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Abstract: The robustness and reliability capacities of highways are particularly critical when dealing
with emergencies in order to ensure user safety following disaster events. Assessing the robustness
and reliability of highways under multi-hazard scenarios and evaluating the impact of planning on
them have become urgent topics. In this study, we use the Xinjiang Production and Construction
Corps’ (XPCC) existing and planned arterial highway networks in China for research. Based on the
multi-hazard information, we established and employed four attack strategies on the existing and
planned arterial highway networks. The results show that the exposure susceptibility coefficient
(ESC) strategy has a higher destruction capability than the random attack strategy, which is close
to the greedy algorithm coefficient (GAC) strategy. In addition, attacks have negligible impacts on
connectivity reliability and robustness but significantly affect travel time reliability and robustness.
When the number of removed edges reaches 20 using the ESC strategy, the travel time reliability drops
to 0.4 for the existing highway network. In addition, the planned highway network significantly
improves the reliability and robustness with regard to multi-hazard scenarios, especially for travel
time reliability. Travel time reliability is improved by 10% under the historical damage records
coefficient (HDRC) and ESC attacks. Our study shows that planning promotes the construction of a
resilient transportation system in multi-hazard scenarios, providing valuable information for resilient
transportation construction.

Keywords: robustness assessment; reliability assessment; multi-hazards; exposure assessment;
Xinjiang Production and Construction Corps

1. Introduction

The transportation network is a critical element of economic and societal activities, as
it serves as the foundation for the transfer of goods and the movement of people. However,
natural hazards may damage or disrupt transportation systems, especially in disaster-
prone areas. Roads and other exposed areas, such as factories and communities, will be
the first to be directly damaged when natural disasters occur. In addition, the uncertain
connectivity and longer travel times for transportation will significantly extend the impact
on general well-being and the economy [1,2], as shown in Figure 1. In February 2021, heavy
rainfall and melting snow caused some banks of the Rhine River, Europe’s most important
commercial waterway, to burst, triggering a halt in shipping via the river for several days,
which disrupted the flow of both inbound raw materials and outbound product delivery [3].
In the 2008 Wenchuan earthquake, all of the highways in Wenchuan (and others throughout
Sichuan province) were damaged, causing a delay in rescue activities, which resulted in
more severe casualties [4]. In order to support the economic system and the construction
of a modernized socialist country, the Chinese government has complied with a plan
and built a modern high-quality and reliable national transportation network with high
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robustness [5]. In this context, assessing the robustness and reliability of transportation
networks under multi-hazard scenarios and evaluating the impact of planning on network
resilience has become an urgent topic.
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Figure 1. Impacts due to natural hazards and damaged roads. In the disaster area (grey), the
community and factory will be affected immediately when the disaster occurs (red presents direct
loss for the community and factory due to a disaster). After the disaster, indirect losses may occur
since aggravated injury due to untimely rescue and supply to the disaster area is hampered (blue is
the indirect loss for the community and factory due to damaged roads).

Recently, many studies have focused on the resilience of transportation systems [6-8].
In general, a resilient transportation network has the capacity for high reliability, strong
robustness, rapid recovery, etc., to cope with bad scenarios. Among them, reliability and
robustness are described as an ability to cope with a situation when an accident occurs.
The reliability of a transportation system [9-12] is usually defined as the probability that
a system can perform its desired function to an acceptable level of performance for a
given period or under special conditions. Studies on reliability generally focus on three
concepts: connectivity reliability [13,14], travel time reliability [9,12,15-17] and capacity
reliability [15]. Jiang and Huang [14] analyzed connectivity reliability for highway networks
in high-intensity seismic regions using the Bayesian network. Leng et al. [15] evaluated
the travel time reliability and capacity of an urban road network under icy and snowfall
conditions. Network robustness [18,19] is commonly defined as the capability of a network
to maintain functionality (or connectivity) when a sequential component removal strategy
is performed. Several studies [18,20] recently investigated the robustness of transportation
systems under different attack strategies by considering defense and potential alternatives
combined with actual situations. Zhu et al. [20] assessed the robustness of the Shanghai
and Beijing metro networks using strategic defense. De-Los-Santos et al. [18] evaluated
passenger robustness in a rail transit network considering alternative transportation modes.
However, few studies focus on reliability and robustness under multi-hazard scenarios,
particularly on the changes between the existing and planned road networks.

To bridge these gaps, this study aims to assess the reliability and robustness of highway
networks based on multi-hazard scenarios. The existing and planned highway networks
in Xinjiang Production and Construction Corps (XPCC) and highway damage records
due to geological events, earthquakes and floods, as well as multi-hazard distribution
information, are used. We first generate reliability and robustness metrics from time
and connectivity dimensions. Based on the multi-hazard information and the designed
targeted strategies, we analyze the reliability and robustness of the highway network using
four attack approaches. We also investigate how planned roads influence the reliability and
robustness of the highway network. The remainder of the article is organized as follows:
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Section 2 describes the data, including the highway data, natural hazards and historical
highway damaged data. In Section 3, we introduce the method for evaluating the reliability
and robustness of highway networks, including multi-hazard exposure assessments, the
metrics definition, and attack strategy design. Section 4 presents the main findings and
results. Sections 5 and 6 provide the discussion and conclusion, respectively, of this article.

2. Data

The Xinjiang Production and Construction Corps (XPCC) highway network is used
as a case study to assess its reliability and robustness under multi-hazard scenarios. The
highway built by the XPCC plays a vital role in society and the economy by carrying out an
essential mission of China’s strategic layout for growth [21]. By the end of 2021, the XPCC
highway mileage reached 38,014 km. In 2021, the XPCC had served 9.92 million passengers
and carried 139.10 million tons of commercial freight [22]. However, the XPCC highway’s
exposure to multi-hazards varies significantly due to the different disaster-prone regions it
covers. In recent years, floods and geological disasters have repeatedly occurred on the
XPCC highway, causing transportation disruptions and economic losses. For example,
in the past ten years, there have been ten flood events at K17+452 of the Shibo Line and
six debris flow events at K17+960 of the Wukong Line in XPCC [23].

2.1. Highway Data

In this study, we obtained the highway infrastructure information from the trans-
portation bureau of the XPCC to assess the multi-hazard exposure, as shown in Figure 2a.
Here, we define multi-hazard exposure as the value or the length of assets subject to the
multi-hazards [24]. In addition, we generated the existing and planned (the planning
period is from 2021 to 2050) arterial highway networks of the XPCC to assess the highway
reliability and robustness, as shown in Figure 2b [25]. The topological network was defined
using the space L method [26]. The space L network topology uses nodes representing road
crossings and edges representing road lines between two consecutive sites.

84°0'E 92°0'E 76°0'E 84°0'E 92°0'E

(a)

Kazakhstan

N

i

L4
b

s SN
>Kyrgyzstan ™

NN\
N
M—

U (b)

Kazakhstan

42°0'N
!

1 .

> Kyrgyzstan

38°0'N

<
54 — Expressway
& | India ¢ — National Highway
Tibet —_— \ Tibet Provincial Highway
) —Road e ==+ Planning Provincial Highway
0 300 600 0 300 600
k) ——km

Figure 2. (a) Highway infrastructure of the XPCC and (b) the existing and planned arterial highway
networks of the XPCC.

2.2. Natural Hazards

Geological hazards, floods, earthquakes and snow are the four major natural hazards
faced by the XPCC highways [23]. As the XPCC does not have highway damage records
concerning snow, we only selected geological disasters, floods, and earthquakes for our
analysis.
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Geological hazards: The geological hazard data used in this study were collected
by the Institute of Geographic Sciences and Natural Resources Research at the Chinese
Academy of Sciences [27]. In this dataset, the geological point data are expressed as the
point, which includes several geological types, such as landslides, debris flows, ground
fissures, land subsidence, landslides, and slopes.

Flood hazard map: GLOEFRIS global fluvial flood hazard maps were used as flood
hazard data in this study, which are developed using the GLOFRIS modelling cascade
provided by Ward et al. [28] and Winsemius et al. [29]. The flood design standard for
Chinese highways was designed for a 100-year water depth, according to the standard for
flood control [30]. In this study, a 100-year return period flood map was used to estimate
flood exposure. The resolution of the flood map is 30 arcsec (ca. 1 km.).

Seismic hazard map: A seismic hazard map was obtained from the GB18306—2015
“Seismic ground motion parameter zonation map of China” [31], which shows the peak
ground acceleration with a 10% probability of exceedance in 50 years. In China, the
specifications for the seismic design of highway subgrades, bridges, and tunnels are based
on GB18306—2015 [31].

2.3. Historical Highway Damage Data

We catalogued 172 damaged road records, including damage locations, damage types,
and the number of damage times from 2011 to 2021 caused by the geological hazards,
earthquakes, and floods on XPCC roads [23]. The spatial distribution of road damage
data is presented in Figure 3. The results show that the XPCC roads suffered widespread
damage, particularly in areas 5, 3, and 8, which account for 23.26%, 18.02%, and 11.63% of
the total, respectively. Among the 172 damaged road records, 128 were caused by floods,
accounting for 74.42%, and 17 were caused by landslides, accounting for 9.88%. In addition,
51 damaged road records are located on the main highway.
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Figure 3. Spatial distribution of historical data on damaged roads from 2011 to 2021.
3. Method

3.1. Exposure Assessment

Geological hazards: The exposure analysis of XPCC highways under geological haz-
ards is based on the number of geological hazard points. The highway lines were split into
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5 km sections. Along both sides of the sections, we generated affected 5 km buffers. Then,
we determined the number of geological hazard points within the affected buffer as the
affected geological hazards. Exposure susceptibility is grouped into five classes according
to the number of geological hazard points: <2 (very low), 2-5 (low), 5-10 (medium), 10-100
(high), and >100 (very high) [32].

Seismic hazard map: The seismic exposure analysis of the XPCC highway is the peak
ground acceleration with a 10% probability of exceedance in 50 years, which was obtained
by overlaying the highway line on the seismic map. Exposure susceptibility is grouped into
five classes according to the PGA: <0.1 g (very low), 0.1-0.15 g (low), 0.15-0.2 g (medium),
0.2-0.3 g (high), and >0.3 g (very high) [32].

Flood hazard map: The flood exposure analysis of the XPCC highway is based on
the 100-year return period flood map, which was obtained by overlaying the highway line
on the flood map. Exposure susceptibility is grouped into five classes according to the
flood depth: <0.1 m (very low), 0.1-0.2 m (low), 0.2-0.4 m (medium), 0.4-0.8 m (high), and
0.8-1.8 m (very high) [32].

3.2. Reliability and Robustness Assessment
3.2.1. Reliability and Robustness Connectivity Metric

An independent path between two nodes (the two paths do not share any nodes
except the start and end points) is called the connectivity between two nodes [33]. We
defined the highway network connectivity reliability (C_Rel) as the probability of more
than one independent path between two nodes in the highway network after an accident
has occurred, which is calculated by:

C_Rel =P(Cst > 1) (s,t EN, s#1t) (1)

where N is the number of the node of the highway and C is the connectivity between
node s and node ¢.
In addition, we defined the road network connectivity robustness (C_Rob) as the ratio
of the total connectivity after and before an accident, which is calculated by Equation (2):
ci
C_Rob = C (s #1) ()

where C and C~¥ are the highway network connectivity before and after some component
failures. The highway network connectivity is calculated by Equation (3):

C=Y 1, Culs#1) ®)

3.2.2. Reliability and Robustness Travel Time Metric

In this study, we defined the highway network travel time reliability (T_Rel) as the
probability that the travel time exceeds 10% [34] between two nodes in the road network
after an accident has occurred, which is calculated by:

Tst - Tt

st

T_Rel = P( > 0.1> (s,t €N, s #1) (4)

where T;; is the time of the shortest path between nodes s and ¢, while the nodes cannot
reach each other, Ts; = oo, which is calculated by the length and speed of the shortest
path. The speed of the expressway is 120 km/h and 80 km/h for national highways and
provincial highways, respectively [30].
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In addition, we defined the highway network travel time robustness (T_Rob) based
on the network efficiency, which is calculated by the ratio of the network efficiency after
and before an accident, which is calculated by Equation (5):

El s # ©

T Rob =

where E and E~ are the road network efficiency before and after some component failures.
The road network efficiency is calculated by Equation (6):

E:ZSET%(S#) (6)

3.2.3. Attack Strategies Definition

In this framework, we considered two types of attacks, a random attack and a targeted
attack. The random attack occurs when the attacked node is randomly selected from all
nodes of the network with equal probability. Meanwhile, the targeted attack sequentially
removes the nodes according to the important criteria defined by the attacker’s strategy.
In this study, we investigated the reliability and robustness of current and planned high-
way networks by employing attack models. We examined three targeted strategies for
identifying influential nodes, as described below.

3.2.4. Historical Damage Records Coefficient

The historical damage records coefficient (HDRC) describes the number of damage
records to an edge. The HDRC of edge ij is defined as follows:

D;:
H; = 3] (s #1) @)

where D is the number of historical damage records for the highway network and D;; is
the number of historical damage records affected edge ij. An edge with a higher HDRC is
an edge easily affected by hazards. The HDRC strategy sequentially removes the edges in
descending order based on the HDRC. If multiple edges have the same highest HDRC, one
of these edges is randomly chosen.

3.2.5. Exposure Susceptibility Coefficient

The exposure susceptibility coefficient (ESC) is defined based on the multi-hazard
exposure susceptibility score, which is calculated as follows:

Eij = M (s #1) 8)
where Ej; is the total multi-hazard exposure susceptibility score of edge ij, g;; is the score
under geological hazards, and f;; and e;; are the scores under floods and earthquakes.
The score is defined based on exposure susceptibility, as shown in Table 1. Similar to the
HDRC strategy, in the ESC strategy, the edges are sequentially removed in descending
order based on their ESC. If multiple nodes have the same highest ESC, one of them is
chosen at random.

Table 1. Multi-hazard exposure susceptibility score definition.

Score Very High High Medium Low Very Low
Geological hazards 5 4 3 2 1
Flood 5 4 3 2 1
Seismic 5 4 3 2 1
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3.2.6. The Greedy Algorithm Coefficient

A greedy algorithm is an approach to solving a problem that selects the most appro-
priate option based on the current situation [35]. In this study, we defined the greedy
algorithm coefficient (GAC) based on their associated reliability and robustness metrics.
Take the reliability connectivity metric as an example, the GAC for connectivity reliability
(GAC-CRel) is calculated as follows:

GACI.C].—Rel =1—C_Rel™ )

where GACZ.C].—Rel is the GAC-CRel of edge ij and C_Rel ™"/ is the connectivity reliability

C_Rel
Cr

of the highway network after removing edge ij. An edge with a higher GA means

that its failure has a great impact on the connectivity reliability of the highway network.
For other reliability and robustness metrics, i.e., T_Rel, C_Rob, T_Rob, their GAC-TRel,
GAC-CRob, and GAC-TRob, they are calculated as follows:

GACZ.C].T—R =1-CT. R (10)

where, CT_R are the reliability and robustness metrics, i.e., C_Rel, T_el, C_Rob, T_Rob,
and CT_R™¥ are the reliability and robustness values after removing edge ij. In the GAC
strategy, we sequentially removed the edges in descending order based on their GAC
values. If multiple nodes have the same highest GAC, one of them is chosen at random.

4. Results
4.1. Exposure Analysis

Figure 4 and Table 2 show the results of multi-hazard exposure conditions on the
highway. According to the results in Table 2, most of the XPCC highways are distributed in
areas with a small number of geological hazards (<2) within five kilometers around the
highway section, reaching 89.01%. Only 3.69% of the XPCC highways are located in areas
with more than ten geological disaster points, mainly distributed in northern Xinjiang.
Most of these highways are in XPCC areas 4, 7, 8, and 9. In addition, 7.29% of the XPCC
highways are located in areas within range of 2-10 geological disaster points, as shown
in Figure 4a,b. Among them, collapses mainly occur on the steep slopes along traffic lines
in mountainous areas, near mines, and on natural slopes and cliffs, such as the Tianshan
Mountains, Kunlun Mountains, Duku Highway, and China-Pakistan Highway. Landslides
are mainly distributed in the piedmont areas, on slopes with loose sediment deposits,
such as loess. In Xinjiang, loess-type landslides in the Ili Valley are the most typical. The
topographic features of the main debris flow formation areas in Xinjiang are high mountains
and deep valleys, the terrain is steep, and the slopes of the mountains are steep. In addition,
debris flows in Xinjiang mainly occur in earthquake areas with an intensity of 7 or above
on the Richter scale, and the debris flows are accompanied by earthquakes.

Table 2. Multi-hazard exposure information of the XPCC highway.

The Number of
Geological Length/km Proportion PGA/g Length/km Proportion Depth/m  Length/km Proportion
Hazard Points

<2 37,661.98 89.01% <0.1 19,013.49 44.94% <0.1 40,476.05 95.66%
2-5 1891.02 4.47% 0.1-0.15 11,270.6 26.64% 0.1-0.2 1019.84 2.41%
5-10 1193.83 2.82% 0.15-0.2 10,158.44 24.01% 0.2-0.4 488.21 1.15%
10-100 1516.24 3.58% 0.2-0.3 1677.77 3.97% 0.4-0.8 222.84 0.53%
>100 47.8 0.11% >0.3 190.56 0.45% 0.8-1.8 103.92 0.25%
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Figure 4. (a) The spatial distribution of the geological hazard points, (b) geological exposure map of
the highway, (c) the spatial distribution of earthquakes, (d) earthquake exposure map of the highway,
(e) the spatial distribution of floods, and (f) flood exposure map of the highway.

When we look at the earthquake exposure conditions on the highways, we find that
most of the XPCC highways are distributed in areas with a low peak ground acceleration
(<0.15 g) occurring once in 475 years, reaching 71.58%. Furthermore, 4.42% of the XPCC
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highways are located in regions where the ground peak acceleration is greater than 0.2 g.
These are mainly distributed in the south Tianshan and north Tianshan seismic zones,
primarily in XPCC areas 3, 4, and 8. Additionally, 24.01% of the XPCC highways are located
within 0.15-0.2 g of the peak ground acceleration, as shown in Table 2. Xinjiang is an
inland area with a high frequency of seismic activity, with high intensity and shallow focus.
Quaternary volcanic activity and earthquakes in Xinjiang are strong, and the province is
one of the most earthquake-prone provinces in China.

In addition, most of the XPCC highways are distributed in areas with low submerged
depth (<0.1 m) of 100-year floods, reaching 95.66%. As seen in Figure 4, the seriously
submerged highways are mainly distributed in the flooded areas of the Tarim River, and
0.78% of the highways are located in areas where the flood depth is greater than 0.4 m.
These highways are mostly in XPCC areas 1, 3, and 4. In addition, 3.56% of the highways
are located within the flood depth of 0.1-0.4 m. Xinjiang’s unique landforms lead to floods
mainly caused by melting ice and snow. Melting snow floods are the cause of typical
highway disasters in northern Xinjiang, and these floods cause serious damage to roadbeds,
road surfaces, bridges, and culverts.

4.2. Reliability and Robustness Analysis

Figure 5 shows the spatial distribution of influential edges in the XPCC highway
network identified by the HDRC, ESC, GAC-CRel, GAC-TRel, GAC-CRob, and GAC-TRob
strategies. The analysis of the HDRC and ESC strategies reveals that the edges with higher
rankings are mainly located in the northwest and southwest areas covered by the XPCC,
which are more prone to natural hazards. Conversely, the GAC-TRel and GAC-TRob
strategies present edges with similar spatial scales, primarily located in the central regions
of the highway network, specifically the bridges of nodes. In addition, in the GAC-CRob
strategy, edges with higher rankings also tend to be bridges of nodes, but compared with
the GAC-TRel and GAC-TRob strategies, they are widespread among the areas covered
by the XPCC. Interestingly, the GAC-CRel strategy displays completely different results.
Edges with higher rankings are distributed at the end of the highway network, which are
the only routes from road-ending nodes to the whole network.

Figure 6 shows the relative reliability and robustness metric changes under different
attack strategies for the XPCC arterial highway network. From Figure 6, it can be seen
that when the number of removed edges increases, the relative reliability and robustness
degradation increases. In addition, the relationship between metrics and edge removal
is also different due to the different focuses of each reliability and robustness metric. As
seen in Figure 6, the travel time reliability is most affected by four strategies among all
of the metrics. The T_Rels are around 0.5 under ESC and GAC-TRel when the number of
removed edges reaches 20. When the number of removed edges reaches 100, the T_Rels
is decreased to 0.4 under four strategies and is almost close to 0.1 under the GAC-TRel.
While the attacks have the most negligible impact on the connectivity reliability, even if the
number of removed edges reaches 100, the C_Rel is still greater than 0.7 under all attack
strategies. That reveals that network failure brings more significant uncertainty for travel
time than connectivity reliability. In addition, connectivity robustness is also easily affected
compared to travel time robustness by four strategies.

When comparing the effect between the attack strategies, we find that it is notable
that the GAC strategy is the most effective among all strategies for disrupting a network.
Limited by the incompleteness of the historical data, the HDRC strategy is similar to a
random attack strategy. In contrast, the ESC attack strategy causes greater destruction than
the random attack strategy. Take the T_Rob as an example, when the number of removed
edges reaches 40, the T_Rob decreases to 65% in the GAC-TRob attack strategy, followed
by the ESC attack strategy, for which the value is 80%. The HDRC strategy is similar to a
random attack, in which the values are around 90%. When the number of removed edges
reaches 80, the T_Rob decreases to 50%. The decreased value is 1.67 times for the ESC
attack strategy and 2.5 times for the HDRC and random attack strategies.
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Figure 5. Spatial distribution of the influential edges in the arterial highway network using the
(a) HDRC, (b) ESC, (c) GAC-CRel, (d) GAC-TRel, (e) GAC-CRob, and (f) GAC-TRob strategies.
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Figure 6. Relative reliability and robustness metrics change for highway network under different
attack strategies, (a) reliability connectivity, (b) reliability travel time, (c) robustness connectivity, and
(d) robustness travel time.

The road network connectivity using Equation (3) and the road network efficiency
using Equation (6) for the existing and planned highway networks are given in Table 3,
which are the basics for the robustness and reliability assessments. Here, a road with a
higher connectivity value demonstrates that information has more chances to transfer, with
a higher network efficiency value illustrating that the information transfer is more efficient.
For the existing arterial highway network, the road network connectivity is 350,220, which
means that every two nodes have 2.099 independent paths to connect. For the planned
arterial highway network, the road network connectivity is 505,004, which means that every
two nodes have 2.488 independent paths to connect, an 18.56% increase compared to the
existing arterial highway network. In addition, the road network efficiency increases from
26,439.18 to 32,288.23, an increase of 22.12% for the planned highway network compared
to the existing highway network. When focusing on the average travel time between
two nodes, we find that the planned network has not improved much. The average travel
time is around 12.4 h, and only 1.08% shorter. This is because most of the new nodes added
to the network are located close to the end of the highway network, which can connect
remote areas to the city center, but these routes have long travel times.

Table 3. Results of the highway network efficiency and connectivity.

Road Network Average Road Network Average
Connectivi Independent Efficienc Travel Time
ty Paths y
The existing arterial
highway network 350,220.00 2.10 26,439.18 12.46
The planned arterial
highway network 505,004.00 2.50 32,288.23 12.32
The ratio of the 44.20% 18.56% 22.12% ~1.08%

change
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Figure 7 shows the relative reliability and robustness metrics changes for the planned
highway network under different attack strategies. The decreased rules of reliability and
robustness in the future highway are the same as in the current situation. The four strategies
easily affect the travel time reliability metrics, followed by the travel time robustness metric
and connectivity robustness metric. In addition, among all attack strategies, the GAC
strategy is the most effective for disrupting a network, followed by the ESC attack strategy.
When comparing the reliability and robustness of the existing and planned highway
networks, we can see that the connectivity and travel time reliability for the planned
highway network are improved under the four attack strategies. In particular, travel time
reliability, which is the most easily attacked, is improved by 10% under HDRC and ESC
attacks. When focusing on robustness, the connectivity and travel time robustness for
the highway network are improved under HDRC, ESC, and random attack strategies in
the future while they decrease under some GAC attack scenarios. For example, when
the number of removed edges is 18, the connectivity robustness of the planned highway
network is 16.84% smaller than in the current situation.

The number of removed edges
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Figure 7. Relative reliability and robustness metrics changes for the planned highway network
under different attack strategies, (a) reliability connectivity, (b) reliability travel time, (c) robustness
connectivity, and (d) robustness travel time.

5. Discussion

In this study, we demonstrated both the most effective attack strategy and the easily
affected metrics. Results show that the ESC attack strategy has a higher destruction
ability than the random attack strategy, which is close to the GAC strategy. When the
number of removed edges reaches 20, the T_Rel decreases to 0.4 under the ESC attack
strategy, which means that more than 60% of node pairs need another 10% of the time to
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be reached. Previous studies have demonstrated that road transportation is critical for
post-disaster rescue and recovery [1,2]. The roads connecting people to critical services,
such as emergency medical service stations, hospitals, and emergency shelters, are the basis
for post-disaster rescue. However, travel time for the rescue roads determined the rescue
effectiveness. The terrible thing is that attacks, including multi-hazards, have a negligible
impact on connectivity reliability and robustness, while they considerably impact travel
time reliability and robustness. The damaged roads will significantly extend the damaging
impact on the well-being of communities and the economy because of the lack of timely
rescue and freight exchange, as shown in Figure 1.

Several limitations are acknowledged in this analysis. First, with the lack of damage
degree information in the historical records, we assume that attacks on highways always
have an equivalent effect. In future studies, it would be worth employing reliability and
robustness by considering the imbalanced attack capabilities under different scenarios.
Second, due to the lack of low-grade highway data, we used the arterial highway network
to assess the reliability and robustness, which are not representative of all highways. Since
the redundancy for low-grade highways is high, the impact of removing these edges on the
reliability and robustness is minor.

6. Conclusions

In this study, we assessed the reliability and robustness of the XPCC arterial high-
way network based on multi-hazard information. Reliability and robustness metrics are
established, considering connectivity and travel time dimensions. We employed four
strategies—HDRC, ESC, GAC, and random strategy—to attack the existing and planned
XPCC arterial highway network.

The highway network in the northwest and southwest regions covered by the XPCC is
highly likely to be affected by multi-hazards because of the complex geological landforms
and fragile ecological environments. Meanwhile, the road lines in the center of the highway
network and the key bridges of nodes are easily identified as the critical edges under GAC
strategies.

Concerning the attack strategies, we found that the ESC attack strategy had a higher
destruction capability than the random attack strategy, which was close to the GAC strategy.
In addition, attacks had a negligible impact on connectivity reliability and robustness, but
they greatly affected travel time reliability and robustness.

The planned arterial highway network has significantly improved the connectivity
and efficiency of the highway network by 44.20% in road connectivity and 22.12% in road
efficiency compared with the existing highway network. In addition, the planning will
improve the reliability and robustness when faced with multi-hazards, especially for travel
time reliability. Therefore, governments and transportation bureaus must actively promote
resilient transport by increasing redundancy and avoiding disaster-prone areas.
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