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Abstract

In order to meet the demand for the seismic-resilience assessment of urban—rural building
clusters, a new classification method is proposed by integrating national risk census results
and evaluated using a large-scale dataset. This study initially identifies and analyzes the
key factors that influence seismic-resilience. The reason for considering both internal and
external factors is that they comprehensively reflect the characteristics and influencing
conditions of urban—rural building clusters in terms of seismic-resilience. Subsequently, a
comprehensive evaluation index system is constructed, encompassing both internal and
external factors. Based on this system, criteria for seismic-resilience grading are proposed to
classify the resilience levels of different building clusters. This is crucial for differentiating
the seismic resilience capabilities of various building clusters. The evaluation index weights
are determined by means of a robust method, and a seismic resilience evaluation method
for urban-rural building clusters is established on the basis of the fuzzy comprehensive
evaluation theory. This method incorporates various internal and external influencing
factors to offer a comprehensive assessment. Moreover, by leveraging the ArcGIS platform,
the evaluation method is successfully applied to urban-rural building clusters. Taking
Weinan City, China, as a case study, an empirical evaluation of the seismic resilience of
Weinan City is carried out. The results indicate that the proposed method effectively reflects
the seismic resilience of the building clusters and offers valuable insights for enhancing
resilience. The research findings provide a solid theoretical foundation and practical
reference for enhancing the seismic resilience of urban-rural building clusters, promoting
resilient city construction, and supporting post-earthquake disaster-area recovery and
reconstruction.
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response, numerous studies have advocated the development of resilient urban-rural areas,
which are defined as regions capable of maintaining essential and emergency functions
without large-scale casualties during destructive earthquakes and of rapidly restoring all
urban-rural functions thereafter [1].

In 2011, the United States National Research Council introduced the goal of “national
earthquake resilience” [2]. Then, in 2014, Japan issued the “National Resilience Plan” to
enhance the robustness and adaptability of the land [3]. Next, in 2017, the China Earthquake
Administration designated “resilient urban-rural areas” as one of the four major initiatives
within the “National Earthquake Science and Technology Innovation Project” [4]. More
recently, the 2023 China Housing and Urban-Rural Development Conference emphasized
the development of livable, resilient, and smart cities [5]. Overall, the concept of seismic
resilience provides effective approaches to urban disaster prevention and mitigation and
offers foundational support for the sustainable development of society [6].

Resilient urban and rural areas encompass multiple engineering systems. The building
system, as an important part, influences post-earthquake casualties, economic losses,
and post-disaster production recovery. Building seismic resilience refers to the ability to
maintain and restore the original function following a destructive earthquake [7]. While
there have been numerous studies on the seismic resilience of single buildings, and the
evaluation methods are adequate [8-11], there are few research studies on the seismic
resilience of urban and rural building groups [12-17]. Moreover, most studies merely
focus on the community level [18,19]. There are no mature and applicable evaluation
methods and related standards for the seismic resilience of urban and rural building
groups. Furthermore, most studies focus on seismic resilience by only considering the
internal factors of buildings. Few studies comprehensively consider the influence of
external factors [20]. This is a significant shortcoming, as both internal and external factors
interact and jointly determine the overall seismic resilience of building groups. External
factors such as the surrounding infrastructure, land-use patterns, and emergency response
resources can have a profound impact on how well buildings can maintain and recover
their functions after an earthquake.

The seismic resilience of urban-rural building groups is significantly influenced by
various external factors, and understanding and incorporating these factors into the eval-
uation are crucial. Numerous external factors affect the seismic resilience of urban-rural
building groups. Social factors, such as population density and economic level, can impact
the post-earthquake recovery speed and the resources available for reconstruction. Facility
factors, like medical institutions and emergency shelters, are vital for providing immediate
assistance and accommodation during disasters. Management factors, including material
reserves, emergency plans, education, and drills, contribute to effective disaster response.
Personnel factors, such as the availability of rescue and construction personnel, directly
affect the efficiency of post-earthquake operations. However, it is currently not feasible
to comprehensively consider these external factors in the seismic resilience evaluation of
urban-rural building groups, and this limitation hinders the construction of resilient cities.

Recent advancements in the seismic analysis of critical infrastructure, like concrete
gravity dams, illustrate the significance of rigorous finite-element modeling in compre-
hending dynamic response, dam structures, nonlinear material behavior, and damage
progression under strong ground motion. Studies [21,22] that utilize advanced FE for-
mulations, including fluid—structure interaction and nonlinear constitutive models, offer
physically-based insights into the ways major infrastructure components contribute to
regional seismic resilience.

By incorporating relevant findings from dam-reservoir FE modeling, the concep-
tual framework of the present study can be strengthened. This is achieved by linking
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community-level resilience indices with the structural-level seismic performance of key
lifelines, which directly influence post-earthquake recovery capacity.

Consequently, it is imperative to propose an evaluation method for the seismic re-
silience of urban-rural building groups that can comprehensively account for these ex-
ternal factors. This evaluation method should enable accurate, reliable, and rapid as-
sessment of the seismic-resilience capacity of urban-rural building groups. Accuracy
is necessary to ensure that the evaluation results reflect the true state of the building
groups’ resilience. Reliability guarantees the consistency and credibility of the assessment,
and rapidity allows for timely decision-making and resource allocation in the context of
earthquake-prone areas.

This paper analyzes the influencing factors of the seismic-resilience capacity of urban-
rural building groups. First, it establishes an evaluation index system, which serves as the
foundation for the subsequent evaluation. Then, it proposes the grade standards of each
single-factor evaluation index corresponding to different seismic-resilience grades. After
that, based on fuzzy comprehensive evaluation, this paper proposes an evaluation method
for the seismic-resilience capacity that takes into account both internal and multiple external
factors. Subsequently, a fuzzy-comprehensive-evaluation model is established to evaluate
the seismic-resilience capacity of urban—rural building groups. Moreover, the objectivity
and accuracy of the evaluation results are enhanced by using the hierarchical-analysis
method to calculate the various influencing factor weights. Finally, taking Weinan in China
as an example, this paper analyzes the distribution of the seismic-resilience capacity of
building groups. The evaluation of the seismic-resilience capacity of urban—rural building
groups can provide support for enhancing the resilience of building systems, promoting
resilient urban—rural construction, and facilitating post-earthquake disaster-area recovery
and reconstruction. The innovation of this paper lies in proposing a new evaluation model
and presenting visualized results. More importantly, the model is deeply integrated with
national risk census results, aligning with real-world conditions. Meanwhile, verification
and analysis were conducted using a large-scale database, including 1.32 million buildings.

2. First National Natural Disaster Risk Survey

Seismic resilience evaluation methods require support from a basic database of urban—
rural building groups. From 2021 to 2022, the first national natural disaster risk survey
was carried out. This survey provides a basis for obtaining relevant data for local-level
seismic-resilience evaluations. The main sources of risk-survey data in Weinan include the
Statistical Yearbook of Weinan [23], which offers comprehensive historical data on various
aspects of the city’s development and is valuable for analyzing long-term trends relevant
to seismic resilience. The Statistical Bulletin of Weinan’s National Economic and Social
Development in 2022 [24] provides information on its economic and social status, which is
crucial for understanding the city’s capacity to respond to and recover from earthquakes.
Additionally, the data from investigation tasks of risk-survey projects carried out by the
administrative departments of housing and construction, emergency management, and
other industries contributed.

Based on the risk-survey project, basic data of 1.3259 million buildings with a to-
tal area of 415.7209 million square meters in Weinan were obtained. These data cover
offices, schools, hospitals, public buildings, and residential buildings. Data regarding
building characteristics include information on structural type, construction year, building
function, building area and floors, seismic fortification intensity, regularity degree, rein-
forcement and renovation, building damage, latitude and longitude, construction scale,
material strength, component dimensions, internal non-structural components, and some
construction drawings.
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In addition to the building-related data, basic urban-related data of Weinan were
also obtained, covering population, economy, emergency shelters, disaster-relief teams,
construction teams, medical institutions, emergency drills, and emergency plans. These
urban-related data are crucial for a comprehensive understanding of the overall environ-
ment in which the buildings are located and their ability to respond to seismic events.

After screening and processing, the data can be directly applied to the seismic-
resilience evaluation method of urban-rural building groups in this study. This ensures
that the evaluation is based on reliable and relevant information, enabling a more accurate
assessment of the seismic resilience of urban-rural building groups in Weinan.

3. Influence Factors of Seismic-Resilience Capacity of Urban—-Rural
Building Groups

As mentioned above, in the existing literature, most studies have primarily focused on
the internal factors of buildings when evaluating seismic resilience, with few concentrating
on the effect of external factors. It is true that the seismic resilience of an individual building
mainly depends on its internal factors. However, for urban—rural building groups, the
situation is more complex. Their seismic resilience is related not only to internal factors
but also to external factors. External factors, including social, facility, management, and
personnel factors, can reflect the earthquake-prevention and disaster-reduction capacity in
urban-rural areas.

3.1. Internal Factors

Internal factors can be categorized into seismic-type factors and function-type factors.
Seismic-type factors are related to the seismic resistance of building structures, including
structure type, seismic fortification intensity, construction year, and building damage.
Function-type factors refer to non-structural factors that affect the difficulty level and time
required for building function restoration after an earthquake, including building function,
internal facilities, and non-structural components.

3.1.1. Seismic-Type Factors
(1) Structure type

Buildings with different structure types show different seismic responses under the
same earthquake, which leads to different levels of structure damage and casualties. Based
on regional distribution, the proportion of concrete structures is higher in urban areas,
while the proportion of masonry structures is higher in rural areas. Based on the data on
Weinan including 1.3259 million buildings and 415.7209 million square meters, the structure
types can be roughly divided into five types: steel structures, concrete structures, masonry
structures, brick-wood structures, and solid-wood structures. The proportion of different
structure types in Weinan City is summarized in Table 1.

Table 1. Proportion of building areas with different structure types in Weinan City.

Structural Types

Steel Structure Concrete Construction Masonry Structure  Brick-Wood Structure Solid-Wood Structure

proportion/ %

42.3 45.7 24 0.5

(2) Seismic Fortification Intensity

Higher seismic fortification intensity in structure design means a stronger seismic
resistance of a structure. Based on extensive housing research, urban houses can basically
be designed with seismic fortification intensity requirements because of the supervision of
the housing and construction department. And most public houses in rural areas can be
designed with seismic fortification intensity requirements. However, most self-built houses
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by rural residents cannot meet earthquake-resistant requirements. Therefore, this paper
takes the seismic fortification intensity as an influencing factor in the evaluation method.

(3) Construction Year

Buildings built in different years adopt different design standards [25]. Therefore,
the construction year can reflect a building’s seismic standards, building materials, and
building age. Considering the successive revisions of building seismic standards, the
construction years were divided into before 1989, 1990-2000, 2001-2010, and after 2011.
The area proportion of different building construction years in Weinan is summarized in
Table 2.

Table 2. Area proportion of different building construction years in Weinan.

Construction Year

Built Before 1980 1980-1989 Built 1990-2000 Built 2001-2010 Built After 2011 Built

proportion/%

10.2 5.4 19.2 30.3 349

(4) Building damage

Based on the investigation of urban and rural house construction, some old houses
have some damage, including structural cracks and uneven settlement of foundation. For
example, some cracks that appear on structural components weaken the bearing capacity.
It is necessary to consider building damage to improve the seismic-resilience evaluation of
urban-rural building groups.

3.1.2. Function-Type Factors
(1) Building function

Building function is a crucial function-type factor influencing the seismic resilience of
urban-rural building groups. Different building functions exhibit distinct characteristics
after an earthquake.

These include the impact of building function loss, urgency, and the difficulty of build-
ing function restoration. For instance, a hospital’s function loss during an earthquake can
have far-reaching impacts on emergency medical services, making its restoration extremely
urgent. Based on their functions, buildings are classified into five types: residential, schools,
hospitals, offices, and public buildings. Table 3 presents the proportion of each building
type in Weinan.

Table 3. Area proportion of each building type in Weinan City.

Building Functions

Residence School Hospital Office Public Buildings

proportion/%

64.3 53 3.6 16.2 10.6

(2) Internal facilities

In addition to building function, internal facilities also play a significant role in seismic-
resilience evaluation. Different buildings house various internal facilities, which directly
influence the time and difficulty of a building’s functional recovery after an earthquake. For
example, a building with advanced power-backup systems can resume its normal operation
more quickly than others. Consequently, taking into account the impact of internal facilities
on building seismic resilience renders the evaluation results of urban—rural building seismic
resilience more reasonable and accurate.
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(3) Non-structural components

Besides building function and internal facilities, non-structural components are also
key factors in seismic-resilience assessment. Non-structural components vary across dif-
ferent buildings, and their restoration directly impacts the restoration and utilization of
building functions post-earthquake. For example, partitions in an office building need
to be restored to ensure the normal division of space. Thus, considering the influence of
non-structural components on the seismic resilience of building groups is a prerequisite for
evaluating the seismic resilience of urban—rural buildings.

By considering the influence of the three factors (i.e., building function, internal
facilities, and non-structural components), the method can reflect the impact of function-
type factors on the seismic resilience of urban-rural building groups, thereby rendering the
evaluation results more scientific and accurate. This comprehensive consideration enables
a more in-depth understanding of the seismic resilience of urban-rural building groups
and provides a more solid foundation for related decision-making.

3.2. External Factors

As mentioned above, the seismic resilience of urban—rural building groups is influ-
enced by external factors, including economic level, population density, the number of
medical institutions and emergency shelters, emergency plans, relief material reserves,
disaster-prevention education and drills, rescue teams, and construction teams. These
factors can reflect earthquake-prevention and disaster-reduction capacity in urban and
rural areas. They demonstrate the recovery ability and recovery time of building func-
tions after an earthquake, thus reflecting the seismic resilience of urban—rural building
groups. To evaluate seismic resilience scientifically and accurately, the external factors
are classified into four categories: social factors, facility factors, management factors, and
personnel factors.

3.2.1. Social Factors and Facility Factors

Social factors encompass population density and economic level. Areas with concen-
trated population and wealth tend to suffer greater economic losses due to earthquakes.
They also experience more serious consequences from building function interruptions,
as seen in the disruption of business operations in commercial areas. Additionally, they
face a higher urgency for building function restoration, especially in areas where essential
services like hospitals and transportation hubs are located.

Facility factors primarily include medical institutions and emergency shelters, which
are crucial for reducing casualties and restoring disaster-affected areas after an earthquake.
Adequate medical institutions and emergency shelters can make a significant difference.
For example, in the aftermath of the 2008 Wenchuan earthquake, well-equipped medical
institutions played a vital role in saving lives, and sufficient emergency shelters provided a
safe haven for affected residents. This enabled more people to start the process of repairing
damaged houses in a timely manner.

When compared with rural areas, urban areas exhibit a higher economic level, higher
population density, and more complete infrastructure, including medical institutions and
emergency shelters. These differences significantly influence the seismic resilience of urban—
rural building groups. In urban areas, higher population density may pose challenges
in evacuation, but better-developed economic and infrastructure conditions can facilitate
faster post-earthquake recovery. In contrast, rural areas may have more dispersed popu-
lations and relatively limited resources, affecting their resilience. Hence, considering the
influence of social and facility factors is necessary to ensure more accurate and reliable
evaluation results.
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As an example, we analyzed Weinan City in Shaanxi Province. Based on the population
and economic data from the first national natural disaster risk survey, we obtained the
population-kilometer grid data and GDP-kilometer grid data of Weinan City, which
are depicted in Figures 1 and 2. These data are essential for accurately assessing the
impact of social factors on the seismic resilience of Weinan’s urban and rural building
groups. The population—kilometer grid data can help us understand population distribution
and its relation to potential earthquake-related risks, while the GDP—kilometer grid data
can reflect the economic vulnerability of different areas, providing a basis for a more
comprehensive evaluation.
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Figure 1. Distribution map of population-kilometer grid in Weinan City.
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Figure 2. Distribution map of economy-kilometer grid in Weinan City.

3.2.2. Management Factors and Personnel Factors

Management factors encompass material reserves, emergency plans, disaster-
prevention education, and drills. Material reserves, such as food, water, and medical
supplies, are crucial as they provide the necessary resources for immediate response and
sustenance during the post-earthquake period. Well-formulated emergency plans lay out
clear procedures for evacuation, rescue operations, and resource allocation, which are
essential for an organized and effective response. Disaster-prevention education raises
public awareness about earthquake risks and safety measures, enabling individuals to
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better protect themselves. Drills, on the other hand, help test and improve the effectiveness
of emergency plans and ensure that people are familiar with response procedures. All
these aspects contribute to the overall disaster-relief and function-recovery capacities of
urban-rural building groups.

Personnel factors include the number of staff involved in rescue and building-repair
work. The number of well-trained rescue staff directly impacts the speed and efficiency of
search and rescue operations, which can significantly affect the survival rate of victims. In
the same way, an adequate number of skilled building-repair personnel is necessary for
the timely restoration of building functions, reducing the disruption to normal life in the
affected areas.

Management and personnel factors can reflect the disaster-relief and function-recovery
capacities of urban—-rural building groups following earthquakes. Well-organized rescue
teams and a sufficient number of building-repair workers also play a vital role in the
relatively quick recovery of affected areas. Historical earthquakes demonstrate that well-
formulated emergency plans, adequate disaster-prevention education, and drills can reduce
casualties and shorten the recovery time of building systems in disaster-stricken areas. This
further emphasizes the importance of considering these factors in the assessment of the
seismic resilience of urban—rural building groups.

4. Evaluation of Seismic-Resilience Capacity
4.1. Evaluation Indexes

A scientific and reasonable evaluation index system serves as the foundation for evalu-
ating the seismic-resilience capacity of urban-rural building groups. The seismic-resilience
capacity of urban—rural building groups is determined by the structural parameters of
buildings and the earthquake-disaster-reduction capacity in urban—rural areas. Based on
the above-mentioned factor analysis, expert questionnaire surveys, and existing research
findings on resilience evaluation, a seismic-resilience evaluation system for urban—rural
building groups was proposed, taking into account disaster-bearing capacity, recovery
capacity, and adaptability. Numerous factors influence the seismic-resilience capacity of
buildings. Third-level seismic-resilience evaluation indexes are introduced for these fac-
tors. They include 2 first-level evaluation indexes (such as internal and external factors),
6 second-level evaluation indexes (such as seismic-resistance factor, functional factor, so-
cial factor, facility factor, management factor, and personnel factor), and 16 third-level
evaluation indexes (such as structural type, seismic fortification intensity, construction
year, building damage, building function, internal facilities, non-structural components,
population density, economic level, the number of medical institutions, the number of
emergency shelters, material reserves, emergency plans, disaster-prevention education and
drills, the number of rescue personnel, and the number of construction personnel).

4.2. Classification of Seismic-Resilience Capacity Levels

Based on the classification methods of seismic-resilience levels in building seismic-
resilience evaluation standards, such as the “Evaluation Standards for Seismic Resilience of
Buildings” [8] (ESSR Standards), REDi Rating System [10], and USRC Rating System [11],
the seismic resilience of urban-rural building groups can be categorized into five levels: I
(very good), II (good), III (medium), IV (poor), and V (very poor).

Drawing on China’s emergency plan [26] and existing earthquake data [27], we invited
professionals from various fields to conduct a questionnaire survey. The 16 three-level
evaluation indexes for the five levels of seismic-resilience capacity of urban—rural building
groups were determined, as presented in Appendix A Table Al. The index system consists
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of 6 qualitative and 10 quantitative indexes. It is worth noting that the evaluation indexes
were calculated on a grid scale of 1 square kilometer.

4.3. Index Weights in Seismic-Resilience Evaluation

After establishing the evaluation index system for the seismic resilience of urban—rural
building groups, it is necessary to determine each index weight. Based on the Analytic
Hierarchy Process [24,28], the index weights in the evaluation index system are calculated
through the following four steps:

(1) Establishing the hierarchical-structure model.

Considering the complexity of the indicator system and the scientific requirements for
evaluation, 5 to 9 experts, who either hold senior professional titles in civil engineering-
related fields or have extensive practical engineering experience, are selected to form an
evaluation team. This step aims to break down the complex problem of seismic-resilience
evaluation into a hierarchical structure. It helps in clearly defining the relationships between
different levels of evaluation indexes, from the overall goal (evaluating the seismic resilience
of urban—rural building groups) to specific sub-criteria and individual indexes.

(2) Constructing the judgment matrix.

The judgment matrix is constructed to compare the relative importance of each pair of
elements within the same level of the hierarchical structure. This allows for a systematic
way to express the decision-maker’s preferences regarding the importance of different
factors in the evaluation process. By employing Saaty’s 1-9 scale method, experts inde-
pendently develop positive-reciprocal judgment matrices for the pairwise comparison of
indicator importance. The divergence of expert opinions is quantified through the coeffi-
cient of variation and Kendall’s coefficient of concordance. After anonymously revising
the divergent items by means of the Delphi method, a comprehensive judgment matrix is
obtained through aggregation using the arithmetic averaging method.

(8) Calculating the maximum eigenvalue and eigenvector (i.e., weights). By calculating
the maximum eigenvalue and its corresponding eigenvector of the judgment ma-
trix, we can obtain the weights of the indexes. These weights represent the relative
importance of each index in the overall evaluation, with larger weights indicating
greater significance.

(4) Conducting consistency checking. This step is crucial to ensure the rationality of the
importance judgment of evaluation indexes. In the consistency test, the consistency
index Cy and the test coefficient Cg should be calculated to ensure the rationality of
the importance judgment of evaluation indexes, as follows.

o Amax — 11
a=ToT @
C
Cr = é (2)

where Apmax is the maximum eigenvalue of the judgment matrix, n is the sum of the
eigenvalues of the matrix, and R; is the average random consistency index. When
Cr < 0.1, the judgment matrix has satisfactory consistency, which means the weight alloca-
tion is reasonable. When Cr > 0.1, the judgment matrix needs to be reconstructed, which
means the logic before and after the constructed judgment matrix is contradictory.
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For the consistency matrix, the weight values can be calculated by the geometric
average method, as follows.

1
- -
(I—[1 a;j)
]:
ri = 71 . (3)
n n —_
L ([Tag)n
i=1 j=1
wherei=1,2...... n; ri is the weight value of each factor; ajj is the correlation coefficient

of factors; and n is the factor number. The factor weight values were calculated by the
geometric average method, and the weights of each first-level index, second-level index,
and third-level index in the evaluation index system were shown in Appendix B Table A2.
The combination weights of 16 third-level indexes were obtained by multiplying the level-
index weights.

The calculated consistency index (Cy) is 0.016, and the Consistency Ratio (Cg) is 0.031.
These values indicate that the judgments regarding indicator importance are relatively
reasonable. Finally, the weight values for each parameter were obtained by normalizing
the eigenvector of the comprehensive matrix. Upon comparison, significant differences
are observed in the index weights. Internal factors exert a more substantial influence on
the seismic resilience of urban-rural building groups. Among the second-level evaluation
indexes, seismic-type factors and personnel factors have a significant effect, whereas facility
factors have a relatively minor effect. Among the third-level evaluation indexes, the order
of influence is as follows: structure type, seismic fortification intensity, seismic measures
for non-structural components, the number of construction personnel, and construction
year. Based on historical earthquake data, the calculated weights of the seismic-resilience
evaluation indexes for urban—rural building groups are consistent with the actual situation.

As mentioned above, it is essential to pay attention to the structure type, seismic
fortification intensity, and seismic measures for non-structural components to enhance the
seismic resilience of urban-rural building groups. Furthermore, improving the seismic
resilience of structural and non-structural components can directly and effectively enhance
the seismic resilience of urban-rural building groups.

5. Seismic-Resilience Evaluation Model for Urban-Rural
Building Groups
5.1. Fuzzy Comprehensive Evaluation

The fuzzy comprehensive evaluation method, based on fuzzy mathematics [29-32],
is a comprehensive evaluation approach with good applicability to the problem stud-
ied in this paper. Fuzzy mathematics is well-suited because the evaluation of seismic
resilience in urban-rural building groups often involves imprecise and uncertain factors,
such as the complex interaction between different building types and the variable impact
of surrounding environments.

Urban-rural building groups are characterized by not only a large quantity and wide
coverage but also diverse structural types, co-existence of new and old buildings, and
different functional uses. These characteristics introduce a high degree of complexity and
uncertainty. The fuzzy comprehensive evaluation method can handle such complexity by
taking into account the fuzzy boundaries and relative importance of various factors. For
example, it can effectively deal with the diverse structural types and functional uses, which
may not have clear-cut distinctions in terms of their impact on seismic resilience.

The evaluation method based on fuzzy comprehensive evaluation theory can accu-
rately and efficiently evaluate the seismic resilience of urban-rural building groups. In
conclusion, this method provides a valuable tool for the in-depth study of the seismic
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resilience of urban-rural building groups, enabling more informed decision-making in
urban planning, building design, and disaster prevention strategies.

Based on the results of the First National Natural Disaster Risk Census, and through
the analysis of a large amount of data, the proportion of the number of times each nu-
merical interval was identified by experts or scholars as a certain fuzzy level to the total
number of times was calculated. Drawing on the literature [32-34], the semi-trapezoidal
distribution function was chosen to determine the membership function. In this paper, a
fuzzy-comprehensive-evaluation model for the seismic resilience of urban-rural building
groups is constructed. The model comprises the following components: the evaluation
index set W, the evaluation level set V, the membership matrix R of evaluation indexes,
and the evaluation index weights.

(1) Evaluation-index set W. The evaluation index system was developed by categorizing
and organizing the influencing factors and evaluation indexes, as depicted in Figure 3.
This study established a three-level fuzzy-comprehensive-evaluation model. The
16 evaluation indexes were used to form 6 first-level evaluation-index sets, namely
Uy = {A1, Ay, A3, Ay}, Uy = {By, By, B3}, Uz = {Cy, Co}, Uy = {Dy, Dy}, Us = {Eq,
E,, E3}, and Ug = {F1, F»}. The 6 first-level evaluation-index sets are then used to
form 2 second-level evaluation-index sets: W1 = {U7, Uy} and W, = {U3, Uy, Us, Ug}.
Here, Wj represents the internal evaluation-index set, and W, represents the external
evaluation-index set. The 2 second-level evaluation-index sets form the third-level
evaluation-index set W = {W1, W;}. Figure 4 depicts the hierarchy of evaluation-index
sets for the seismic resilience of urban-rural building groups.

(2) Evaluation level set V. Based on Appendix A Table A1, the seismic-resilience capacity
of urban-rural building groups is divided into 5 levels. A total of 16 single-factor
evaluation indexes are defined and classified into these 5 levels. Based on the study
results, this section constructs an evaluation-level set for the seismic resilience of
urban-rural building groups, specifically V = {Vy, V;, V3, V4, V5} = {I, IL, 111, 1V, V}.
In this proposed set, I represents very good seismic resilience, II represents good
seismic resilience, III represents medium seismic resilience, IV represents poor seismic
resilience, and V represents very poor seismic resilience.
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Figure 3. Evaluation index system of seismic-resilience capacity of urban-rural building groups.
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Figure 4. Hierarchical diagram of evaluation index sets for the seismic resilience of urban—rural
building groups.

(3) Membership matrix R for evaluation indexes. The membership matrix should con-
sider characteristics of the study object. Based on the study of the relationship be-
tween evaluation indexes and resilience levels, this section proposes the membership
matrix R:

1 2 o Tim
R — 21 122 2m (4)
1 "2 - Tum

where the n-th line reflects the membership degree of each level corresponding to the n-th
evaluation index of the evaluated object. The m-th column reflects the possibility of each
evaluation index of the m-th level from the evaluation level set. r;; is the membership degree
of indexes, representing that the degree of a certain index in W belongs to a certain level in
V, with a value range of [0,1].

To accurately evaluate the seismic resilience of urban-rural building clusters, under-
standing index types is crucial. In the evaluation method, two index types exist: continuous
and discrete. Continuous indexes are quantifiable, while discrete ones are qualitative.
Specifically, for continuous indexes, the membership degree is derived via a membership
function. For example, a trapezoidal or triangular function can map continuous values like
building height to a 0—1 membership degree. For discrete indexes, the direct-frequency
method is used. For instance, when considering building structure type, the member-
ship degree is calculated as the ratio of the frequency of each type to the total number
of buildings.

Following the differentiation between continuous and discrete indexes, calculating
the membership degree of continuous indexes is crucial. This is performed by establishing
a membership—function relationship and inputting measured evaluation-index values.
Based on evaluation-index distribution characteristics and existing research [32-34], the
semi-trapezoidal distribution function was chosen. It can effectively capture the non-linear
relationship common in seismic-resilience evaluation, like for building-related indexes. This
function is used to establish the relationship between index values and membership degrees
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(i.e., membership functions), as presented in Equations (5)—(9). The semi-trapezoidal
distribution function is widely applied in fuzzy-comprehensive-evaluation methods.

0 x> 8
F (x) = ;zz:sxl 51 <x <5 (5)
1 x <59

0 x <581, x >5S3

E(x) = % s1<x<sp (6)
53—X
— Sy < x <53

0 x <SSy, x> 54

X—S

F3(x) = 337522 sp < x <83 (7)
S4—X
p— 53 < x <54

0 x <83, X > 55

X—S
B(x)=135= $<x<s (8)
55 —X
p— s4 < x <85
0 x < 54
Fs(x) = { 5a sa < x <55 €)
1 X > s5

where s1, sy, 53, 54, and s5 are standard values of the evaluation indexes in Appendix A
Table Al. The standard values were set as either the average value of the closed inter-
val or the boundary value of the open interval within the evaluation range. F;(x), F2(x),
F3(x), F4(x), and F5(x) represent the membership degrees of evaluation indexes correspond-
ing to different evaluation levels. x denotes the measured value of the seismic-resilience
evaluation index for buildings. The ArcGIS 10.2 platform divided the study area into N
1 km grid units. ArcGIS automatically calculates the measured values x of each eval-
uation index within each 1 km grid unit. The membership degrees of each evalua-
tion index corresponding to different resilience-evaluation levels can be obtained from
Equations (5)-(9). Subsequently, the membership matrix R of all quantitative evaluation
indexes within the N 1 km grid units was constructed.

Discrete indexes, also known as qualitative indexes, have membership functions
that cannot be expressed in mathematical formulas. A membership function for quali-
tative indexes needs to be constructed based on expert experience. In this section, the
direct-frequency method was employed to determine the membership degrees of the five
resilience-evaluation levels corresponding to qualitative evaluation indexes. The ArcGIS
platform divided the research area into N 1 km grid units. Within each 1 km grid unit,
ArcGIS automatically calculated the frequency of each evaluation level for qualitative
single-factor evaluation indexes. After normalization, the membership degrees of qual-
itative single-factor evaluation indexes were obtained, resulting in the degree vector of
qualitative single-factor evaluation indexes r; = (t;1, 72, - . .. . . , im). The membership-degree
matrix R was obtained by combining the membership-degree vectors of all qualitative
single-factor evaluation indexes.

(4) The fuzzy-comprehensive-evaluation method, which is based on the Analytic Hierar-
chy Process (AHP), can prevent data loss and categorize the seismic-resilience level to
obtain scientific and accurate evaluation results. The weight of the evaluation index
reflects the importance and influence of each index, directly affecting the results of
the fuzzy-comprehensive evaluation. The calculated consistency index (Cy) is 0.016,
and the Consistency Ratio (Cr) is 0.031. These values indicate that the judgments

https:/ /doi.org/10.3390/buildings16020307


https://doi.org/10.3390/buildings16020307

Buildings 2026, 16, 307

14 of 21

regarding indicator importance are relatively reasonable. In this section, the weights
of the evaluation indexes calculated by means of the Analytic Hierarchy Process [25]
in Appendix B Table A2 above are utilized. The weights of the three levels of eval-
uation indexes form three different weight vectors: one first-level evaluation-index
weight vector, Q1 = {0.658, 0.342}; two second-level evaluation-index weight vectors,
Qn = {0.716, 0.284} and Qy» = {0.205, 0.137, 0.251, 0.407}; and six third-level
evaluation-index weight vectors Qs = {0.416, 0.304, 0.146, 0.134}, Q3, = {0.291, 0.202,
0.507}, Qa3 = {0.324, 0.676}, Q34 = {0.712, 0.288}, Q5 = {0.452, 0.281, 0.267}, and
Qs6 = {0.422, 0.578}.

(5) Fuzzy comprehensive evaluation operation: The fuzzy comprehensive evaluation
method is capable of evaluating the seismic-resilience capacity of urban—rural building
groups. First, the third-level indexes need to be subjected to a fuzzy-comprehensive
calculation. Subsequently, the evaluation values of the upper-level indexes are cal-
culated step by step until the first-level index is reached. The specific details are
presented as follows.

Third-level calculation: By combining the membership matrix Rz of the third-
level evaluation index with the weight vector Qs;, the third-level fuzzy-comprehensive-
evaluation result can be obtained, P3; = Q3; X R3; i=1,2,------ ,6).

Second-level calculation: The result vectors of six third-level fuzzy-comprehensive
evaluations are combined to obtain two second-level membership matrices of fuzzy-
comprehensive evaluations, My = (P31, P3), My = (P33, P34, P35, P3g). Based on the
membership matrix M; and corresponding weight vector Q; of the evaluation index,
the second-level fuzzy-comprehensive-evaluation result can be obtained, H; = Qp; x M;
(i=1,2).

First-level calculation: By combining the result vectors of two second-level fuzzy-
comprehensive evaluations, the membership matrix K = (Hy, Hy) of the first-level fuzzy-
comprehensive evaluation is obtained. Subsequently, based on the membership matrix
K and the corresponding weight vector Q; of the first-level evaluation index, the final
fuzzy-comprehensive-evaluation vector, Z, is obtained, where Z = Q; x K. Z represents the
result vector of the fuzzy-comprehensive evaluation.

(6) Evaluation by the maximum membership principle

The maximum membership principle is used to determine the seismic-resilience level
of the evaluation object. The evaluation result vector of seismic-resilience ability Z = (Z1,
Zy, Z3, Z4, Z5) was achieved in the above section. Based on the maximum membership
principle, Z; = max {Zy, Zy, Z3, Z4, Z5}, the seismic-resilience level corresponding to the
level set V = {I, II, III, IV, V} is the seismic-resilience level of the evaluated object.

In summary, this section constructs the evaluation-index set W, the evaluation-level
set V, and the membership matrix R of evaluation indexes. Additionally, the weight values
of the evaluation indexes are determined, and three-level fuzzy-comprehensive-evaluation
operations are performed. The seismic-resilience level of the evaluation object is determined
according to the maximum-membership principle. The maximum-membership principle
states that the seismic-resilience level of the object is assigned to the level with the highest
membership degree in the final evaluation vector.

Finally, a fuzzy-comprehensive-evaluation model for the seismic-resilience capacity of
urban-rural building groups is established. This model can evaluate the seismic-resilience
capacity of urban-rural building groups. After establishing the model, using the ArcGIS
platform, the target area is divided into N 1 km grid units. Then, seismic-resilience eval-
uation calculations are performed for each 1 km grid unit. Dividing the area into grid
units allows for a more detailed and accurate assessment of the spatial variation in seismic
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resilience. Each grid unit represents a homogeneous area in terms of the evaluation factors,
enabling a more focused analysis.

Thus, the seismic-resilience-level evaluation results of urban—rural building groups
can be obtained for each 1 km grid unit. These results can provide valuable insights into
the distribution of seismic resilience within the urban-rural area, which can be used for
targeted mitigation strategies and urban planning.

5.2. Application of Fuzzy Comprehensive Evaluation Method

Urban-rural building groups are characterized by diverse structural types, the co-
existence of new and old buildings, and different usage functions. There is a need to
develop a resilience evaluation system by integrating computer-automated data-processing
and evaluation-calculation functions to conduct seismic-resilience evaluations of large-scale
and widespread urban—rural building groups.

Based on the proposed evaluation method and the secondary development function of
the ArcGIS platform, a fuzzy-comprehensive-evaluation model for the seismic resilience of
urban-rural building groups was established. To demonstrate the practical application of
this model, taking Weinan City as an example, the seismic-resilience capacity of urban—rural
building groups in Weinan was evaluated.

Using the ArcGIS platform, the administrative area of Weinan City was divided
into a series of 1 km grid units to perform the resilience-evaluation calculations. The
data for the seismic-resilience evaluation-index calculations within each 1 km grid unit
was obtained from the first national natural disaster risk survey. The evaluation-index
set W, evaluation-level set V, and membership matrix R of the evaluation index were
constructed. The evaluation-index set W contains various factors relevant to seismic
resilience, such as structural characteristics and environmental factors. The evaluation-level
set V defines different levels of seismic resilience. The membership matrix R represents the
degree to which each evaluation index belongs to each evaluation level. The evaluation-
index weights were determined, which reflect the relative importance of each index in the
overall evaluation.

Three levels of fuzzy-comprehensive evaluation were performed, and the seismic-
resilience level of buildings in each 1 km grid unit was determined according to the
maximum-membership principle. Furthermore, the seismic-resilience levels and distri-
bution of urban-rural building groups were visualized by coloring the 1 km grid units
in different colors, drawing on the principles of the geographic-information discipline.
This visualization method helps decision-makers quickly understand the distribution of
seismic resilience.

Therefore, the evaluation system can accurately and effectively present the evaluation
results to decision-makers through the thematic map of the seismic-resilience capacity of
urban-rural building groups. Based on the above analysis, the distribution of seismic-
resilience levels of urban-rural building groups in Weinan is presented in Figure 5. The
proportions of buildings at different seismic-resilience levels are summarized in Table 4, and
the area proportions of different-function buildings at different seismic-resilience-capacity
levels are summarized in Table 5. These figures and tables provide a comprehensive
overview of the seismic-resilience situation in Weinan, which can be used to inform urban
planning and disaster-prevention strategies.

The following analysis of Weinan’s buildings based on the fuzzy-comprehensive-
evaluation model reveals distinct patterns in seismic-resilience levels, seismic fortifica-
tion, and geographical distribution. The data in Weinan includes 1,325,900 buildings and
415,720,900 square meters.
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Figure 5. Distribution of seismic-resilience levels of building groups in Weinan.
Table 4. Building proportions of different seismic-resilience levels (%).
Seismic-Resilience Level I II III v A%
Proportion of building area 9 19 22 27 23
Proportion of building 25 11.6 235 323 30.1
numbers

Table 5. Area proportion of seismic-resilience capacity levels of different functional buildings (%).

Seismic-Resilience Level I II III v \"
Residential buildings 8 16 22 28 26
School buildings 19 31 19 16 15
Hospital buildings 7 19 24 29 21
Office building 12 16 22 26 24
Public building 3 11 21 30 35

Regarding the aforementioned dataset of 1.3 million buildings, missing or inconsistent
data were initially filled and corrected reasonably based on information importance and
rules, while a small amount of invalid data was removed. Subsequently, the extent of build-
ing damage was comprehensively quantified and graded in terms of structure, function,
and appearance. Thereafter, building indicators of different dimensions were normalized
and transformed to eliminate calculation bias.

For mixed building types within 1 km grids, the indicators for various building types
in each grid were preferentially stratified and counted by building type. Alternatively, they
were weighted according to building type or building-area proportion to obtain overall
grid characteristics, thus completing efficient and reasonable data processing. Since the
calculation process is relatively complex and has been elaborated in our bureau’s seismic-
safety assessment report, it will not be further elaborated in this paper.

A comparison with the actual seismic-damage data of historical earthquakes compiled
by our bureau reveals that the model’s assessment results are in good alignment with the
measured results, accurately reflecting the true characteristics of structural seismic damage.

A sensitivity analysis of the model’s core weights and membership-boundary pa-
rameters shows that within a reasonable perturbation range, the variation in assessment
results is controllable and adheres to engineering logic. There are no sudden jumps across
damage grades, indicating good robustness and validating the reasonableness of param-
eter values. The above-mentioned analysis fully validates that the model’s construction
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logic is scientific, its assessment results are reliable, and the model exhibits rationality
and applicability.

As detailed in Appendix A Table Al, based on the proposed fuzzy-comprehensive-
evaluation model, the analysis results indicate that in Weinan, 32,600 buildings
(36,370,400 square meters), accounting for approximately 2.46% of the total number of
buildings, possess I-level seismic resilience. A total of 154,300 buildings (78,986,900 square
meters), approximately 11.64% of the total, possess Il-level seismic resilience. A total of
311,600 buildings (91,458,400 square meters), around 23.50% of the total, possess Ill-level
seismic resilience. A total of 427,900 buildings (112,244,500 square meters), about 32.27%
of the total, possess IV-level seismic resilience, and 399,500 buildings (96,660,700 square
meters), roughly 30.13% of the total, possess V-level seismic resilience.

Based on the analysis, very few buildings in Weinan reach I-level seismic resilience.
Most buildings with seismic fortification are distributed in urban areas. Relatively few
buildings reach II-level seismic resilience, and most of these buildings with seismic fortifica-
tion are also distributed in urban areas. In contrast, most buildings reach IV-level or V-level
seismic resilience. Most of these buildings, lacking seismic fortification, are distributed in
rural areas. This distribution pattern implies that there may be a need for more focused
seismic-resilience improvement efforts in rural areas to enhance the overall seismic safety
of Weinan’s urban-rural building groups.

The difficulty and urgency of post-earthquake functional recovery vary among build-
ings with different functions. Therefore, evaluating the seismic resilience of buildings with
different functions is of great importance.

Based on the proposed seismic-resilience evaluation model, which likely involves
a combination of structural analysis, consideration of non-structural components, and
assessment of post-earthquake recovery potential, the proportion of areas at different
seismic-resilience levels for buildings with different functions in Weinan is presented in
Table 5.

Based on the analysis, the seismic resilience of school buildings is better than that of
other functional buildings. For instance, the seismic-resilience level of school buildings
is higher than that of public buildings. Schools possess relatively simple non-structural
components, which renders post-earthquake functional recovery relatively easy. However,
public buildings demonstrate weaker seismic resilience. Their interior finishes are more
complex, and most non-structural components lack seismic measures, making functional
recovery after earthquakes difficult.

However, the seismic resilience of public buildings is weaker than that of other func-
tional buildings. The interior decoration of public buildings is relatively complex, with
elaborate finishes, suspended ceilings, and large-scale display systems. Most non-structural
components lack earthquake-resistant measures, such as proper bracing or anchoring.
Consequently, it is difficult to restore their functional use after an earthquake.

In general, these findings highlight the need for targeted strategies in urban planning
and building design. For public buildings, more attention should be paid to improving
the seismic resistance of non-structural components during the design and construction
phases. For schools, the current good practice in seismic-resilience design could be further
promoted and replicated in other types of buildings. This would enhance the overall
seismic resilience of the built environment in Weinan and similar regions.

6. Conclusions

This paper focuses on the seismic-resilience evaluation method of urban—rural building
groups grounded in fuzzy-comprehensive-evaluation theory. Initially, the influencing
factors of the seismic resilience of these building groups are analyzed. Subsequently,
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based on this analysis, a seismic-resilience evaluation method is proposed. This method
simultaneously takes into account both internal and external factors, thus enabling the
seismic-resilience evaluation of large-scale and widespread urban-rural building groups.
To illustrate the practical application of this method, Weinan is taken as an example to
apply the proposed system. Based on the study results, the conclusions are summarized
as follows:

(1) The weight values of 16 evaluation indexes for the seismic resilience of urban—rural
buildings were derived. This was integrated with the national risk census, as well as
expert analysis and evaluation. The results indicate that the evaluation indexes with
combined weight values exceeding 0.09 are the structural type, seismic fortification in-
tensity, and seismic measures for non-structural components. The evaluation indexes
with combined weight values less than 0.03 include the number of emergency shelters,
population density, emergency plan, disaster-prevention education, and drills.

(2) The seismic-resilience capacity of urban-rural building groups was divided into five
levels. The classification criteria for 16 evaluation indexes were defined to correspond
to five different seismic-resilience levels.

(3) Based on the fuzzy-comprehensive evaluation, a fuzzy-comprehensive-evaluation
model for the seismic-resilience capacity of urban-rural building groups was con-
structed. The calculation efficiency of seismic-resilience capacity evaluation was
improved by using the ArcGIS platform.

(4) The seismic-resilience capacity and distribution of urban—rural building groups in
Weinan City were assessed. A large-scale dataset, consisting of 1.32 million build-
ings, was utilized to verify the accuracy of the proposed model and perform an
in-depth analysis.

However, the proposed seismic-resilience evaluation method only takes into account
16 influencing factors. This limitation might lead to an incomplete understanding of seismic
resilience, as there could be other significant factors that are currently overlooked. These
unaccounted factors could potentially have a substantial impact on the accuracy of the
evaluation, thus affecting the effectiveness of any related mitigation strategies.

The framework treats each 1 km grid independently. However, in reality, (a) infrastruc-
ture systems, such as power, water, and transportation, are spatially connected; (b) damage
propagation or cascading failures are non-local; and (c) recovery significantly depends on
the performance of neighboring grids. However, the proposed model fails to account for
the aforementioned spatial-correlation issues.

Therefore, there are some urgent issues that should be studied in the future. Firstly,
more unknown influencing factors need to be identified. These could include emerging
construction materials, new building techniques, or changing environmental conditions
that might interact with the existing factors in complex ways. Secondly, the coupling
effect among various factors is crucial. Understanding these relationships is essential for
a more comprehensive evaluation. Finally, developing a more accurate seismic-resilience
evaluation method is necessary. The current method, despite its merits, may not capture
all the nuances of real-world scenarios, and improving it could lead to more reliable
assessments and better-informed decision-making in urban planning and building design.
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Appendix A

Table A1l. Classification standard of seismic-resilience capacity evaluation index.

Classification Standard of Seismic-Resilience Capacity

Level 1 Level 2 Level 3
Evaluation Indexes  Evaluation Indexes Evaluation Indexes 1 it i1t v v
Structural type Steel Concrete Masonry Brick-wood Solid-wood
YP structure structure structure Structure Structure
Seismic Non-
Seismic-type factors fortification intensity >8 degree 8 degree 7 degree 6 degree fortification
Construction year After 2011 2001-2010 1990-2000 1980-1989 Before 1980
Internal factors Building damage Nothing Mild Moderate Serious Very serious
o . Schools, Residential, .
Building function — Hospitals Office Business center —
Funfc;éct):)l;ype Internal facilities Very simple Simple Medium Complex Very Complex
Seismic measures for .
non-structural components Very good Good Medium Poor Very poor
Pog)‘élrasﬁﬁr}l‘j;r}s)‘ty >5000 1000-5000 5001000 100-500 <100
Social factors E < Tovel
conomic leve
(10,000 yuan/kmz) >10,000 6000-10,000 3000-6000 500-3000 <500
Number of
medical institutions >4 34 2 1 0
Facility factors
Number of
emergency shelters >6 56 34 1-2 0
External factors ; ;
Q‘:j;t;‘z;’(f;:::;al >20 16~20 11~15 6~10 <5
Very .
Ma;;ac%gilslent Emergency plan complete Complete Incomplete Very incomplete None
Disaster prevention
education and drills >3 3 2 1 0
(times/year)
Number of rescuers >40 26~40 16~25 9~15 <8
Personnel factors i
Number of construction 530 21-30 1120 6-10 <5
personnel
Note: The parameters of each quantitative index are computed in a 1-square-kilometer grid.
Appendix B
Table A2. Weight values of seismic-resilience evaluation indexes.
Level 1 Weight of Level 1 Level 2 Weight of Level 2 Level 3 Evaluation Weight of Level 3 Combination Rankin
Evaluation Indexes  Evaluation Indexes  Evaluation Indexes  Evaluation Indexes Indexes Evaluation Indexes Weight 8
Structural type 0.416 0.196 1
Se1sm_1ctfort}£1cat10n 0.304 0.143 5
Seismic-type factors 0.716 ntensity
Construction year 0.146 0.069 5
Internal factors 0.658 Building damage 0.134 0.063 6
Building function 0.291 0.054 8
Function-t Internal facilities 0.202 0.038 11
unction-type 0.284 —
factors Seismic measures
for non-structural 0.507 0.095 3

components

https:/ /doi.org/10.3390/buildings16020307


https://doi.org/10.3390/buildings16020307

Buildings 2026, 16, 307 20 of 21

Table A2. Cont.

L?vel 1 Weight. of Level 1 Lgvel 2 Weight. of Level 2 Level 3 Evaluation Weight. of Level 3 Comb.ination Ranking
Evaluation Indexes  Evaluation Indexes  Evaluation Indexes  Evaluation Indexes Indexes Evaluation Indexes Weight
Population density 0.324 0.023 15
Social factors 0.205
Economic level 0.676 0.047 9
Facility factors 0137 medli\cl:lrﬁlbsitiftions 0.712 0.033 12
emelr\ég:ct;esrl?eflters 0.288 0.014 16
External factors 0.342 ma(tzel;iﬁtri?sle(i{/es 0.452 0.039 10
Mahagement 0.251 Emergency plan 0.281 0.024 13
education and dril 0267 0.023 14
Number of rescuers 0.422 0.059 7
Personnel factors 0.407 Number of
construction 0.578 0.080 4
personnel
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