+06

1.22E+06

1 .20E+06

1 .18E+06

1 .16E+06

1.14E+06

1 .12E+06

N
d

(m
il

li
on

s)

2 000 -2019  2020-2039 2040-2059 2060-2079

Cycle

(a)

1 .26E+06

□ Required Grade (PG 58-22)
□ Optional Upgrade (PG 64-22)
□ Required Grade (PG 64-22)
□ Optional Upgrade (PG 70-22)

1 .24E+06

1.2165E+061 .22E+06

1 .20E+06

1 .18E+06

1 .16E+06

1 .14E+06

1 .12E+06

i

1.19O7E+O<1

1.2062E+06 1.2034E+06

1.1785E+06 '

(suoim
ui)

1 .1997E+06

1.1716E+06

2000-2019 2020-2039 2040-2059 2060-2079

Cycle

(b)

Springer



Enhancing Pavement Resilience in Canada Through Adaptive Asphalt Binder Selection﻿	

Author Contributions  Mohammad Shafiee: Conceptualization, Meth-
odology, Investigation, Writing – Original Draft, Supervision. Mor-
varid Fattahi: Data Curation, Formal Analysis, Visualization, Writing 
– Review & Editing. Ehsan Roshani: Software, Validation, Resources, 
Writing – Review & Editing.

Funding  Open access funding provided by National Research Coun-
cil Canada library. This study was undertaken as part of the NRC’s 
Climate Resilient Built Environment (CRBE) initiative and was made 
possible through funding from Infrastructure Canada.

Data Availability  Data analyzed in this study were a re-analysis of 
existing data, which are openly available at locations cited in the refer-
ence section.

Declarations 

Conflict of interest  The authors declare there are no competing inter-
ests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

	 1.	 Government of Canada. (2018). The Canadian transportation sys-
tem (Highway and air infrastructure). [cited 2024 Apr 25]. Avail-
able from: https://​www144.​statc​an.​gc.​ca/​tdih-​cdit/​cts-​rtc-​eng.​htm

	 2.	 Government of Canada. (2023). Transportation in Canada 2011. 
Road Transportation.

	 3.	 Mendoza-Sanchez, J. F., Alonso-Guzman, E. M., Martinez-
Molina, W., Chavez-Garcia, H. L., Soto-Espitia, R., Delgado-
Alamilla, H., & Adame-Valenzuela, E. (2025). Development of a 
practical tool to consider climate and climate change in subgrade 
resilient modulus for road pavements. International Journal of 
Pavement Research and Technology. https://​doi.​org/​10.​1007/​
s42947-​025-​00529-0

	 4.	 Swarna, S. T., Rana, M. M., & Hossain, K. (2023). Impact of cli-
mate change on pavement performance in Canada’s Newfoundland 
Island. International Journal of Pavement Research and Technol-
ogy, 16, 1311–1326. https://​doi.​org/​10.​1007/​s42947-​022-​00198-3

	 5.	 Bush, E., Bonsal, B., Derksen, C., Flato, C., Fyfe, J., Gillett, J., 
Greenan, B. J. W., James, T. S., Kirchmeier-Young, M., Mudryk, 
L., & Zhang, X. (2022). Canada’s changing climate report in 
light of the latest global science assessment. In: Government of 
Canada. p. 1–37. https://​doi.​org/​10.​4095/​329703.

	 6.	 Karam, J., & Noorvand, H. (2023). Developing a rutting predic-
tion model for HMA pavements using the LTPP database. Inter-
national Journal of Pavement Research and Technology. https://​
doi.​org/​10.​1007/​s42947-​023-​00340-9

	 7.	 Government of Canada. (2023). National adaptation strategy for 
Canada.

	 8.	 Asphalt Institute. (2024). Canadian province binder specifications.

	 9.	 Ahmad, R., Menendez, J. R., & Kargah-Ostadi, N. (2017). Long-
term pavement performance bind online user guide. United States. 
Federal highway administration. Office of Infrastructure Research 
and Development.

	10.	 Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview 
of CMIP5 and the experiment design. Bulletin of the American 
meteorological Society, 93(4), 485–498.

	11.	 Li, G., Zhang, X., Cannon, A. J., Murdock, T., Sobie, S., Zwi-
ers, F., & Qian, B. (2018). Indices of Canada’s future climate for 
general and agricultural adaptation applications. Climatic Change, 
148, 249–263.

	12.	 Murdock, T. Q., Cannon, A. J., & Sobie, S. R. (2014). Statisti-
cal downscaling of future climate projections for North America. 
Report on contract no: KM040-131148/A, Prepared for Environ-
ment Canada, Pacific Climate Impacts Consortium, Victoria, BC, 
Canada.

	13.	 Shafiee, M., Omran, M., & Murphy, E. (2020). Climate change 
and asphalt binder selection: Resilient roads of the future. In: TAC 
Conference & Exhibition.

	14.	 Swarna, S. T., Hossain, K., Pandya, H., & Mehta, Y. A. (2021). 
Assessing climate change impact on asphalt binder grade selec-
tion and its implications. Transportation research record (pp. 
786–799). SAGE Publications Ltd. https://​doi.​org/​10.​1177/​03611​
98121​10130​26

	15.	 Basit, A., Shafiee, M., Bashir, R., & Perras, M. A. (2022). Climate 
change and asphalt binder selection across Ontario: A quantitative 
analysis towards the end of the century. Construction and Building 
Materials., 26, 361. https://​doi.​org/​10.​1016/j.​conbu​ildmat.​2022.​
129682

	16.	 Mills, B. N., Tighe, S. L., Andrey, J., Smith, J. T., & Huen, K. 
(2009). Climate change implications for flexible pavement design 
and performance in Southern Canada. Journal of Transportation 
Engineering., 135(10), 773–782. https://​doi.​org/​10.​1061/​(asce)​
0733-​947x(2009)​135:​10(773)

	17.	 Delgadillo, R., Arteaga, L., Wahr, C., & Alcafuz, R. (2020). The 
influence of climate change in superpave binder selection for 
Chile. Road Materials and Pavement Design., 21(3), 607–622. 
https://​doi.​org/​10.​1080/​14680​629.​2018.​15098​03

	18.	 Sheng, J., Miao, Y., & Wang, L. (2023). An assessment of the 
impact of climate change on asphalt binder selection in East 
China based on the ARIMA model. Sustainability., 15(21), 15667. 
https://​doi.​org/​10.​3390/​su152​115667

	19.	 Liu, T., Yang, S., Zhu, L., Liao, B., & Zhang, Q. (2023). Influence 
of climate change on asphalt binder selection in China. Interna-
tional Journal of Pavement Engineering. https://​doi.​org/​10.​1080/​
10298​436.​2023.​22521​45

	20.	 Gulzar, S., Goenaga, B., & Shane Underwood, B. (2022). Novel 
index for vulnerability assessment of flexible pavement infra-
structure to temperature rise: Case study of developing countries. 
Journal of Infrastructure Systems. https://​doi.​org/​10.​1061/​(asce)​
is.​1943-​555x.​00006​69

	21.	 Dadaei, M. M., Moghadas Nejad, F., & Hajikarimi, P. (2023). 
Investigation of the effect of global warming on the bitumen per-
formance grading of Iran. Journal of Transportation Infrastruc-
ture Engineering., 9(2), 17–32.

	22.	 Viola, F., & Celauro, C. (2015). Effect of climate change on 
asphalt binder selection for road construction in Italy. Transpor-
tation Research Part D: Transport and Environment., 37, 40–47. 
https://​doi.​org/​10.​1016/j.​trd.​2015.​04.​012

	23.	 El Haloui, Y., Sepaspour, R., Hajikarimi, P., Moghadas Nejad, F., 
Fakhari Tehrani, F., & Absi, J. (2023). Adoption of asphalt binder 
performance grades for morocco considering climate change. 
International Journal of Civil Engineering., 21(7), 1061–1075. 
https://​doi.​org/​10.​1007/​s40999-​023-​00809-5

	24.	 Mokoena, R., Mturi, G., Maritz, J., Mateyisi, M., & Klein, P. 
(2022). African case studies: developing pavement temperature 

4Ù Springer



	 M. Shafiee et al.

maps for performance-graded asphalt bitumen selection. Sustain-
ability (Switzerland). https://​doi.​org/​10.​3390/​su140​31048

	25.	 Abttan, A. A., Zeiada, W., Merabtene, T., Gamal, A., & Mirou, 
S. (2024). Implication of future temperature changes on asphalt 
binder selection and simulated pavement performance in Shar-
jah. Innovative Infrastructure Solutions. https://​doi.​org/​10.​1007/​
s41062-​024-​01408-6

	26.	 Marath, A., Swarna, S. T., & Mehta, Y. (2022). Resilient pavement 
materials to mitigate impact of climate change in New Jersey. 
Journal of Testing and Evaluation. https://​doi.​org/​10.​1520/​jte20​
220307

	27.	 Underwood, B. S., Guido, Z., Gudipudi, P., & Feinberg, Y. (2017). 
Increased costs to US pavement infrastructure from future tem-
perature rise. Nature Climate Change., 7(10), 704–707. https://​
doi.​org/​10.​1038/​nclim​ate33​90

	28.	 Qiao, Y., Santos, J., Stoner, A. M. K., & Flinstch, G. (2020). Cli-
mate change impacts on asphalt road pavement construction and 
maintenance: An economic life cycle assessment of adaptation 
measures in the State of Virginia, United States. Journal of Indus-
trial Ecology., 24(2), 342–355. https://​doi.​org/​10.​1111/​jiec.​12936

	29.	 National Research Council Canada. "Performance-Graded Asphalt 
Cement under a Changing Climate (PGAC3)." https://​nrc.​canada.​
ca/​en/​resea​rch-​devel​opment/​produ​cts-​servi​ces/​softw​are-​appli​catio​
ns/​online-​tool-​perfo​rmance-​graded-​aspha​lt-​cement-​under-​chang​
ing-​clima​te-​pgac3.

	30.	 Ontario Ministry of Transportation. (2016). OPSS 1101 – material 
specification for performance graded asphalt cement. Ontario pro-
vincial standard specification (OPSS). Toronto, Ontario, Canada.

	31.	 Mohseni, A. (1998). LTPP data analysis: Improved low pavement 
temperature prediction. FHWA Contract, 73, 285–730.

	32.	 Basit, A., Shafiee, M., Bashir, R., & Perras, M. A. (2021). Climate 
change implications for asphalt binder selection in pavement con-
struction across Ontario. In: International conference on transpor-
tation and development 2021 (pp. 289–301).

	33.	 Basit, A., Shafiee, M., Bashir, R., & Perras, M. A. (2022). Climate 
change and asphalt binder selection across Ontario: a quantitative 
analysis towards the end of the century. Construction and Building 
Materials, 361, Article 129682.

	34.	 D’Angelo, J., Reinke, G., Bahia, H., Wen, H., Johnson, C. M., & 
Marasteanu, M. (2010). Development in asphalt binder specifica-
tions. Transportation Research Circular E-C147. 1–3.

	35.	 Shell International Petroleum Company, ltd. (1978). Shell pave-
ment design manual: asphalt pavements and overlays for road traf-
fic. Shell International Petroleum Company.

	36.	 American Association of State Highway and Transportation Offi-
cials. (2008). Mechanistic empirical pavement design guide: a 
manual of practice (2nd ed.). AASHTO.

	37.	 Huang Yang, Y. (2004). Pavement analysis and design (2nd ed.). 
Pearson Prentice Hall.

	38.	 Maadani, O., Shafiee, M., & Egorov, I. (2021). Climate change 
challenges for flexible pavement in Canada: An overview. Journal 
of Cold Regions Engineering, 35(4), 03121002.

	39.	 Swarna, S. T., & Hossain, K. (2022). Climate change impact and 
adaptation for highway asphalt pavements: A literature review. 
Canadian Journal of Civil Engineering, 49(7), 1109–1120.

	40.	 Saleh, M., & Hashemian, L. (2022). Addressing climate change 
resilience in pavements: Major vulnerability issues and adaptation 
measures. Sustainability, 14(4), 2410.

	41.	 Fwa, T. F., Pasindu, H. R., & Ong, G. P. (2012). Critical rut depth 
for pavement maintenance based on vehicle skidding and hydro-
planing consideration. Journal of transportation engineering, 
138(4), 423–429.

Mohammad Shafiee  PhD, P.Eng. is an Associate Researcher at the 
National Research Council Canada’s Construction Research Centre 
and. His R&D experience is in the area of transportation geotechnics, 
pavement mechanics and highway construction materials. He has con-
tributed to more than 35 journal publications and conference proceed-
ings and led and collaborated with different teams on projects in the 
area of smart and resilient pavements. Some of his recent activities 
have resulted in development of unique and novel tools such Perfor-
mance Graded Asphalt Cement under Changing Climate (PGAC3) and 
Pavement Adaptation Support Tool (PAST).

Morvarid Fattahi  holds MSc degrees in Civil Engineering (University 
of Ottawa) and Railway Track Engineering (Iran University of Science 
and Technology). At the National Research Council of Canada, she 
contributed to research on climate resilience and sustainable pavement 
materials. She has over nine years of professional experience in trans-
portation infrastructure, with expertise in track design, inspection, and 
multidisciplinary project coordination.

Ehsan Roshani  is a research officer and team lead at the National 
Research Council of Canada, based in Ottawa. His research primarily 
focuses on infrastructure and its long-term sustainability, safety, and 
security. With over 20 years of experience, Ehsan has worked in various 
roles within consulting firms, the research and development industry, 
and government. He has published over 30 scientific papers and con-
tributed to the development of several standards and guidelines. Over 
the past decade, his main focus has been on the use of AI and big data 
in infrastructure asset management and security.

Springer


