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A B S T R A C T   

The service performances of asphalt pavement, especially rutting, will be inevitably affected by 
climate change. However, existing studies have generally focused on the rutting depth and rutting 
life, and thus became insufficient for comprehensively evaluating the influence of climate change 
on rutting over the service life. A resilience assessment method for asphalt pavement rutting is 
developed to solve the above problem. First, the original resilience method is extended to fit the 
system whose performance level continues to decline. Then, the calculation formulas of rutting 
resilience are derived by combining the rutting prediction model and the level assessment model. 
Subsequently, the influence degrees of climate change in representative cities on rutting resilience 
are studied. The results suggest that neglecting climate change in rutting design of asphalt 
pavement will lead to insufficient resilience, especially in northern China. Furthermore, the 
predicted temperature under RCP8.5 should be employed for asphalt pavement design.   

1. Introduction 

Global warming is one of the main characteristics of future climate change (Li et al., 2022; Tollefson, 2021; Wu et al., 2020). 
Transportation infrastructures are generally exposed to the natural environments, and the service performances may be affected by 
climate change (Al Fuhaid et al., 2018; Blaauw et al., 2022; Gao et al., 2022; Gao et al., 2019; Sanchis et al., 2020; Wang et al., 2020b). 
Asphalt mixture, widely employed for high-grade pavement worldwide, is a typical temperature sensitive material (Chen et al., 2021; 
Li et al., 2020b; Lu and Harvey, 2011; Wang et al., 2020a; Yu and Lu, 2012; Yu et al., 2018; Zhang et al., 2021b). For the design of 
asphalt pavement, there is a general assumption that the climate conditions are stable, and the influences of future climate change are 
not considered (Meagher et al., 2012). The historical climate data over the past three decades are used in China according to the 
specifications for design of highway asphalt pavement (2017), and the climate data of a certain historical period are used for engineers 
to select materials according to current standards of roadway design in the United States (Underwood et al., 2017). Using the tradi-
tional design methods based on historical meteorological data may lead to wrong selections of asphalt mixture, which may result in 
premature damages and increase of the life cycle cost of asphalt pavement. The service performances of asphalt pavement (e.g., high- 
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temperature rutting, low-temperature cracking and fatigue damage) are all affected by climate change (Knott et al., 2019; Qiao et al., 
2015; Stoner et al., 2019). Rutting has been found as the most seriously affected performance (Gudipudi et al., 2017; Mills et al., 2009; 
Qiao et al., 2013). 

Existing studies generally focused on the indexes of rutting depth and rutting life when reaching the design life and depth threshold, 
however, the continuous influence of climate change over the service life has been rarely considered. The influence of the future 
climate change on asphalt pavement rutting is expected to be not fixed, while it tends to increase with time. Thus, the conventional 
indexes cannot fully characterize the influence of climate change over the service life. Resilience analysis is a method of assessing the 
cumulative influences of disasters on systems, and resilience can be measured quantitatively by the accumulation of performance loss 
function over time (Li et al., 2020a; Martello et al., 2021; Sun and Zhang, 2020; Zhou and Chen, 2020). Resilience assessment has been 
widely used to assess the influences of various disasters on different infrastructures (Castillo et al., 2022; Nivedya et al., 2020; Ouyang 
and Duenas-Osorio, 2014), whereas it has not been applied in asphalt pavement research under climate change. 

This paper aims to develop a resilience assessment method to comprehensively assess the influence of climate change on asphalt 
pavement rutting over the service life. In addition, several Chinese representative cities are taken as examples since there have been 
rare researches on asphalt pavement under future climate change in China. First, the original resilience method is extended to fit the 
system whose performance level continues to decline. Then, the calculation formulas of rutting resilience are derived by combining the 
rutting prediction model and the level assessment model based on the extended resilience method. Subsequently, the influences of 
climate change on asphalt pavement rutting in representative cities in China are studied using the proposed resilience index. 

2. Resilience methodology 

2.1. Resilience concept 

Resilience theory can be adopted to comprehensively assess the influence of disasters on system performance over the service life. 
The performance response function (PRF) method has been extensively used to quantitatively assess the resilience (Ouyang et al., 
2012; Xiao et al., 2022). Fig. 1 depicts two time-dependent curves, including PT(t) and PR(t). PT(t) curve represents the PRF curve 
without disaster, which can be modeled as a constant; PR(t) curve is the PRF curve with disaster, which is the result of the joint action of 
disaster and the resistance ability and recovery ability of the system. The performance response process can be assigned into three 
stages (Fig. 1), including the damage stage (t0 < t ≤ t1), the disturbance steady stage (t1 < t ≤ t2), and the recovery stage (t2 < t ≤ t3). 

As shown in Fig. 1, a disaster occurs at t0, and then the performance level decreases from 100% (corresponding to the level without 
disaster) to a certain level (P1) at t1; when t1 < t ≤ t2, the performance level of the system is kept at P1; at the time of t2, the disaster ends 
and the performance level starts to recover; the performance level returns to the initial state at t3. The value of P1 ranges from 0 to 
100%. Next, resilience indexes can be generally quantified as the areas enclosed by the two curves and x-axis. The area enclosed by 
PR(t) and x-axis from t0 to t3 is referred to as resilience residual (Fig. 1), and the area enclosed by PT(t) and PR(t) can be referred to as 
resilience loss, which are expressed by Eq. (1) and (2), respectively. 

RR =

∫ t3

t0
PR(t)dt (1)  

RL =

∫ t3

t0
(PT(t) − PR(t))dt (2)  

Where RR denotes the resilience residual; RL represents the resilience loss. Notably, smaller RL or larger RR implies higher resilience. 

2.2. Resilience of resistance stage and recovery stage 

In general, resilience is capable of assessing the resistance ability of the system under disasters and the recovery ability after di-
sasters. The performance response of the system at the damage stage and disturbance steady stage can both reflect the ability of the 

Fig. 1. Typical PRF curve with disaster.  
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system to resist disasters, therefore, the damage stage and disturbance steady stage can be both included in the resistance stage. In 
accordance with the different stages of disaster impact, resilience loss (RL) can be assigned into two parts as shown in Fig. 2, which are 
expressed by Eq. (3) and (4), respectively. 

RS =

∫ t1

t0
(PT(t) − PR(t))dt (3)  

RC =

∫ t3

t1
(PT(t) − PR(t))dt (4)  

Where RS represents the resilience loss of resistance stage; RC denotes the resilience loss of recovery stage (Fig. 2). Notably, both 
smaller RS and smaller RC imply higher resilience. 

2.3. Recovery strategies and recovery patterns 

The recovery methods is divided into artificial recovery and natural recovery in accordance with the different driving factors in the 
system recovery process, i.e., whether there are anthropogenic factors involved. Further, according to the different combinations of the 
two recovery methods, there are four recovery strategies as depicted in Fig. 3. Natural recovery comprises the elastic recovery of the 
system (e.g., spring), and the recovery caused by natural environmental factors (e.g., wind and, sunshine). 

Based on the different recovery results of system performance, the PRF curves can be summarized into six patterns as presented in 
Fig. 4. 

Pattern 1 - the system performance after the disaster exceeds the initial level, which generally requires the participation of artificial 
recovery (Aros-Vera et al., 2021; Francis and Bekera, 2014). 

Pattern 2 - the system performance is completely recovered to the initial level, which is the most common form in resilience re-
searches (Manrique-Alba et al., 2022; Zhang et al., 2021c). 

Pattern 3 - the system is damaged in the disaster, and the performance is partially recovered after the disaster, which is lower than 
the initial level (Aros-Vera et al., 2021; Zhou and Chen, 2020). 

Pattern 4 - the system performance decreases in the disaster, and remains at a low level after the disaster without natural recovery 
and artificial recovery. 

Pattern 5 - The system is completely destroyed in the disaster, and not rebuilt after the disaster. 
Pattern 6 - the system performance decreases in the disaster, and it decreases continuously after the disaster. 
For system with the capability of natural recovery, the performance can be fully recovered to the initial level or partially recovered 

to a lower level after the disaster (patterns 2 and 3), and generally will not exceed the initial level (pattern 1). For system without 
natural recovery, the performance can be recovered with the participation of artificial recovery. For example, electric power system 
and water supply system are vital urban infrastructures, and their performance levels will decrease under the action of earthquake. In 
practice, different degrees of manual repair after the earthquake will lead to different recovery results of the system (patterns 1–3). The 
system may be directly destroyed (pattern 5) when subjected to high-grade earthquake. If the pipeline of the water supply system has 
cracks and leaks in the earthquake, and is not well repaired after the earthquake, the cracks may increase continuously, and the 
performance of the water supply system will continue to decline (pattern 6). 

2.4. Resilience assessment for resistance stage 

In fact, the performances of all man-made systems can be recovered to a certain extent with the participation of artificial recovery 
after disasters. Even if the system is destroyed in a disaster, its performance can be completely recovered through artificial recon-
struction. Thus, any man-made system is able to recover its performance. 

In general, the disasters encountered by systems in current resilience researches are short-term strong disasters (e.g., earthquake, 
hurricane, and flood) (Abdelhady et al., 2020; Hasanzad and Rastegar, 2022; Sen et al., 2022), and the system performances will be 

Fig. 2. Resilience of resistance stage and recovery stage.  
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recovered under natural or anthropogenic factors after the disaster. However, system performance may tend to decrease under 
persistent climate stressors (patterns 5 and 6 in Fig. 4). For example, the rutting level of asphalt pavement gradually decreases under 
the repeated load of vehicles, and the strength of reinforced concrete piers tends to decline with the continuous corrosion of chloride 
ions in seawater. In fact, previous studies have mentioned patterns 5 and 6 in resilience researches (Fig. 4), but there is no in-depth 
study on them (Nipa and Kermanshachi, 2022; Xiao et al., 2022). 

Without artificial recovery, the performance of system 1 (Figs. 5 and 6) will decrease continuously under long-term persistent 
disaster during the service period from t10 to t30. There are two ways to improve the resilience of the above system over the service 
period, which is to improve the system performance through artificial recovery during the service period (system 2 in Fig. 5), or 
improve the resilience potential of the system during design and construction (system 3 in Fig. 6). If the system is repaired or rebuilt at 
t20, the performance level can be improved from P1 to 100% in a short time (system 2 in Fig. 5). The performance level of system 3 
decreases more slowly than that of system 1 (Fig. 6), suggesting that system 3 has higher resistance throughout its service life. 

For systems 1 and 3 in Fig. 6, the resilience loss of recovery stage (RC) is zero, and the loss resilience of resistance stage (RS) is equal 
to loss resilience (RL) (Fig. 2). Resilience assessment of resistance stage can be considered part of the general resilience analysis, or a 
method to assess the system resilience whose performance level continues to decline. 

Rutting is the permanent deformation of asphalt pavement surface at the wheel track due to ambient temperature and vehicle load 
(Daniel, 2017; Zhang et al., 2021a; Zhang et al., 2017). With the increase of the service life, the rutting depth will increase 

Fig. 3. Recovery strategies of systems.  

Fig. 4. PRF curves of different recovery patterns.  

Fig. 5. Improvement of resilience with manual intervention.  
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continuously, while the rutting level index tends to decrease from 100% (systems 1 and 3 in Fig. 6). Therefore, Resilience assessment of 
resistance stage is suitable for rutting over the service life of asphalt pavement. 

3. Resilience assessment for rutting 

3.1. Effective temperature under climate change 

The effective temperature is often used as a constant in the rutting design of asphalt pavement (El-Basyouny and Jeong, 2009; 
Jitsangiam et al., 2022; Li et al., 2017), which can be obtained in accordance with air temperature by Eq. (5) and (6) in China. 

Tk = Ti + 0.016h (5)  

Ti = 1.04Tn + 0.22(Th − Tc) (6)  

Where Ti represents the basic annual effective temperature (◦C); Tk denotes the annual effective temperature considering the thickness 
of asphalt mixture layer (◦C); Tn expresses annual average temperature in the region (◦C); Th is the average temperatures of the hottest 
month (Th); Tc is the average temperatures of the coldest month (◦C); h denotes the thickness of asphalt mixture layer (mm), which is 
commonly 180 mm in China for high-grade asphalt pavement. 

The effective temperatures of 629 meteorological stations in China are obtained by Eq. (5) and (6). The historical meteorological 
data are used to calculate the effective temperatures before 2020, while the predicted temperature under RCP4.5 and RCP8.5 are used 
to calculate the effective temperatures after 2020. Fig. 7 presents the overall trends of temperature change in China from 1965 to 2098. 

The CMIP5 set of experiments consists of projection experiments of the 21st century climate and simulations of 20th century 
climate (historical experiments) under the new greenhouse gas emission scenarios termed Representative Concentration Pathways 
(RCP) (Chong-Hai and Ying, 2012; Underwood, 2021; Wang and Chen, 2014). RCP4.5 pathway can stabilize radiative forcing at 4.5 
W/m2 in 2100, and RCP8.5 can simulate adapted emissions with stabilizing close to 8.5 W/m2 (Ji and Kang, 2013; Lee et al., 2014). 
RCP4.5 scenario is considered to be a relatively optimistic scenario for effective control of greenhouse gas emissions, while RCP8.5 
scenario indicates the consequences of failure to reduce greenhouse gas emissions in accordance with global agreements. 

Five CMIP5 models with wide applications in China are adopted, including HadGEM2-ES, CSIRO-Mk3-6-0, NESM1-M, EC-EARTH, 
as well as MPI-ESM-MR. The predicted temperature data applied are the averages of the five models. As depicted in Fig. 7, the effective 
temperatures will increase continuously under RCP4.5 and RCP8.5 by the end of this century. The growth rates of effective temper-
ature under RCP8.5 gradually increase, whereas these rates tend to decrease under RCP4.5. 

Fig. 6. Improvement of resilience of resistance stage.  

Fig. 7. Average effective temperatures for asphalt pavement rutting in China.  
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3.2. Rutting depth under climate change 

In general, design temperature (T0) for asphalt pavement is the average value of the annual effective temperatures (Tk) over the past 
three decades as shown in Eq. (7), and the corresponding year range [Ya, Yb] is referred to as design time. Similarly, service tem-
perature (Ts) is the average value of the effective temperatures (Tk) during the service life as shown in Eq. (8), and the corresponding 
year range [Yc, Yd] is referred to as service time. 

T0 =
1

Yb − Ya + 1
∑Yb

k=Ya
Tk (7)  

Ts =
1

Yd − Yc + 1
∑Yd

k=Yc
Tk (8) 

To compare the influences of climate change in different cities, there is an assumption that, the rutting depth just reaches the design 
threshold (RD0) when the loading cycle reaches the design traffic volume (N0) without considering the climate change (Fig. 8). Ac-
cording to the specifications for design of highway asphalt pavement in China, there is a correlation as expressed in Eq. (9). 

RD0 = K0T2.93
0 N0.48

0 (9)  

Where RD0 is the design threshold of rutting depth (mm); N0 denotes the design traffic volume (loading cycle), which is the total 
predicted equivalent traffic volume over the service life; K0 represents the comprehensive structure coefficient, a parameter correlated 
with pavement structure and material performance. The design threshold refers to the maximum rutting depth allowed in the 
pavement design, and it is generally 15 mm for high-grade asphalt pavement in China. 

Because of the increase of the effective temperature (Tk) under climate change (Fig. 7), the service temperature (Ts) will be higher 
than the design temperature (T0). The actual rutting depth (RDs) considering the climate change when reaching the design traffic 
volume (N0) can be calculated as Eq. (10). It is obvious that RDs exceeds RD0 (Fig. 8). 

RDs = RD0

(
Ts

T0

)2.93

(10) 

The rutting depth (RD) considering the climate change at loading cycle N (N ≤ N0) can be written as Eq. (11). 

RD = RD0

(
Ts

T0

)2.93(N
N0

)0.48

(11)  

3.3. Performance level curve for rutting 

To apply the resilience method in rutting assessment, the rutting depth-loading cycle curve should be translated to the rutting level- 
service time curve. In accordance with highway performance assessment standards in China (2018), there is a correlation between 
rutting depth and rutting level (RI), which is written in Eq. (11). 

RI(RD) =

⎧
⎨

⎩

100 − a0RD(RD ≤ RDa)

90 − a1 × (RD − RDa)(RDa < RD ≤ RDb)

0(RD > RDb)

(11)  

Where RDa and RDb denote the rutting depth parameters, taken as 10 mm and 40 mm, respectively; a0 and a1 represent the model 
parameters, taken as 1 and 3, respectively. 

By combining Eq. (10) and (11), the correlation between rutting level and loading cycle can be obtained as Eq. (12). 

Fig. 8. Rutting depth curves with loading cycles.  
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RI(N) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

100 − RD0

(
Ts

T0

)2.93(N
N0

)0.48

(N ≤ Na)

120 − 3RD0

(
Ts

T0

)2.93(N
N0

)0.48

(Na < N ≤ Nb)

0(N > Nb)

(12) 

The loading cycle (N) corresponding to rutting depth (RD) is expressed as Eq. (13). By replacing RDa and RDb with RD, the cor-
responding load cycles Na and Nb can be derived. 

N =

(
RD
RD0

)2.08(T0

Ts

)6.1

N0 (13) 

Traffic volume prediction generally adopts the form of equal ratio series, and the design traffic volume (N0) during service life can 
be calculated as Eq. (14). 

N0= N1
qt0 − 1
q − 1

(14)  

Where t0 is the designed service life (year), which is generally 15 years for high-grade asphalt pavement in China; N1 is the traffic 
volume in the first year; q is the average growth rate of annual traffic volume, and should be determined according to the traffic survey. 
In addition, to compare the influences of climate change in different cities, q is taken as 1.05 in the following resilience calculation. 

According to Eq. (14), the cumulative traffic volume (N) at service time (t) is expressed as Eq. (15). 

N= N1
qt − 1
q − 1

= N0
qt − 1
qt0 − 1

(15) 

By combining Eq. (12) and (15), the correlation between rutting level and service life can be obtained as Eq. (16). 

RI(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

100 − RD0

(
Ts

T0

)2.93(qt − 1
qt0 − 1

)0.48

(t ≤ ta)

120 − 3RD0

(
Ts

T0

)2.93( qt − 1
qt0 − 1

)0.48

(ta < t ≤ tb)

0(t > tb)

(16) 

The service life (t) corresponding to rutting depth (RD) is expressed as Eq. (17). By replacing RDa and RDb with RD, the corre-
sponding service life ta and tb can be derived. 

t = logq

((
RD
RD0

)2.08(T0

Ts

)6.1

(qt0 − 1)+ 1

)

(17) 

The design curve and actual curve of rutting level over the service life can be obtained by Eq. (16) and (17) as presented in Fig. 9. It 
is obvious that the actual rutting level considering the climate change is generally lower than the design level. 

3.4. Resilience assessment 

Eq. (18) shows that the resilience residual based on rutting level is expressed as: 

RR =

∫ t0

0
RI(t)dt =

∫ ta

0
RI(t)dt+

∫ tb

ta
RI(t)dt+

∫ t0

tb
RI(t)dt (18) 

Fig. 9. Rutting level curve over service life.  
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Eq. (11) shows that when t > tb, RI = 0. Accordingly, the upper limit value of integration in Eq. 11 can be the smaller of t0 and tb, i.e., 
set tp = min (t0, tb). Subsequently, Eq. (18) is simplified as Eq. (19). 

RR =

∫ ta

0
RI(t)dt+

∫ tp

ta
RI(t)dt (19) 

Eq. (20) is derived by substituting Eq. (16) into Eq. (19). 

RR = 120t0 − 20ta −
RD0

(qt0 − 1)0.48

(
Ts

T0

)2.93(∫ tp

0
(qt − 1)0.48dt+ 2

∫ tp

ta
(qt − 1)0.48dt

)

(20) 

The relative resilience residual (Rr) is calculated by Eq. (21). 

Rr =
RR

100t0  

= 1.2 −
ta

5t0
−

RD0

100t0(qt0 − 1)0.48

(
Ts

T0

)2.93(∫ tp

0
(qt − 1)0.48dt+ 2

∫ tp

ta
(qt − 1)0.48dt

)

(21) 

Next, the relative resilience loss (Rl) can be calculated by Eq. (22). 

Rl = 1 − Rr  

=
tas

5t0
− 0.2+

RD0

100t0(qt0 − 1)0.48

(
Ts

T0

)2.93(∫ tp

0
(qt − 1)0.48dt+ 2

∫ tp

tas

(qt − 1)0.48dt
)

(22) 

When climate change is not considered, the service temperature (TS) is equal to the design temperature (T0). According to Eq. (22), 
the relative resilience residual without considering climate change (Rl0) is expressed as Eq. (23). 

Rl0 =
ta0

5t0
− 0.2+

RD0

100t0(qt0 − 1)0.48

(∫ tp

0
(qt − 1)0.48dt+ 2

∫ tp

ta0

(qt − 1)0.48dt
)

(23) 

The influence degree (d) of climate change on rutting resilience can be calculated by Eq. (24). 

d =
Rl − Rl0

Rl0
(24)  

4. Influence of climate change based on rutting resilience 

4.1. Key parameters of resilience assessment 

Eq. (24) shows that the influence degree of climate change is primarily dependent on Ts and T0. The correlation between Ts and T0 is 
written as: 

Ts = T0 +
vΔt
10

(25)  

Δt =
Yd + Yc

2
−

Yb + Ya
2

(26)  

Where v denotes the average growth rate (◦C/10a) of effective temperature from the beginning of design time (Ya) to the end of service 
time (Yd). The unit (◦C/10a) means degrees celsius every ten years, and it is usually employed in meteorology researches (Chong-Hai 
and Ying, 2012). Δt denotes the lag time (year) of design time [Ya, Yb] relative to service time [Yc, Yd]. 

In general, the recommended design temperatures (T0) in the specifications for design of highway asphalt pavement (SDHAP) in 
China are calculated based on the meteorological data over the past 30 years before release of the specifications. The specifications are 
generally implemented for 10 years, and the designed service life of high-grade asphalt pavement in China is 15 years. Therefore, the 
lag time (Δt) ranges from 22.5 to 32.5 years. 

The latest version of the SDHAP is released in 2017, and the design specification is assumed to be updated every ten years. To study 
the influences of climate change in the near, medium and long terms of this century, three versions of SDHAP in 2017, 2047 and 2077 

Table 1 
Percentile values of design temperature and growth rate.  

Percentile Minimum 25% 50% 75% Maximum 

T0 (◦C)  3.0  18.8  23.4  26.7  33.2 
v (◦C/10 year)  0.10  0.27  0.34  0.46  0.87  

C. Zhang et al.                                                                                                                                                                                                          
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are selected for analysis, with the corresponding design times of 1987–2016, 2017–2046, and 2047–2076, respectively. When the 
asphalt pavements are put into service in the fifth year of the specification implementation, the corresponding service times are 
2022–2036, 2052–2066, and 2082–2096, respectively. 

For 629 meteorological stations distributed throughout China, design temperature (T0) and growth rate (v) in the corresponding 
periods are calculated, and the percentile values are listed in Table 1. 

Based on Eq. (24) and Table 1, the influence degrees of growth rate (T0) and design temperature (v) on rutting resilience can be 
obtained as depicted in Figs. 10 and 11, respectively. With the increase of the growth rate, the influence degrees show a nearly linear 
growth trend (Fig. 9). For the pavement at the design temperature of 23.4 ◦C, the influence degree of the growth rate of 0.46 ◦C/10 year 
is 77.9% higher than that of 0.27 ◦C/10a. The influence degree is reduced with the increase of the design temperature, and the 
reduction rate is higher before 15 ◦C and lower after 15 ◦C (Fig. 10).For the pavement with a growth rate of 0.46 ◦C/10a, the influence 
degree of the design temperature of 26.7 ◦C is 15.7% lower than that of 18.8 ◦C. 

4.2. Temperature parameters of representative cities 

Because China is located in the northern hemisphere of the earth, and latitude is the most important factor affecting temperature, 
the temperatures in China tend to increase from north to south on the whole. Eight representative cities from north to south in eastern 
China are selected to investigate the influences of climate change. Mohe (MH), Harbin (HRB), Beijing (BJ), Zhengzhou (ZZ), Wuhan 
(WH), Changsha (CS), Guangzhou (GZ) and Haikou (HK) are marked in the map of China as shown in Fig. 12. 

Figs. 13 and 14 depict the design temperatures (T0) of the representative cities in different periods under different RCP scenarios. 
Under both RCP4.5 and RCP8.5, the design temperatures tend to increase from north to south. Over time, the design temperatures tend 
to increase as well. To be specific, the design temperatures of Mohe and Harbin in Northeast China are significantly lower than those of 
other cities. 

Figs. 15 and 16 show the growth rates (v) of effective temperature of the representative cities in different periods under different 
scenarios. The growth rates from north to south do not significantly change under the two RCP scenarios. Over time, the growth rates 
tend to decrease under RCP4.5 while increasing under RCP8.5. Furthermore, the growth rate of Zhengzhou for 1987–2036 period 
under RCP4.5 is significantly higher than those of other cities. 

4.3. Resilience assessment under climate change 

The influence degrees (d) of climate change on representative cities based on resilience assessment are obtained by Eq. (22) - (24), 
as depicted in Figs. 17 and 18. 2052RCP4.5 in the legend means that the road is in service from 2052, with the design time from 2017 to 
2046 and the service life from 2052 to 2066. The influence degrees tend to decrease from north to south under both RCP4.5 and 
RCP8.5, showing a change trend opposite to the design temperatures (T0). For 2022RCP4.5 and 2082RCP8.5, the influence degrees of 
climate change in the northernmost city (Mohe) are both more than 4 times of those in the southernmost city (Haikou). 

The growth rates (v) of Harbin and Beijing are relatively close, while the influence degrees of Harbin are significantly higher than 
those of Beijing. The reason for the above result is that the design temperatures (T0) of the former are significantly lower than those of 
the latter. Interestingly, the influence degrees of Zhengzhou and Harbin are close for 2022RCP4.5. This is because the growth rates of 
Zhengzhou (0.446 ◦C/10a) is significantly higher than that of Harbin (0.335 ◦C/10a) though the design temperature of Zhengzhou 
(24.6 ◦C) is noticeably higher than that of Harbin (17.3 ◦C). 

Over time, the influence degrees tend to decrease under RCP4.5 while increasing under RCP8.5, consistent with the change trends 
of the growth rates. In Mohe, the influence degree decreases rapidly from 0.501 to 0.382, and then it further decreases to 0.199 over 
time. However, the influence degrees in Guangzhou and Haikou under 2022RCP4.5 are lower than those under 2052RCP4.5 since the 
growth rates of the former are significantly lower than those of the latter. Growth rates are the main factors for the influence degrees in 
cities with high design temperatures (Guangzhou and Haikou). 

The influence degrees under RCP4.5 are significantly higher than those under RCP8.5, and the differences of influence degrees 
between the two scenarios increase over time. For instance, in Heihe, the influence degree of RCP8.5 is 1.1 times that of RCP4.5 in 

Fig. 10. Influence degrees with growth rate.  

C. Zhang et al.                                                                                                                                                                                                          



Transportation Research Part D 109 (2022) 103395

10

2022, then increases to 2.3 times in 2052, and finally increases to 5.1 times in 2082 rapidly. In Haikou, the influence degree of RCP8.5 
is 1.2 times that of RCP4.5 in 2022, then increases to 1.5 times in 2052, and finally increases to 3.4 times in 2082 rapidly. The examples 
of Heihe and Haikou suggest that, the influences of differences between the two scenarios are more significant in northern cities than 
those in southern cities. 

5. Conclusions 

This paper aims to develop a resilience assessment method to comprehensively assess the influence of climate change on asphalt 
pavement rutting over the service life. First, the original resilience method is extended to fit the system whose performance level 
continues to decline. Then, the calculation formulas of rutting resilience are derived by combining the rutting prediction model and the 
level assessment model based on the extended resilience method. Subsequently, the influences of climate change on asphalt pavement 
rutting in representative cities in China are explored using the proposed resilience index. 

Fig. 11. Influence degrees with design temperature.  

Fig. 12. Locations of representative cities in China.  
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Fig. 13. Design temperatures under RCP4.5.  

Fig. 14. Design temperatures under RCP8.5.  

Fig. 15. Growth rates under RCP4.5.  
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Fig. 16. Growth rates under RCP8.5.  

Fig. 17. Influence degree under RCP4.5.  

Fig. 18. Influence degree under RCP8.5.  
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(1) Resilience assessment can be conducted to comprehensively assess the influence of climate change on asphalt pavement rutting 
over the service life of asphalt pavement. In accordance with the different stages of disaster impact, system resilience can be 
generally separated into resilience of resistance stage and resilience of recovery stage, and resilience assessment for resistance 
stage is suitable for asphalt pavement rutting. The calculation formulas of rutting resilience are obtained by combining the 
rutting prediction model and the rutting level assessment model.  

(2) The influence degrees of resilience are primarily dependent on design temperature and the growth rate of effective temperature 
under climate change. With the increase of the growth rate, the influence degrees tend to increase nearly linearly. With the 
increase of the design temperature, the influence degrees are reduced, and the reduction rate is higher before 15 ◦C and lower 
after 15 ◦C.  

(3) The rutting resilience of asphalt pavement is significantly influenced by climate change in China. From north to south, the 
influence degrees tend to decrease under both RCP4.5 and RCP8.5, showing a change trend opposite to the design temperatures. 
Over time, the influence degrees tend to decrease under RCP4.5 while increasing under RCP8.5, consistent with the change 
trends of the growth rates.  

(4) Neglecting climate change in rutting design of asphalt pavement will lead to insufficient resilience, especially in northern China. 
The influence degrees of climate change under RCP8.5 are obviously higher than those under RCP4.5, so it is necessary to 
calculate the effective temperature for rutting design according to the predicted temperature under RCP8.5 during the expected 
service period of the asphalt pavement. 

It is noteworthy that this paper aims to assess the influence of climate change on the service performance of asphalt pavement in the 
whole service life based on the resilience index. Since existing studies have shown that the influence of climate change on asphalt 
pavement rutting is significantly greater than those on fatigue and thermal crack, rutting is taken as an example to illustrate pavement 
resilience. The proposed resilience method is still applicable to fatigue and thermal crack, whereas there may be differences in specific 
resilience values and influence degrees. 
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