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Abstract

To deeply explore the seismic vulnerability characteristics of typical structures and obtain
the differences in the seismic capacity of multiple structural categories in actual earth-
quakes, combined with mathematical statistics and probabilistic damage model analysis
methods, the bulk of collection and statistics were made on the structural seismic damage
observation data (98,051.8122x 10* m? and 995,269 buildings) of 213 destructive earth-
quakes in China from 1975 to 2013. Seismic damage sample databases of wooden roof
truss structures, adobe and timber structures, brick wood structures, masonry structures,
RC structures, and bottom frame seismic wall masonry structure were established. A seis-
mic damage investigation and analysis were conducted. All samples’ vulnerability grades
were evaluated using the latest version of the Chinese seismic intensity scale (CSIS-20).
The actual damage vulnerability probability matrix and surface model of structures in mul-
tiple intensity regions based on the investigated area and quantity parameters were estab-
lished. A nonlinear regression prediction model analysis method was proposed. A typical
structural vulnerability prediction model considering the failure ratio and exceedance prob-
ability in the multi-intensity region was established and verified by the earthquake dam-
age database. In addition, a vulnerability matrix prediction model considering updating the
mean vulnerability index parameter was proposed, and a comparison model of the vulner-
ability prediction matrix of typical regional structures was developed.
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1 Introduction

The occurrence of earthquakes is accidental and random. Earthquakes of different intensi-
ties significantly impact human production and life, especially damage to building struc-
tures, which directly or indirectly leads to casualties and property losses. The in-depth
study of building structures’ seismic vulnerability and capacity has become a hot topic in
earthquake resistance engineering worldwide. Influenced by the factors of environment,
economy, application, and regional culture, building structures show different structural
forms in multiple historical periods, such as wooden roof truss structures (WRTSs), adobe
and timber (AT) structures, brick wood (BW) structures, masonry structures (MSs), rein-
forced concrete (RC) structures and bottom frame seismic wall masonry (BFM) structures.
These typical structures are widely used in developed and developing countries. Accord-
ing to the characteristics of their buildings, different regions worldwide have formulated
typical structural seismic codes and macrointensity standards to improve their seismic
capacity and postearthquake damage assessment. Many experts and scholars in the field
of earthquake engineering and structural earthquake resistance have developed substantial
research work from typical structural theory and numerical simulation analysis, reduced or
full-scale model shaking table tests, and empirical structural vulnerability research based
on actual earthquake damage.

Regarding the observational-based approaches of typical structures, researchers in dif-
ferent regions worldwide have conducted vulnerability analyses of various structural cat-
egories considering different parameter moduli. Ruggieri et al. (2020) conducted field seis-
mic loss observations on 90 masonry churches in the Valley Scrivia Earthquake, Piemonte,
Italy, in 2003 and used the ground peak acceleration (PGA) as an intensity measure to
establish the vulnerability function model of MS based on this earthquake observation.
Chen et al. (2017) conducted field observations on RC, MS, BW and AT, which were seri-
ously damaged in the Mw 7.8 Gorkha earthquake in Nepal in 2015, analysed the seismic
damage mechanism of various structures and proposed a technical path to improve the seis-
mic capacity of the above structures. Dai et al. (2020) studied a field observation of the
Lushan earthquake in China in 2013, established a finite element model combined with the
actual damaged middle school gymnasium (composite structure of RC and steel frame),
and performed a comparative analysis of the earthquake loss between the investigation
background and numerical simulation. Avila-Haro et al. (2022) studied at the probabilis-
tic nonlinear building model technology path of unreinforced masonry (URM) structures,
combined with a typical observational structure in Barcelona, Spain, established a building
model, analysed the correlation between material characteristics and damage parameters,
and determined that the variability of masonry materials significantly affected the uncer-
tainty of the seismic response of URM structures.

Combined with observational-based approaches, building damage characteristics, finite
element models, functional models, machine learning research methods and rapid visual
screening techniques were developed to study the vulnerability of typical structures (RC,
MS, BFM). Chieffo et al. (2021), Kita et al. (2021), Bricefio et al. (2021), Stocchi et al.
(2021), Domaneschi et al. (2021) and Mulas et al. (2021) considered the influence of struc-
tural geometric characteristics, boundary conditions and cumulative damage modes, and
the ground motion parameters detected by the virtual network were selected for nonlinear
incremental dynamic and vulnerability model analysis. Clarke and Carey (2021) analysed
mountain buildings in the dual Island Republic of Trinidad and Tobago. They established
vulnerability function models (Zizi et al. 2021) of three types of mountain buildings by
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using incremental dynamic and uncertainty analysis methods. Ruggieri et al. (2021) used
the machine learning research method to build a new functional platform to evaluate the
vulnerability of existing buildings, conducted vulnerability analysis by relying on photos of
different building structure types, and verified the effect of this method with five buildings
of different structure types. Shin et al. (2021) analysed the seismic damage mechanism of
the weak floor of BFM, proposed an analysis method for rapid visual screening technology
evaluation of structural damage using the seismic damage information modulus, and estab-
lished a multidimensional curved surface damage model.

The empirical vulnerability analysis method can directly and effectively evaluate the
damage characteristics and vulnerability of structures under different seismic intensities.
Many structural seismic researchers investigate and analyse the structural damage after
typical earthquakes and obtain distinct structural failure characteristics.

Taking a typical destructive earthquake as an example, a large number of structural
seismic damage investigations were conducted. A multidimensional evaluation model for
effectively measuring structural vulnerability was established using risk assessment meth-
ods, probability models, mathematical statistics, and vulnerability parameter analyses.

In terms of empirical vulnerability model analysis based on field observation data,
Lovon et al. (2021) collected actual seismic damage data of more than 200 MSs in the
earthquake region of Portugal. They constructed the damage model of average risk and
structural seismic damage failure ratio (FR). Saretta et al. (2016), Gaudio et al. (2021),
and Brando et al. (2021) conducted seismic damage investigations in the 2016 and 2009
in Italian, used macrointensity standards (EMS-98 and MCS) and probability model sta-
tistical methods to evaluate the vulnerability level and failure analysis of MS and BW, and
established typical structural vulnerability models. Menichini et al. (2022) investigated the
seismic damage of typical structures by using geographic information system (GIS) tech-
nology for the two destructive earthquakes in Lunigiana and Garfagnana, Italy, in 2013
(Grigoratos et al. 2021). The bulk of seismic damage statistics work was conducted, and
constructed the empirical vulnerability curve of typical structures by using EMS-98 and
peak ground acceleration (PGA). Biglari et al. (Biglari et al. 2021, 2022) investigated the
seismic damage of historical buildings in specific earthquake regions in Iran, proposed a
vulnerability assessment model considering 15 influencing factors, established the vulner-
ability probability curve of typical structures, and statistically provided the vulnerability
probability matrix based on EMS-98. Bilgin et al. (2022) conducted a structural seismic
damage investigation on the earthquake in Northwest Albania on November 26, 2019, ana-
lysed the actual seismic damage and failure mechanism of typical structures, took multi-
story MS as an example, conducted pushover response analysis, and obtained the structural
vulnerability and failure modes under different PGAs.

In terms of empirical vulnerability analysis based on risk evaluation and statistical
modelling, Altindal et al. (2021) used the probabilistic seismic risk assessment method
to conduct empirical seismic damage prediction and assessment of typical structures
in the remaining blocks in Istanbul, Turkey. They established the vulnerability prob-
ability model curves of RC and MS. Kechidi et al. (2021) proposed a risk model for
evaluating structural seismic damage and conducted seismic damage risk and vulner-
ability analysis based on typical existing buildings in Algeria. Halder et al. (2021) col-
lected six earthquake damage data in southeast India and Nepal in the past 10 years.
They analysed and summarized the actual seismic damage characteristics of RC, MS,
BW, and adobe structures by displaying typical earthquake damage survey pictures.
Godinez-Dominguez et al. (2021) and Eudave et al. (2021) investigated and analysed
the actual earthquake damage of structures and historical buildings in Mexico and
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constructed multidimensional parameters for vulnerability assessment and acceleration
time history analysis of typical structures. Combined with the seismic damage pic-
tures of typical AT, BW, RC, and wooden frame buildings, the damage mechanism was
analysed.

Qu et al. (2015) and Sun et al. (2021) conducted earthquake damage observations
on the Lushan earthquake in China on April 20, 2013, focusing on the investigation
and damage characteristics analysis of AT, BW, WRTS, and RC and established a
vulnerability probability matrix according to the investigation sample data of typical
earthquake regions. On May 12, 2008, a Mw 7.9 earthquake occurred in Wenchuan
County, Sichuan Province, China, and a large number of buildings were seriously dam-
aged. After the earthquake, the China Earthquake Administration organized experts and
scholars worldwide to conduct an on-site inspection of structural earthquake damage,
and a large number of inspection data of RC, MS, BFM, and BW (Li and Chen 2020;
Li et al. 2019, 2021a) were collected. The empirical vulnerability database and damage
matrix model of typical structures based on different intensity regions of the Wenchuan
earthquake were established.

The above research uses different research methods to analyse the fragility and vul-
nerability of typical structures, which positively contributes to improving the seismic
capacity of structures in various regions worldwide and the revision of building design
codes. However, most studies mainly focus on the empirical vulnerability characteris-
tics of a particular structural category under a specific earthquake. Theoretical and risk
analysis has certain fuzziness and uncertainty in parameter setting, hazard model, and
dynamic modulus, and the vulnerability parameter identification using PGA or PGV
score has a certain singleness. By analysing the seismic damage of a single structure
category in a specific earthquake, it is difficult to grasp the seismic vulnerability of vari-
ous structures in the region as a whole.

This study collected and sorted the typical structural seismic damage observation
data of 213 destructive earthquakes in 23 provinces (autonomous regions and munici-
palities directly under the central government) in China from 1975 to 2013. Combined
with the on-site structural seismic damage observation characteristics, typical struc-
tures’ failure mechanisms and characteristics were analysed. A large number of inspec-
tion data of WRTS, AT, BW, MS, RC, and BFM (China Earthquake Administration and
National Bureau of Statistics 2001) (China Earthquake Administration and National
Bureau of Statistics 1996) (China Earthquake Administration and National Bureau of
Statistics 2005) were collected, and the empirical vulnerability database and damage
matrix model of typical structures based on different intensity regions of the Wenchuan
earthquake were established. The latest version of the China seismic intensity scale
(CSIS-20) is employed to evaluate the vulnerability level of various structural seismic
damage samples, and a typical structural vulnerability matrix model based on the inves-
tigated region and quantitative parameters was constructed. A nonlinear regression pre-
diction model for evaluating and predicting the vulnerability of typical structures was
proposed. The vulnerability comparison prediction model of typical structures consid-
ering multidimensional parameters in different intensity regions was established based
on the sample database. The updated mean vulnerability index parameter model was
proposed, and the regional vulnerability prediction model matrices of various typical
structures were established. The seismic performance of various structures in different
intensity regions was compared and analysed, which provides a necessary theoretical
and practical reference for structural design and construction selection in other intensity
regions and the revision of seismic design codes and intensity scales.
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2 Actual seismic damage failure analysis of typical structures

Different levels of ground motion have caused varying degrees of earthquake damage to
various structures. A great deal of historical earthquake damage observation data (China
Earthquake Administration and National Bureau of Statistics 2001) (China Earthquake
Administration and National Bureau of Statistics 1996) (China Earthquake Administra-
tion and National Bureau of Statistics 2005) indicates that the failure of engineering struc-
tures is an essential quantitative basis for casualties and property losses. According to
the data statistics and relevant earthquake damage reports of 6 types of typical structures
(98,051.8122x 10* m? and 995,269 buildings) investigated in 23 provinces (municipali-
ties directly under the central government and autonomous regions) in China from 1975
to 2013, it was found that various structures suffer different levels of seismic damage in
different periods and multiple intensity regions, especially in high-intensity regions, the
damage was relatively heavy, and even the whole or local failure of the structure occurs.
To grasp the vulnerability characteristics of typical structures relatively accurately, it was
indispensable to analyse the failure mechanism of different structures.

2.1 Failure of WRTS

The primary structural system of WRTS is the wood frame. The roof adopts a slope struc-
ture, and wood purlins are arranged horizontally. This structure is extensively used in vil-
lages, towns, and mountainous areas in different world regions because of its suitable mate-
rials and relatively simple design and construction process. Most of these structures show
good seismic performance in investigating historical earthquake damage because of their
lightweight and relatively small seismic inertia force. According to the seismic damage
observation data, the main damage characteristics were commonly the cracking damage
of the filled wall and the seismic damage characteristics of the sliding tile on the roof. In
high-intensity or extreme earthquake regions, some structures experience local or overall
failures, as illustrated in Fig. 1.

The main reasons are excessive ground motion and long-term construction, failure to
consider seismic design, poor construction technology, wood decay, and weathering, which
are essential factors causing structural failure.

It shall be considered to conduct necessary reinforcement and anti-corrosion and anti-
moth treatment of wooden materials for WRTS in the same or similar earthquake regions
in combination with the actual on-site structural seismic damage characteristics and seis-
mic design specifications to ensure that the structure meets the fortification intensity
requirements and improve its overall lateral force capacity.

2.2 Failure of AT

AT is extensively used in developing countries because of its advantages of low construc-
tion cost, convenient material acquisition, simple structure, and low construction diffi-
culty, especially in rural areas and areas with backwards economic development. Under the
action of the earthquake, ATs in different regions were damaged to varying degrees. The
adobe wall often cracks seriously or collapses, and the wood members are broken. Most
of the AT in mountainous regions and villages did not consider seismic design; there are
local failures or overall collapse of some structures in medium- and high-intensity regions,
as depicted in Fig. 2. It should be regarded as conducting the necessary reinforcement
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(a) Partial roof sjiding seriousl—y

(c¢) Partial collapse

Fig. 1 Failure of WRTS

o NESe< e 4 |
(c) Partial collapse (d) Overall collapse

Fig. 2 Failure of adobe and timber structures
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treatment for the old AT, increasing the connection between adobe and wood members,
improving the overall structural stability, increasing anti-lateral force measures, improv-
ing the ability of the wall to resist horizontal ground motion, strictly standardizing the
structural seismic design and construction, and ensuring that the AT structure has good
strength, stiffness, and ductility.

2.3 Failure of BW

According to the observation data of historical earthquake-damaged structures, BW has a
long construction history in different regions worldwide. Its primary stress system is brick
masonry or wood components. The structural layout is relatively flexible, the brick and
wood materials are convenient, and the price is low. It is widely used in villages and towns
in many regions. This type of structure was subject to varying degrees of seismic damage
under the action of an earthquake. The general seismic damage characteristics were brick
masonry wall cracking, wood member failure due to weak connection, and roof failure.
According to the actual seismic damage observation samples of BW (Li et al. 2021b), there
was a seismic damage phenomenon of the local or overall collapse of some structures, as
depicted in Fig. 3.

Considering the current earthquake damage observations in rural towns in different
regions, with proper reference to the seismic code, high-quality brick masonry and wood

e . A‘. S Ty \
(¢) Partial collapse of single-layer BW

B )
7 P ot 55

A =y S .
verall failure of 2-story BW

Fig.3 Failure of BW structure (Li et al. 2021b)
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are selected to strengthen BW to improve the overall stability and flexibility of BW struc-
tures. Due to the constraints of environmental and economic conditions, BW structures still
have a massive stock in China and many developing countries. The improvement of the
seismic performance of such structures should attract full attention in international con-
struction, seismic, and design.

2.4 Failure of MS

MS has the advantages of relatively mature and straightforward construction technology,
low material cost, good stress characteristics, and a short construction period. A large num-
ber of MSs have been built in different regions of the world. According to the seismic
damage observation data of the Wenchuan and Yushu earthquake structures in China, the
number of MSs was the largest. Most of these structures in different regions had relatively
good seismic performance. However, there were still some damage characteristics of wall
cracking or failure, oblique cracking at door and window openings, and structural column
failure. In high-intensity regions, a small number of structures had a local or overall failure,
as depicted in Fig. 4. Although this type of structural material was brittle, lacked flexibility,
and had weak shear capacity, a large number of actual earthquake damage observation data
(Li and Chen 2020; Li et al. 2021a) indicated that this type of structure showed good seis-
mic performance, and its use should not be limited. It should be considered to improve the
resistance capacity of the wall, reasonably set structural columns and ring beams, ensure

Lo

use (d) Overall failure of MS

Fig.4 Failure of MS
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the reinforcement ratio of stirrups and bent reinforcement, and improve the overall stability
and ductility of the structure.

2.5 Failure of RC

RC structures (frame buildings) have the characteristics of apparent stress, reasonable force
transmission, flexible spatial layout, convenient material production and use, and mature
design and construction technology. Therefore, this type of structure is widely used world-
wide, and its seismic performance has always been a concern. According to the actual
seismic damage investigation and the historical sample seismic damage data collected in
this study, the RC structure has excellent seismic capacity, the seismic damage is relatively
light in low- and medium-intensity areas, and some structures still do not collapse even in
high-intensity and extreme earthquake areas.

However, a few RC structures still have seismic damage, mainly characterized by severe
cracking or collapse of infilled walls, seismic damage of beam-column joints, and local or
overall failure of individual structures, as reported in Fig. 5. According to the field inspec-
tion of seismic damage, the cracking or collapse of an infilled wall is a typical seismic dam-
age feature of an RC frame structure. Nevertheless, this is precisely because the failure of the
infilled wall absorbs a large amount of seismic energy, plays the role of energy dissipation and

() Integral failure of multiple story RC structure

(d) Overall failure of RC structure

Fig.5 Failure of RC structure
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damping, and protects or delays the development of seismic damage of the main structure to a
certain extent, which has a particularly positive significance.

The column top, bottom, and beam-column joints are subjected to shear compression com-
posite stress, resulting in plastic failure, concrete falling off, and reinforcement yield. The seis-
mic damage of the column occurs before the beam. The contribution of an infilled wall to
the overall seismic capacity of the structure should be considered, and it is suggested to be
included in the seismic design code of RC structures. Exploring the design mechanism of the
beam hinge and “strong column and weak beam” ensures that the building has excellent shear
and compressive capacity and further improves the seismic ability of the RC structure.

2.6 Failure of BFM

A BFM is a composite structure with an RC frame structure on the bottom or two floors
and a masonry structure on the upper floors. The type of structure has a large bay on the
ground floor, which can be used for commercial purposes, and the superstructure can be
used for residence or office. Therefore, it is widely used in different regions of the world.
Due to the structure being a composite structure, it often has the stress characteristics of
uncoordinated structural stiffness and deformation, resulting in serious seismic damage to
the bottom floor or transition layer, overall failure of the second-floor slab, local collapse
of the structure, and even serious seismic damage to the sitting floor (overall failure of the
bottom floor or transition layer) under the action of strong ground motion, as depicted in
Fig. 6. The design and construction shall be performed strictly according to the seismic
design codes in different regions. The seismic wall should be reasonably set to improve
the bottom floor stiffness appropriately, effectively control the interstory stiffness ratio,
increase the overall ductility of the structure, improve the compressive and shear perfor-
mance, and avoid structural failure caused by noncoordination of structural system stiffness
and improper selection of construction methods and materials.

2.7 Summary

According to the study of the actual structural damage samples of 213 destructive earth-
quakes in the Chinese mainland from 1975 to 2013, the abovementioned six typical struc-
tures have various destructive characteristics in different regions. A large number of houses
designed and constructed according to the structural seismic design code have shown
excellent seismic performance, and the seismic fortification goal of “not bad in the small
earthquake, repairable in a medium earthquake and not falling in a large earthquake” has
been realized. It should be considered that the matching seismic fortification and structural
measures should be reasonably set according to the typical structural categories and actual
seismic damage characteristics to achieve the goal of improving the seismic performance
of various structures.

3 Observation and analysis of actual seismic damage of typical
structures
To effectively evaluate and predict the actual seismic vulnerability characteristics of typi-

cal structures and deeply compare the seismic capacity of 6 types of structures under dif-
ferent intensity levels, the structural seismic damage observation data (China Earthquake
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Fig. 6 Failure of BFM structure

Administration and National Bureau of Statistics 2001) (China Earthquake Administra-
tion and National Bureau of Statistics 1996) of 213 destructive earthquakes in 23 prov-
inces (autonomous regions and municipalities directly under the central government) in
China from 1975 to 2013 were collected and summarized. The database of structural seis-
mic damage investigation samples (area and quantity) of WRTS, AT, BW, MS, RC, and
BFM was established (see Supplementary data 1). The distribution zoning map of actual
investigation samples was established, as depicted in Fig. 7. After the bulk of statistics and
calculation of sample data, each province’s regional survey sample parameters (area and
quantity) were obtained, as summarized in Table 1 (due to the unitary characteristics of the
structural category in a few earthquake regions and the influence of many uncertain fac-
tors on the investigation environment, the observation could only be carried out according
to the area or number of buildings; for instance, in the earthquake region investigated in
SD Province, there are only AT buildings investigated according to the number parameter,
and all samples of BFM are observed according to the number). According to the actual
seismic damage observation data of 6 types of typical structures, many classified statistics
were performed according to different provinces (autonomous regions and municipalities
directly under the central government), seismic frequencies, investigated building areas,
quantities, and ages, as provided in Fig. 8.

According to the statistical results of the actual seismic damage survey sample data
of typical structures, the frequency of destructive earthquakes in YN, XJ, SC, and QH
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Observation regions in
213 earthquakes of type
buildings, 23
provinces(autonomous
regions and
municipalities) in China,
1975-2013

Fig.7 Regional distribution of structural seismic damage investigation samples

provinces is relatively high, and the actual on-site seismic damage survey times of RC, MS,
BW, and AT structures are greater than those of other structural categories. In the overall
sample survey region, the survey area of earthquake damage is significantly higher than
that of other structural categories. WRTS, BW, and MS are relatively balanced, and the
survey area of the RC structure is relatively small.

In terms of the number of investigations, AT and BW are significantly greater than
other structural categories, indicating to a certain extent that the stock of these two types
of structures is enormous, and various degrees of earthquake damage have occurred in dif-
ferent periods and regions. In 2003 and 2008, the earthquake frequency causing damage
to typical structures was relatively high, and the investigation frequency of MS, BW, and
AT in different years was relatively high. Regarding the survey area and quantity in dif-
ferent regions, YN has the largest survey area of AT structure, and a large number of sur-
vey samples are concentrated in 1996, 2001, 2003, and 2008, with relatively more SC and
XJ. HB and QH were focused in 1976 and 2010 due to many MS and AT. According to
the regional distribution, age, seismic damage frequency, and stock characteristics of the
above six types of typical structures, the structural seismic design measures and construc-
tion methods should be further modified to improve the seismic performance of various
typical structures.

4 Comparison of empirical vulnerability prediction models of typical
structures

Seismic vulnerability is an essential part of disaster risk analysis. Evaluating building
structure vulnerability is of fundamental and guiding significance for postearthquake loss
statistics and seismic design. The field empirical structural vulnerability study considers
real earthquake damage as the background. It relies on vast amounts of actual structural
seismic damage investigation data, effectively evaluating and predicting the structural
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seismic damage. According to the investigation of structural seismic damage in many
earthquake sites, it is found that different structural seismic damage response parameters
(investigation area and quantity) have a significant impact on its vulnerability. To deeply
study the vulnerability characteristics of various typical structures under the influence
of the above factors and analyse the differences in the vulnerability of typical structures
under the influence of multiple parameters, vulnerability prediction and evaluation model
comparative analysis should be conducted on six types of typical structures from multiple
dimensional parameters.

4.1 Typical structural vulnerability surface model

Combining the assessment methods of mathematical statistics, numerical analysis, and risk
prediction models, the vulnerability grades of 98,051.8122 x 10* m? and 995,269 buildings
in all structural seismic damage sample databases are evaluated by using the vulnerability
grade (VG) delimitation criteria (Basically intact, Slightly damaged, Moderately damaged,
Severely damaged, and Destruction (DS1-DSS5, (1, 2, 3, 4 and 5)) of the latest version of
the China seismic intensity scale (CSIS-20). According to the quantification of the actual
seismic damage failure ratio (FR) parameter of the structure, the actual damage vulner-
ability probability matrix (VPM) of WRTS, AT, BW, MS, RC, and BFM are established
(see supplementary data 2), and the number distribution of typical structural vulnerability
matrices (1342 in total) is statistically obtained, as indicated by Table 2.

To effectively analyse the actual seismic vulnerability of WRTS, AT, BW, MS, RC, and
BFM in 23 provinces in China, the bulk of statistics and vulnerability analysis is performed
on the overall sample database of structural seismic damage in different intensity regions.
Using the damage probability analysis method, statistical theory, and three-dimensional
model calculation and application technology, after a great deal of programming and math-
ematics, we found that the failure ratio (FR), VPM and vulnerability level/grade (VG) have
a certain correlation. To more clearly compare the empirical vulnerability characteristics
of six types of structures under the new dimension (surface model), the VPMs of various
structures are sorted, and a multiple parameter vulnerability surface model based on the
investigated area and quantity is constructed by using the three-dimensional model numeri-
cal method, as illustrated in Figs. 9, 10, 11, 12 and 13 (number of VPM axis indicates the
sequence code of VPM).

Table 2 Quantity distribution of the structural seismic vulnerability matrix

Intensity Number of typical structural vulnerability matrices

WRTS AT BW MS RC BFM

A N A N A N A N A N A N

VI 25 1 203 21 140 14 144 20 60 11 8
VII 17 109 24 57 14 50 23 21 23 14
VIII 9 37 21 26 14 23 29 8 20 15
IX 6 6 22 4 14 7 22 4 12 15
X 5 2 5 2

XI 5 3 1

Total 57 1 356 98 227 58 224 102 93 69 0 57
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The vulnerability surface models of six typical structures based on 1342 vulnerabil-
ity matrices analyse the damage characteristics of various structures in different inten-
sity regions through three-dimensional models. They intuitively express the relationship
between failure characteristics, vulnerability level, and probability matric clusters of
various structures in multiple intensity regions.

According to the analysis results of the vulnerability matrix and surface model of
various typical structures, in terms of survey area parameters, in the degree region of
VI, the number of AT vulnerability matrices is the largest, the seismic damage is rela-
tively heavy, the overall seismic damage survey samples and matrices of BW are large,
the seismic damage of WRTs and MS are similar, and the seismic damage of RC and
BFM is relatively light. In the degree region of VII, there are many AT, BW, and MS
vulnerability matrices, and the damage degree of AT and BW is relatively severe, but
there are still some samples at the DS1 and DS2 levels.

The number of sample vulnerability matrices in the degree region of VIII is rela-
tively uniform, and most structures have severe seismic damage. A certain proportion
of survey samples of WRTS, BW, and MS have damage of DS3 or above, but RC struc-
tures still have a certain number of seismic damage matrices at DS1 and DS2 levels. In
the degree IX—XI regions, the number of vulnerability matrices of the investigated area
parameter is relatively small, the seismic damage of the AT structure is relatively heavy,
and even most of the overall structure failure occurs. The MS damage is slightly lighter
than that of the BW structure.

In terms of the investigation quantity parameters, in the degree region of VI, the
number of WRTS samples is small, and the seismic damage is relatively heavy. The
numbers of AT and MS matrices are similar. Nevertheless, the overall damage of the
former is heavier than that of the latter, the deterioration of BFM and MS is similar, and
the damage of RC samples is light. The number of AT vulnerability sample matrices in
the degree region of VII is the largest. Nevertheless, the overall seismic injury is rela-
tively severe, and the number and seismic damage of the BW and MS matrices are simi-
lar. In the degree region of VIII, there are many MS matrices, the injury of AT samples
is relatively serious, and the damage of some MS samples is slightly heavier than BFM.
In the degree regions of IX-XI, all structures have severe earthquake damage. Some
matrices indicate that AT and BW structures have a large proportion of DS4 and DS5
damage in the high-intensity region. However, there are still many vulnerability matri-
ces for MS and RC structures, even in the degree region of XI.

According to the vulnerability statistics and analysis of the above six typical struc-
tures, the AT structure has relatively heavy seismic damage in different intensity
regions. The reason is that this type of structure generally has not undergone seismic
design. Most of them are houses self-built by rural and mountainous residents. Most of
them are affected by economic conditions and are not constructed following the design
specifications. The survey area and the number of BW samples are relatively large,
and the damage is relatively serious in the medium-high intensity region. This type of
structure is composed of masonry and wood frames. The mechanical characteristics are
relatively complex, and the connection between structural members is relatively weak,
resulting in insufficient structural integrity. The WRTS vulnerability matrix is relatively
small, and is mainly established based on the investigated area parameter. The dam-
age is relatively small in the medium- and low-intensity regions. Most of the damage
characteristics are reflected in the falling of roof tiles and the cracking of maintenance
structures. The RC structure exhibits excellent seismic performance in the overall vul-
nerability surface model analysis. Even in the extreme earthquake area, there are still
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Fig.9 Vulnerability surface model of the typical structure in degree region of VI

a certain number of matrices and samples, and the vulnerability of FR is at the lower

vulnerability level.

Although the material of MS is brittle, the vulnerability surface model shows that its over-
all seismic performance is also relatively good, especially in the middle- and low-intensity
areas. There are many samples, and the seismic damage is relatively light. BFM is an RC and
MS composite structure system. The damage situation is similar to the two types of structures.
The difference is slight in the medium- and low-intensity areas, but the seismic damage of this
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Fig.9 (continued)

type of structure is relatively heavy in the high-intensity region. The seismic design codes for
different structural categories should be considered to increase the flexibility, shear, and com-
pressive capacity between structural members, properly strengthen some structures, improve
their lateral force resistance, increase structural measures, and strictly control the construction
quality to achieve the goal of improving the seismic capacity of structures.

4.2 Nonlinear vulnerability prediction model of typical structures

Combined with the numerical and probabilistic damage demand model analysis methods,
a large number of programs were edited and designed for the actual seismic damage sam-
ple points of typical structures. On the premise of fully considering the variance, robust-
ness, regression fit, and prediction regularity, a set of optimized nonlinear regression models
(Gaussian first region model (GFRM) and exponential quadratic regression model (EQRM)
(Sun et al. 2021; Li and Chen 2020; China Earthquake Administration and National Bureau
of Statistics 2005) is proposed to predict the vulnerability of typical structures, as expressed in
Egs. 1-2.

or e %)) M
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Fig. 10 Vulnerability surface model of the typical structure in degree region of VII

FR=a-é"Vor 4. et Von 2)

where FR represents the seismic damage failure ratio, V,;, represents the damage states
(DSs: DS1, DS2, DS3, DS4, and DS5), and m, n, p, a, b, ¢, and d represent the undeter-
mined regression parameters of the predicted vulnerability function. A large number of the
program editing and significance analyses verified that this group of models could continu-
ously approach the sample data and have the goodness of fit, data significance, variance,

@ Springer



Bulletin of Earthquake Engineering (2022) 20:5161-5203 5181

VII-BW-Number

1000

VII-MS-Number

1000

90.00

0.00

70.00

60.00

50.00

40.00

DALEY
DALEY

30.00
20,00
10.00

0.000

(g) BWiNumber (h) I\.ZS-’Number

VII-RC-Number

1000

VII-BFM-Number

1000

90.00

DALE

(i) IQC—Number (j) BFM-Number

Fig. 10 (continued)

standard deviation, robustness, and regularity. The goodness of fit and data significance
parameter (R?) matrix of the prediction model is developed, as summarized in Table 3.

The nonlinear parameter regression analysis of the actual seismic damage matrix of var-
ious typical structures was performed by using the established prediction model. The typi-
cal structural vulnerability regression prediction model and parameter matrix based on the
investigated area and quantity parameters in different intensity regions were established,
as shown in Fig. 14 and Tables 4 and 5 (using the established six types of typical structure
sample databases, the parameters of the nonlinear regression model (GFRM and EQRM)
were analysed. An optimized comparison model is developed to predict the vulnerability of
typical structures in different intensity regions).

To effectively evaluate the average level of vulnerability of various typical structures,
1342 vulnerability matrices are recalculated according to the weighted average method,
and the mean probability matrices based on the investigated area and quantity parameters
are obtained, as summarized in Tables 6 and 7. The vulnerability curve regression analysis
is carried out by using the numerical iterative model theory (shape-preserving (PCHIP)
method), and the damage comparison curve model (MVM) is generated, as shown in
Fig. 15. The nonlinear vulnerability prediction model (Fig. 14) established based on the
actual discrete seismic damage observation samples of six types of structures could be used
to predict and evaluate the fragility characteristics of typical structures in different intensity
regions. The MVM model (Fig. 15) based on the average matrix of structural vulnerability
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Fig. 11 Vulnerability surface model of the typical structure in degree region of VIII

is more suitable to predict and evaluate the average level of typical structures in multiple
intensity regions. The above two models have obvious differences in the objective of pre-
dicting and evaluating the vulnerability of typical structures. It is worth noting that the
similarity between the nonlinear regression model and the MVM of typical structures is
high, which verifies the fitting accuracy of the prediction models (GFRM and EQRM) to a
certain extent, especially in the low-intensity region (Figs. 14a and 15a). The accuracy of
the vulnerability prediction model of six types of structures is the highest. The predicted
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Fig. 11 (continued)

comparison model curves show that most structural categories follow FR monotonically
decreasing as VG increases in low-intensity regions, FR monotonically increasing as VG
increases in high-intensity regions, and the gentle change (nonmonotonic or irregular) in
medium-high intensity regions (VIII-IX).

However, individual structural categories show abnormal phenomena in the typical
intensity region (AT/BW-VII-Number), which is closely related to the seismic capacity of
their structural system. According to the sorting results of AT and BW seismic damage
observation data in VII region, the spatial distribution of samples surveyed by quantitative
parameters is mostly in rural and poor areas, and the economic development is relatively
backwards. Most structures are not considered for seismic design, which leads to the insuf-
ficient seismic capacity of the above two types of structures. There are relatively many
samples of DS3 grade in this intensity area, resulting in abnormal phenomena.

To evaluate the vulnerability characteristics of typical structures in multiple dimensions,
combined with the analysis method of the conditional probability calculation model, this
study proposes the exceedance probability (EP) damage assessment and prediction func-
tion model based on the quantification of different vulnerability levels, as expressed in
Eq. 3:

P(ES;|SID =SIDy;) = P(p 2 py; ISID =SIDy;) 3)
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Fig. 12 Vulnerability surface model of the typical structure in degree region of IX

ES; represents the limit state of the i-th seismic damage states (DSs), SID represents the
macroseismic intensity demand (CSIS-20), SID;; and p;; represent the intensity demand
and probability of the i-th damage (vulnerability levels/(DSs)) of the structure in the j-
th intensity region, respectively (i € [1,5],j € [6, 11]), and P() represents the cumulative

probability distribution function.

The traditional vulnerability function model of EP and the intensity measure could
effectively analyse the relationship between ground motion parameters (PGA and PGV)
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Fig. 12 (continued)

and EP. In this study, a new vulnerability prediction model based on DSs and EP param-
eters is proposed by using the macroseismic intensity scale (CSIS-20). The model could
effectively and intuitively predict and evaluate the variation law of the cumulative exceed-
ance probability under different vulnerability levels.

The 1342 vulnerability probability matrices established based on the investigated area
and quantity parameters are calculated by weighted averaging according to the structural
category, the cumulative exceedance probability distribution function model is used to
numerically calculate the average seismic damage matrix of typical structures in different
intensity regions, and the cumulative exceedance probability parameter matrix of six types
of structures is established, as indicated in Table 8.

The vulnerability prediction model of typical structures based on EP and DS parameters
is developed using the assessment and prediction function model (Eq. 3), the cumulative
exceedance probability parameter matrix, numerical iterative model theory (Shape-pre-
serving (PCHIP) method), and probabilistic model analysis method, as reported in Fig. 16.

According to the multidimensional parameter analysis of typical structural vulnerabil-
ity models (prediction model, mean probability model, and EP model) in different inten-
sity regions, in the degree region of VI, the prediction models of various structures have a
slight difference. The damage of AT and BW structures is relatively heavy, and the damage
of WRTS and MS is similar. It is worth noting that the DS2 grade of WRTS accounts for
a large proportion of the mean model under quantitative parameters, which indicates that
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Fig. 13 Vulnerability surface model of the typical structure in degree region of X and XI

such structures are prone to slight earthquake damage in low-intensity regions to a certain
extent. The EP of the RC structure at the DS1 level increases significantly. The increase
in BFM and MS is relatively fast, indicating that these three structures show good seismic

capacity in this intensity region.

In the degree VII region, AT and BW of seismic damage are further aggravated, espe-
cially in predicting the quantitative parameter and mean value model and reaching the peak
at the DS3 level. MS and BFM seismic damage are relatively close, and the increase of
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Fig. 13 (continued)

EP of BFM in DS2 level is slower than MS, indicating that the seismic damage is slightly
heavier than MS to a certain extent. We should pay more attention to the seismic defense
capacity of AT and BW, design and construct in strict accordance with the structural seis-
mic design code, and appropriately increase reinforcement and structural measures to
ensure the seismic capacity in the low-intensity region.

In the degree region of VIII, AT and BW have a high probability of earthquake dam-
age at the DS4 and DSS5 levels. The actual earthquake damage mean value model shows
that a certain proportion of AT, BW, and MS samples have severe earthquake damage, the
failure probability of BFM is significant at the DS4 level, the EP increase of RC at the
DS1-DS2 level is low, and the intensity slows down, but it can still reach an EP of 0.8-0.9
at the DS3 level. In the degree region of IX, the peak values of the MS, WRTS, and BW
prediction and mean damage models are at the DS4-DS5 level, the damage of MS and
BFM are relatively close, and a large proportion of samples are at the DS4 level. In the
EP model, AT and BW are the most severely damaged, the surge of WRTS, MS, and BFM
curves are similar, and the RC structure still has a large DS3 level of EP. In the degree
regions X and XI, the multiple parameter model analysis results show that all structures
have severe earthquake damage and that almost all collapse. The BFM prediction model
indicates peaks at the DS4 and DSS5 levels. The actual damage mean model analysis results
verify this prediction conclusion. It is worth noting that the prediction, mean value, and EP
model analysis of RC structures in different intensity regions show excellent seismic capac-
ity. Even in the extreme earthquake region, some cases where local or overall failure does
not occur. The necessary measures to improve the seismic capacity of various structures
should be reasonably set for different intensity regions, especially the seismic design of AT
and BW in medium and low-intensity regions, and the application of RC structures should
be reasonably popularized.

4.3 A vulnerability predicting matrix model of typical structures by updating
the mean vulnerability index

To grasp the seismic vulnerability of regional group structures relatively accurately, the

seismic damage (vulnerability) index is widely used in the seismic field of international
engineering structures.
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Table 3 Goodness of fit and data significance parameter matrix in multiple intensity regions (R?)

Typical structures Intensity regions R? (Area) Prediction R? (Number) Prediction
model (Area) model (Num-
ber)
WRTS VI 0.9412 GFRM 0.9944 GFRM
VII 0.7049 GFRM - -
VIII 0.6253 GFRM - -
IX 0.5782 EQRM - -
AT VI 0.6152 GFRM 0.5668 GFRM
VII 0.2573 GFRM 0.3193 GFRM
VIII 0.1756 GFRM 0.1710 GFRM
IX 0.3885 EQRM 0.3745 GFRM
X 1.0000 EQRM 0.8196 GFRM
XI - - 0.9941 EQRM
BW VI 0.6569 GFRM 0.5328 GFRM
viI 0.4049 GFRM 0.4978 GFRM
VIII 0.1419 GFRM 0.1593 GFRM
X 0.4587 GFRM 0.3597 EQRM
X - - 0.9932 GFRM
MS VI 0.7584 GFRM 0.7871 GFRM
VII 0.5872 GFRM 0.4663 GFRM
VIII 0.2147 GFRM 0.3346 EQRM
IX 0.4413 EQRM 0.4931 GFRM
X - - 0.9073 GFRM
XI - - 0.9946 EQRM
RC VI 0.9202 GFRM 0.9715 EQRM
VI 0.7087 GFRM 0.6116 GFRM
VIII 0.5996 GFRM 0.3121 GFRM
IX 0.0755 GFRM 0.3134 GFRM
X - - 0.9960 EQRM
XI - - 0.9998 EQRM
BFM VI 0.9995 EQRM 0.8297 EQRM
VII - - 0.4141 GFRM
VIII - - 0.3396 EQRM
IX - - 0.5450 GFRM
X - - 0.9897 EQRM
XI - - 0.4511 GFRM

Kassem et al. (2021), Lagomarsino et al. (2021), and D’Amico et al. (2016) used EMS-98
or MMI standards to divide the seismic damage level. Taking a particular type of typical struc-
ture as the research background, they proposed the calculation model of the average seismic
damage level and vulnerability index, as expressed in Eq. 4:

14+ pxSVI —v)]
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Fig. 14 (continued)

Table 4 Prediction damage vulnerability regression parameter matrix of typical structures in multiple inten-
sity regions (Area)

Typical Intensity GFRM EQRM
structures  regions
m n P a b c d
WRTS \%! 423.1 -2.516 2.637 - - - -
VII 457 0724 2254 - - - -
VIII 40.3 2605 1441 - - - -
IX - - - —7872 1.011 7876 1.011
AT VI 1.93x10*  —1541 6.776 - - - -
VII 30.92 2001 2197 - - - -
VIII 32.92 5575 3733 - - - -
IX - - - 3.115 0.5431 —3.045x 102 —27.07
X - - - 0 —7.071 6.138x107%  12.07
BW VI 6.59x10'! —7437 388.8 - - - -
VII 37.73 0.8077 2724 - - - -
VIII 31.34 3.009  1.865 - - - -
IX 37.81 4237 1758 — - - -
MS VI 196.5 -1315 2276 - - - -
VIl 50.13 0.3845 2397 — - - -
VIII 29.39 2451 2183 - - - -
IX - - - —4.338x10* 6945 5.15 0.5087
RC VI 159.8 —-0.2089 1.473 — - - -
VII 72.94 0.1959 1.894 — - - -
VIII 45.5 1521 1379 — - - -
IX 25.54 2734 2781 - - - -
BFM VI - - - 191.1 —1.269 1.901x10' —20.4

where up represents the average seismic damage level, SVI represents the seismic vul-
nerability index, Q represents the toughness factor, m, n, p, and v represent the undeter-
mined parameters of the model, and the parameters are identified according to the ground
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Table 6 Mean probability matrix

. . . Structure type  Seismic intensity Mean failure ratio (%)
of typical structures in multiple

intensity regions (Area) DS1 DS2 DS3 DS4 DS5
WRTS VI 72 22 6 0 0
A1 45 32 19 4 0
VIII 12 34 37 16
X 4 14 30 39 13
AT VI 55 25 14 4
viI 25 31 26 12 6
VIII 6 11 27 22 34
X 0 11 16 26 47
X 0 0 0 0 100
BW VI 63 23 10 3 1
VII 39 27 26 6 2
VIII 11 19 38 16 16
IX 0 10 21 38 31
MS VI 70 24 5 1 0
VII 47 32 15 6
VIII 18 29 27 18
IX 11 14 21 41 13
RC VI 82 17 1 0 0
Vil 61 29 8 2 0
VIII 39 41 13 6 1
IX 17 26 20 27 10
BFM VI 80 15 5 0 0

motion parameters or macrointensity in different regions to determine the undetermined
parameters.

Polese et al. (2015) and Brando et al. (2017), combined actual survey data of earthquake
damage in Italy in 2009, constructed a nonlinear model by using the Monte Carlo model
program and proposed using the binomial distribution probability density model in prob-
ability theory to establish its vulnerability index (earthquake damage index) function. Fer-
reira et al. (2013), based on the four elements of the structural system, irregular layout and
interaction, height factor and associated mode and 14 types of parameters included, estab-
lished the calculation model of the seismic damage index, as expressed in Eq. 5:

14
I'=Y C,xp, 5)
i=1

where I represents the seismic damage index considering 14 types of parameters, C,; rep-
resents the structural damage level, and p; represents the weight of each parameter. The
model is used to analyse the vulnerability of more than 500 typical houses in the old urban
centre region of Seixal in Portugal based on the seismic damage index, and the vulner-
ability curves of the average seismic damage index and seismic intensity (EMS-98) are
established. Reference (Li et al. 2021a) used CSIS-08, EMS-98, and MSK-81 to analyse
the vulnerability of typical structures in the Wenchuan earthquake in China. It analysed
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Table 7 Mean probability matrix

. . . Structure type ~ Seismic intensity Mean failure ratio (%)
of a typical structure in multiple

intensity regions (Number) DS1 DS2 DS3 DS4 DS5
WRTS VI 39 40 15 5 1
AT VI 51 28 15 3 3
VI 11 14 45 19 11
VI 8 9 31 15 37
X 7 8 17 28 40
X 1 1 8 21 69
X1 0 1 1 2 96
BW VI 53 30 13 1 3
VII 11 7 55 12 15
VIII 10 8 35 6 41
IX 9 5 17 33 36
X 0 0 9 39 52
MS VI 70 25 4 1 0
viI 32 35 24 8
VIII 20 26 27 24 3
X 5 9 30 39 17
X 3 7 22 67
X1 0 2 5 15 78
RC VI 86 10 3 1 0
VII 54 30 13 3 0
VIII 25 36 25 13 1
X 14 42 22 18
X 5 10 12 22 51
XI 1 4 7 17 71
BFM VI 73 20 5 2 0
VI 29 34 31 6
VIII 14 26 28 29 3
X 4 8 29 42 17
X 5 5 20 68
XI 0 2 6 14 78

the differences of the vulnerability of typical structures under different intensity standards,
and (Li et al. 2021b) collected and sorted out BW actual seismic damage observation data
in historical earthquakes in China and conducted damage assessment using CSIS-08. How-
ever, researchers have studied the vulnerability of a single structural category according to
a certain intensity standard, and the damage quantification scales of many intensity stand-
ards for structural types are relatively old. It was difficult to effectively quantify and predict
the vulnerability characteristics of various group structures.

In this study, the updated mean vulnerability index (UMVI) prediction matrix
model, which can be used to evaluate the vulnerability of typical regional structures,
is proposed by using the latest version of the China intensity scale (CSIS-20), which is
expressed in Eqgs. 6-8,
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[UMVI]y = [E,,]1 X [s,] (6)
B Bgp v Eep ;
:‘71 :‘72 ...... ':‘7p s2
[UMVI]y = | 780 5% 77 7 x| 7
5 & = | L
B Ep g,
[UMVI]; = [UMVI, UMVL, - - umvi, | 8)

where s,is the seismic damage index of vulnerability grade p, E ), is the structure FR of
vulnerability grade p in the ¢ intensity region (p=1, 2, 3,4, and 5; ¢=7, 8, 9, 10, and 11),
and [UMVI], is the UMVI matrix of T-type structure (s is the upper limit («), mean value
(m) and lower limit (d); T-type structure: WRTS, AT, BW, MS, RC, and BFM), as indi-
cated by Table 9. The established actual vulnerability probability matrix and macrointen-
sity level are substituted into the UMVI prediction model (Egs. 6-8) to obtain the vulner-
ability prediction of three levels (d, m, and u) of typical regional structures.

The UMVI is used to evaluate the vulnerability level of all samples in the WRTS, AT,
BW, MS, RC, and BFM sample databases. After a substantial number of model calcula-
tions and analyses, the prediction vulnerability models and parameter matrices of various
typical structures in different intensity regions are established, as shown in Fig. 17 and
Table 10. Due to the difference in the highest seismic intensity of WRTS and BW (IX and
X), they are analysed separately from other structural types.

According to the established UMVI prediction model of typical structures, the seismic
damage of WRTS and AT in the overall seismic region is relatively heavy, the damage
degree of BFM and MS in multiple intensity regions is similar, the BW damage is slightly
lighter than AT, and the seismic damage of RC structure is the lightest. The reliability of
the established UMVI prediction model is verified by using the actual seismic damage sam-
ple data of six types of typical buildings (see supplementary data 2). It can be extended
to the vulnerability prediction and evaluation of typical structures in different intensity
regions.
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Table 8 Cumulative exceedance
probability parameter matrix of
typical structures in different
intensity regions (EP)

Typical structures Intensity regions Cumulative exceedance prob-
ability parameter (EP) under
different vulnerability levels

DS1 DS2 DS3 DS4 DS5

WRTS VI 07 093 099 1 1
VII 045 0.77 096 1 1
VIII 0.12 046 0.83 099 1
IX 0.04 0.18 048 0.87 1
AT VI 054 08 094 098 1
VII 023 05 08 093 1
VIII 0.06 0.17 046 0.65 1
IX 0.06 0.14 031 058 1
X 0 0.01 0.08 0.26 1
XI 0 0.01 0.02 0.04 1
BW VI 0.63 086 096 0.99 1
VII 0.33 056 0.88 0.96 1
VIII 0.11 026 0.63 0.76 1
IX 0.07 0.13 031 0.65 1
X 0 0 0.09 048 1
MS VI 07 094 099 1 1
VII 042 0.75 093 099 1
VIII 02 047 074 095 1
IX 0.07 0.17 045 0.84 1
X 0.01 0.04 0.11 033 1
XI 0 0.02 0.07 022 1
RC VI 0.82 098 1 1 1
vl 0.58 0.88 098 1 1
VIII 029 0.66 0.88 0.99 1
IX 0.14 051 0.73 094 1
X 0.05 0.15 027 049 1
XI 0.01 0.05 0.12 029 1
BFM VI 075 094 099 1 1
Vil 035 0.69 094 1 1
VIII 0.14 04 0.68 097 1
IX 0.04 0.12 041 0.83 1
X 0.02 0.07 0.12 032 1
XI 0 0.02 0.08 022 1

5 Conclusion

Building structures show different seismic damage characteristics under earthquakes
of varying intensity levels. In-depth study of the seismic vulnerability of typical struc-
tures is of engineering significance to building loss assessment, prediction, and seismic
design. This study carried out a field investigation to accurately grasp the vulnerability
characteristics of typical structures under different intensity levels. Seismic vulnerability

@ Springer



Bulletin of Earthquake Engineering (2022) 20:5161-5203

5198
1 ———a 1
VI-EP - VII-EP -
0.9 . - —r:rs 0.9 —WRTS
0.8 -’ BW 08 — :;v
/| 7 —--MS _--MS
0.7 / __Re 07+
7 7 ---BFM —RC
0.6 g / 0.6 4 --~BFM
S0 7 g
4
04t ]
/
0.3 7
0.2+ f/
0.1
0
0 DSt DS2 DS3 DS4 DS5
VG
(a
1
09 ViI-EP
0.8
0.7
0.6
Sos m—\WRTS
- AT
0.4 BW
—--Ms
0.3 —RC
02 ---BFM
0.1
N !
0 DS2 DS3 DS4 DS5
VG
(©
1 - 1 p—
sl X -EP 0l XI-EP NS
—RC
08 08 BFM
07 07
06 0.6
o5 Sos
04+ 04+
03+ 0.3
0.2} 0.2
01+ 0.1

DS5

Fig. 16 Exceedance probability prediction model curve of typical structures in the multiple intensity

regions

Table9 Vulnerability grade and
s interval (CSIS-20)
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VG Median Value interval
DS1 0.05 0.00<5<0.10
DS2 0.20 0.10<5<0.30
DS3 0.43 0.30<5<0.55
DS4 0.70 0.55<5<0.85
DS5 0.93 0.85<s5<1.00
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Fig. 17 Vulnerability prediction model of typical structures considering UMVI

analysis on six types of structures (wood roof truss structure (WRTS), adobe and timber
(AT) structure, brick wood (BW) structure, masonry structure (MS), RC structure, and
bottom frame seismic wall masonry structure (BFM)) widely used worldwide, a model
for evaluating and predicting the vulnerability of the above structures is established and
proposed. The structural vulnerability is compared and analysed combined with the
established actual earthquake damage observation database. The results are as follows:
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Table 10 Parameter model based on UMVI

Type Parameter Intensity
VI VII VIII IX X XI
WRTS d 0.0465 0.111 0.2415 0.429 - -
m 0.1138 0.1962 0.3544 0.5529 - -
u 0.1805 0.2795 0.4635 0.6725 - -
AT d 0.107 0.248 0.5 0.5645 0.75 0.831
m 0.1858 0.3506 0.6082 0.6717 0.8463 0.9131
u 0.263 0.4495 0.71 0.773 0.9345 0.9855
BW d 0.078 0.197 0.4015 0.5445 0.6835 -
m 0.1508 0.2933 0.5088 0.6564 0.7953 -
u 0.2225 0.386 0.61 0.763 0.901 -
MS d 0.0445 0.1285 0.266 0.4445 0.7145 0.7625
m 0.1115 0.2157 0.3736 0.5657 0.8137 0.8559
u 0.178 0.301 0.478 0.6825 0.9055 0.941
RC d 0.022 0.071 0.172 0.2695 0.6005 0.722
m 0.0816 0.146 0.2694 0.3784 0.7024 0.8179
u 0.141 0.22 0.3645 0.4845 0.798 0.906
BFM d 0.0395 0.142 0.295 0.4705 0.708 0.76
m 0.104 0.235 0.4103 0.5948 0.8049 0.8532
u 0.168 0.3255 0.5225 0.7145 0.8945 0.938

We collected statistics and sorted the structural investigation data (98,051.8122 x 10* m?
and 995,269 buildings) of 213 destructive earthquakes in China from 1975 to 2013. The
vulnerability of the actual seismic damage observation data of six types of structures
is evaluated. The actual seismic damage sample database based on typical structures is
established using the latest China seismic intensity scale (CSIS-20).

Combined with the field damage inspection of typical structures, the actual seismic dam-
age characteristics and mechanism of WRTS, AT, BW, MS, RC, and BFM are analysed,
and measures and methods to improve the seismic capacity of various structures are
proposed.

A substantial number of statistical studies have been performed on earthquake damage
observations in 23 provinces (autonomous regions and municipalities directly under
the central government) in China. The statistical analysis of the investigation area and
quantity under the influence of region, age, and frequency is provided. It is observed that
the AT and BW are significantly greater than other structural categories; earthquakes
affecting the structure occurred more frequently in 2003 and 2008.

Based on the principles of mathematical statistics and risk analysis, the field observation
sample data of buildings are analysed and processed, 1342 typical structural vulnerabil-
ity matrices and vulnerability surface models based on FR parameters are established,
and a comparison of the vulnerability seismic damage characteristics of structures in
multiple intensity regions is provided for different structural types. It is observed that the
vulnerability of RC buildings is the weakest, and it shows excellent seismic performance
in different intensity regions. A large number of MSs and ATs after seismic design can
still ensure no serious damage or collapse in medium- to high-intensity regions.
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5. The optimized nonlinear prediction regression model and EP probability model, which
can be used to evaluate and predict the vulnerability of typical structures, are proposed.
A significant amount of model analysis work is conducted, and the vulnerability predic-
tion comparison model and EP model of typical structures based on the investigated
area and quantity are established. The calculation method of the regional group struc-
ture vulnerability prediction matrix model with the UMVI parameter is proposed, and
the vulnerability comparison model of typical structures is established combined with
CSIS-20. The analysis results are in good agreement with the actual earthquake damage
observations.

In this study, the vulnerability prediction and evaluation model of typical structures
established has a certain application value after being verified by a large number of actual
earthquake damage observation data. It can be extended to the vulnerability prediction and
evaluation of typical structures in different intensity regions and provide a necessary refer-
ence for future seismic design and intensity standard revision.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10518-022-01395-y.
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