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On 12 May, 2008, a magnitude 7.9 earthquake struck Wenchuan County, Aba Tibetan and
Qiang Autonomous Prefecture, Sichuan Province, causing substantial losses of human life
and property. This paper takes ten counties and cities along the road network in the
extremely severe disaster areas of the Wenchuan earthquake as research objects and
extracts typical road network characteristics for 10 time points during the pre-earthquake,
damage and repair processes. Then, it builds three resilience assessment indices, namely,
the overall integrity, overall connectivity and effective connectivity with the complex
network and resilience framework, to investigate the road network resilience. A
resilience curve of the road system based on real data from the extremely severe
disaster areas of the Wenchuan earthquake is obtained here for the first time, revealing
the total variation characteristics and key sections of the road system in terms of resilience
and proposing strategies for resilience optimization.

Keywords: resilience, complex network analysis, road network, Wenchuan earthquake, extremely severe disaster
areas

1 INTRODUCTION

The 2008 Wenchuan Mg7.9 earthquake was one of the most devastating events in China since 1949.
This earthquake affected approximately 50 km? in Sichuan, Gansu, Shaanxi and other provinces,
causing 69227 deaths and 374643 injuries as of September 18", Lifeline systems composed of roads,
municipalities, communication and other key infrastructure were seriously damaged, accounting for
21.9% of the total earthquake losses (Ministry of housing and urban rural development of the
people’s Republic of China, 2013). The inherent interconnected and interdependent properties of
lifeline systems (Pescaroli and Alexander, 2016; Argyroudis et al., 2020) resulted in the loss of most
life support functions (Aghababaei et al., 2020), which amplified the disaster and caused immense
difficulties during the post-disaster rescue process. Some damaged areas had been isolated from
disaster relief efforts for a long time, causing a sharp increase in casualties; such isolated areas are
denoted “islands” hereinafter (Sel¢uk and Yiicemen, 1999; Kepaptsoglou et al., 2014).

Several researchers have investigated the Wenchuan earthquake and related scientific issues,
providing powerful scientific and technological security for the gradual restoration of the economic

'State council information office of the PRC “The second year of Wenchuan earthquake”.
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and social development in the disaster area. For example,
seismologists pay close attention to the causes of earthquakes
and secondary disasters such as post-earthquake landslides and
barrier lakes (Parker et al., 2011; Xu et al., 2014; Xuanmei Fan,
2018). Engineering focuses on damage degree assessment and the
repair of engineering systems in disaster areas (Zhang et al,
2012). Architecture and urban-rural planning focus on the post-
disaster planning system (Jian, 2009; Jian and Fan, 2015; Wei and
Wen, 2015), reconstruction planning assessment (Ming et al.,
2011; Qiang et al., 2012), disaster prevention and reduction (Jian
et al., 2008; Shifu, 2013), ecological assessment (Liu Y. J. et al,,
2010), etc. Sociology and psychology follow social impact
assessments of post-disaster recovery and reconstruction (Yan-
Biand Yan-Dong, 2019). However, for road systems, the relevant
literature is concentrated on single roads (Li and He, 2009), the
network damage distribution (Huang et al., 2009) and the road
engineering structure (Zhang et al., 2012). In contrast, research
on disaster prevention and the reduction of road systems from the
macro-perspective, such as regional development, is insufficient.

Resilience analysis is a key research framework for disaster
prevention and the reduction of regional road networks (Aydin
et al., 2018; Liu et al., 2019; Aghababaei et al., 2020; Boakye et al.,
2022; Lacindk, 2021; Twumasi-Boakye and Sobanjo, 2021).
Resilience was originally applied in ecology (Holling, 1973),
With the deepening of the research on the relevant theories of
resilience, the commonly used research methods of resilience
analysis include comprehensive framework quantitative
evaluation and analysis method, mathematical model analysis
method, computer simulation analysis method, etc. The
quantitative evaluation and analysis method of comprehensive
framework refers to the establishment of an analysis framework
to integrate multiple analysis indicators and evaluate the research
results. At present, it is mostly used in the decision-making
process of engineering construction (Cimellaro et al.,, 2010;
Aydin et al, 2018; Qiang and Xu, 2019). The mathematical
model analysis method generally uses various mathematical
models to describe the toughness or reliability of roads
(Calvert and Snelder, 2018; Ilbeigi, 2019), which is suitable for
some simple road systems. The computer simulation method
mainly studies large-scale road systems with the help of computer
simulation software (Okraszewska et al., 2018; Yang et al., 2018;
Bellini et al., 2021), which is mostly used for regional and large-
scale research. The regional road network, which is characterized
by multiple nodes, complex disaster types, large quantities of data,
and coupling with the artificial strategic impact (Aghababaei
et al., 2020), makes the road network difficult to measure in
practice. Therefore, computer simulation has been shown to be an
important method of resilience analysis for large-scale networks.
However, a review of resilience research on road networks
suggests that the theoretical evaluation and prediction of pre-
disaster times are more focused, but research on actual
measurements and post-disaster restoration of road system
resilience has not been conducted.

China is a mountainous country and is prone to various
natural disasters. Therefore, research on the resilience
evolution characteristics of mountain road networks in disaster
scenarios and the promotion of innovation related to urban and
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rural disaster prevention and mitigation planning theory and
technical methods are of great importance.

In conclusion, this research, which is based on the
intersection of urban and rural planning and complex
systems, builds a technical approach for “reviewing damage
and repair scenes—constructing a complex network
model—analysing the overall resilience curve” by taking the
road network in the extremely severe disaster areas of the
Wenchuan earthquake as the research object and utilizing the
resilience research framework and complex network model
analysis. Then, a complex network model of the road system is
obtained by reconstructing the damage and repair process of
the road system with different kinds of real data and
extracting 10 typical time nodes. Finally, an assessment
index system is developed on the basis of a theoretical
framework to find a resilience evolution curve. In this
manner, this study reveals the overall change
characteristics of road system resilience in the Wenchuan
earthquake-stricken areas under the realistic situation of
extreme disasters, which can provide a scientific basis for
the disaster prevention and reduction capacity of the road
system in Wenchuan and other earthquake-prone areas.

2 METHODS
2.1 Study Area and Object

The epicentre of the Wenchuan earthquake was located in
Wenchuan County, Sichuan Province, China. The earthquake
affected more than half of China, in addition to many other
countries and regions in Asia. Based on the comprehensive
analysis of the impact on the ecological environment and the
economic losses in the disaster areas, the disaster areas can be
divided into extremely severe disaster areas, relatively severe
disaster areas and general disaster areas®. The extremely
serious disaster areas included 10 counties where the
earthquake was destructive and the losses were extreme. In
this paper, 10 county-level regions, including Wenchuan
County, Beichuan County and Mianzhu city, were selected as
study areas, as shown in Figure 1.

The study areas are located in the western marginal
mountainous area of the Sichuan Basin. Compared with the
road network in the plains area, the high-grade road network
in the mountains is branched, with low density, weak
connectivity and low coverage. Once damaged, the
connectivity of low-grade roads becomes extremely critical.
Therefore, the research object is all graded roads from national
highways to rural roads in the target area as well as
expressways, main roads and secondary trunk roads in
urban areas, as shown in Figure 2.

2.2 Technical Route
As shown in Figure 3, the technical route of the research is
divided into four steps:

*Ministry of civil affairs, national development and reform commission, etc.

Frontiers in Earth Science | www.frontiersin.org

May 2022 | Volume 10 | Article 834302


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Wei et al.

Road Network Resilience Assessment During Earthquakes

100°p0'E 108° )'QR\P
Qinghai

Province

=
=)
5
o
)

Xizang

Provi ;
Zi-rovinoe Sichuan
8 Province

Study area
Gounty

boundaries Yun £

Dgrovincial Prov

orders 100°

voe Province

FIGURE 1 | Map of the study area.
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FIGURE 2 | Evolution of characteristics of highway networks in plains
and mountainous areas.

First, the whole process of road system damage and repair is
reconstructed based on real data, and typical time nodes are
extracted. Complex network analysis is used to abstract the road
network system at different typical time nodes after the
earthquake into a complex network model.

Second, three index systems are constructed on the basis of the
theory of resilience. Resilience analysis is conducted to obtain the
resilience change curve of the road network system after the actual
Wenchuan earthquake, and key road sections are identified.

Third, inferential hypothetical calculation analysis is
conducted according to the identified key sections to obtain

the new resilience change curve if key sections of the road
network system are recovered first.

In the third and fourth steps, empirical curves supported by
real data are compared with theoretical curves obtained via
hypothetical inferential calculations to obtain strategies and
suggestions for road system resilience optimization (Figure 3).

2.3 Simulation of Damaged Road Repair
Generally, post-earthquake relief can be divided into four stages:
an emergency rescue stage lasting 7 days, an emergency rescue
stage lasting 30 days, a recovery stage lasting 6 months and a
reconstruction stage lasting several years. According to the
specific situation of the Wenchuan earthquake, the process can
be divided into two stages: the golden window and full-scale
rescue. To illustrate the evolution of road network resilience, the
road network during the normal period before the earthquake is
taken as a reference. Therefore, including the initial road network
(the road network without earthquakes), a total of 10 time points,
as shown in Table 1, from both before and after the earthquake
are selected to simulate the disaster damage and repair process.

The pre-earthquake road network data are obtained from local
disaster prevention records, public government data, high-
precision remote sensing images and other sources. The road
damage and repair data at different time points are extracted from
government work reports, reconstruction planning after the
Wenchuan earthquake, and high-precision remote sensing
imaging data. In particular, we can obtain very detailed
relevant data from the book “Earthquake relief records of
Wenchuan earthquake” that was organized and prepared by
the Chinese government, for details of this set of books, please
refer to the website: https://www.sc.gov.cn/10462/10464/10797/
2018/5/7/10450303.shtml. To ensure accuracy, the data are
compared with years of news reports and field research in
Figures 4-6.
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TABLE 1 | Division of time points for highway network research.

Division
of time points

Phase

Golden window May 12th

May 13th
May 14th
May 15th
May 16th

Full-scale rescue May 26th

June 12th
July 16th
August 20th

2.4 Constructing a Complex Network Model
of the Road System

Using the complex network theory to analyze the
characteristics of the regional highway system, firstly, the
highway system needs to be abstracted as a topological
network diagram composed of points and connections
between points, that is, the complex network analysis
method is used to build the road network model of the
study area. At present, the construction methods of road
traffic complex network model mainly include original
mapping method (Porta et al, 2006) and the dual
mapping method (Porse, 2016). The original mapping
method refers to modeling according to the actual
situation. The intersection is the point in the network,
and the road section is the edge of the network. This
method is suitable for small networks. When the network
is large, it is unable to make a corresponding analysis. The
dual mapping method regards the road section as a point and
the intersection as the edge of the network. This method is
suitable for analyzing complex networks, and its actual
length can be ignored, which can reflect the topology

Remarks

According to the survival rate of victims

According to the comprehensive rescue work stages from the government and other organizations at that time

characteristics of the network. Compared with the original
mapping method, the dual mapping method can better reveal
the complex topology characteristics of the road system. At
the same time, due to the complexity of the traffic network in
the study area, the dual mapping method is adopted for
modeling.

Therefore, the construction idea of the complex network
model of the road system is: according to the rules of the
complex network model constructed by the dual mapping
method, the road section is regarded as the “node” in the
network, and the intersection of each section is regarded as
the “edge” in the network, so as to abstract an undirected
network. The complex network model of the road system in
the research target area at different stages of disaster is
constructed on the pajek software platform (Figures 7-9).

2.5 Constructing a System Resilience Measurement
Index

According to the resilience analysis framework by Michel
Bruneau (2012), system resilience includes four factors:
robustness, rapidity, redundancy, and diversity. In a disaster
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scenario, resilience also includes the ability of the system to
coordinate different components to restore actions and the
system’s ability to perceive threats and make rapid changes
and flexible adaptations to maintain overall performance
(Davoudi, 2008; Allan and Bryant, 2011; Sharifi and Yamagata,
2014). Redundancy and diversity are generally used to express the
system’s ability to handle disasters, which is the inherent
resilience of the system, while robustness and rapidity refer to
the system’s ability to resist, absorb and adapt to disasters and
restore the basic structure and functions, which is the system’s
adaptive resilience.

In complex network analysis, the network density indicator
measures the relationships among nodes and edges in a complex
network model as well as the redundancy and diversity of
network connectivity, which can be used to characterize the
inherent resilience of a system. Moreover, the maximum
connectivity subgraph indicator represents the ability of the
network to maintain overall connectivity after being disturbed,
which is represented by the robustness of the network.
Additionally, the network efficiency indicator represents the
efficiency of information transmission within the network,
which is represented by the rapidity of the network. These
indicators can be used to express the adaptive resilience of a
system (Wang et al., 2011; Ducruet and Zaidi, 2012; Cats et al,,
2017; Saberi et al., 2017).

2.5.1 Inherent Resilience
A higher degree of road system integrity indicates more
“choices” from one road section to another. This integrity is
one of the most important measures of the diversity of road
system connectivity, which can be measured by network density
indicators.

The formula is as follows:

P=2L/N(N -1). (1)

In formula (1), p is the density of the network, L is the number
of connections that actually exist within the network, and N is the
number of nodes that actually exist within the network. The
greater the network density is, the more complete the connections
between nodes in the network.

2.5.2 Adaptive Resilience

Under disaster scenarios, specific road sections are damaged and
fractured, which weakens the connectivity of the entire system. In
extreme cases, the system can be split into multiple disconnected
road network subsystems to form disaster relief islands. The
maximum connectivity subgraph index can be used to measure
the overall connectivity of the road system.

The formula is as follows:

S= N'/N (2)
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In formula (2), N’ represents the number of nodes in the
largest connected subgraph of the network, and N represents the
total number of nodes in the network. In a complex network
analysis, “overall network connectivity” means that when the
network is in a state of interference damage, the remaining
structure is maintained. In terms of maintaining a connected
network, the larger the maximum connected subgraph size is, the
better the overall connectivity of the network.

Damage to specific road sections can cause the connecting
path between two points to become longer, increasing the average
path between the two points and reducing the overall connection
efficiency of the road system. The network efficiency E is used to
measure the ability of the network to efficiently connect nodes
under interference conditions.

The formula is as follows:

1
Eljdi
j

3)

1

E 1
T n(n-1)

1

Z Z# j d_,, )

In formulas (3) and (4), ¢; represents the efficiency between

any two nodes v; and v; in the network, and dj; represents the

distance between these nodes. The higher the network efficiency
is, the stronger the connectivity.

3 RESULTS

3.1 Inherent Resilience

Figure 10 shows that the network density of the road system
decreased by 32.94% on May 13th, recovered by 3.13% on May
14th, recovered by 6.67% on May 15th, and decreased by 1.44%
on May 16th. Network density represents the closeness of
network connections; that is, the more connections there are
before each point in the network, the greater the network density.
Therefore, this finding shows that during May 16, there are many
sections without branches for emergency repair; that is, the rush
time continues on to repair along with the main roads and there
are relatively few branches on both sides of the road, resulting in a
decrease in the overall network density. This volatility indicates
that there are few redundant sections in the road system, and
some sections play a greater role in the connectivity of the road
network. After these sections were repaired, the system
performance recovered faster.

3.2 Adaptive Resilience

Figure 11 shows that the maximum connected subgraph index
dropped by 56.38% after the earthquake and changed
dramatically. However, it recovered by 14.8% from May 12th
to May 15th, an average of 4.93% per day. The performance of the
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FIGURE 7 | Pre-earthquake road network model.

system recovered only 0.47% from May 15th to May 16th. The
sections repaired from May 12th to May 15th are connected to
isolated disaster relief islands (Table 2) and other sections
(Figure 11).

The network efficiency index decreased by 27.99% after the
earthquake and shows little change compared with the index for
the maximum connected subgraph. Before May 16th, Figure 12
shows an upwards trend, which then decreased and later
increased slowly.

3.3 Overall Resilience
According to the results in Figure 13, the resilience curve for the

road system in the extremely severe disaster areas of the
Wenchuan earthquake is obtained by combining the three
indices with equal weights to reflect the inherent and adaptive
resilience of the road system. The data show that the connectivity
of the road network declined sharply to 39.1% after the May 12th
earthquake. From May 13th to 15th, the connectivity increased
rapidly, increasing by 18% in total and 5.8-6% per day. After May
16th, the connectivity continued to increase slowly.

4 DISCUSSION

4.1 Proposal for the Resilience Curve of
Transportation System in Mountainous
Disaster Area

Using scenario reconstruction and a retrospective study of the
Wenchuan earthquake research target area, this paper shows the
post-disaster road toughness capacity curve for the first time (as
shown in Figure 14). At a time after the earthquake on May 12,
due to the instantaneous damage of the earthquake, the
systematic performance of the road network changed
dramatically, decreasing by 39.1%, This is the failure period.
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But after a short time, the system produced a small amount of
self-rescue behavior (i.e., internal personnel began to organize a
rescue), and the road network performance began to rise slowly,
up by approximately 0.87%, This is the absorption period, that is,
the system is undergoing unorganized self-recovery. On May 13,
due to the recovery measures taken outside the system, the system
performance recovered rapidly, and the system performance
recovered by an average of 6% every day. It is worth noting
that from May 14 to May 15, the road network performance
increased by 5.8%, but from May 15 to May 16, the road network
performance decreased by approximately 0.2%. The road
network performance fluctuated from May 14 to May 26, and
the lowest point of continuous decline in performance occurred
from May 16 to May 26, this is the adaptation period. At this time,
the system already knows how to restore performance. This
pattern is different from that of other natural systems (without
artificial participation), and it is a rescue curve with post-disaster
rescue and recovery as the main body. Based on this, the resilience
curve of the road network in the research target area is drawn,
which supplements the infrastructure resilience curve in the
existing literature. The resilience curve obtained through the
above analysis can provide an objective quantitative standard
for the evaluation of the toughness capacity and the disaster
resistance of the road system in a disaster-prone area.

4.2 Optimization of the Resilience Curve
4.2.1 Identification of Key Sections

The factors affecting the overall resilience of the road system are
very complex, and the connectivity of some sections is a key
factor. Previous studies have shown that in a complete road
system when some sections are damaged, the connectivity of the
whole system will be reduced rapidly, and the road system will be
divided into traffic islands of different sizes, which will seriously
affect the post-disaster rescue. Therefore, identifying these key
sections will be of great significance to the safety of the whole road
system.

The natural break point method is used to divide the
changes in value of the three indicators into three groups,
including declines of more than 3.2%, 3.2%-2% and less than
2%. That is, in Figures 12, 13, the whole network’s overall
connectivity and high-efficiency connectivity decline rate of
more than 3.2% after damage are classified as key sections,
and the whole network’s overall connectivity and high-
efficiency connectivity decline rate of 2-3.2% after damage
are classified as relatively critical sections. Sections with
decreases of more than 3.2% and decreases of 3.2-2% are
key sections and relatively critical sections, respectively,
corresponding to the visualization at the real scene
(Figure 15).
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FIGURE 10 | Inherent resilience curve characterized by network density.
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4.2.2 Inferential Hypothetical Calculation Analysis

In contrast, if the connectivity of these sections can be
protected to the maximum extent or repaired as soon as
possible after damage, the resilience of the whole road
system can be enhanced. As mentioned above, the research
team obtained some key sections through analysis, and then
the research team tried to use these key sections for some
hypothetical calculations.

The calculations in Figure 16 show that if the key sections
numbered 1322, 1569, and 1570 in Pengzhou and 1914 in
Mianzhu were repaired immediately after the earthquake (May
12th-13th), the overall resilience of the road system would be
improved by 2.47% (May 13th), 1.11% (May 14th-15th) and
1.04% (May 16th-26th), respectively. Perhaps we just restored a
little bit of the function of the road network in the chart, but the
value behind this restoration is very high. It directly reduced the loss
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FIGURE 11 | Adaptive resilience curve characterized by the maximum connected subgraph.

of life and property of the people in the disaster area, and it only

TABLE 2 | Traffic islands and the number of road repairs. . .
repaired a few road sections.

Date Number Number of repaired
of isolated islands isolated islands o .
4.2.3 Summary of the Concept of Resilience in
Before May 12th 0 0 Mountainous Disaster Areas
May 12th 730 0 With the change in the natural environment, the frequency of natural
May 13th 676 27 disasters is increasing day by day, which has a great impact on the
May 14th 609 67 . g day by day, W great Imp :
May 15th 477 132 transportation system, thus affecting the economic and social
May 16th 438 39 development and the safety of people’s lives and property.
May 26th 237 201 Therefore, this paper summarizes the connotation of the
juln'zg:‘ 1;2 ?2 mountain transportation system, to improve the operability of the
ul. . . .
Aug, 20th 5 s above concept. The concept is summarized as follows: the first is
robustness, which indicates the degree of system function maintained,
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FIGURE 12 | Adaptive resilience curve characterized by network efficiency.
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that is, the ability of the system itself to resist the impact of disasters,
such as planning a variety of traffic facilities with similar functions, to
achieve the purpose of failure in one place and timely supplement in
the other. The second is rapidity, that is, the time required to restore
the complete system operation and productivity, such as identifying
key sections, focusing on protection at ordinary times, organizing
rescue forces to repair key sections first after disasters, etc.

4.2.4 Strategies for Improving the Resilience of

Transportation System in Mountainous Disaster Areas
Therefore, the difference in the risk level of different sections in
mountain disaster areas means that the priorities for adaptation

and resilience will vary within and between regions, and national
standards and local policies need to take this difference into
account:

First, the road system in mountainous disaster areas has less
recovery capacity than that in plains areas and cannot recover to
100% quickly, but there is a large growth space; that is, the repair
of some key sections can greatly improve the functional service
capacity of the road network. Therefore, the “regional priority
emergency management mode” can be established for the road
system in mountainous disaster areas, giving priority to repairing
some key sections after the disaster to quickly restore the function
of the road network in a short time.
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FIGURE 15 | Spatial distribution of key sections and more critical sections.
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Second, local governments need to establish adaptation and
recovery strategies based on “worst-case” scenarios. At present,
due to the uncertainty of the location and the frequency of natural

disasters, some emergency measures may not be useful even if
they involve considerable time and money. Finding how to adapt
to this uncertainty and what adaptive measures can be used to
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address the uncertainty of disasters requires urban planning and
policymakers to make a clear judgement on the possibility of
these (or other) “worst cases”.

5 CONCLUSION

In this paper, a retrospective study is conducted by taking the road
network in the extremely severe disaster area of the Wenchuan
earthquake as the research object and reconstructing the damage and
repair process of the road network with real data. The main
conclusions are as follows: 1) the overall change characteristics of
road system toughness under the realistic scenario of extreme
disasters are obtained, and the resilience curve of traffic system in
the mountainous disaster areas is put forward; 2) a strategy to
improve the overall system resilience by repairing the connectivity
of key sections is proposed.

This paper studies the improvement in the overall disaster
prevention and reduction capacity of the road system from the
regional scale and establishes the corresponding index system and
analysis method for the toughness evolution of the repair process
for a mountain road system under a realistic disaster scenario,
which has a degree of universal significance and can provide a
case reference for some other disaster-prone areas. It also has
certain exploration value for the planning and construction of
disaster prevention and reduction in the extremely severe disaster
area of the Wenchuan earthquake. In addition, it can also be used
as a reference to compensate for the lack of actual measurements
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