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Abstract

Asphalt pavement structures in cold regions, which suffer from complicated environmental and geological
conditions, such as large temperature difference and frozen soil, are prone to cracking, rutting, and moisture
damage. However, most of the existing assessment methodologies focus on the vulnerability of the overall road
traffic network, ignoring the impact of regional differences and pavements’ structural performance. To establish a
highly targeted vulnerability analysis methodology for cold regional asphalt pavements, the concept of highway
vulnerability and the assessment model composed of exposure, fragility, and resilience were proposed in this paper
firstly. Meanwhile, the assessment indices and standards for exposure, fragility, and resilience were respectively
discussed. Then, the calculation process for each index weight and vulnerability index was proposed based on AHP-
fuzzy comprehensive assessment methodology. Consequently, the vulnerability grade of asphalt pavements in cold
regions could be determined. Finally, the vulnerability assessment indices and methodology for cold regional
asphalt pavements were illustrated and presented, providing a theoretical basis for asphalt pavement performance
evaluation and vulnerability assessment serviced under cold regional climate.
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Introduction
With the continuous expansion of road network cover-
age, the environmental and geological conditions along
the highway projects are becoming increasingly complex.
In cold regions where the average temperature of the
coldest month is − 10 °C-0 °C and 33% of the days of a
year have a daily average temperature below 5 °C, the
differences in structural design and material properties
cause different vulnerabilities for the highway system.
Especially in the Qinghai-Tibet Plateau and the northern
part of Heilongjiang Province in China, the widely dis-
tributed frozen soil, complex terrain conditions, and cli-
matic characteristics are the key factors causing damage
to transportation infrastructure, such as pavement

deformation, landslide, and debris flow. Although some
protective measures have been taken in recent years, the
different vulnerabilities of the highway system under the
external environment greatly increases the difficulty of
construction quality control and maintenance. There-
fore, it is necessary to conduct highway vulnerability as-
sessment research.
According to natural disaster science [1], vulnerability

was first defined as the degree of damage or threat to
systems adversely affected by the external environment
[2]. Subsequently, the concept of vulnerability has been
interpreted from different perspectives by many scholars.
Some believe that vulnerability is a kind of self-reaction
and the ability of a system to resist adverse effects or
events [3–5]. Others explain the connotation of vulner-
ability from a multidimensional perspective, which con-
siders both the impact of a system’s internal conditions
on vulnerability and the interaction between the system
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and the external environment. Consequently, vulnerabil-
ity is gradually evolving into a huge and independent
conceptual system [6–9]. Some assessment models were
derived from vulnerability concepts, such as the Risk-
Hazard [10, 11], Pressure and Release [10], Hazard of
Palace [12, 13], Vulnerability Scoping Diagram models
[14, 15]. Meanwhile, vulnerability assessment method-
ologies mainly include historical disaster data statistics,
the vulnerability curve methodology, and the index sys-
tem methodology [10]. Historical disaster data statistics
select representative indicators and evaluate the vulner-
ability of a system through the statistics of historical dis-
aster data. However, this methodology ignores natural
and social factors, and could not accurately predict the
long-term disaster incidence with short-term disaster
data. The vulnerability curve method evaluates the rela-
tionship between disaster intensity and the affected de-
gree of individual through the disaster damage curve.
Although this method could reflect the physical sensitiv-
ity of disaster bodies and the effect of social protection
measures, the accuracy of the assessment results must
be improved. The index system method establishes an
index system by analyzing the causes and characteristics
of vulnerability, and the relationship between each index
system and the vulnerability index, to evaluate the re-
gional vulnerability. This method could reflect the vul-
nerability characteristics of a region comprehensively
and is a conventional method for evaluating vulnerability
currently.
The existing assessment models and methods are

mainly applied in disaster science, and the research on
highway disaster risk assessment is limited. The assess-
ment model of highway geological disasters was estab-
lished based on risk analysis theory for typical natural
disasters, such as landslides and debris flows [16]. On
the basis of the geographic information system (GIS)
platform, the disaster vulnerability assessment model
was established with the regional highway resilience
index, road network density, and the unit area road out-
put as assessment indices [17]. British Transport Re-
search Laboratory analyzed the impact of climate change
on highway vulnerability [18]. Although the vulnerability
characteristics of British pavements to climate change
were described, the definition and application of road
vulnerability were unclear. On the basis of the GIS plat-
form, the hazard zoning of highway geological disasters
in China has been completed [19]. Ma studied the iden-
tification technology of highway flood disasters from dif-
ferent levels and established the identification system of
highway flood disasters [20]. Xie evaluated the vulner-
ability of subgrade disasters by analyzing the formation
mechanism of geological disasters and taking important
control factors as assessment indices [21]. Few studies
also simulated the performance deterioration law of

pavement materials under extreme environmental condi-
tions [22, 23], and then proposed relevant pavement ma-
terial design indices. These studies addressed the
highway vulnerability assessment to a certain extent.
However, most of the research in the field of roads focus
on the study of the overall vulnerability of road traffic
network, ignoring the impact of regional differences and
the pavement’s structural performance.
Therefore, given the lack of vulnerability assessment

system, the difficulty of obtaining index data, and the
performance assessment lag, this paper establishes a vul-
nerability assessment methodology and an assessment
index system for asphalt pavements in cold regions to
provide a basis for asphalt pavement performance and
vulnerability assessment under extreme climate in cold
regions.

Vulnerability of asphalt pavement
In this paper, highway vulnerability refers to the nature
of a highway structure, that is, the difficulty of maintain-
ing its serviceability state due to structural damage
under harsh environments [24–27]. Among the harsh
environments, severe weather environment is the main
reason for highway vulnerability, and the highway struc-
ture is the ontology that bears the effects of the external
environment. When the ontology is damaged, the ability
to maintain the serviceability state is the interaction be-
tween the external interference and the system. The
pavement is the part of the highway system that directly
interacts with the external environment, so evaluating
the vulnerability of pavements has great significance.
The vulnerability assessment of asphalt pavements
should be focused on the impact of harsh climate condi-
tions. For a reasonable and accurate vulnerability assess-
ment, a three-stage assessment conceptual model of
asphalt pavement vulnerability composed of exposure–
fragility–resilience was established in this study, as
shown in Eq. 1. Exposure refers to the possibility and de-
gree of pavement exposure to harsh environments, fra-
gility reflects the degree of damage or destruction of the
pavement structure, and resilience is the ability to re-
cover to the initial state after damage under human ac-
tion. The assessment standard is shown in Table 1.

V ¼ f E; I;Rð Þ ð1Þ

where V is the pavement vulnerability index, E is the ex-
posure, I is the fragility, and R is the resilience.

Table 1 Assessment standard of pavement vulnerability

Vulnerability Level Micro Mild Moderate Severe Extreme

V < 0.2 0.2 ~ 0.4 0.4 ~ 0.6 0.6 ~ 0.8 ≥0.8
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Vulnerability assessment index system
Assessment index of exposure
Pavement exposure is reflected in the diseases and
damages caused by the external environment. Climate
change is not only the direct cause of pavement struc-
ture damage, but also increases the possibility and scale
of pavement performance deterioration and catastrophic
damage. That is, pavement structures exposed to differ-
ent environments will show different vulnerability char-
acteristics. Therefore, the main factors of exposure
assessment include the extremely low temperature cli-
mate, extremely high temperature climate, extremely
rainfall climate and extremely freeze–thaw days.

Extremely low temperature climate
Cold regions have frequent extremely low temperature
days. Frequent temperature changes also have a great
impact on asphalt pavement performance. Therefore,
the extremely lowest temperature, the low temperature
duration, and the daily temperature difference were se-
lected as the assessment indices for pavement exposure.
According to the statistical data of extreme minimum

temperature, average minimum temperature, and aver-
age daily temperature difference in some cold regions
from 1981 to 2010, the historical extreme minimum
temperature in cold regions is mainly between − 40 °C
and − 20 °C. Therefore, − 40 °C was taken as the extreme
exposure demarcation point [28, 29]. According to the
literature, − 30 °C was taken as the moderate exposure
demarcation point. Low temperature duration refers to
the days when the daily minimum temperature is lower
than − 30 °C, which increases with the latitude [30]. In
general, the longer the duration of extreme low
temperature is, the greater the impact is on asphalt
pavement performance. The low temperature duration
was divided into levels based on experience and research
results. In addition, referring to the early warning stand-
ard of cold wave in China, the extreme daily temperature
difference threshold of 16 °C was taken as the demarca-
tion point of moderate exposure. Then, the assessment
standard of each index under the extremely low
temperature climate in cold regions could be established
by the linear interpolation method, as shown in Table 2.

Extremely high temperature climate
Considering the influence of high temperature on pave-
ment vulnerability, the extreme maximum temperature

and the high temperature duration were selected as
assessment indices [28, 30]. The weather with a
temperature over 32 °C is defined as a high temperature
weather by the World Meteorological Organization. The
high temperature duration refers to the period when the
daily maximum temperature exceeds 32 °C. Therefore,
32 °C was taken as the severe exposure demarcation
point. Referring to research results [30], 25 °C was taken
as the moderate exposure demarcation point, and ac-
cording to the literature [28], the duration of extreme
high temperature in cold region is mostly distributed in
0–15 days. Therefore, 5 days were taken as the micro ex-
posure demarcation point, and 15 days were taken as the
extreme exposure demarcation point from experience.
Solar radiation and route design are also important fac-
tors for evaluating the influence of high temperature on
asphalt pavement performance. Thus, the annual average
solar radiation and the route design should be added as
assessment indices. In the long longitudinal slope or
some sections with a small turning radius, the probabil-
ity of rutting increases with the high temperature. In
addition, according to the radiation data of the cold re-
gion from 1981 to 2010, the annual average solar radi-
ation is 1000–2000 kW/m2. Therefore, the solar
radiation was divided into levels based on experience.
The route design was divided into levels according to
the Design Specification for Highway Alignment (JTG
D20–2017). Accordingly, the corresponding assessment
standard was established by the linear interpolation
method, as shown in Table 3.

Extremely rainfall climate
Frequent rainfall in summer in cold regions could easily
lead to floods and aggravate pavement water damage,
especially in areas with complex geological conditions.
The drainage capacity of a pavement directly affects the
possibility and scale of water damage to the pavement
but is not the only factor. In addition to man-made
drainage facilities and natural topographic conditions,
the geotechnical types along the highway are also key
factors to pavement vulnerability. The higher the rock
and soil strength is, the lower the probability of natural
disasters and the vulnerability of highways are. There-
fore, the average annual rainstorm days, the pavement
drainage capacity, topographic conditions, and geotech-
nical types were selected as assessment indices. A daily
rainfall of more than 25mm is considered a rainstorm in

Table 2 Assessment standard of extreme low temperature climate in cold regions

Assessment Index Micro Mild Moderate Severe Extreme

Extremely lowest temperature (°C) <− 25 − 25 ~ − 30 −30 ~ − 35 −35 ~ − 40 ≥ − 40

Low temperature duration (d) < 5 5 ~ 10 10 ~ 20 20 ~ 30 ≥30

Daily temperature difference (°C) < 12 12 ~ 16 16 ~ 20 20 ~ 24 ≥24
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this study. The annual rainstorm days refer to average of
rainstorm days per year, which is related to the number
of statistical years.
The corresponding assessment standards have been

proposed for the drainage capacity of slope, protection
engineering, and highway bridges in the Technical Code
for Highway Maintenance (JTG H10–2009). The topo-
graphic condition directly affects the drainage capacity
of highway infrastructure, and includes the topographic
slope and the surface incision depth. When the terrain
slope is less than 8°, the influence on the stability of the
highway slope is the lowest, and the probability of geo-
logical disasters is small. When the terrain slope exceeds
35°, geological disasters are likely to occur [16]. There-
fore, 8° and 35° were selected as the demarcation points
of mild and extreme exposures, respectively, and the
average annual rainstorm days and the terrain slope
could be divided based on experience. The surface inci-
sion depth refers to the difference between the average
elevation of a certain point on the ground and the mini-
mum elevation in the neighborhood. The slope is ex-
tremely unstable when the surface incision depth
exceeds 700 m, and the impact on the slope is small

within 100 m. Then, the levels could be determined by
the linear interpolation method. Geotechnical engineer-
ing characteristics are important material conditions and
control factors of natural highway disasters. Under the
same terrain conditions, hard rock has high strength, a
strong anti-erosion ability, and a low highway vulnerabil-
ity, and the assessment standard could be divided ac-
cording to the strength. The final assessment standard
for extreme rainfall climate in cold regions is shown in
Table 4.

Extremely freeze–thaw days
In cold regions, the differences in permafrost character-
istics directly affect the stability of the subgrade and the
slope. The snow on the pavement surface will melt with
the increase of temperature, which could increase the
possibility of water damage and affect the driving safety.
The asphalt pavement is prone to cracking under the
freeze–thaw cycle, which has a great impact on pave-
ments’ structure performance. Therefore, the character-
istics of permafrost, the freeze–thaw days, and the
blizzard frequency were selected as assessment indices.
The freeze–thaw days refer to the times of freeze-thaw

Table 3 Assessment standard of extreme high temperature climate in cold regions

Assessment Index Micro Mild Moderate Severe Extreme

Extreme maximum
temperature (°C)

< 18 18 ~ 25 25 ~ 32 32 ~ 39 ≥39

High temperature
duration (d)

< 5 5 ~ 8 8 ~ 11 11 ~ 15 ≥15

Annual average solar
radiation (kW/m2)

< 1000 1000 ~ 1350 1350 ~ 1700 1700 ~ 2000 ≥2000

Route design (Road
horizontal, vertical and
horizontal design)

Reasonable
design and
turning radius

Proper
design and
turning
radius

Large longitudinal slope
or large turning radius,
the deviation≤10%

Large longitudinal slope or
large turning radius, the
deviation between 10%–20%

Poor design or large
turning radius, and
deviation≥30%

Table 4 Assessment standard of extreme rainfall climate in cold regions

Assessment
Index

Micro Mild Moderate Severe Extreme

Average
annual
rainstorm
days (d)

< 3 3 ~ 5 5 ~ 9 9 ~ 11 ≥11

Pavement
drainage
capacity

Reasonable
pavement
drainage system
and location of
bridges

Reasonable pavement
drainage system and
location of bridges,
bridge aperture
deviation ≤10%

Poor pavement drainage
system and good location
of bridges, bridge aperture
deviation between 10%–
20%

Poor pavement drainage
system and unreasonable
location of bridges, bridge
aperture deviation between
10%–20%

Inadequate pavement
drainage system and
deviated location of
bridges, bridge aperture
deviation> 20%

Terrain slope
(°)

< 8 8 ~ 15 15 ~ 25 25 ~ 35 ≥35

Surface
incision
depth (m)

< 100 100 ~ 300 300 ~ 500 500 ~ 700 ≥700

Geotechnical
types

Hard rock Medium hard rock Soft rock Earth-rock aggregate Loose oil
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damage caused by the plus-minus changeable
temperature in a day. The number of blizzard refers to
the number of times the snowfall exceeded 10mm, and
blizzard frequency is the ratio of the number of blizzards
to the total number of snowfalls.
According to research results, 54 and 72 days were se-

lected as the demarcation points of the mild and ex-
treme exposures, respectively [28]. The blizzard
frequency was divided into five levels based on experi-
ence. The characteristics of permafrost could be charac-
terized by the permafrost temperature and the ice
content of permafrost [31]. The higher the values of the
two factors are, the worse the engineering stability is.
Considering the annual average ground temperature
range of permafrost in cold regions, − 3 °C and − 0.5 °C
were selected as the mild and severe exposure demarca-
tions, respectively. Then, the corresponding assessment
standard of each index could be established by the linear
interpolation method, as shown in Table 5.

Assessment index of fragility
Pavement fragility refers to the degree of difficulty with
which the pavement is damaged by external influences.
Pavement fragility is obviously different from different
material, structure and service status. The main factors
of fragility assessment include the actual pavement dam-
age state and the structural performance.

Pavement surface damage
The main damage of asphalt pavements in cold regions
is cracks, especially low-temperature cracks. Thus, the
pavement crack index was selected as an assessment
index. The pavement crack index refers to the number
of full-width shrinkage cracks plus half of the number of
half-width transverse cracks within 100m of two lanes.
When the pavement crack index exceeds 25, the pave-
ment is seriously damaged, and the ability to resist exter-
nal interference is very poor [32, 33]. According to the
design standard of pavement allowable crack index, the
assessment standard of pavement crack index is deter-
mined by the linear interpolation method, as shown in
Table 6.

Pavement structural performance
Under repeated temperature change, the temperature
stress inside the pavement gradually increases, and the
ultimate tensile strength of the asphalt mixture de-
creases. Cracks appear when the temperature stress ex-
ceeds the ultimate tensile strength of the asphalt
mixture. Therefore, the pavement temperature fatigue
performance was selected as the main assessment index
of pavement structure performance. For some cold re-
gions with heavy traffic and a large annual temperature
difference, pavement fatigue performance under load
and permanent deformation should be added as compre-
hensive assessment indices.
In summary, based on the Miner criterion [34], the cu-

mulative damage degrees of pavement temperature fa-
tigue, load fatigue, and permanent deformation should
be calculated and evaluated. According to research re-
sults, 0.4 and 0.8 were selected as the demarcation
points of moderate and extreme exposures, respectively,
and the levels could be determined by the linear
interpolation method [34]. In addition, the pavement
performance decreases with the increase in service time,
so the remaining service life of the structure should be
selected as the assessment index. The remaining service
life refers to the difference between the designed service
life and the service time of the pavement, which is
expressed in percentage. It reflects the influence of time
on the performance of the pavement structure. The cu-
mulative damage degrees and the remaining service life
could be divided into five equal levels from experience.
Finally, the assessment standard of pavement structure
performance is established as shown in Table 7.

Assessment index of resilience
The material and structural properties gradually de-
crease with the increase of service time, the resilience of
materials and structures against adverse deformation or
damage is small and could be ignored. The resilience of
highways is mainly composed of maintenance and

Table 5 Assessment standard of extreme freeze-thaw days in cold regions

Assessment Index Micro Mild Moderate Severe Extreme

Freeze-thaw days (d) < 54 54 ~ 60 60 ~ 66 66 ~ 72 ≥72

The frequency of blizzard < 0.2 0.2 ~ 0.4 0.4 ~ 0.6 0.6 ~ 0.8 ≥0.8

Permafrost temperature (°C) <−3 − 3 ~ −1.5 −1.5 ~ −0.5 − 0.5 ~ 0 > 0

Ice content of permafrost S, D, F S, D, F S, D, F S, D, F B, H

1) S refers to less ice, D refers to more ice, F refers to rich ice, B refers to saturated ice, and H refers to soil ice. 2) When a certain ground temperature is combined
with B or H, it should be classified as the next level. For example, when the permafrost temperature is lower than −3 °C and the ice content is B or H, the
exposure is mild

Table 6 Assessment standard of pavement crack index

Assessment Index Micro Mild Moderate Severe Extreme

Crack index < 6 6 ~ 12 12 ~ 18 18 ~ 25 ≥25
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management, such as crack repair and asphalt overlay.
That is, resilience could be evaluated from two aspects,
namely, maintenance strength and maintenance effect.
Generally, the greater the intensity of financial invest-

ment in a region is, the better the regional economic de-
velopment and the stronger the ability to recover after
damage are. Hence, the financial investment of regional
departments, the regional economic development, and
the assessment of pavement repair and re-damage after
repair were analyzed, and the corresponding assessment
standard is shown in Table 8.

Assessment methodology of asphalt pavement
vulnerability in cold regions
In summary, the assessment index system of asphalt pave-
ment vulnerability in cold regions is shown in Fig. 1.

Vulnerability assessment methodology and process
AHP-fuzzy comprehensive evaluation method
To obtain the weight of each assessment index and the
vulnerability index, the analytic hierarchy process
(AHP)-fuzzy comprehensive evaluation method was
adopted, and the calculation principle is shown in Fig. 2.
The following are the specific steps [35]:

1) Factor set U = {u1, u2, …, um} and comment set
V = {v1, v2, …, vn} of the evaluation object are
determined.

2) The fuzzy relationship matrix R between U and V,
that is, the membership matrix, could be
constructed by qualitative or quantitative methods.

3) On the basis of the AHP, the weight of each
factor in U could be determined to obtain weight
matrix A.

4) Through the fuzzy transformation formula A
R = B, the assessment results are obtained according
to the maximum membership principle.

On the basis of the AHP-fuzzy comprehensive evalu-
ation method, the membership degree of pavement vul-
nerability could be calculated by Eq. 2.

SV ¼ ωE ωF ωRð Þ SE S F SRð Þ0 ð2Þ
where SV is the membership matrix of pavement vulner-
ability, SE is the membership matrix of pavement expos-
ure, SF is the membership matrix of pavement fragility,
SR is the membership matrix of pavement resilience, ωE

is the weight of pavement exposure, ωF is the weight of
pavement fragility, and ωR is the weight of pavement
resilience.
According to the maximum membership degree, pave-

ment vulnerability index V could be calculated by Eq. 3,
and the vulnerability assessment of asphalt pavements
could be analyzed in combination with Table 1.

V ¼ ai þ 0:2sv ð3Þ
where ai is the lower bound of the interval correspond-
ing to the vulnerability grade; i = 1, …, 5; and sv is the
maximum membership degree of pavement
vulnerability.

The process of vulnerability assessment
In the vulnerability analysis of asphalt pavements, the corre-
sponding index should be selected according to the actual
service environment of the evaluated section. The vulner-
ability assessment process of asphalt pavements in cold re-
gions proposed in this work includes the identification of
vulnerability factors, the determination of assessment

Table 7 Assessment standard of pavement fatigue damage based on the miner criterion

Assessment Index Micro Mild Moderate Severe Extreme

Cumulative damage degrees < 0.2 0.2 ~ 0.4 0.4 ~ 0.6 0.6 ~ 0.8 ≥0.8

The remaining service life (%) ≥0.8 0.6 ~ 0.8 0.4 ~ 0.6 0.2 ~ 0.4 < 0.2

Table 8 Assessment standard of maintenance strength

Assessment Index Extreme Severe Moderate Mild Micro

Regional
financial
investment

Timely and effective disaster
assessment and adequate
investment

Effective disaster
assessment and many
investment

Good disaster
assessment and
average investment

Incomplete disaster
assessment and less
investment

Incomplete disaster
assessment and little
investment

Regional
economic
development

Developed Relatively developed Average Relatively backward Backward

Pavement
maintenance

Rapid treatment Timely treatment Not timely treatment Belated treatment Long-term non-
treatment

Re-damage
condition

None A few Within half Over half Most
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indices, the assessment of real-time pavement service cap-
acity, and the assessment of asphalt pavement vulnerability
under extreme climate, as shown in Fig. 3.
First, the vulnerability factors were identified to

determine the external and internal factors leading to pave-
ment vulnerability. The main sources of data include the
statistical data of meteorological and geological conditions,
monitoring data, and field research data. The meteoro-
logical and geological characteristics along the pavement,
including the temperature, the rainfall, the solar radiation,
the permafrost distribution, the topography, and the geo-
technical types, were identified and analyzed. Then, the
route design, the pavement structure combination, and the
traffic distribution characteristics were investigated and
analyzed.
Second, according to the identification results, the

extreme climate types and pavement damage characteris-
tics could be determined to select appropriate assessment

indices. In other words, the pavement exposure index
should be determined according to the selected extreme
climate, and the pavement fragility index should be deter-
mined according to the analysis of pavement damage
characteristics under extreme climate. Finally, the assess-
ment index of pavement resilience should be determined
based on the local social and natural factors.
Then, the real-time service performance and actual ser-

vice state of the pavement could be studied with the se-
lected fragility assessment indices and in situ measurement
data. The pavement crack condition should be investigated
to calculate the pavement cracking rate. Combined with
the temperature field of the pavement, the temperature fa-
tigue life could be calculated and evaluated. Similarly, the
fatigue life and permanent deformation under load could
be calculated and evaluated using the measured data. Fi-
nally, the remaining life of the pavement could be obtained
using the actual service time.

Fig. 1 Assessment index system of highway vulnerability in cold regions

Fig. 2 The calculation process of AHP-fuzzy comprehensive method
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Finally, according to the AHP-fuzzy comprehensive
evaluation method, the weight of pavement exposure, fra-
gility and resilience indices, and the vulnerability index
could be obtained. The real-time assessment of pavement
vulnerability under extreme climate in cold regions could
be realized.

Weight of assessment indices
The importance of each index was investigated through
questionnaire survey. The questionnaire items were
scored 1–5 depending on the importance of each index in

Tables 10 and 11. Six types of respondents who are mainly
engaged in the research on asphalt pavements in cold re-
gions were selected, including college teachers, postgradu-
ate students, researchers, enterprise experts, practitioners,
and others. A total of 66 valid questionnaires were col-
lected from 100 questionnaires issued, and the result is re-
liable because of the universality of the respondents. The
proportion distribution of the respondents is shown in
Fig. 4.
According to the principle of AHP, the weight of each

index of vulnerability for asphalt pavements in cold

Fig. 3 Vulnerability assessment process of asphalt pavement in cold regions

Fig. 4 Proportion distribution of the respondents
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regions could be obtained by the survey results, as
shown in Tables 9, 10 and 11.

Vulnerability assessment of asphalt pavement under
extreme high temperature climate
Given that continuous low temperature has little ef-
fect on pavement performance, the pavement is prone
to damage when the temperature suddenly rises to
40 °C in perennially low temperature region. There-
fore, this extreme climate was selected for vulnerabil-
ity analysis. According to the proposed vulnerability
assessment methodology, the vulnerability of asphalt
pavements under extremely high temperature climate
was conducted in the GIS platform and using the sce-
nario analysis methodology. The evaluated pavement
is located in Huma in Heilongjiang Province, China
where the probability of extreme high temperature in
summer is high. Under such high temperature and
load, a large strain could be usually generated inside
the pavement, and the fatigue failure probability is
high.
First, the vulnerability factors were identified according to

the service environment of the pavement in Huma, and the
assessment index system was determined as shown in Fig. 5.
As one of the extreme climate return period analysis
methods, the Pearson type III curve prediction method is
widely used because its prediction results are consistent with
the actual hydrological phenomena in China. On the basis of
the 30-year (1990–2019) daily high temperature data of
seven stations in Heilongjiang Province obtained by the
China Meteorological data network, the theoretical fre-
quency curve of the historical data could be obtained, and
the predicted values of events under different frequencies
could be calculated using Eqs. 4 and 5. Then, the prediction
curve could be matched with the historical data curve by
adjusting the deviation coefficient of the Pearson type III
curve method. The matching results passed the significance
test, and the Pearson correlation coefficient of temperature
from each station exceeded 90%, indicating that the Pearson
type III curve method is reasonable. Finally, two vulnerability
analysis cases, namely, once in 20 years (Case 1) and once in
a hundred years (Case 2), were designed, as shown in Figs. 6
and 7, respectively.

xP ¼ ΦCV þ 1ð Þ � x ð4Þ

CV ¼ 1
x

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n−1

X

n

i¼1

xi−xð Þ2
s

ð5Þ

where xP is the prediction value under the probability of
p; x is the average of the historical data; Φ is the devi-
ation coefficient; CV is the coefficient of variation; xi is
the historical data; i = 1, …,n, and n is the total data.
In Case 1, the extreme maximum temperature in

Huma was between 34 °C and 35 °C, which could be
classified as severe exposure according to Table 3. The
duration of high temperature was between 13 and 15
days, indicating severe exposure. In Case 2, the extreme
maximum temperature exceeded 39 °C, which could be
classified as extreme exposure. The duration of high
temperature was approximately 19 days to 23 days, indi-
cating extreme exposure. Meanwhile, according to the
radiation statistics from 2010 to 2019, the average an-
nual radiation in the region was approximately 61.80
kW/m2, indicating micro exposure. The membership
matrixes of pavement exposure are shown in Eqs. 6 and
7.

RCase1
C1−U ¼

0 0 0 1 0
0 0 0 1 0
1 0 0 0 0

0

@

1

A ð6Þ

RCase2
C1−U ¼

0 0 0 0 1
0 0 0 0 1
1 0 0 0 0

0

@

1

A ð7Þ

Six full-width and one half-width cracks of the selected
pavement were investigated and analyzed. The crack
width was basically greater than 2.5 cm, and the crack
index was approximately 6.5, which could be classified
as mild fragility according to Tables 6 and 7. The calcu-
lated pavement damage rate was 1.8, and the load fatigue
damage degree was 4.04 × 10− 11, indicating micro fragil-
ity. The remaining service life of the pavement was 0.96,
also indicating micro fragility. The membership matrix
of pavement fragility is shown in Eqs. 8 and 9.

RC2−U ¼ 0 1 0 0 0ð Þ ð8Þ

RC3−U ¼ 1 0 0 0 0
1 0 0 0 0

� �

ð9Þ

According to the investigation data, the membership ma-
trixes of pavement resilience are shown in Eqs. 10 and 11.

RC4−U ¼ 0 1 0 0 0
0 0 0 1 0

� �

ð10Þ

RC5−U ¼ 0 0 0 1 0ð Þ ð11Þ
The weight of pavement exposure indices could be

obtained through Table 10, and the membership de-
gree of pavement exposure under different scenarios
could be calculated. At extreme high temperatures in

Table 9 Weight of first grade indices of pavement vulnerability

Pavement Exposure Pavement Fragility Pavement Resilience

0.5193 0.3078 0.1729
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Case 1, the membership matrix of pavement expos-
ure could be calculated by Eqs. 12 and 13.

ωC1−U ¼ 0:4763 0:3069 0:2168ð Þ ð12Þ

RCase1
B1 ¼ RCase1

C1 ¼ ωC1−U ∘R
Case1
C1−U

¼ 0:2168 0 0 0:7832 0ð Þ ð13Þ

At extreme high temperatures in Case 2, the

membership matrix of pavement exposure could be

calculated by Eq. 14.

RCase2
B1 ¼ RCase2

C1 ¼ ωC1−U ∘R
Case2
C1−U

¼ 0:2168 0 0 0 0:7832ð Þ ð14Þ

The weight of fragility index could be obtained through
Table 11. Then, the membership matrix of asphalt pave-
ment fragility could be calculated by Eqs. 15–18.

ωC3−U ¼ 0:6449 0:3551ð Þ ð15Þ

RB2−C ¼ 0 1 0 0 0
1 0 0 0 0

� �

ð16Þ

ωB2−C ¼ 0:6952 0:3048ð Þ ð17Þ

RB2 ¼ ωB2−C∘RB2−C

¼ 0:3048 0:6952 0 0 0ð Þ ð18Þ

According to the principle of fuzzy comprehensive
evaluation, the membership matrix of pavement resili-
ence could be established through qualitative analysis
and calculated by Eqs. 19–23.

ωC4−U ¼ 0:631 0:369ð Þ ð19Þ

ωB3−C ¼ 0:6559 0:3441ð Þ ð20Þ

RC4 ¼ ωC4−U ∘RC4−U

¼ 0 0:631 0 0:369 0ð Þ ð21Þ

Table 10 Weight of pavement exposure indices

First grade indices Second indices Weight Third grade indices Weight

Pavement exposure Extreme low temperature climate 0.4065 Extreme minimum temperature 0.4562

Low temperature duration 0.2934

Daily temperature difference 0.2504

Extreme high temperature climate 0.2148 Extreme maximum temperature 0.4215

High temperature duration 0.2716

Annual average solar radiation 0.1918

Route design 0.1151

Extreme rainfall climate 0.1289 Annual rainstorm days 0.4447

Pavement drainage capacity 0.2537

Topography conditions 0.1750

Geotechnical types 0.1266

Extreme freeze-thaw days 0.2499 Freeze-thaw days 0.3172

The permafrost characteristics 0.4355

Blizzard frequency 0.2473

Table 11 Weight of pavement fragility index and resilience indices

First grade indices Second indices Weight Third grade indices Weight

Pavement
Fragility

Pavement surface damage 0.6952 Cracking rate 1

Pavement structural performance 0.3048 Temperature fatigue performance 0.4165

Fatigue performance under load 0.2555

Permanent deformation 0.1872

The remaining service life 0.1407

Pavement Resilience Maintenance strength 0.6559 Regional financial investment 0.631

Regional economic development 0.369

Maintenance effect 0.3441 Surface patching effects 0.6431

Re-damage condition 0.3569
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RB3−C ¼ 0 0:631 0 0:369 0
0 0 0 1 0

� �

ð22Þ

RB3 ¼ ωB3−C∘RB3−C ¼ 0:6559 0:3441ð Þ∘ 0 0:631 0 0:369 0
0 0 0 1 0

� �

¼ 0 0:4139 0 0:5861 0ð Þ
ð23Þ

Therefore, the membership matrix of pavement
vulnerability could be calculated by Eqs. 24–26.

RCase1
A−B ¼

0:2168 0 0 0:7832 0
0:3048 0:6952 0 0 0

0 0:4139 0 0:5861 0

0

@

1

A ð24Þ

RCase2
A−B ¼

0:2168 0 0 0 0:7832
0:3048 0:6952 0 0 0

0 0:4139 0 0:5861 0

0

@

1

A

ð25Þ

ωA−B ¼ 0:5193 0:3078 0:1729ð Þ ð26Þ

where RCase1
A−B is the membership matrix of pavement

vulnerability in Case 1, RCase2
A−B is the membership matrix

of pavement vulnerability in Case 2, and ωA-B is the
weight of membership matrix of pavement vulnerability.
Then, the membership matrices of pavement vulner-

ability under extreme high temperatures in the two cases
are shown in Eqs. 27 and 28.

RCase1
A ¼ 0:2064 0:2855 0 0:5081 0ð Þ ð27Þ

Fig. 5 Assessment index system of asphalt pavement under extreme high temperature climate

Fig. 6 Analysis scenario of once in twenty years (Case 1). a Distribution of extreme high temperature. b Distribution of high temperature duration
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RCase2
A ¼ 0:2064 0:2855 0 0:1013 0:4067ð Þ

ð28Þ

According to the maximum membership degree
principle, the membership degree of pavement vulner-
ability in Case 1 is 0.5081, which corresponds to com-
ment set V4, and vulnerability index Vcase1 is 0.7016
based on Eq. 3, indicating severe vulnerability. The
membership degree of pavement vulnerability in Case 2
is 0.4067, which corresponds to comment set V5, and
the calculated vulnerability index Vcase2 is 0.8813, indi-
cating extreme vulnerability. Therefore, the same asphalt
pavement is more vulnerable under extreme high
temperature once in a hundred years than under once in
20 years, which is consistent with the facts. Thus, the
proposed vulnerability assessment methodology is rea-
sonable and feasible.

Summary and conclusion
For the vulnerability assessment of asphalt pavements in
cold regions, a highly targeted vulnerability analysis
methodology and an assessment index system were
established in this study. Furthermore, the concept and
process of vulnerability assessment for asphalt pave-
ments in cold regions were clarified, addressing the vul-
nerability assessment of asphalt pavements in cold
regions to some extent. On the one hand, the system
could provide a quantitative method of pavement
performance assessment through the methodology and
vulnerability assessment indices and realize the trans-
formation from qualitative analysis to quantitative risk
assessment. On the other hand, the proposed vulnerabil-
ity assessment method could be used as a reference for
risk prevention and maintenance decisions. Especially
for severely cold regions, the vulnerability index

calculated by this methodology could be used to judge
the vulnerability of local road networks and infrastruc-
ture to formulate safe and reasonable maintenance strat-
egies and resource allocation.
First, the concept of highway vulnerability, which re-

fers to the nature of highway structures of being difficult
to maintain serviceability state due to structural damage
or disasters under harsh environments, is proposed.
Second, a three-stage vulnerability assessment model

of asphalt pavements composed of exposure-fragility-
resilience was established, and the assessment indices of
exposure, vulnerability, and resilience were studied. The
assessment index of pavement exposure is related to ex-
treme climate. The extremely low temperature climate
indices include extreme minimum temperature, low
temperature duration, and daily temperature difference.
The extremely high temperature climate indices include
extreme maximum temperature, high temperature dur-
ation, annual average solar radiation and route design.
The extremely rainfall climate indices include the aver-
age annual rainstorm days, the pavement drainage cap-
acity, topography conditions, and geotechnical types.
The indices of extreme freeze–thaw days include freeze–
thaw days, the permafrost characteristics, and blizzard
frequency. The assessment indices of pavement fragility
include the pavement surface damage and the pave-
ment’s structural performance, and the specific index
should be selected with the identification results of the
pavement vulnerability characteristics. The assessment
index of pavement resilience includes maintenance
strength and maintenance effect.
Eventually, the calculation method of index weight

and vulnerability index were proposed based on the
AHP-fuzzy comprehensive evaluation method to realize
the vulnerability assessment of asphalt pavements in
cold regions. The extremely high temperature climate

Fig. 7 Analysis scenario of once in a hundred years (Case 2). a Distribution of extreme high temperature. b Distribution of high
temperature duration
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was selected as an example to analyze the vulnerability
through the proposed vulnerability assessment method-
ology. The results indicate that the proposed vulnerabil-
ity assessment methodology is reasonable and reliable.
In addition, other factors that may lead to pavement

vulnerability could also be studied systematically accord-
ing to the proposed methodology. To accurately obtain
the vulnerability and service status of asphalt pavements
in cold regions in a timely manner, a real-time online
monitoring system could be established with fiber Bragg
grating sensing technology. The applicability and accur-
acy of the proposed vulnerability assessment method-
ology could be modified by the measured structural
response and the meteorological data from the monitor-
ing system.
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