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Abstract
Evaluating the seismic vulnerability of regional group structures is essential for effectively 
quantifying the seismic resilience and risk analysis of regional cities. To study the degree 
of damage caused by a typical earthquake to the overall group of buildings in a specific 
area, this paper takes the field observation data of the Wenchuan earthquake on May 12, 
2008, in China as the research background and makes empirical vulnerability statistics 
and classification on all the inspection data of structural groups in Dujiangyan city. The 
seismic risk experience database (8621 building samples) based on the overall regional 
group buildings is developed. Using nonlinear regression, probabilistic risk prediction, and 
a cumulative damage conditional probability model, the empirical vulnerability matrices 
of six typical groups of buildings in different seismic intensity zones are established. Con‑
sidering the effects of seismic design, age, purpose, number of floors, and plane shape fea‑
tures on the seismic resilience and vulnerability of regional group structures, a multifactor 
vulnerability innovation comparison model based on updating the quantitative scale of vul‑
nerability level is developed. Ultimately, an innovative seismic vulnerability update index 
domain assessment model is proposed to quantify the damage modes of regional group 
structures. Zonal fragility prediction models of six typical regional structure groups are 
established. In the analysis results of the multidimensional empirical vulnerability model, 
it is found that with the increase in the macroseismic intensity grade, the sample number 
distribution shows a decreasing trend. Additionally, an essential finding is that the dam‑
age of the regional reinforced concrete structure is relatively light, indicating that it has a 
certain seismic resilience. The empirical vulnerability database is used within the proposed 
model to obtain a seismic vulnerability index.
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1  Introduction

Earthquakes have seriously impacted the social economy, life, and property, especially 
on buildings in urban areas. In recent years, research on urban seismic resilience and 
vulnerability has become a hotspot in earthquake engineering. Seismic risk and empiri‑
cal vulnerability assessment of regional structures is a valued index to effectively quan‑
tify and predict structural damage and resilience. The seismic risk model, reliability 
theory, and empirical evaluation equation are extensively used in the field of regional 
structural damage and seismic resilience prediction (Iervolino 2022; Iervolino et  al. 
2022; Lagomarsino and Giovinazzin 2006; Lagomarsino et  al. 2022). A substantial 
number of structural seismic and vulnerability research scholars have used artificial 
intelligence technology, neural networks, support vector machines, deep learning, fuzzy 
membership judgment models, numerical simulation, vibration testing, remote sensing 
monitoring, probability risk, nonlinear model theory, mathematical statistics princi‑
ples, and empirical vulnerability analysis methods to perform multidimensional damage 
mode evolution research on various typical building structures. An empirical vulnerabil‑
ity prediction model with significant theoretical and application significance has been 
developed, which has positively contributed to effectively reducing structural seismic 
risk, improving the ability of structures to resist earthquakes, and recuperating the seis‑
mic resilience of regional building groups.

With the rapid development of artificial intelligence technology, machine learning meth‑
ods have been utilized to analyse structural earthquake fragility. The model analysis is con‑
ducted using the training set, the test set, and the verification set, and the intelligent model 
used to predict the structural earthquake failure mode is derived. Wen et al. (2022) selected 
the convolutional neural network model to develop a rapid prediction model of RC frame 
vulnerability based on five dependent variables. The reliability was verified using the field 
survey data of 162 RC structures. Stojadinović et al. (2022) demonstrated a random for‑
est classification model using machine learning damage classification and representative 
sampling algorithms. They developed a vulnerability maintenance cost matrix considering 
the number of buildings in typical zones. Yu (2022) compared the backpropagation neural 
network, random forest, exploration tree, and linear and ridge regression algorithms. They 
established a data-driven model to evaluate the damage features of RC structures. After 
the 2015 earthquake in Nepal, the inspection data were selected by Ghimire et al. (2022), 
and combined with the innovative methods of artificial intelligence, a regional structure 
comparison prediction model based on testing multiple algorithms and automated machine 
learning (Chen and Zhang 2022) was developed and established.

Fuzzy set theory, the finite element method, dynamic testing, and remote sensing 
monitoring are ubiquitously used to analyse typical structures’ seismic fragility and vul‑
nerability. Combining undefined random variables, triangular fuzzy set theory, and the 
copula model, Guo et al. (2022) proposed a fuzzy global seismic vulnerability analysis 
framework to study the uncertainty of structural damage. The representative structures 
of typical earthquake regions were selected by Bernardo et al. (2022) and Rezvani et al. 
(2022), and three-dimensional finite element models of single structures and local com‑
ponents were established. Nonlinear and probabilistic modal analyses were performed 
using actual seismic loss detection and test data, and a vulnerability comparison curve 
was generated. Ferreira et al. (2017) employed the global geographic information sys‑
tem (GIS) to investigate buildings after the Azores earthquake in 1998 and established 
an empirical vulnerability model based on 192 buildings.



2219Bulletin of Earthquake Engineering (2023) 21:2217–2257	

1 3

Considering the empirical fragility and statistical analysis of actual seismic damage 
observation data, the vulnerability characteristics of buildings in a certain zone can be 
obtained directly, excitably, and accurately. Demirel et al. (2022) conducted an on-site seis‑
mic loss inspection of the Samos earthquake in Greece on October 30, 2020, collected seis‑
mic damage data of typical RC structures in the Izmir region and developed an empirical 
vulnerability statistical model. Shafapourtehreny et al. (2022) contained the regional struc‑
tural earthquake damage data of Istanbul city, Türkiye. They combined the machine learn‑
ing calculation method to generate vulnerability regression and prediction curves based on 
typical earthquake damage sample data. Sheshov et al. (2022) conducted a field survey on 
169 buildings in Dulles, Albania, in 2019, conducted a vulnerability rating according to 
EMS-98 (Zhong et al. 2022a, b), and developed statistical vulnerability models for brick 
structures and RC structures. Debnath et  al. (2022) conducted field observations on the 
unreinforced masonry structure damaged in the 2017 Anbar earthquake in India and sum‑
marized the typical failure features. The 3D model was established with SAP2000, and 
incremental dynamic analysis was performed considering seven ground motion param‑
eters. Misseri et  al. (2020) demonstrated the element model of the wood-soil reinforced 
structure, gave the mechanical model considering the dynamic characteristic parameters, 
and selected the field inspection data of the Maule earthquake in Chile in 2010 to verify 
and compare the built model. Ebrahimiyan et  al. (2022) presented the seismic loss data 
of RC structures under the action of typical near- and far-field earthquakes, established a 
damage model of adjacent buildings by using soft computing means (Yang et  al. 2023), 
and conducted vulnerability analysis, generating vulnerability curve bundles.

The nonlinear dynamic features of building types and geometric structures were consid‑
ered by Pitilakis and Petridis (2022), and the seismic vulnerability comparison curves of 
existing group RC structures under different site conditions were established with the peak 
ground acceleration (PGA) as the intensity measure. Chettri et al. (2021) and Gautam et al. 
(2022) summarized the survey data of two destructive earthquakes in Bhutan in 2009 and 
2011, analysed the actual seismic loss features and mechanism of group masonry struc‑
tures, and established three vulnerability mode comparison curves using the log-distribu‑
tion function. Usta and Bozdağ (2022) conducted vulnerability analysis on the traditional 
himis buildings in Türkiye and constructed vulnerability regression curves considering dif‑
ferent damage modes.

In Italy, research on empirical seismic vulnerability has been rapidly developed, and 
many remarkable scientific achievements have been derived, which have contributed sig‑
nificantly to the development of global seismic vulnerability research. Del Gaudio et  al. 
(2017) made statistics on 7597 RC buildings in the 2009 L’Aquila earthquake in Italy, 
drew a PGA-based risk distribution map according to the building characteristic informa‑
tion from field observations, used EMS-98 to assess the vulnerability level of the data, and 
developed a statistical vulnerability distribution. Formisano and Chieffo (2022) studied the 
empirical vulnerability of ancient buildings in Morris, Italy, considering the site effect, and 
developed a statistical model of the relationship between the number of buildings and fre‑
quency according to age. Using the MCS and EMS-98 quantitative criteria, the spatial vul‑
nerability layout of small building groups was drawn. Cardinali et al. (2022) discussed the 
empirical damage assessment method of masonry structures in Florence, Italy, in the XX 
century, combined with the original data of the archives. They performed empirical vul‑
nerability and nonlinear static analysis on more than 300 structures. Angiolli et al. (2022) 
made statistics on the field data of five earthquakes in central and northern Italy. They 
generated a typical failure feature analysis and statistical vulnerability chart of masonry 
structures. Zucconi et al. (2022a; b), Shabani et al. (2021) studied the field inspection data 
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of RC frame structures and unreinforced masonry structures in the 2012 Emilia and 2009 
L’Aquila earthquakes in Italy, generated a distribution map of structural survey samples 
according to different vulnerability levels, took PGA as the intensity measure, and estab‑
lished a statistical and nonlinear regression model based on actual earthquake loss sur‑
vey data. Scala et al. (2022) used the L’Aquila earthquake data established by the Italian 
Department of Civil Protection (DPC) to conduct empirical vulnerability research in many 
aspects (Longobardi and Formisano 2022), counted and obtained the actual seismic fragil‑
ity distribution of masonry structure groups built at different ages, and developed regres‑
sion curves based on the seismic damage index and intensity measures in multiple periods.

China is one of the countries with the highest earthquake frequency in the world (Li and 
Liu 2022a). A large number of researchers in the field of earthquake engineering have per‑
formed a variety of empirical vulnerability studies for typical earthquakes. Qu et al. (2015) 
and Sun et al. (2019) conducted an on-site structural investigation after the 2013 Lushan 
earthquake with Mw 7.0, obtained the seismic damage data of 3684 actual buildings, and 
obtained the empirical fragility matrix of the wooden roof truss structure, masonry struc‑
ture, brick concrete structure, and RC frame structure. Gong et al. (2015) investigated the 
field structural earthquake loss in China’s 2010 Mw 7.1 Yushu earthquake. They estab‑
lished empirical fragility databases of adobe, concrete block, RC frame, brick concrete, 
and bottom RC frame structures. Li et  al. (2020, 2021a, 2022a; b), Li and Liu (2022b) 
investigated the actual structural damage caused by the 2008 Wenchuan earthquake in 
China. They developed empirical vulnerability curves and matrices of masonry structures, 
RC structures, bottom frame seismic wall structures, brick wood structures, and RC girder 
bridges based on the damage data of structures and bridges obtained from field observa‑
tions. Li et al. (2021b), Li and Liu (2022c, d), Li (2022) gathered and sorted a large amount 
of historical seismic data in China and quantified the vulnerability level by using the Chi‑
nese seismic intensity standard (GB/T 17742 2008, 2020; Li 2023) and established a non‑
linear vulnerability model based on the empirical vulnerability database of typical struc‑
tures. Xi (2022) developed a model relationship between the organized building structure 
and economic vulnerability risk parameters from the perspective of the repair cost of the 
Dujiangyan regional structure groups after the Wenchuan earthquake using the vulnerabil‑
ity function and large-scale loss assessment method (Bianchi et al. 2022; d’Aragona et al. 
2022).

The above research work has performed many fragility studies on various engineering 
structures using multidimensional analysis methods, established an effective quantitative 
relationship model of structural damage, and made significant contributions to the research 
field of structural seismic vulnerability. However, most of the research on the damage of 
a single structure model focuses on the dynamic response feature analysis of a building 
that was seriously damaged in the actual earthquake. The vulnerability model is challeng‑
ing to extend to the group vulnerability field research. Regarding the empirical vulnera‑
bility of group structure, most studies use various methods to perform research based on 
group structure vulnerability. However, establishing a typical structure sample database 
commonly depends on sampling discrete survey points of typical earthquakes or specific 
inspection points in historical earthquakes, which cannot virtually and accurately measure 
the damage degree of all buildings in a particular area.

To more precisely estimate the seismic vulnerability and fragility features of various 
typical structure groups in typical earthquake regions, a relatively reasonable empirical 
vulnerability quantification model of group structures is developed. From July to Septem‑
ber 2008, the China Earthquake Administration organized relevant earthquake and struc‑
tural engineering experts to conduct a comprehensive on-site investigation in Dujiangyan 
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city (the authors participated in the complete field investigation). Dujiangyan city is located 
across multiple intensity zones, and the damage features of urban structure groups are sig‑
nificant. Therefore, this city was selected for comprehensive surveillance. In this study, 
8,621 buildings in Dujiangyan city are quantified by using the latest version of the China 
intensity standard, and empirical fragility probability matrix models of six typical build‑
ing groups (multistory masonry structure (MMS), RC structure (RC), bottom frame seis‑
mic wall masonry structure (BFM), single story RC workshop (SRCW), single story brick 
concrete column workshop (SBCW) and mixed structure (wood-masonry, adobe, wood 
roof truss structure and other combined structures, MS)) are established. Depending on the 
regional damage features of various structures, the traditional five damage grade quantita‑
tive standards are broken through, updated, and refined into nine vulnerability-level quan‑
titative scales. According to the seismic design, age, purpose, number of floors, and plane 
shape, a comprehensive fragility assessment of six building group samples is performed, 
and innovative vulnerability matrix, plane, and surface models are developed. Using the 
calculation method of the nonlinear regression optimization model, the vulnerability com‑
parison curve based on multidimensional influence factors is generated. A vulnerability 
index stripe model is proposed to evaluate the fragility of typical urban group buildings, 
and the rationality of the zonal assessment model is verified by using the established vul‑
nerability update database of Dujiangyan Group buildings.

2 � Empirical vulnerability assessment model of typical urban buildings

2.1 � Empirical vulnerability statistical model of regional group structure

To study the damage mode features of typical destructive earthquakes on urban build‑
ings, selecting typical urban buildings affected by actual destructive earthquakes as the 
research object and conducting empirical vulnerability research is one of the essential 
means to effectively quantify the seismic resilience of urban buildings. On May 12, 2008, 
China experienced the Wenchuan earthquake with Mw 7.9. The epicentre was located in 
Yingxiu town. The focal depth was less than 20 km, and the duration was 80–120 s. The 
impact scope involved ten provinces in China, and 48,810 villages in 4467 townships were 
affected (Li and Chen 2020; Li et al. 2021a). After the earthquake, the China Earthquake 
Administration (CEA) (Li et al. 2021a) immediately gave an intensity distribution map, as 
reported in Fig. 1.

The earthquake caused many buildings to collapse, and Dujiangyan city, 28.4 km away 
from the epicentre, suffered earthquake damage to varying degrees. Its administrative area 
has the features of spanning multiple intensity zones and diversified structural categories. 
In July 2008, CEA took the lead in organizing earthquake engineering experts from dif‑
ferent regions to perform field structural earthquake loss observations in Dujiangyan city 
for several months, collecting almost all building samples in the city’s main urban area. 
The location of the sample investigation region and the distribution of various types of 
buildings are presented in Fig.  2. To profoundly study the vulnerability and resilience 
characteristics of various types of building complexes in typical cities, this paper takes the 
actual earthquake damage inspection data of six typical building complexes in Dujiangyan 
city as the research object. It employs the Chinese macrointensity standard (GB/T 17742 
2008, 2020) to evaluate and count the vulnerability level (no damage (DS1), minimal dam‑
age (DS2), moderate damage (DS3), extensive damage (DS4), and collapse (DS5)) of all 
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samples. Table 1 indicates the quantitative assessment scale of the structural vulnerability 
level based on the Chinese macroseismic intensity standard. Combining probability statis‑
tics and modal analysis methods, the statistical vulnerability matrix, point cloud, surface, 
and plane models of MMS, RC, BFM, SRCW, SBCW, and MS are obtained, as summa‑
rized in Table 2 and Fig. 3.

Depending on the statistics and induction of the sample database, the number and 
proportion of MMS are relatively large, accounting for nearly half of the total sample 
number, and the damage is rather heavy. The ensemble RC samples are relatively lightly 
damaged, and approximately 70% of the samples are at the DS1 and DS2 levels. The 

Fig. 1   Seismic intensity distri‑
bution map of the Wenchuan 
earthquake (Li and Chen 2020; 
Li et al. 2021a)

Fig. 2   Seismic damage investigation zone and distribution map of structural groups in Dujiangyan after the 
Wenchuan earthquake
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loss of BFM is slightly heavier than that of MMS and slightly lighter than that of RC. 
There are relatively more MS stocks, and the damage degree of the overall regional 
samples is less than that of BFM. Due to SRCW and SBCW being limited by their use 
functions and the stock being small, the widespread damage is relatively heavy.

Before 2008, no effective seismic monitoring stations were set up in Dujiangyan city, 
so it was impossible to obtain various ground motion parameter data. This study uses 
macroseismic intensity as an intensity measure, comprehensively considers the macro‑
intensity regional map reported by the CEA, evaluates and counts all sample databases, 
and develops an empirical vulnerability matrix, curved surface, and plane model of six 
typical building groups in different intensity regions by using probability and quantita‑
tive statistical calculation methods, as shown in Table 3 and Figs. 4, 5.

Table 1   Evaluation criteria and description of different vulnerability levels (Li et al. 2021a; GB/T 17742 
2008, 2020; Li 2023)

Vulner‑
ability 
level

Description of evaluation criteria

DS1 Intact bearing and nonbearing components, or slight damage to individual nonbearing parts 
which can be used without being mended

DS2 Visible cracks in individual bearing components and evident cracks in nonbearing components
DS3 Slight cracks in most load-bearing components, some with obvious cracks, and severe damage to 

individual nonload-bearing components which can be used after general mend
DS4 Severe damage to most of the load-bearing components, and local failure of the nonload-bearing 

components render it difficult to mend the buildings
DS5 The collapse of buildings

Table 2   Empirical fragility matrix of group buildings in the Wenchuan earthquake (Dujiangyan city (num‑
ber/damage index (DI)), DI represents the number of buildings identified for the different vulnerability lev‑
els divided by the total number of buildings, DI= Numberdifferent vulnerability levels

Numberallsurveyedbuildings
)

Structural 
typologies

Quantitative parameters Vulnerability level Total

DS1 DS2 DS3 DS4 DS5

MMS Number 2162 359 601 699 279 4100
Damage index 0.527 0.088 0.147 0.170 0.068 1

RC Number 529 149 163 97 26 964
Damage index 0.549 0.155 0.169 0.101 0.027 1

BFM Number 1101 229 379 396 125 2230
Damage index 0.494 0.103 0.170 0.178 0.056 1

SRCW​ Number 39 13 13 2 34 101
Damage index 0.386 0.129 0.129 0.020 0.337 1

SBCW Number 21 10 10 2 12 55
Damage index 0.382 0.182 0.182 0.036 0.218 1

MS Number 617 206 186 64 98 1171
Damage index 0.527 0.176 0.159 0.055 0.084 1
Total 8,621/1
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According to the analysis results of the multidimensional vulnerability model, the stock 
of various group structure samples demonstrates a decreasing trend with the increase in the 
macroseismic intensity zone, which is consistent with the reported macrointensity distribu‑
tion map. The statistical results indicate that there are relatively few samples of DS2 damage 
to various structures in Dujiangyan city, and some regional buildings are at DS3 and above. 
In zone VI, the structural damage of multiple groups is relatively light, and RC and BFM are 
the most significant. After zone VIII, the damage to various structures is significantly aggra‑
vated, and the damage change of BFM is the most apparent. In zones X and XI, local failure 
or collapse occurred in a large proportion of various structures. It is worth noting that a certain 
proportion of RC structures are still damaged at the DS3 and DS4 levels in the extreme earth‑
quake region, which indicates that this type of structure has sensible seismic resilience.

2.2 � Vulnerability prediction and evaluation model of a typical urban group 
structure

It is the core of empirical vulnerability research to conduct field investigations on structural 
damage affected by actual typical earthquakes and perform damage mode evolution analysis 

Fig. 3   Multidimensional empirical vulnerability model considering regional typical structural groups
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based on structural failure data. Using various nonlinear regression models and probabilistic 
risk analysis methods, researchers conducted multidimensional damage modal analysis on the 
group building empirical data of typical earthquake attacks and developed many structural 
vulnerability models. Del Gaudio et al. (2017) summarized the database of 7597 RC structures 

Fig. 4   Empirical vulnerability surface models of typical group buildings in different macroseismic intensity 
zones (number)
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damaged by the L’Aquila earthquake in Italy. They proposed a group structure vulnerability 
prediction function model based on the exponential distribution function model (EDFM), as 
expressed in Eq. 1.

(1)P[VG ≥ VGi|PGA ] = �1e
�2VG + �3e

�4VG

Fig. 5   Empirical vulnerability plane models of typical group buildings in different macroseismic intensity 
zones (damage index)
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P[VG ≥ VGi|PGA ] represents the conditional probability that the actual damage of the 
structure reaches or exceeds the specific vulnerability level (VG) under the influence of the 
given intensity parameter (PGA), VGi ∈ [1, 5] . α1, α2, α3, and α4 are undetermined coef‑
ficients of exponential regression.

Table 3   Vulnerability matrix of typical group buildings considering different macrointensity zones (Duji‑
angyan city (number/damage index))

Structural 
typologies

Macroseismic 
intensity

Vulnerability level Total

DS1 DS2 DS3 DS4 DS5

MMS VI 891/0.88 82/0.081 39/0.039 0/0 0/0 1012/1
VII 795/0.806 91/0.092 75/0.076 25/0.025 0/0 986/1
VIII 296/0.36 79/0.096 226/0.275 213/0.259 9/0.011 823/1
IX 153/0.259 55/0.093 165/0.279 189/0.32 29/0.049 591/1
X 22/0.052 43/0.102 78/0.184 201/0.475 79/0.187 423/1
XI 5/0.019 9/0.034 18/0.068 71/0.268 162/0.611 265/1

RC VI 299/0.937 19/0.06 1/0.003 0/0 0/0 319/1
VII 146/0.67 57/0.261 15/0.069 0/0 0/0 218/1
VIII 62/0.305 40/0.197 81/0.399 20/0.099 0/0 203/1
IX 17/0.12 27/0.19 52/0.366 43/0.303 3/0.021 142/1
X 4/0.074 5/0.093 11/0.204 27/0.5 7/0.13 54/1
XI 1/0.036 1/0.036 3/0.107 7/0.25 16/0.571 28/1

BFM VI 599/0.923 35/0.054 11/0.017 4/0.006 0/0 649/1
VII 393/0.693 78/0.138 64/0.113 32/0.056 0/0 567/1
VIII 86/0.185 72/0.155 172/0.369 123/0.264 13/0.028 466/1
IX 22/0.062 35/0.099 115/0.326 143/0.405 38/0.108 353/1
X 1/0.006 8/0.052 15/0.097 82/0.529 49/0.316 155/1
XI 0/0 1/0.025 2/0.05 12/0.3 25/0.625 40/1

SRCW​ VI 26/0.867 4/0.133 0/0 0/0 0/0 30/1
VII 8/0.667 4/0.333 0/0 0/0 0/0 12/1
VIII 4/0.4 2/0.2 1/0.1 0/0 3/0.3 10/1
IX 1/0.083 1/0.083 3/0.25 0/0 7/0.583 12/1
X 0/0 2/0.118 5/0.294 1/0.059 9/0.529 17/1
XI 0/0 0/0 4/0.2 1/0.05 15/0.75 20/1

SBCW VI 12/0.706 4/0.235 1/0.059 0/0 0/0 17/1
VII 5/0.556 2/0.222 2/0.222 0/0 0/0 9/1
VIII 4/0.333 2/0.167 5/0.417 0/0 1/0.083 12/1
IX 0/0 1/0.333 1/0.333 0/0 1/0.333 3/1
X 0/0 1/0.125 1/0.125 1/0.125 5/0.625 8/1
XI 0/0 0/0 0/0 1/0.167 5/0.833 6/1

MS VI 322/0.756 85/0.2 18/0.042 1/0.002 0/0 426/1
VII 167/0.687 54/0.222 19/0.078 3/0.012 0/0 243/1
VIII 88/0.456 31/0.161 66/0.342 6/0.031 2/0.01 193/1
IX 31/0.244 27/0.213 54/0.425 9/0.071 6/0.047 127/1
X 9/0.091 7/0.071 25/0.253 27/0.273 31/0.313 99/1
XI 0/0 2/0.024 4/0.048 18/0.217 59/0.711 83/1
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Zucconi et  al. (2022b) processed the field investigation databases of the Emilia and 
L’Aquila earthquakes in Italy, counted the damage data of the MMS, RC, steel frame, and 
MS, and proposed a log-distribution function model (LDFM) to evaluate the vulnerability 
of regional population structures, as expressed in Eq. 2.

Ξ(⋅) is a lognormal distribution function, and μ and σ indicate log-mean and standard 
deviation, respectively. β1, β2, β3, and β4 are undetermined coefficients of log-distribution 
regression.

To obtain a relatively reasonable distribution model for fragility prediction and assess‑
ment of regional group structure, this paper comprehensively considered the mature analy‑
sis methods of nonlinear prediction models (Gaudio et al. 2017; Zucconi et al. 2022b; Li 
and Liu 2022c, d; Li 2022), updated the traditional exponential and logarithmic distribu‑
tion models, and combined with Gaussian regression calculation theory, proposed a vul‑
nerability function model (GDFM) for prediction and assessment of regional group build‑
ings, as expressed in Eq. 3.

MI denotes the macroseismic intensity; θ1, θ2, θ3, and θ4 are the regression uncertainty 
coefficients of the Gaussian distribution.

In this study, the empirical earthquake loss investigation database of six types of build‑
ings in Dujiangyan city is comprehensively summarized to explore the fragility features 
of urban buildings under the influence of typical earthquakes. The established structural 
vulnerability database and matrix are regressed and compared using the multidimensional 
nonlinear regression model. Combined with the proposed GDFM (Eq.  3) and nonlinear 
model regression method, six typical structural vulnerability curves considering macro‑
seismic intensity measures are developed, which can be used to evaluate the mean damage 
grade of regional group structures. The comparison curve and parameter matrix model of 
typical structural vulnerability prediction models based on different intensity regions are 
developed, as shown in Figs. 6, 7, 8, 9, 10 and 11 and Table 4.

According to the comparison of multidimensional nonlinear prediction models of six 
types of regional group buildings, MMS and SRCW are relatively light in damage in zones 
VI and VII, and all prediction models have high goodness of fit. It is worth noting that the 
peak values of RC and BFM in zone VII are significantly lower than those in zone VI, and 
the damage of MMS is relatively light, indicating that it has better seismic resilience. The 
injury to the SBCW and MS is rather serious in the lower intensity zones. In zones VIII 
and IX, the earthquake damage degree of all structures has obviously increased. The differ‑
ence between the three prediction models of MMS is small, and the curve is gentle, indi‑
cating that many samples have been damaged at the DS3 and DS4 levels. The RC seismic 
damage is relatively light. The prediction models of VIII and IX show inapparent anoma‑
lies, and the curve reaches the peak around DS3, which indicates that the RC structure has 
excellent seismic toughness, which is in favorable agreement with the author’s field investi‑
gation. The damage to the SRCW is relatively heavy in zone VIII and further aggravated in 
zone IX. However, it is worth noting that the damage was alleviated in zone X, demonstrat‑
ing that this type of structure has a certain resilience ability to resist high-level earthquake 
action. The DS5 samples of SBCW in zone IX increased meaningfully. Nevertheless, the 

(2)P[VG ≥ VGi|PGA ] = Ξ

(
ln(PGA) − �

�

)
=

�1

VGi
e

−[(log(VGi)−�2 )
2 ]

�3

(3)P[VG ≥ VGi|MI ] = �1e
−(

VGi−�2

�3
)2
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prediction curve did not surge significantly, which is related to the small sample number 
of this type of structure, and the influence of model overfitting was considered. The dam‑
age of MS is relatively small. The mixed structure samples include many brick wood and 
concrete wood frame buildings. The wood frame systems of these structural groups have 
positive seismic resilience. In the extreme earthquake zone (X and XI), the bulk of group 
buildings was damaged at the DS5 and DS4 levels. Alternatively, there are still a certain 
number of MMS, RC, and BFM samples in DS4 and DS3, which have proficient seismic 
resilience. Depending on the established database information, most of the group buildings 
with excellent seismic resistance are newly built or have undergone seismic design, which 

Fig. 6   Comparison of empirical vulnerability prediction models considering typical urban buildings (MMS)
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indicates that seismic design and construction age factors directly affect the fragility fea‑
tures of structures.

According to the analysis of the vulnerability regression parameters of six types 
of structures, the goodness of fit of various nonlinear regression models is relatively 
low in the higher intensity zones, especially in zones VIII and IX. This study deter‑
mined a relatively moderate regression model and the regression parameters in zone 
VIII to avoid nonlinear model overfitting and low applicability. In zone IX, the essen‑
tial factor for the low goodness of fit of models of various structures is the relatively 

Fig. 7   Comparison of empirical vulnerability prediction models considering typical urban buildings (RC)
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small number of seismic damage sample data that can be used for model regression. 
In particular, the stock of SBCW in the Dujiangyan area is relatively small, which 
leads to low model fitting. Optimizing the model should consider increasing the nec‑
essary number of samples in similar seismic zones in the future to supplement the 
established structural vulnerability database and to update, optimize and improve the 
model’s goodness of fit.

Fig. 8   Comparison of empirical vulnerability prediction models considering typical urban buildings (BFM)



2232	 Bulletin of Earthquake Engineering (2023) 21:2217–2257

1 3

3 � Vulnerability assessment model of urban group buildings 
considering essential influence factors

According to the umbrella observation and sampling of typical urban group buildings by 
the field reconnaissance team, the seismic vulnerability of structures is not only affected 
by intensity measures (macroseismic intensity) but also profoundly affected by a variety of 
pivotal impact factors, such as seismic design, construction age, functional requirements, 

Fig. 9   Comparison of empirical vulnerability prediction models considering typical urban buildings 
(SRCW)
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number of floors and plane shape. It is worth emphasizing that during the field inspec‑
tion, it was found that the DS3 and DS4 ratings showed a large dissimilarity in structural 
damage.

To achieve the actual damage degree of regional buildings more accurately, after the 
study and judgment of experts from the China earthquake damage field reconnaissance 
command center, it was decided to subdivide DS3 and DS4 into three grades (DS3d, 
DS3m, DS3u, DS4d, DS4m, and DS4u) to circumstantially evaluate the vulnerable features 
of various groups of buildings. The division scale and principle pay more attention to the 
damage level of structural and nonstructural members. DS3a, DS3m, and DS3u indicate 

Fig. 10   Comparison of empirical vulnerability prediction models considering typical urban buildings 
(SBCW)
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that the nonstructural members of the building have suffered slight, moderate, and severe 
damage, respectively, and the structural members have universally suffered slight damage. 
DS4a, DS4m, and DS4u indicate that the nonstructural members of the building have suf‑
fered significant damage, and the structural members have suffered slight, moderate, and 
severe damage, respectively.

This study creatively expanded the traditional five-level damage quantification standard 
to nine levels, re-evaluated all the earthquake damage observation data in Dujiangyan city, 
and updated the old sample database. The comparative damage analysis is conducted for 
the key influencing factors that affect the vulnerability of group buildings.

Fig. 11   Comparison of empirical vulnerability prediction models considering typical urban buildings (MS)
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3.1 � Seismic design factor

Depending on the summary of the updated structural earthquake damage database (8621 
buildings), the seismic design factor directly impacts the damage of six types of group 
buildings. Considering the seismic design factor, the umbrella data’s vulnerability grade is 
evaluated using the updated vulnerability level quantitative standard. The empirical vulner‑
ability matrix based on the element is established, as summarized in Table 5. Using the 
calculation method of probability and statistical modelling, the empirical vulnerability sta‑
tistical distribution based on the damage index of six typical group structures is generated, 
as shown in Fig. 12.

According to the vulnerability assessment and statistical distribution of six typical 
structures, among the samples considering seismic design, the damage to RC structures is 
relatively light, and many samples are distributed at the DS1 and DS2 levels. The damage 
of MMS was slightly lighter than that of BFM and MMS, and the deterioration of SRCW 
and SBCW was similar. The damage of various structures without considering the seismic 
design is obviously heavier, the damage of SRCW and SBCW is relatively heavier, the 
damage of MMS is obviously lighter than that of BFM, and the damage of MS and RC is 
relatively close. It is worth emphasizing that there is no remarkable discrepancy in whether 
to consider the MS damage of seismic design, which is related to the existence of a myriad 
of wood frame structures with excellent seismic resilience in MS.

3.2 � Age factor

Under the attack and influence of earthquakes, buildings built of different ages indicate 
remarkable damage discrepancies. A great deal of field observation data and studies have 
verified the impact of age factors on structural vulnerability (Li and Liu 2022c, d; Li 2022). 
To study the vulnerability and seismic resilience of building groups in typical urban areas 
under the influence of the construction age factor, this study classifies and counts the sam‑
ple databases according to different ages (before 1978, 1979–1989, 1990–2001, and after 
2002), establishes an empirical vulnerability matrix based on the age influence factor 
(Table 6), and generates a vulnerability distribution of building vulnerability in urban areas 
based on this influence factor, as shown in Fig. 13.

According to the empirical vulnerability matrix and statistical damage distribution of six 
types of structures of different ages, it can be concluded that the seismic capacity of group 
structures has been significantly improved with the advancement of age. Before 1978, six 
types of structures suffered relatively heavy damage, and 66.7% of RC were at the DS3d 
level, indicating that most of the nonstructural members of buildings were damaged. In 
MMS samples, 17.8% suffered from DS5 level damage, and MS was slightly lighter than 
BFM. The damage of SRCW is obviously heavier than that of other structures, and 55% of 
the samples are at the DS5 level. From 1979 to 1989, the damage caused by MS was rela‑
tively light, and BFM was slightly heavier than MMS. The seismic damage of the SBCW 
and RC is relatively significant. The survey data indicate that the seismic design was not 
considered for some buildings of the two types of structures in this era, which is the main 
reason for the heavy damage. From 1990 to 2001, the damage of MMS, RC, and MS was 
relatively light, the damage of SRCW was significantly heavier than that of BFM, and the 
deterioration of SBCW was similar to that of MMS. After 2002, according to the statistics 
of the established regional structure vulnerability database, the seismic capacity of various 
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structures was significantly improved. MS, MMS, BFM, and RC damage is relatively light, 
and the damage of SBCW is heavier than that of SRCW. It is worth noting that the sample 
distribution of the SBCW is only at the DS1 and DS5 levels, which leads to the feature of a 
large dispersion of structural damage. The main reason is that the sample stock of this type 
of structure is relatively small.

3.3 � Function factor

The reconnaissance data indicate that the damage suffered by various types of group build‑
ings with different functions is a discrepancy, directly influencing the fragility and seis‑
mic resilience of urban group buildings. To understand the impact of different functional 
demand factors on the vulnerability of six types of structures, the sample database is clas‑
sified and counted according to building functions (residential, commercial, residential and 
commercial, government, school, hospital, and other), and the empirical fragility matrix 
of urban group buildings based on this factor is established, as summarized in Table  7. 
Using the calculation method of probability and statistical modelling, a typical structural 
vulnerability statistical distribution considering the influence of different functional factors 
is generated, as shown in Fig. 14.

The number of MMS residential buildings and residential and commercial occupancies 
is relatively large, and the damage to the hospital, commercial, and other functional build‑
ings is relatively light. Depending on the structural vulnerability statistical distribution, the 
damage to schools is relatively serious, and the earthquake loss of government buildings 
is slightly heavier than that of residential buildings. The difference between various func‑
tional damages to RC structures is inapparent, the damage to residential buildings is light, 
and the damage to government buildings is relatively heavy. The damage to commercial 
occupancies and government buildings with BFM structures is relatively light, and the 
damage to hospitals is slightly heavier than that to schools. The vulnerability distribution 
of some functional buildings in the SRCW structure has noticeable gradients resulting from 
the refinement of vulnerability levels. The damage features of such structures with different 
damage levels can be directly obtained. The residential, commercial, and school buildings 
using SBCW structures have similar damage peculiarities because the number of building 
samples used for the above functions is relatively small. The government, hospital, and 
commercial buildings with MS structures show excellent seismic resistance. Earthquake 

Fig. 12   Empirical fragility statistical distribution of typical group buildings considering seismic design fac‑
tor
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damage to school buildings is relatively serious and should arouse vital concern. All kinds 
of essential functional buildings should be treated according to the code for seismic design 
to ensure the quality of building materials and appropriately increase seismic structural 
measures to improve available structures’ seismic resilience and capacity.

3.4 � Floor factor

Due to the need for architectural design and function, the number of floors (building 
height) of urban buildings is diversified. A myriad of field structural earthquake loss 
inspection data indicate that the number of floors fundamentally impacts the fragility of 
regional group buildings. To explicitly study the vulnerability differences of various groups 
of buildings affected by this factor, this paper performs statistics and processing on the vul‑
nerability database of six groups of buildings in Dujiangyan city after the Wenchuan earth‑
quake according to the number of different floors and develops the empirical vulnerability 
matrix and distribution of typical group structures, as indicated in Table 8 and Fig. 15.

Depending on the damage analysis of six typical group buildings, the 2-story MMS 
and RC structures show sensible seismic performance with minor damage. The MMS 
(7-story) and RC structures (1-story and 7-story) are relatively damaged. The damage 
to the MMS (4-story and 5-story) and RC structures (4-story and 6-story) is similar. 
It is worth emphasizing that it is necessary to conduct in-depth research on the seis‑
mic performance of single-layer RC structures, appropriately increase the compelling 

Fig. 13   Empirical fragility statistical distribution of typical group buildings considering the age factor
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connection between infilled walls and structural systems, and improve lateral stiffness 
and structural integrity. The damage of BFM (4-story), MS (3-story and 4-story) is 
relatively light, the damage similarity of BFM (3-story and 5-story), SRCW of a single 
layer, and BFM (2-story) are relatively high, the damage of BFM (7-story) is rather 
heavy, and the damage of MS (5-story) is relatively heavy.

Fig. 14   Empirical fragility statistical distribution of typical group buildings considering functional require‑
ment factor
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3.5 � Planar shape factor

According to survey data and actual observations of historical earthquakes in China (Li 
and Liu 2022b, c, d; Li et al. 2021b; Li 2022), when a destructive earthquake attacks build‑
ings in the same region, the damage caused by the plane shape of different structures has 
apparent anomalies. To analyse the structural vulnerability of different plane shapes, we 
conducted comprehensive statistics and processing on the structural damage database of 
Dujiangyan city in the Wenchuan earthquake according to different plane shapes (“□” 
type, “L” type, “凹” type, and others) and established six types of group structural empiri‑
cal vulnerability matrices, as summarized in Table  9. Probabilistic and statistical model 

Fig. 15   Empirical fragility statistical distribution of typical group buildings considering the story number 
factor
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theories are comprehensively considered, and the typical structural vulnerability distribu‑
tion considering the damage index parameter is developed, as shown in Fig. 16.

According to the classification, statistics, and damage analysis results of urban earth‑
quake damage data, the MMS stock of the “□” type is relatively large, the damage is 
similar to the “L” type structure, and the earthquake slightly damages the MMS of the “
凹” type. The damage index value of the “凹” type RC structure at the DS1 level reaches 
approximately 0.64, which indicates positive seismic resistance. There is no remarkable 
discrepancy in fragility features between “□”, “L”, and other types of structures. The “凹” 
BFM structure is relatively damaged, and the “L” structure is slightly more damaged than 

Fig. 16   Empirical fragility statistical distribution of typical group buildings considering the plane shape 
factor
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the “□” structure. The damage to the “凹” SRCW structure is heavier than that of other 
types of structures. The samples of “L”, “凹” and other types are small, and the damage is 
concentrated. The damage of the “□” type MS is relatively light, the structural damage of 
other types is heavy, and the structural damage of the “凹” type is slightly heavier than that 
of the “L” type.

4 � Vulnerability strip assessment model of a typical urban group 
structure

The seismic risk and vulnerability analysis of urban buildings are vital factors in measur‑
ing the seismic resilience of regional structures. Hence, a large number of researchers in 
the field of seismic engineering have conducted multidimensional quantitative analysis. An 
assessment model for assessing the vulnerability of regional groups of buildings was pro‑
posed by Chieffo et al. (2022), as expressed in Eqs. 4–5. The evaluation model has been 
applied to the structural seismic risk analysis of typical regions in Italy, and the actual 
earthquake damage data have verified the rationality of the model.

where VI is the vulnerability index. Mi and Pi represent the type score and weight of the 
ith factor affecting the vulnerability of a typical regional structure. SFI is the standardized 
vulnerability index of the typical regional structure. Pmin and Pmax denote the minimum and 
maximum scores of each influencing factor.

Taking ground motion parameters (PGA and PGV) as intensity measures, a traditional 
vulnerability index quantification model has been developed. Combined with a large num‑
ber of ground motion feature parameters and macrointensity relationship equations (GB/T 
17742 2020), a regional structure vulnerability quantification model based on macroseis‑
mic intensity has been established, as expressed in Eq. 6. This model can virtually achieve 
the damage evolution and dynamic catastrophe evaluation of regional group buildings 
under different macroseismic intensities and has been broadly used (Lagomarsino and Gio‑
vinazzin 2006).

where �D is the intensive vulnerability index and MSM is the macroseismic intensity meas‑
ure. � is the toughness factor.

Gong et  al. (2015), Sun et  al. (Li 2023), Li et  al. (2021a, 2022a; b), Li and Liu 
(2022d) and Li (2022) proposed a quantitative model of regional structural vulnerability 
based on structural damage grade by using the risk matrix probability model analysis 

(4)VI =

15∑
i=1

MiPi

(5)SF
I
=

⎡
⎢⎢⎢⎣

V
I
−

�∑15

i=1
M

i
⋅ P

min

�

����
∑15

i=1

�
(M

i
⋅ P

max
) −

�∑15

i=1
M

i
⋅ P

i

������

⎤⎥⎥⎥⎦

(6)�D = 2.5 ⋅

[
1 + tanh

(
MSM + 6.25SFI − 13.1

�

)]



2251Bulletin of Earthquake Engineering (2023) 21:2217–2257	

1 3

method, as expressed in Eq. 7. They analysed the rationality of the model by using his‑
torical earthquake loss inspection data in China.

Vij is the structural vulnerability parameter of the jth macrointensity zone under the ith 
vulnerability level. Uj represents the average damage index under the influence of inten‑
sity j (value from 0 to 1). P(DSp|I ) denotes the conditional probability of the regional 
structure suffering from damage to the DSp level under the influence of seismic intensity I 
( p ∈ [1, 5]).

The above research aimed to assess the vulnerability of regional structures and used 
the vulnerability index to virtually and accurately achieve the vulnerability features of 
group structures, which made meaningful contributions to the field of urban seismic 
risk. However, with the update of the macrointensity standard and the revision of the 
fragility index to quantify different structural categories, there are specific differences 
in the vulnerability assessment results of regional group buildings. This study fully con‑
sidered the updated version of China’s macrointensity scale (CMIS-2020), combined 
with the macrointensity and the number of structural empirical surveys, and proposed a 
vulnerability update index model (VUI) to evaluate the vulnerability of various groups 
of buildings in the seismic region, as expressed in Eq. 8.

VUI is the vulnerability update index of regional group structures, and DIi denotes 
the damage quantification coefficient of the ith vulnerability level ( i ∈ {1, 2, 3, 4, 5} ). 
Ni,regional buildings and NTotal, regional buildings are the damage quantity and total quantity of 
regional group buildings at vulnerability level i, respectively.

This study compares and analyses China’s macroseismic intensity standards (GB/T 
17742 2008, 1999, 1980) in different periods, updates the limits of structural damage 
index parameters in the author’s previous work (Li and Chen 2020; Li et  al. 2021a), 
comprehensively combines the latest version of China’s macroseismic intensity scale 
quantification criteria (GB/T 17742 2020), and develops the damage quantification coef‑
ficient matrix (DIi) used to evaluate the buildings of six typical groups in the seismic 
region, as summarized in Table  10 (tl, ml, and ll are the upper limit, mean limit and 
lower limit, respectively). Based on the empirical vulnerability matrix (Table 3) of the 
Dujiangyan regional group buildings and the VUI model, strip and curve models that 
can be used to evaluate the vulnerability of typical group structures are developed, as 
shown in Fig. 17.

(7)Vij =

5∑
j=1

Uj ⋅ P(DSp|I )

(8)VUI =

5∑
i=1

DIi ⋅
Ni,regional buildings

NTotal, regional buildings

Table 10   Seismic damage 
coefficient matrix (GB/T 17742 
2020)

Limit value Damage quantification coefficient

DS1 DS DS3 DS4 DS5

tl 0.12 0.31 0.54 0.85 1
ml 0.06 0.215 0.425 0.695 0.925
ll 0 0.12 0.31 0.54 0.85
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According to the strip analysis model of a typical group structure, the vulnerability fea‑
tures of various types of structures can be predicted visually and quickly. The established 
domain model for vulnerability prediction and assessment of six typical regional structures 
is in favorable agreement with the field observations. The developed empirical vulnera‑
bility zone prediction and assessment model of a typical group structure breaks through 

Fig. 17   Empirical fragility assessment strip model of urban group buildings
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the traditional vulnerability curve and matrix analysis mode. Using the proposed regional 
assessment model, it develops an innovative model that can evaluate the fuzzy damage 
quantification of buildings in urban areas.

Comparatively, Lagomarsino and Giovinazzi (2006) considered the macroseismic 
intensity, vulnerability, and ductility index and proposed a calculation model of the mean 
damage index (Eq. 6) with values ranging from 0 to 5, which has been widely used. Chi‑
effo et  al. (2022) and Formisano and Chieffo (2022) creatively proposed a vulnerability 
index calculation model (Eq. 4) that considers multiple influencing factors. This method 
provides an effective calculation measure for seismic vulnerability assessment of regional 
group structures. This paper proposes a VUI model with a value from 0 to 1, which fully 
combines the quantitative scale of China’s macrointensity, the actual field survey data of 
structures, and the vulnerability level of buildings, and develops a model that can be used 
to assess the vulnerability of regional group structures from another dimension. The VUI 
model is utilized to develop the vulnerability strip and curve model of six types of struc‑
tures based on the typical earthquake zone (Dujiangyan City).

5 � Conclusion

This study takes the actual earthquake damage of group buildings in Dujiangyan city of the 
Wenchuan earthquake in China as the research background, innovatively develops a quan‑
titative model to evaluate and predict the vulnerability of typical urban group buildings, 
and establishes the empirical fragility evaluation and regression comparison model of typi‑
cal group buildings in different macrointensity zones. The traditional vulnerability level 
is expanded and refined, and establishing the vulnerability innovation model of regional 
group buildings is based on multidimensional influencing factors. Ultimately, a new strip 
model that can evaluate and predict the vulnerability of regional group buildings is pro‑
posed and verified by the established sample data. The following essential conclusions are 
obtained:

1.	 The regional earthquake damage observation samples (8621 buildings) of Dujiangyan 
city after the Wenchuan earthquake are comprehensively counted. Using the matrix, 
point cloud, curved surface, and plane models and theoretical analysis methods, mul‑
tidimensional statistical models of multistory masonry structures (MMSs), reinforced 
concrete structures (RCs), bottom frame seismic wall masonry structures (BFMs), sin‑
gle-story reinforced concrete workshops (SRCWs), single-story brick column workshops 
(SBCWs) and mixed structures (MSs) are established. This set of models can accurately 
show the fragility features of typical urban group buildings.

2.	 Taking the macroseismic intensity as the intensity measure, the empirical vulnerability 
matrix, curved surface, and plane model of six types of group buildings are developed. 
We selected 8621 buildings (MMS: 4100; RC: 964; BFM: 2230; SRCW: 101; SBCW: 
55; MS: 1171) with six types of structures in Dujiangyan city for regression model 
analysis. A nonlinear regression model (Eq. 3) is proposed to predict and evaluate the 
fragility of group buildings, and the vulnerability comparison curve and parameter 
matrix of multidimensional damage modes are derived. Table 4 indicates that various 
structures’ goodness of fit (R2) is relatively reasonable. It is recommended to be used to 
assess and predict the vulnerability of similar regional buildings. It is worth emphasizing 
that the regression model of some structures in zone VIII is overfitted. To ensure the 
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applicability and generalization of the model, we determined a moderate goodness of 
fit. Additionally, the number of samples in zone IX is insufficient, which leads to a low 
fitting degree. The model’s goodness of fit can be improved in the future by adding the 
number of structural samples in the same or similar seismic zones.

3.	 The vulnerability level is refined and expanded to nine levels. The effects of seismic 
design, age, functional requirements, number of floors, and plane shape factors on struc‑
tural vulnerability are considered. Using the theory of transcendence and the conditional 
probability calculation model, the vulnerability comparison curves of six types of group 
buildings are developed. The established multidimensional parameter quantitative vul‑
nerability model can provide a reference for the seismic design of regional buildings.

4.	 A strip model is proposed to evaluate the vulnerability of group buildings in urban areas, 
and the Dujiangyan damage database verifies the rationality of the model. This model 
can obtain the fragility features of various groups of buildings in typical earthquake 
areas more instantaneously. Compared with the commonly used vulnerability index 
calculation model, the proposed vulnerability update index model fully considers the 
impact of the actual structural seismic damage survey data, the latest version of China’s 
macroseismic intensity scale and the structural vulnerability level and develops a novel 
method to assess the vulnerability of regional buildings from another dimension.

The vulnerability database, nonlinear evaluation model, damage model influenced by 
multidimensional factors, and vulnerability strip domain of typical urban regional group 
buildings established in this study can provide a valuable reference and contribute to the 
research of seismic resilience and empirical vulnerability of urban structures.
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