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Abstract
Empirical and probabilistic risk analysis methods can relatively accurately predict the seismic vulnerability of reinforced 
concrete (RC) structures. Using various intensity measures to estimate and forecast the seismic hazard of RC structures 
can contribute to the development of typical structural seismic resilience and vulnerability models. However, traditional 
empirical and analytical vulnerability studies rely more on field observation data and seismic risk algorithms and less on 
numerical simulation analysis for validation and optimization, resulting in limitations and fuzziness in the accuracy of the 
developed structural risk models. To explore the damage modes of RC frame structures under different intensities, this paper 
innovatively combines numerical model algorithms with empirical vulnerability methods to conduct empirical vulnerability 
and numerical simulation analyses on RC structures. Using probability statistics and nonlinear regression analysis methods, 
a prediction model for estimating the fragility of RC structures was proposed, and 858 RC structure damage samples from a 
typical city (Dujiangyan) during the Wenchuan earthquake in China on May 12, 2008, were used for model verification and 
comparative analysis. Using seismic response analysis theory, 901,530 acceleration records of the Wenchuan earthquake 
detected by eight actual seismic stations were selected, and nonlinear dynamic time history analysis was conducted. A four-
story RC structural model was established using finite element software, and numerical simulation analysis was conducted 
on the model using 117,863 real earthquake acceleration data points obtained from actual monitoring stations during the 
Wenchuan earthquake. The acceleration time history curves and incremental dynamic analysis curves of the RC structure 
under different intensity measures were generated. By combining the moire algorithm and numerical simulation technology, 
damage stress clouds of steel bars and concrete under different intensity measures were generated, and the accuracy of the 
developed empirical vulnerability model was verified via numerical simulation results.
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1 Introduction

Seismic vulnerability refers to the conditional probability 
of engineering structures reaching or exceeding a given 
damage state under different earthquake intensities. Seis-
mic vulnerability can quantitatively characterize the seis-
mic performance of structures in terms of probability. 
Simultaneously, the quantitative relationship between the 
intensity of seismic motion and the degree of structural 
damage can also be described from a macro perspective. 
Seismic vulnerability can also be understood as the overall 
seismic performance of a structure, which is the ability of 
the structure to resist seismic effects (Hu [1]). Evaluating 
structural vulnerability using actual seismic intensity indi-
cators has been widely used in different regions worldwide. 
Furthermore, the probabilistic seismic demand model can 
be used for seismic hazard analysis, reflecting the prob-
ability relationship between seismic intensity and demand 
(Li and Gardoni [2]). As a seismic vulnerability and risk 
analysis tool, probabilistic seismic demand analysis has 
been broadly used in seismic engineering research.

Probabilistic seismic risk, empirical observations, and 
finite element methods are utilized to estimate the seismic 
vulnerability and damage modal features of RC structures. 
In addition, numerical simulation analysis can evaluate the 
performance of structures under various loads or environ-
mental effects, such as earthquake loads, wind loads, and 
temperature effects, including deformation, stress distribu-
tion, vibration characteristics, and corrosion conditions. 
Simulation analysis helps determine whether a structure’s 
various performance characteristics meet design require-
ments and is significant for the development and techno-
logical progress of structural seismic resistance and seis-
mic risk analysis. Bigdeli et al. [3] conducted a nonlinear 
time history analysis of typical structures using a finite 
element model and evaluated selected intensity measures 
(IMs) through regression analysis. These authors consid-
ered criteria such as damage correlation, efficiency, and 
practicality and generated seismic vulnerability and hazard 
curves based on modular systems of typical frame struc-
tures. They applied them to the establishment of probabil-
istic seismic demand models. Using nonlinear numerical 
simulation technology, an improved vulnerability function 
was proposed by Kim et al. [4], and combined with actual 
structural damage samples from the 2017 Pohang earth-
quake in South Korea, a three-dimensional incremental 
dynamic analysis was conducted. The numerical simu-
lation results were strongly correlated with the damage 
observation data. Tekeste et al. [5] proposed a method 
based on Bayesian updating and conducted seismic vulner-
ability analysis on RC structures through experimental test 
data (shaking table tests), generating a vulnerability curve 

model. The fundamental model obtained can improve the 
accuracy of seismic risk analysis. Boakye et al. [6] devel-
oped a critical model for measuring disasters and predict-
ing hazards using a disaster risk assessment framework 
model. They recommended this approach for assessing the 
vulnerability and risk of engineering structures. Saed and 
Balomenos [7] considered the vulnerability of mainshock-
aftershock sequences to damage RC structures. They 
developed a finite element software frame structure model 
and conducted time history and incremental dynamic anal-
ysis. A set of seismic vulnerability comparison curves and 
surfaces based on different IMs (spectral accelerations) 
were developed using probabilistic nonlinear algorithms.

Iervolino [8] utilized simplified engineering methods 
and case studies to develop hazard curves and functions 
considering probabilistic seismic hazard models. These 
critical conclusions can contribute to a better understanding 
and application of probabilistic seismic hazard analysis 
theory. Iervolino [9] and Iervolino et al. [10] considered the 
effects of multiple seismic risks, updated and improved the 
traditional seismic motion prediction equation, and suggested 
that the proposed model be used to analyze structural seismic 
risk and vulnerability. Tabandeh et al. [11] developed a 
model-coupled calculation equation for predicting direct 
structural earthquake losses by combining seismic risk and 
resilience quantification methods for industrial buildings. 
They conducted a case study on the proposed equation using 
the results of structural numerical model calculations. Blasi 
et al. [12] used numerical simulation analysis methods and 
cumulative probability risk models to analyze the collapse 
vulnerability of RC infill walls and compared RC shear 
failure in finite element analysis with that in experimental 
models, and generated vulnerability curves. Sharma et al. 
[13] calculated the collapse probability of RC structure-
filled frames designed based on modern seismic codes in 
India, taking into account various forms of exposed frames 
and filled (fully and partially filled) frames, revealing the 
critical conclusion that the new code’s designed frames 
perform significantly better than the old code. They found 
that the impact of adding fillers to exposed frames on the 
probability of collapse is closely related to factors such as 
design specifications, filler support, relative strength of 
columns, aspect ratio, and number of floors.

With the rapid development of information technology, 
machine learning, artificial intelligence, image monitoring 
technology, fuzzy logic, probability models, and numerical 
algorithms have been ubiquitously used to estimate the 
seismic risk and vulnerability of RC structures. Kazemi et al. 
[14, 15] studied and utilized machine learning algorithms 
for seismic vulnerability assessment of RC structures and 
proposed a risk assessment tool that supports reinforcement 
and design strategies. They also established a prediction 
model for the seismic response and performance evaluation 
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of RC frame structures using machine learning methods 
(Python software). They verified the accuracy of the 
prediction model using a five-story RC building numerical 
model. Georgiou et al. [16] selected a typical RC structure in 
Nicosia, Cyprus, to establish a three-dimensional numerical 
model. They conducted a comparative analysis of the 
pushover method and time history based on actual seismic 
motion characteristics. Zhang et al. [17] developed a model 
for quickly evaluating the damage status (level) of RC frame 
structures using machine learning algorithms (random forest, 
extreme gradient lifting, and active machine learning). 
They validated the rationality of the developed prediction 
model using shaking table experimental data. Elyasi [18] 
innovatively proposed an improved PI evaluation method 
that utilizes machine learning technology to define damage 
classification boundaries. Then, they trained and tested the 
developed classification model using damage survey data 
from six earthquakes and established a new prediction model 
for earthquake intensity perception. Bai et al. [19] utilized 
image monitoring technology to investigate the actual 
seismic damage of structures and developed an automated 
structural vulnerability prediction model using deep learning 
methods. They established a program for image-based 
damage identification and rapid structural safety assessment 
of RC components, overcoming the limitations of manual 
inspection. Li [20] proposed a simplified prediction model 
for the seismic vulnerability of RC structures using fuzzy 
sets and decision judgment theory. Fuzzy logic theory was 
considered by Nale et al. [21], and an innovative proposal 
was proposed to evaluate the vulnerability of masonry infill 
walls. The advantages of the proposed innovative model 
were compared with those of numerical analysis methods.

Research results on the seismic vulnerability of empirical 
structures significantly impact earthquake risk assessment, 
building design optimization, and the formulation of 
seismic fortification standards. Experts and scholars in 
seismic engineering from different regions worldwide have 
developed many excellent regional RC structure seismic 
vulnerability prediction models using various earthquake 
risk and probability analysis methods based on typical 
earthquake damage observation data. Using macroseismic 
IMs as the basis for quantifying the vulnerability of 
regional RC structures, Del Mese et al. [22] established a 
regional structural seismic vulnerability model based on 
the European Macrointensity Scale (EMS-98) and actual 
seismic damage data from Italian regional structures. 
Xofi et al. [23] organized the actual seismic damage data 
of 292,978 RC structures in the Lisbon metropolitan area. 
They proposed an index-based application to estimate 
the seismic vulnerability of RC structures. Gioiella et al. 
[24] proposed an empirical prediction model to estimate 
the seismic losses of RC buildings based on the research 
background of RC structure school buildings and historical 

earthquake damage inspection data in Italy. Jara et al. [25] 
conducted an analysis of actual seismic damage data from 
the September 2017 earthquake in Mexico. They used finite 
element analysis to establish an RC frame structure model 
and conducted a feature factor analysis on the failure modes 
of weak story buildings. Sathurshan et al. [26] used a rapid 
seismic scanning detection method to monitor RC building 
clusters during the Sri Lankan earthquake. They developed 
an empirical vulnerability analysis method to predict the 
seismic vulnerability of RC structures with masonry infill 
walls. Ko et al. [27] investigated earthquake damage in 
Taiwan, China, in 2022 and reported the actual seismic 
damage features of RC structures and revealed the damage 
mechanism of such structures. Li [28] conducted on-site 
observations of RC structures that suffered losses during 
the Wenchuan earthquake on May 12, 2008, in China and 
proposed a structural vulnerability prediction model based 
on statistical algorithms (Li and Formisano [29]).

Di Ludovico et al. [30] established a comprehensive, 
unique database of 2,037 school buildings (damaged and 
undamaged) by observing the damage situation of RC 
structures after the 2009 L’Aquila earthquake in Italy. They 
compared the analysis results of three different methods 
(empirical methods, empirical–binomial methods, and 
heuristic methods). They generated vulnerability curves 
for Italian school buildings (including reinforced concrete 
(RC) and nonreinforced masonry buildings). Del Gaudio 
et al. [31] analyzed the damage data of 7,597 RC buildings 
affected by the 2009 L’Aquila earthquake. By investigating 
the features of the buildings and the degree of damage to 
structural and nonstructural components, the damage grade 
according to the EMS-98 was derived, and a vulnerability 
curve based on the EMS-98 was derived for the building 
category. Sagbas et al. [32] performed an actual earthquake 
damage inspection for a strong earthquake in Türkiye in 
February 2023, investigated RC buildings in 131 industrial 
building areas, and developed an empirical seismic 
vulnerability model of RC structures under the influence of 
different IMs. Khanmohammadi et al. [33, 34] conducted 
on-site observations of the Zahab earthquake in Iran and 
conducted a detailed inspection of the seismic damage of 
81 RC buildings, reporting the features and mechanisms of 
RC structural damage caused by the earthquake event. They 
proposed an empirical seismic vulnerability model for RC 
structures based on probabilistic seismic risk and conducted 
a case study using empirical data from this earthquake 
event. Li et al. [35–37] conducted a statistical analysis and 
induced more than 200 actual earthquake damage data 
points in China. They established an empirical vulnerability 
matrix model for RC structures based on a database of 
actual earthquake damage samples. A traditional nonlinear 
prediction model estimates the probability of seismic failure 
and the risk of fundamental RC structures.
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Formisano et  al. [38] conducted an actual seismic 
damage and risk sequence analysis of building clusters in 
southern Italy. They developed a new seismic risk model 
that can be used to estimate the seismic vulnerability of 
RC buildings. Kassem et al. [39, 40] proposed an improved 
method for quantifying the seismic vulnerability index 
and conducted a seismic vulnerability assessment on 
selected RC structures in Malaysia, establishing a unified 
criterion. They conducted damage analysis on actual 
earthquake inspection data and continuously improved the 
seismic design and specifications. The proposed method 
can improve the resilience and reliability of buildings 
and infrastructure and reduce losses and risks caused by 
earthquakes. Li et al. [41, 42] used China’s macroseismic 
intensity standards [43–45] to process historical earthquake 
data in China. Combined with on-site observation images, 
they reported typical seismic damage characteristics of 
RC structures. They proposed a multifactor quantification 
method to quickly estimate the actual seismic vulnerability 
of RC structures. Orntharmarath et al. [46] conducted field 
inspection and empirical vulnerability analysis on the 2014 
Thailand earthquake and established a quantitative model 
for earthquake risk and vulnerability based on actual damage 
to regional RC structures. Chieffo et al. [47–49] proposed 
a multifactor risk quantification method that considers the 
impact on structural seismic vulnerability and conducted a 
case study on the model based on actual damage data of 
building clusters in the Italian region. They considered the 
impact of vertical seismic motion on structural damage and 
proposed a damage prediction function that considers the 
effects of earthquakes in different directions. Zucconi et al. 
[50] conducted a regional seismic vulnerability analysis of 
RC buildings and masonry structures in typical regions of 
Italy, proposed a nonlinear predictive probability model, 
and generated a vulnerability model based on actual seismic 
damage datasets. Ruggieri et al. [51–53] and Vukobratović 
and Ruggieri [54] analyzed the seismic risk and vulnerability 
of RC building clusters using analytical mechanics-basis 
estimation methods, and a quantitative model for estimating 
the seismic vulnerability of regional RC structures was 
developed. Formisano et al. [55], Chieffo et al. [56] and 
Mohebi et al. [57] analysed the seismic vulnerability and 
risk of typical Italian RC buildings using empirical and full-
scale testing methods, and a probability model that can be 
used to predict the vulnerability of regional RC structures 
was generated.

The above research utilized various methods to study and 
analyze the seismic risk and vulnerability of RC structures 
from different perspectives. A large number of functions 
and models worthy of learning have been developed. 
However, most related studies are based on analytical 
model analysis and traditional empirical vulnerability 
methods, neglecting the correction and optimization effects 

of numerical simulation methods on vulnerability models 
of RC structures. In [35] and [37], a vulnerability model 
was developed based on the probability hazard index by 
combining actual seismic damage observation data from 
regional RC structures. However, due to the uncertainty of 
the capacity and demand parameters of typical structural 
materials, updating and optimizing the developed structural 
seismic risk model are argently needed. However, the 
uncertainty of the capacity and demand parameters of 
typical structural materials results in insufficient accuracy 
of the developed seismic risk model, which urgently needs to 
be updated and optimized. This study innovatively considers 
the uncertainty of RC structural damage model parameters 
and combines empirical vulnerability with numerical 
model analysis methods. We updated the traditional 
seismic vulnerability model of RC structures using 858 RC 
structures that suffered varying degrees of damage during 
the Wenchuan earthquake in China. A typical four-story RC 
frame structure was selected to establish a finite element 
model, and vulnerability analysis of multidimensional 
parameters was conducted. Parameter identification and 
analysis of the various RC structural damage modes were 
performed using 117,863 acceleration records obtained 
from actual seismic station monitoring. Time history 
curves, engineering demand parameter curves, and damage 
stress clouds of RC structures in different intensity zones 
were established to verify the rationality of the developed 
empirical vulnerability model. The primary focus of the 
proposed prediction model is on the damage modes and 
disaster mechanisms of RC structures under different IMs. 
A nonlinear dynamic time history analysis of acceleration 
records from multiple stations can effectively and directly 
reveal different seismic intensity characteristics, contributing 
positively to obtaining reasonable numerical and empirical 
vulnerability models. The innovative results obtained 
are highly consistent with the actual earthquake damage 
inspection. A set of models can be used to optimize and 
improve traditional empirical vulnerability models.

2  Seismic failure analysis of RC structures

2.1  Analysis of typical structural failure 
characteristics

On May 12, 2008, a strong earthquake with a magnitude 
of 7.9 occurred in Wenchuan County, Sichuan Province, 
China, causing many buildings to collapse and cause 
casualties. After the earthquake, the China Earthquake 
Administration immediately dispatched an expert group 
to conduct structural damage surveillance on the build-
ing structures in the earthquake zone according to the 
published macroseismic intensity distribution (Fig. 1). 
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Admittedly, RC structures are among the most widely used 
structural systems worldwide. After actual on-site inspec-
tion by the reconnaissance team, it was found that the dam-
age to most RC structures was relatively mild. However, 
in zones with high intensities or extreme earthquakes, RC 
structures have experienced severe seismic damage.

According to the actual field observation of earthquake 
damage, in zones with high intensity or near the macro-
scopic epicenter, the RC structures experienced group 
collapses and individual structural failures, as depicted 
in Fig. 2. Many building samples have experienced vary-
ing degrees of damage to infill walls in medium- to low-
intensity zones, as reported in Fig.  3. Although infill 
walls have experienced varying degrees of failure, they 
have absorbed and consumed some of the seismic energy, 
indirectly protecting the safety of the main structural sys-
tem. In addition, some RC structures exhibit shear and 
axial force coupling effects on the column tops, column 
bottoms, and beam ends, resulting in varying degrees of 
failure, as shown in Fig. 4.

To ensure the overall seismic resistance of RC structures, 
effective connections between different components should 
be added to improve the overall stiffness of the structure. 
The role of infill walls should be fully considered to improve 
their lateral force resistance, strengthen the seismic design 
of nodes, improve the resistance of columns at the top and 
bottom, and ensure the seismic performance of columns due 
to the beam. The role of seismic design and construction 
should be emphasized, and the quality of the building 
materials should be improved and ensured.

2.2  Empirical vulnerability optimization model

To explore the actual seismic damage mode of an RC 
structure and further reveal its damage mechanism and 
failure characteristics, the China Earthquake Administration 
sent more than 30 experts to conduct a detailed seismic 
damage survey in a typical city (Dujiangyan). The field 
reconnaissance team, including the author, investigated the 
actual seismic damage of more than 10,000 buildings in 
Dujiangyan city and collected and established a vulnerability 
database of actual structures to seismic damage based on the 
typical city. The RC structure is a typical type of building 
in a city. The actual seismic damage samples of the RC 
building cluster investigated were collected, screened, 
and summarized. We estimated the vulnerability level of 
all seismic damage samples according to the quantitative 
scale of the damage level in the latest version of China’s 
seismic intensity standard [45]. A seismic vulnerability 
dataset based on 858 RC structures was developed. The RC 
structure samples (858 buildings) used for model verification 
in this study were obtained from Dujiangyan city. These 
sample data are randomly distributed in different seismic 
intensity zones, which makes the developed vulnerability 
model representative and generalizable. Table  1 shows 
the disaster matrix considering the number of earthquake 
damage investigations and the corresponding ratio. It is 
worth noting that the five levels of damage are roughly 
intact (DS1), slightly damaged (DS2), generally damaged 
(DS3), significantly damaged (DS4), and partially or 
overall collapsed (DS5). The damage ratio is the number of 
samples with different vulnerability levels in each intensity 
zone divided by the total number of samples. Figure  5 
demonstrates the vulnerability and damage distribution of 
the RC structure in Dujiangyan city. The actual structural 
probability damage function (Eq. 1) can estimate the degree 
of damage to the structure at different failure levels, and this 
function can quickly and accurately estimate the structural 
damage characteristics in zones of different intensities.

IM represents seismic intensity measures (macroseismic 
intensity). P[DPi|IM ] is the probability of the i-th level 
damage of the RC structure under a given IM action. 
P[DSi ≤ dsi|IM ] is the cumulative failure probability of the 
RC structure reaching or exceeding the i-th failure level DSi 
under a given IM.

Nonlinear vulnerability regression analysis is crucial 
for predicting the seismic risk and vulnerability of typi-
cal building structures. Chieffo et al. [47] [48] and Form-
isano et al. [38] processed and analysed actual seismic 
damage data from typical European building structures 

(1)P[DPi|IM ] = P[DSi ≤ dsi|IM ]

Fig. 1  Seismic intensity distribution of the Wenchuan earthquake in 
China (May 12, 2008)
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and proposed a logarithmic normal distribution function 
(LNDF) model that can predict the seismic vulnerability 
of typical structures, as expressed in Eq. 2. They used 

typical structural seismic damage data from Italy to ver-
ify the rationality of the vulnerability prediction model. 
Del Gaudio et al. [31] conducted an actual vulnerability 

(a) Overall failure of the building cluster (b) Overall collapse

(c) Overall failure of a single structure (d) Partial failure of single structure

(e) Complete failure of the bottom layer of the structure

Fig. 2  Overall or local failure of RC structure
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analysis of RC buildings affected by the 2009 L’Aquila 
earthquake in Italy. They proposed an exponential-based 
nonlinear prediction function (EBNPF) to estimate the 
seismic risk and vulnerability characteristics of RC struc-
tures, as expressed in Eq.  3. Li et  al. [35, 41, 58–61] 
developed a nonlinear fitting model using the old version 
of China’s seismic intensity scale. They used earthquake 
damage data from China to predict and estimate the model. 
However, the intensity measurements of the developed 
RC vulnerability prediction models are outdated, and 
the estimation accuracy is uncertain, indicating that an 

established seismic risk model urgently needs improve-
ment. Based on existing seismic risk probability models 
and nonlinear regression algorithms, this paper develops 
a Gaussian nonlinear regression function (GNRF) using 
the latest Chinese seismic intensity standard to estimate 
the actual seismic risk and vulnerability of RC structures, 
as expressed in Eq. 4. Using the established updated RC 
structural vulnerability database and matrix, structural 
vulnerability prediction curves based on the damage ratio 
(DR) for different intensity zones were developed, and 
the vulnerability quantification parameter matrix based 

(a) Partial failure of infill wall (b) Cracking and local collapse of infill walls

(c) Severe cracking of the infill wall (d) Partial failure of longitudinal and transverse infill 
walls

Fig. 3  Failure of infill walls in RC structures
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on actual seismic damage data was calculated, as shown 
in Fig. 6 and Table 2.

(2)

P(DSi ≥ dsi|IM ) = Λ [
ln(IM) − �

�
] = Λ [IM, �1, �2 ⋯ �n]

Λ[∙] is a traditional logarithmic normal distribution 
function model. � and � are the mean and variance, respec-
tively, based on the function model. P(DSi ≥ dsi|IM ) is the 
conditional probability based on traditional macroseismic 
intensity measures that the RC structure cluster reaches 
or exceeds the specified damage states dsi . i is an integer 
from 1 to 5, representing five expanded vulnerability levels. 

(a) Failure of the top of the frame column (b) Failure of the bottom of the frame column

(c) Shear failure of the frame beam

Fig. 4  Failure of typical structural components

Table 1  Disaster matrix 
considering actual structural 
seismic damage observation 
data (RC buildings)

Seismic intensity 
zone

Number of inspections and damage ratio (survey quantity and damage ratio (DR))

DS1 DS2 DS3 DS4 DS5 Total

VI 210/0.89 22/0.09 3/0.02 0/0 0/0 235/1
VII 134/0.68 45/0.22 17/0.09 1/0.01 0/0 197/1
VIII 63/0.25 101/0.4 62/0.25 26/0.1 0/0 252/1
IX 17/0.1 28/0.16 37/0.22 72/0.41 20/0.11 174/1
Overall 424/0.49 196/0.23 119/0.14 99/0.12 20/0.02 858/1
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�1, �2 ⋯ �n are n regression feature coefficients based on 
empirical RC structure actual earthquake damage sample 
data.

ψ[∙] is an exponential basis continuous distribution 
function. �  and �  represent the damage estimation 
parameters for the RC structures. �1, �2, ⋯ �n are n 
regression feature coefficients that consider the exponential-
based continuous distribution function of the actual RC 
structure earthquake damage database.

IM represents a discrete seismic intensity measure 
(macroseismic intensity) used to predict the seismic 
vulnerability and risk of RC structures. Φ[∙] is a Gaussian 
nonlinear regression function model that considers the 
vulnerability level of RC structures. �1, �2, ⋯ �n represent 
n objective regression coefficients based on the empirical 
failure dataset of RC structures.

According to the vulnerability assessment models of 
RC structures in different seismic intensity zones, in zone 
VI, the similarity of the EBNPF and GNRF curve changes 
is relatively high, and the goodness of fit is relatively 
high (both reaching 1), which is slightly greater than the 
prediction curve accuracy of the LNDF. The damage to 

(3)
P(DSi ≥ dsi|IM ) = Ψ [IM, �1, �2, ⋯ �n] = 1 − e−�∙IM�

(4)P(DSi ≥ dsi|IM ) = Φ [IM, �1, �2, ⋯ �n]

RC structures is relatively mild. In zone VII, the maximum 
value of the curve at the DS1 level indicates a decreasing 
trend, while the DR value at the DS3 level significantly 
increases. The RC damage is inconspicuous, and the actual 
field inspection results mostly reveal slight damage to the 
nonstressed components. In zone VIII, the damage to the 
RC structure worsens, and the goodness of fit of the GNRF 
is slightly greater than that of the EBNPF and LNDF. Some 
RC structures have relatively high DR values at the DS2 and 
DS3 levels, and the proportion of DS4 begins to increase. 
In zone IX, the prediction accuracy (goodness of fit) of the 
EBNPF and GNRF is significantly greater than that of the 
LNDF, and there is a significant increase in RC structures at 
the DS4 and DS5 levels. It is worth emphasizing that there 
are still some samples with DS1 and DS2 damage levels, 
and actual field observations indicate that RC structures 
designed for seismic resistance can still maintain good 
seismic resistance in high-intensity zones. After extensive 
regression analysis and testing of actual seismic damage data 
from RC structures, the results indicate that the Gaussian 
distribution has a relatively sensible goodness of fit and 
regression ability. Overall, the damage to the RC structure 
in the seismic zone is relatively mild, and the prediction 
accuracy and goodness of fit of the three prediction models 
are similar. The RC structure samples used for model 
verification in this paper were taken from the overall field 
survey database of Dujiangyan city, which contributed to the 
rationality of the developed model.

Fig. 5  Seismic damage observation and vulnerability distribution of RC structures in Dujiangyan City
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3  Numerical model of the RC structure

With the development of computer technology and numeri-
cal simulation methods, the finite element method has 
become essential for studying the seismic damage and 

vulnerability of RC structures. Large-scale general finite 
element software has significant advantages in the nonlinear 
analysis of structures and has led to its widespread appli-
cation in simulating the seismic damage and vulnerability 
of structures. According to field observations of the actual 

Fig. 6  Seismic fragility curve of RC structures considering cumulative exceedance probability (CEP)
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RC structures of the Wenchuan earthquake in China, these 
structures exhibit various seismic damage features under the 
influence of different intensities of seismic motion. To fur-
ther investigate the damage modes and failure mechanisms 
of RC structures, this study selected a typical four-story RC 
frame structure in an actual earthquake zone and constructed 
the model at a 1:1 ratio. We thoroughly considered the ten-
sile stiffness effect of concrete, the confinement effect of 
hoops, and the constitutive relationship between concrete 
and steel bars. We conducted numerical simulations on 
the damage features of the four-story RC frame structure 
under different seismic IMs. The feasibility of the research 
method was verified based on actual structural seismic dam-
age observations.

3.1  Unit types and material dynamic constituents

The floor slab of the RC frame structure is constructed 
and simulated using “Solid” units provided in software, 
with a type of C3D8R, and a single steel bar is constructed 
using linear wire units, with a type of B31. The steel 
reinforcement skeleton adopts truss frame elements, 
and the type of fibre beam element is T3D2. The steel 
reinforcement is established using the truss method. That 
is, the steel reinforcement skeleton is first constructed, and 
then the material properties are assigned. Both the frame 
beams and columns are modeled using “Solid” units, and the 
steel skeleton is embedded into the concrete using a “Tie” 
connection method without a common node method. The 
constructed unit is based on the Timoshenko beam theory, 
considering the influence of shear deformation stiffness. The 
beams, slabs, and columns are all made of C30 concrete. 
The stirrups of the beams and columns use an HPB300, 
and the longitudinal bars use an HRB335. The board adopts 
HPB300 and HRB335.

The uniaxial stress–strain relationship evaluation curve 
of concrete models can reflect the constraint effect and 
softening behavior under loading. In contrast, the unloading 
and loading curves can reflect the hysteresis and stiffness 
degradation characteristics of materials under repeated 
loading. By combining the constitutive relationships of 
concrete and steel bars in the Chinese Code for Design of 
Concrete Structures (GB50010-2002), stress–strain curve 
models are calculated and generated through the constitutive 
equations of concrete under uniaxial compression and 
tension (Eqs. 5–8), as shown in Fig. 7, where εu is the 
compressive strain of concrete when the stress on the 
descending section of the stress–strain curve is equal to 
0.5fc

*.
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αa and αd are the parameter values for the rising and falling 
segments of the uniaxial compressive stress–strain curve, as 
shown in Table 3. fc* is the uniaxial compressive strength of 
the concrete (fck, fc, or fcm). εc represents the compressive strain 
value of the concrete corresponding to fc*. x is the ratio of 
strain to peak strain, with a range of values less than 0.5 ft

* 
and greater than 0. � and � are the stress and strain values of 
the concrete, respectively.

(6)x > 1, y =
x

𝛼d(x − 1)2 + x
, x =

𝜀

𝜀c
, y =

𝜎

f ∗
c

(7)x ≤ 1, y = 1.2x − 0.2x6

αt represents the parameter value of the descending 
section of the uniaxial tensile stress–strain curve. ft

* is the 
uniaxial tensile strength of the concrete (ftk, ft, or ftm). εt is 
the tensile strain of the concrete that matches ft

*.
According to the values and limitations of the material 

characteristic parameters in software, the strain values under 
compression and tension are limited to a range of 0.6εc/t 
to 3εc/t. The value of the concrete damage parameter dc/t 
should be above 0.95. The true stress and strain values of 
the concrete were calculated, and a relationship curve was 
generated, as shown in Fig. 8.

(8)x > 1, y =
x

𝛼t(x − 1)1.7 + x
, x =

𝜀

𝜀t
, y =

𝜎

f ∗t

Fig. 7  Stress–strain curves 
under uniaxial compression and 
tension

(a) Compression (b) Tension

Table 3  The parameter values 
of the constitutive relationship 
of concrete (C30)

fc* (N/mm2) E (MPa) εc  (10−6) αa αd ft
* (N/mm2) εt  (10−6) αt

30 3 ×  104 1640 2.03 1.36 2.0 95 1.25

(a) Compression (b) Tension

Fig. 8  Stress–strain relationship curve of concrete under real compression and tension
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According to the Chinese Code for Design of Concrete 
Structures [62] and the selection of material characteris-
tic parameter values, considering the irreparable deforma-
tion of materials (damage factors inherent in the material 
itself), the calculation of concrete damage factors and the 
determination of nonelastic strain values can be calculated 
according to Eq. 9, thereby obtaining the true stress–strain 
relationship of concrete. It is worth emphasizing that it 
is impossible to recover according to the initial elastic 
modulus when the material undergoes deformation, and 
the material should be recovered according to (1-d) × E0. 
Therefore, the input values in software are the true stress 
and nonelastic strain values. In addition, according to the 
concrete damage plasticity model (Fig. 9) [62], during the 
tensile stage of concrete (from O to A), the initial elastic 
modulus E0 reaches the tensile strength (σto) of the con-
crete, causing failure and the stress to decrease to B. After 
stopping loading, the concrete recovers according to the 
elastic modulus of (1-dt) × E0 and reaches point C. Under 
the cyclic load of tension and compression, the concrete 
is compressed from C to D again and stops loading after 
reaching an estimated strength. At this point, the elastic 
modulus (1-dt) × (1-dc) × E0 can be restored to further 
obtain the constitutive characteristic relationship of the 
concrete.

d represents the damage factor. σ and ε are the actual 
stress and strain of the concrete, respectively. εin represents 
the nonelastic strain value of the concrete. εol is the strain 
value recovered according to the initial elastic modulus. 

(9)

d = 1 −

√
�

E0�
, �in = � − �ol, �ol =

�

E0

, �pl = �in −
d

1 − d
⋅

�

E0

εpl is an irreversible nonelastic strain that increases and 
is not zero.

The constitutive relationship of the steel bars is estimated 
using a double-line model, which fully considers the isotropy 
and strain rate effects of the steel. It is widely used in the 
elastic–plastic seismic response analysis of RC and steel 
structures. Using Eq. 10 and the line theory method, the 
stress and strain relationship of the steel bars was calculated, 
and a double-line model of the steel bars was generated, as 
shown in Fig. 10.

Es is the initial elastic modulus. Es
" represents the elastic 

modulus after yielding. σy and εy represent the yield stress 
and strain, respectively. σu and εu are the ultimate stress and 
strain, respectively.

Note that the strain provided by the plastic properties 
of steel bars includes the material’s plastic strain and the 
material’s overall strain. Therefore, the overall strain should 
be decomposed into elastic and plastic components for 
consideration. The elastic strain equals the ratio of the true 
stress to Young’s modulus. The plastic strain is the total 
minus the elastic strain, as expressed in Eq. 11.

εpl represents the true plastic strain. εt is the true strain of the 
whole. εel is the true elastic strain.

Based on the stress and plastic strain of the steel bars in 
the yield and limit states, the above calculation model was 
used to calculate the RC frame structure, and the constitutive 

(10)E��
s
= 0.01Es, �y =

�y

Es

, �u = �y +
�u − �y

Es

(11)�pl = �t − �el = �t −
�

E

Fig. 9  Damage plasticity model of concrete Fig. 10  Bilinear model of steel reinforcement
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relationships of the steel bar categories used were obtained, 
as shown in Table 4.

3.2  Construction of structural models

A typical four-story RC frame structure in Dujiangyan city 
is selected as the research object, and a three-dimensional 
finite element model is established. The structure has a 
height of 14.4 m, with a floor height of 3.6 m, a total plane 
length of 48.9 m, and a width of 16.8 m. According to the 
Chinese Code for Design of Concrete Structures, the site 
category is selected as Class 2. The safety level of the build-
ing is Grade 2, with a design service life of 50 years. The 
seismic fortification category is Class B, the seismic for-
tification level of the frame is Grade 4, the seismic fortifi-
cation intensity is Degree 7, and the design basic seismic 
acceleration is 0.05 g. The maximum dimensions of the 
frame beams, slabs, and columns are 600 × 800 × 9000 mm, 
6000 × 6900 × 150 mm, and 400 × 1000 mm, respectively. 
The PGA amplitudes in zones VI to IX are 18 cm/s, 35 cm/
s2, 70 cm/s2, and 140 cm/s2. The size of the developed model 
is a 1:1 full-scale model, and the plane, facade, and maxi-
mum cross-sectional reinforcement of the RC structure are 
depicted in Fig. 11. Figure 12 shows the three-dimensional 
spatial model of the four-story RC frame structure.

The feature parameters of seismic motion (acceleration) 
are the core quantitative indicators for estimating the seismic 
response and vulnerability of structures. To obtain relatively 
accurate seismic risk and vulnerability features of RC struc-
tures, 901,530 real acceleration records monitored by eight 
seismic stations were selected. By combining the dynamic 
time history and algorithm, nonlinear dynamic time history 
and response spectrum curves based on real seismic station 
monitoring data were generated (EW, NS, and UD repre-
sent the east–west, north–south, and up and down directions, 
respectively. � is the damping ratio), as shown in Figs. 13 
and 14.

4  Numerical simulation analysis

4.1  Analysis of seismic demand parameters

To study the dynamic features and damage modes of RC 
structures under the influence of floor factors and different 
IMs, this study used numerical simulation analysis meth-
ods to conduct nonlinear dynamic analysis considering the 
impact of floor factors, taking the story drift as the demand 
parameter. Combining the dynamic time history and struc-
tural response calculation results, a comparison curve was 
obtained for the dynamic response of RC structure floors in 
different intensity zones, as shown in Fig. 15.

According to the identification and analysis of the 
dynamic parameters of the model, the calculated interlayer 
displacement angle of the Y-axis is smaller than that of the 
X-axis. We combine the limit value of the story drift (1/550) 
of RC frame structures in the Chinese Concrete Structure 
Design Code [62] to determine the damage level of the 
structure. In zone VI, the maximum story drift reached 
0.000045, which can be determined to be basically intact 
(DS1). In zones VII and VIII, the calculation results of story 
drift reveal that there is little difference between the two 
zones, with the maximum story drifts reaching 0.000197 and 
0.00016, respectively. The damage level can be determined 
as minor damage (DS2). In zone IX, the maximum story 
drift reaches 0.000509, indicating a moderate damage level 
(DS3), which is consistent with the seismic damage state 
obtained using empirical vulnerability and macroscopic 
intensity quantification methods.

Incremental dynamic analysis (IDA) is a parameterized 
analysis method used to evaluate the performance of struc-
tures under seismic action. The IDA method performs a cer-
tain proportion of amplitude modulation on ground motion 
records and uses the processed ground motion parameters 
as structural inputs for dynamic time history calculations. 
The seismic damage of the structure is estimated by ana-
lyzing the engineering requirement parameters. This study 
combines IDA and the uncertainty of seismic input to col-
lect seismic parameters obtained from actual monitoring 
stations during the Wenchuan earthquake in China. Based 
on the PGA value specified in the Chinese seismic intensity 
standard as the strength index and with the story drift and 
interlayer stiffness as performance parameters, damage mode 
estimation and analysis were conducted on the developed RC 
structural model. Based on the author’s field inspection of 
the seismic damage situation of RC structures, we selected 
typical points (column top, mid-span of the beam, one-third 
of the beam, and quarter of the beam, as shown in Fig. 16) 
on floors 1–4 subjected to composite stress for engineering 
requirement parameter analysis and established a dynamic 

Table 4  Calculation results of the constitutive relationships for the 
different types of steel bars

Rebar type State Strain Stress Elastic 
modulus

Plastic strain

HPB300 Initial 0 0 2.10E + 05 0
Yield 1.43E-03 300 2.10E + 05 0
Ultimate 5.86E-02 420 2.10E + 05 5.71E-02

HRB335 Initial 0 0 2.00E + 05 0
Yield 1.68E-03 335 2.00E + 05 0
Ultimate 6.17E-02 455 2.00E + 05 6.00E-02

HRB400 Initial 0 0 2.00E + 05 0
Yield 2.00E-03 400 2.00E + 05 0
Ultimate 7.20E-02 540 2.00E + 05 7.00E-02
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(a) Plane layout

(b) Facade layout

(c) Typical beam and column cross-section layout

Fig. 11  The structural layout of the RC frame (mm)
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damage curve based on the story drift and interlayer stiff-
ness, as depicted in Figs. 17, 18, 19, 20.

According to the calculation results of the interlayer 
stiffness of the structure, in zone VI, the interlayer stiffness 
at KL8 on the fourth floor of the RC frame structure is the 
highest, with a value of 9.626 kN/m. The interlayer stiffness 
values at KL8 on the bottom and third layers are 7.3 kN/m 
and 8.833 kN/m, respectively. The interlayer stiffness at 
KL8 on the second floor is 6 kN/m, which is lower than 
that at KL8 on the bottom and third floors. The interlayer 
stiffness of RC frame structures KL8 and KL9 is relatively 
high, while the interlayer stiffness of KL1, KL5, and KL10 
is relatively small. According to the calculation results of 
the story drift of the frame beam, it can be concluded that 

the story drifts at KL1, KL5, KL8, KL9, and KL10 on each 
floor of the RC frame structure are relatively large under 
the influence of intensity measure IX. The maximum story 
drift at KL8 on the second floor of the RC frame structure 
is 6.857 ×  10−4 rad. The story drifts at KL8 on the bottom 
and third floors are 5.48 ×  10−4 rad and 5.28 ×  10−4 rad, 
respectively, which are small differences. The story drifts 
at KL8 on the fourth floor are the smallest, with a value of 
2.856 rad.

According to the analysis results of the interlayer 
stiffness, under the influence of intensity measure VI, the 
interlayer stiffness at KZ2-2 on the fourth floor of the RC 
frame structure is the highest, with a value of 10.052 kN/m. 
The interlayer stiffness values at KZ2-2 in the second and 

Fig. 12.  3D model layout of the 
RC frame

(a) Facade

(b) Side elevation

(c) Panorama
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third layers are 4.955 kN/m and 4.354 kN/m, respectively, 
which are slightly different. The interlayer stiffness at the 
bottom layer KZ2-2 is 5.774 kN/m, which is greater than 
that at the second and third layers KZ2-2. The interlayer 
stiffness of KZ2-1 and KZ2-2 on the first to third floors of 
the RC frame structure is relatively high. In contrast, the 
interlayer stiffness of KZ1-1, KZ3, and KZ1-2 is relatively 
low, indicating that the interlayer stiffness at the middle 
position of the structure is relatively high. The interlayer 
stiffness at the edge position is relatively low. According to 
the calculation results of story drift, in zone IX, the story 
drifts at KZ1-1, KZ2-1, KZ2-2, KZ3, and KZ1-2 on each 
floor of the RC frame structure are relatively large. The story 
drifts at KZ1-2 on the second floor of the structure are the 

greatest, with a value of 5.225 ×  10−4 rad. The story drifts at 
KZ1-2 on the bottom and third floors are 4.180 ×  10−4 rad 
and 4.140 ×  10−4  rad, respectively. The story drifts at 
KZ1-2 on the fourth floor are the smallest, with a value of 
2.325 rad. According to the Chinese seismic design code 
requirements for buildings, the limit value of story drift for 
RC frame structures is 1/550. The results obtained from the 
numerical simulation calculations all comply with the needs 
of the seismic design code. In this paper, seismic motion 
parameters of different intensities were selected according 
to the Chinese seismic intensity standards, and model input 
and dynamic response analysis were conducted. The results 
indicate that the model has good robustness under different 
sequences. It is worth emphasizing that the sensitivity of 

(a) 051HYW station (b) 051JZB station (c) 051JZG station

(d) 051JYD station (e) 051XDG station (f) 062ZHQ station

(g) 062MXT station (h) 062WIX station

Fig. 13  Nonlinear dynamic time history curves (Wenchuan earthquake in China)
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the model to the input variable (seismic acceleration) is 
relatively weak, ranging from 0.45 to 1.77 m/s2, while it is 
relatively significant, ranging from 1.78 to 7.07 m/s2.

4.2  Dynamic time history analysis

According to actual seismic damage observations of RC 
structures, different IMs and excitations have significant dif-
ferences in their seismic responses. Moreover, the damage 
caused by ground motion to different floors of RC structures 
also has other characteristics. To study the seismic response 
of RC structure floors to ground motions of different intensi-
ties, we processed 117,863 acceleration records monitored 
by the China Earthquake Networks Center. We conducted 
amplitude modulation according to the acceleration value 

range of zones VI–IX in the latest version of the China Seis-
mic Intensity Standard. The processed seismic parameters 
were applied separately to the developed RC frame structure 
model, and a large number of numerical calculations were 
conducted. The damping coefficient of the structure is calcu-
lated based on the structure’s natural frequency, considering 
mass damping and stiffness damping. The material damping 
is set according to C30 concrete damping, while the damp-
ing coefficient of the steel reinforcement is set according 
to different strength levels. Based on the calculation data 
obtained from the model analysis, the dynamic time his-
tory curves of layers (1–4) under the influence of different 
seismic IMs were established (framed columns), as shown 
in Figs. 21, 22, 23, 24.

(c) UD

(a) EW (b) NS

(c) UD

Fig. 14  Seismic response spectrum based on real acceleration monitored by eight seismic stations
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The dynamic time history analysis of the RC structural 
model used 1177.4 s (288.5 s in zone VI, 246.4 s in zone 
VII, 326.5 s in zone VIII, and 316 s in zone IX), and the 
dynamic features from the 1st to 4th floors under the influ-
ence of different IMs were compared. According to the 
numerical simulation and time history analysis results of 
the RC structural model, in zone VI, the difference in the 
seismic response characteristic parameters of each layer is 
relatively low, indicating that the impact of lower IMs on dif-
ferent floors of the structure is relatively small. In zone VII, 
the peak seismic acceleration of the fourth layer is signifi-
cantly greater than that of the first and second floors, and the 
dynamic response of the upper floors is relatively significant. 
In zone VIII, the difference in the seismic response feature 
parameters of each layer is not significant, and the peak seis-
mic acceleration of each layer is lower than that in zone VII, 
indicating that the RC structures have a certain degree of 
flexibility and resilience. In zone IX, the peak amplitude of 
the acceleration on each floor significantly increases. The 
difference in the seismic response characteristic parameters 
of each layer is also relatively low, and the peak seismic 
acceleration of the second layer is smaller than that of the 
other layers.

4.3  Structural damage cloud analysis

To investigate the damage modes and differential charac-
teristics of multiple floors of RC frame structures under the 
influence of different seismic IMs, we processed 117,863 
real earthquake accelerations obtained from Wenchuan 
earthquake monitoring. We limited the acceleration values 

to different intensity zones according to the Chinese seismic 
intensity standards. The damage to the concrete and steel 
bars under different seismic IMs was considered separately, 
and the structural component parameters were determined 
for the concrete and steel bars. Using numerical simulation 
and the Moire algorithm to simulate the damage of RC struc-
tural models affected by different seismic IMs. A set of visu-
alized stress clouds for steel bars and concrete are generated 
(different colors can quickly and intuitively determine the 
degree of damage to structural components). The numerical 
model of the developed RC structure was calculated, and a 
three-dimensional stress cloud was generated considering 
the damage to the concrete and steel bars in various macro-
scopic intensity zones, as reported in Figs. 25 and 26.

Under the influence of various seismic IMs, the stress on 
the concrete and steel bars gradually increases. In zone VI, 
the maximum stress in the concrete reached 3.767 MPa, and 
the maximum stress in the steel bars reached 62.99 MPa, 
indicating relatively mild damage. Although the seismic 
intensity increases in zones VII and VIII, the change in the 
concrete stress is insignificant. The damage to the bottom 
reinforcement increases. The damage to the steel bars in 
zone VIII is significantly greater than that in zone VII. In 
zone IX, the maximum stresses in the concrete and steel bars 
reached 5.685 MPa and 111.5 MPa, respectively. The dam-
age to the RC structure further increases. The damage to the 
bottom layer of the RC structure in this intensity zone is rela-
tively severe. In contrast, the damage to the upper structure 
is not significant. The reason is that the bottom layer absorbs 
and consumes some of the energy, ensuring the safety of the 
upper structure.

(a) X direction (b) Y direction

Fig. 15  Story drift of RC structure considering the influence of different intensity measures



 Archives of Civil and Mechanical Engineering (2024) 24:6868 Page 20 of 35

(a) Beams/mm

(b) Columns/mm

Fig. 16  The arrangement of selected typical RC frame structure beams and columns
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To compare the empirical and numerical methods, the 
developed empirical vulnerability matrix and numerical 
model were calculated and analysed. Empirical and numeri-
cal seismic vulnerability comparison curves (ESV and NSV) 
considering the impact of different seismic IMs were gener-
ated, as depicted in Fig. 27. According to the comparison 
model results, the similarity between the numerical and the 
empirical curves is high at multiple vulnerability levels. It 
is worth emphasizing that numerical models have slightly 
greater prediction accuracy for lower vulnerability levels 
(DS1, DS2, and DS3) than for higher vulnerability levels 
(DS4 and DS5). Therefore, the proposed prediction model 
should be improved and continuously revised considering 
the characteristics of the site and structure itself. According 
to the field investigation of actual structures and the estab-
lished empirical vulnerability model, the failure mode and 
damage level evaluation of RC structures are highly similar 
to the simulation analysis results of this numerical model. 

The damage features of the numerical model are consist-
ent with the general characteristics of earthquake damage in 
actual RC structures, verifying the rationality of the devel-
oped vulnerability model.

Figure  27. Seismic vulnerability comparison curves 
considering empirical and numerical methods

5  Conclusion

This paper utilizes empirical vulnerability and numerical 
simulation methods to conduct multidimensional parameter 
analysis on RC structures. An empirical vulnerability 
prediction method that considers regional seismic risk 
models is proposed. A numerical model was established for 
a four-story RC frame structure in a typical earthquake zone, 
and the developed model was subjected to multiparameter 
identification and damage modal analysis using real 

(a) First layer (b) Second layer

(c) Third layer (d) Fourth layer

Fig. 17  Damage modal curve of RC structures considering the story drift/θmax (beam)
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accelerations obtained from monitoring at Chinese seismic 
stations. The following key conclusions were obtained.

1. Using the latest version of China’s macroseismic 
intensity standard, the vulnerability level of the overall RC 
structure in Dujiangyan city during the 2008 Wenchuan 
earthquake was assessed, and an empirical vulnerability 
matrix based on 858 RC structures was established. A 
nonlinear vulnerability quantification model was proposed 
to predict the seismic risk of typical RC structures, and 
its rationality was verified using an innovative structural 
seismic damage database. The results indicate that the 
proposed regression model has excellent goodness of fit (all 
between 0.6 and 1).

2. A three-dimensional finite element model was estab-
lished for a four-story RC frame structure in a typical earth-
quake zone. The developed model was subjected to seismic 
response simulation analysis using 117,863 real seismic 
acceleration data points from the Wenchuan earthquake. 
The damage to the structure in zone IX was found to be sig-
nificantly more severe than that in zones VII and VIII. The 
structural damage in zone VI is relatively mild. The story 
drift reached 0.000518 in zone IX, indicating that the RC 
structure has a certain level of seismic resilience.

3. The real seismic acceleration data of the Wenchuan 
earthquake were processed and amplitude modulated, and 
dynamic time history analysis was conducted for layers 

(a) First layer (b) Second layer

(c) Third layer (d) Fourth layer

Fig. 18  Damage modal curve of RC structures considering the interlayer stiffness (beam)
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1 to 4 under the influence of different IMs. Time history 
comparison curves for layers 1 to 4 in multiple intensity 
zones were generated. The analysis results indicate that 
the dynamic features of the lower intensity zone do not 
significantly change, and the structural response and damage 
further increase with increasing strength.

4. Using the basic theory of incremental dynamic 
analysis, the story drift and interlayer stiffness of RC 
structures were determined as engineering requirement 
parameters. The damage modes of the structure under 
different IMs were calculated and analysed, and damage 
mode curves were generated.

5. The impacts of different IMs were considered, the 
damage features of steel and concrete materials in the 
established structural finite element model were analysed, 

and damage stress cloud models of steel and concrete were 
generated. According to the analysis of the corresponding 
stress distribution patterns, the effect of lower IMs on 
structural damage changes is not significant. Therefore, 
under the influence of higher IMs, the damage to the bottom 
structure is significantly greater than that to the upper floors.

This paper develops a nonlinear model that can be 
used to estimate and predict the empirical vulnerability 
of RC structures. Using numerical simulation methods, 
multiparameter identification and damage analysis 
were conducted on the established three-dimensional 
RC structure model, verifying the rationality of the 
empirical vulnerability model. This study innovatively 
provides a hybrid quantitative method of empirical and 
numerical simulation, which can contribute positively 

(a) First layer (b) Second layer

(c) Third layer (d) Fourth layer

Fig. 19  Damage modal curve of RC structures considering the story drift/θmax (column)
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to evaluating the seismic risk and vulnerability of RC 
structures. The seismic vulnerability prediction model 
for RC structures proposed in this paper is influenced by 
specific seismic data (Wenchuan, 2008) and by site and 
structural characteristics. Admittedly, the development 
of empirical vulnerability models relies on field survey 
data of actual structures. However, the structural damage 
caused by earthquakes of different intensities has potential 
uncertainty. The numerical simulation methods are 
affected by the site conditions, structural characteristics, 
and seismic sequence in different regions, which limits 
the generalizability of the numerical models. To make the 
developed model generalizable, it is necessary to consider 

adding RC structural damage samples from multiple 
earthquakes for model updating and further consider 
the impact of various site and structural characteristics 
on the model. In earthquake-prone areas, the developed 
numerical model can be improved considering the material 
characteristics of the RC structure, site category, and 
seismic design level of the area. Using the predicted results 
of the developed model, necessary strengthening measures 
are proposed for RC structures with severe damage to 
improve their seismic and resilience capabilities.

Acknowledgements Structural damage sample data were derived from 
the earthquake field inspection database of the Institute of Engineering 

(a) First layer (b) Second layer

(c) Third layer (d) Fourth layer

Fig. 20  Damage modal curve of RC structures considering the interlayer stiffness (column)
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(a) KZ1-1 (b) KZ1-2

(c) KZ2-1 (d) KZ2-2 

(e) KZ3

Fig. 21  Dynamic time history curves of each floor under the influence of different intensity measures (VI zone)
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(a) KZ1-1 (b) KZ1-2

(c) KZ2-1 (d) KZ2-2 

(e) KZ3

Fig. 22  Dynamic time history curves of each floor under the influence of different intensity measures (VII zone)
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(a) KZ1-1 (b) KZ1-2

(c) KZ2-1 (d) KZ2-2

(e) KZ3

Fig. 23  Dynamic time history curves of each floor under the influence of different intensity measures (VIII zone)
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(a) KZ1-1 (b) KZ1-2

(c) KZ2-1 (d) KZ2-2

(e) KZ3

Fig. 24  Dynamic time history curves of each floor under the influence of different intensity measures (IX zone)
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Fig. 25  Reinforcement stress moire of an RC structure in different intensity zones
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Fig. 25  (continued)
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Fig. 26  Concrete stress moire of an RC structure in different intensity zones
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Fig. 26  (continued)
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