
 

 

 

A review of structural seismic vulnerability research based 

on Endurance Time Method 

Abstract ：This paper reviews the application of endurance time method in seismic 
design and evaluation of structures and its importance in seismic vulnerability 
analysis.The traditional methods such as static elastoplastic method and response 
spectrum method have low accuracy in the face of complex structures and structural 
nonlinear effects, while the incremental dynamic time history method has high 
accuracy but low efficiency.In contrast, endurance time method synthesizes multiple 
endurance time curves for nonlinear dynamic analysis of structures, which can more 
accurately simulate the real response of structures under earthquake action, and is 
especially suitable for seismic performance evaluation of complex structures. This 
method can significantly improve work efficiency while ensuring the accuracy and 
reliability of the results. At the same time, this paper also introduces the application of 
endurance time method in structural seismic vulnerability analysis and broad 
prospects. In summary,endurance time method, as an emerging structural dynamic 
analysis method, not only improves the accuracy and reliability of structural design, 
but also provides powerful technical tools and methodological support for seismic 
performance assessment and seismic vulnerability analysis of engineering structures. 
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1  Introduction 
At present, the research methods of seismic performance of building structures 

mainly include static elastoplastic analysis, response spectrum analysis and 
incremental dynamic time history analysis. The traditional static elastoplastic analysis 
method is relatively simple, easy to understand and implement, and can provide rough 
estimation of structural strength and displacement, but the accuracy is poor in the face 
of complex structures with special forms, and the influence of ground motion and the 
dynamic characteristics of structures cannot be considered. Compared with static 
elastoplastic analysis, response spectrum analysis is more accurate and can obtain the 
maximum response of complex multi-degree-of-freedom structures at different 
frequencies, but it is less accurate to analyze complex structures with strong seismic 
nonlinear effect. Static elastoplastic analysis can effectively deal with nonlinear 
effects and accurately simulate the real response of structures under different seismic 
actions, but it requires a lot of computing resources and time, and the calculation 
efficiency is low. In summary, although the application of the above three methods in 
the study of structural seismic performance has been very mature, how to ensure the 
accurate simulation and calculation efficiency of nonlinear effects of complex 
structures is still the main challenge in practical engineering[1]. 
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2  EnduranceTime Method Research Status 
Estekanchi et al. [2] proposed the endurance time method for the first time and 

applied it to study the seismic performance of steel frame structures with different 
heights. The research not only covers the key indexes such as damage index and 
vertex displacement, but also verifies that the endurance time analysis results can 
reasonably and accurately predict the average response of the structure. The 
endurance time method adopts the time-history curve of human construction site 
vibration, as shown in Figure 1. Its acceleration amplitude gradually increases with 
time. Due to this characteristic, the endurance time method can comprehensively 
simulate the whole process from intact structure to collapse through a time-history 
analysis. This research introduces a new dynamic analysis method in the field of 
structural engineering, which is especially suitable for the seismic performance 
analysis and evaluation of complex structures or special structures. 

 

FIG. 1 Seismic time-history acceleration curve 
Valamanesh et al. [3] studied the seismic performance of three-dimensional steel 

frames with different layers under two-way seismic input, and found that the 
endurance time method is suitable for seismic analysis of such structures. The results 
show that with the increase of the number of structural layers, the prediction of the 
traditional response spectrum method and the static method is quite different from the 
actual reaction, but the endurance time method can reasonably predict the behavior of 
the structure. Hariri-Ardebili et al. [4] studied the application of endurance time 
method in determining the engineering parameters of the coupling of flexural 
dam-reservoir-foundation system under earthquake action. The results show that this 
method can accurately predict the failure mode of the dam under the action of 
earthquake. These studies provide substantial support for the application of the 
endurance time method in different types of structures and engineering systems, and 
emphasize the importance of providing accurate and reliable analysis in complex 
ground motion environments. Bai Jiulin [5] verified the effectiveness and feasibility 
of endurance time curve in predicting structural seismic response and seismic failure 
mode through seismic response analysis of elastoplastic Single-Degree-Of-Freedom 
system and concrete frame structure. The results show that the endurance time method 
has a significant advantage in the seismic performance evaluation of major 



 

 

engineering structures such as super tall buildings and long spans. Shen Yu [6] made 
use of the high efficiency of the endurance time method and applied it to the collision 
analysis of Bridges under earthquake action to verify the applicability of the 
endurance time method. On this basis, he proposed an aseismic design method for 
Bridges considering the impact of collisions. Xu Shutong [7] proposed a damage 
index analysis method based on endurance time method, and established an evaluation 
index - response spectrum difference area, which can be used to assess the damage 
situation of dam body in a macroscopic way. The reliability of this index was verified 
by analyzing the endurance time and harmonious response of Koyna concrete dam. 
Huang Jiadong [8] evaluated the endurance performance of the bridge under 
longitudinal seismic action through endurance time analysis, and compared the results 
with the incremental dynamic time-history analysis method under far-field and 
near-field earthquakes. The results show that the endurance time method is effective 
and reliable in evaluating the seismic performance of ultra-long continuous rigid 
frame Bridges with corrugated steel webs. Li Hongjian [9] discussed the influence of 
traveling wave effect on seismic response of Bridges through endurance time method 
combined with displacement loading method. The results show that endurance time 
method, as a new evaluation method, has a significant advantage in the analysis of 
seismic response and failure process of large complex bridge structures. 

In summary, endurance time method can effectively reflect the whole process of 
the structure from elasticity to plasticity to failure, and can measure the seismic 
capacity of the structure by the ground motion time that the structure can withstand, 
with good reliability and accuracy, and effectively avoid the problem of low 
calculation efficiency of incremental dynamic time-history analysis method. It is 
especially suitable for the engineering which needs to accurately predict the dynamic 
response of structure and consider the characteristics of complex structure. This 
method has an important position and wide application in earthquake engineering. 

3Research Status Of Vulnerability Based On Endurance Time 

Method 

The seismic vulnerability analysis of a structure can represent the probability that 
the seismic response of a structure exceeds the specified limit state at a given level of 
ground motion intensity. It quantitatively describes the seismic performance of 
engineering structures from the perspective of probability, and reflects the relationship 
between the intensity of ground motion and the degree of structural damage. It 
provides the necessary basis for determining the weak links of structures, seismic 
reinforcement and risk assessment. The structural vulnerability analysis based on 
endurance time has high accuracy and efficiency, and a reliable vulnerability curve 
can be obtained with only a small amount of endurance time analysis results. 

Feng Zhichao [10] proposed a seismic performance evaluation method of ribbed 
arch aqueduct based on endurance time method, and established a corresponding 
vulnerability analysis system according to the principle of vulnerability analysis. The 
vulnerability curves of ribbed column and arch rib of aqueduct were obtained through 



 

 

endurance time analysis. Combined with the limit estimation method, the 
vulnerability curve of the system is drawn, and a relatively comprehensive 
vulnerability analysis system of aqueduct is formed. Xu Qiang et al. [11] used the 
endurance time method to analyze the vulnerability of Baihetan arch dam, and 
selected the maximum transverse crack opening, damage volume ratio and relative 
displacement along the river as indicators to reveal the failure state of the arch 
dam-foundation system under different ground motion intensity from a probability 
perspective. Yuan Bo et al. [12] verified the effectiveness of reinforcement measures 
with steel cage by using endurance time method, and the research results showed that 
the Diaolou needed reinforcement measures to improve the overall stiffness of the 
structure. Yu Qi et al. [13] used OpenSEES to establish a finite element model sample 
library of long-span upbearing steel truss-arch Bridges. The endurance time method 
and incremental dynamic analysis method were used to conduct time-history analysis 
on the bridge models, and the vulnerability curves of typical components were 
obtained, which verified the applicability and effectiveness of the seismic time-history 
method. Based on the endurance time method, Chen Hongdeng et al. [14] selected the 
damage volume ratio of the dam body, the relative displacement of the dam top and 
dam heel along the river and the transverse joint opening of the arch girder as the 
structural performance indexes, established the relationship between the limit state 
and the structural performance indexes, and drew the corresponding vulnerability 
curve. 

4EnduranceTime Method Basic Theory 
In endurance time analysis, the collapse resistance of different structures under 

earthquake action can be evaluated by the endurance time curve [15]. This curve 
reflects the endurance of the structure under different earthquake intensities, that is, 
the time that the structure can withstand the ground motion. The endurance time 
method synthesizes the endurance time by fitting the target response spectrum and 
takes it as the seismic input [16]. This method uses the characteristic that the response 
spectrum of ground motion in different time periods is approximately linear to 
simulate the input condition of the same ground motion after amplitude modulation 
[17]. endurance time method requires that in a certain period of ground motion, the 
target acceleration response spectrum is linearly related to the duration t of the period: 

ܵ௔்(ܶ, (ݐ = ௧
௧೅ೌೝ೒೐೟

ܵ௔஼(ܶ)（1） 

In the equation: ்ݐ௔௥௚௘௧  represents the target time point, ܵ௔஼(ܶ)  is the 
pre-defined response spectrum , ܶ is the structural natural period, ݐ is any time 
point, ܵ௔்(ܶ,  .ݐ is the target acceleration response spectrum at time (ݐ

According to the above formula, given the premise of ்ݐ௔௥௚௘௧and ܵ௔஼(ܶ), the 
acceleration spectrum corresponding to the endurance time curve from zero time to 
any time has a linear relationship with that corresponding to the total time history. 

The displacement response spectrum has a certain conversion relationship with 
the acceleration response spectrum, and the target displacement response spectrum 
can be expressed as: 
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In the equation, ܵ௨்(ܶ,  .represents the target displacement response spectrum (ݐ
Obviously, it is difficult to meet the requirement of endurance time curve at 

every time point with a certain precision, so this problem should be transformed into 
an optimization problem with unconstrained variables, namely: 
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଴
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（3） 
In the equation, ̈ݑ௚ represents the synthesized seismic time history curve to be 

generated, ߙ is the weighting coefficient of the displacement spectrum, and ܵ௔(ܶ,  (ݐ
and ܵ௨(ܶ, (ݐ  respectively denote the acceleration response spectrum and 
displacement response spectrum of ̈ݑ௚ at time ݐ. 

5 VulnerabilityAnalysis Theory Based On Endurance Time Method 
The term "vulnerability" was originally used to describe the vulnerability of an 

aircraft or hull to a physical collision in the military field, and has since been widely 
extended to the construction field and has become an important direction of 
vulnerability research[18]. At present, Performance-Based Earthquake Engineering 
proposed by Pacific Earthquake Engineering Research Center is one of the most 
commonly used seismic design methods[19]. 

The performance-based Earthquake Engineering framework divides the seismic 
Performance evaluation of structures into four parts: probabilistic seismic risk 
analysis, probabilistic seismic demand analysis, probabilistic seismic capability 
analysis and probabilistic earthquake loss analysis. Seismic Fragility Analysis is an 
important part of this work, which evaluates the probability that the seismic response 
(EDP) of the structure exceeds the specified limit state (DM) at a given level of 
ground motion intensity (IM) [20]. 

IM is an index that describes the intensity of ground motion. Common indexes 
include earthquake acceleration, velocity, displacement, etc. EDP describes the 
engineering demand or response characteristics of a structure under the action of an 
earthquake. It is a quantification of the structural response. Common indicators 
include structural displacement, deformation, internal force, acceleration, etc. DM is 
used to quantify the damage degree of structures or buildings under the action of 
earthquakes. Common indicators include the failure grade of structures, crack width, 
displacement, loss of bearing capacity, etc[21]. 

Vulnerability analysis quantifies the seismic performance of engineering 
structures from the perspective of probability, and reflects the relationship between 
ground motion intensity and structural damage degree in a macroscopic way, 
providing an important basis for determining the vulnerable links of structures, 
seismic reinforcement and risk assessment [22]. 

This paper proposes the vulnerability analysis process based on endurance time 
method as shown in Figure 2: 



 

 

 
FIG. 2 Flowchart of vulnerability analysis based on endurance time method 

 
The seismic vulnerability of a structure describes the probability that under 

specific seismic intensity, the seismic demand on the structure reaches or exceeds a 
certain damage limit state, indicating the probability of the structure undergoing a 
specific form of damage. Therefore, the seismic vulnerability function can be 
expressed in the form of conditional failure probability. 

௙ܲ = ܦ)ܲ ≥ ܯܫ|ܥ =  （4）(ݔ

In the equation:P୤ represents the failure probability.Ddenotes the seismic demand 
on the structure.Crepresents the seismic capacity of the structure.IMstands for the 
seismic intensity indicator. 

Assuming that the seismic demand D and seismic capacity C of the structure 
both follow lognormal distributions, the seismic vulnerability function is expressed 
as: 

௙ܲ = ܦ)ܲ ≥ ܯܫ|ܥ = (ݔ = ܲ ቀௌ೏
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In the equation: ܵௗ represents the seismic demand on the structure. ܵ௖denotes 
the seismic capacity of the structure. ߣis the regression mean. ߪstands for the 
standard deviation. 

Under different seismic actions ܵ௔, a series of seismic response data is collected. 
The average seismic response for each ܵ௔  is computed, and these averages are 
logarithmically transformed relative to a certain damage index. The logarithmically 
transformed data is plotted against the logarithm of seismic intensity ܵ௔ on the same 
coordinate system. By fitting a curve to these data points, the logarithmic curve of the 
seismic capacity ratio for the structure is obtained. 

ߣ = ܽ[݈݊(ܵ௔)]ଶ + ܾ ݈݊(ܵ௔) + ܿ（6） 

ߪ = ට ௌೝ
(௡ିଶ)（7） 



 

 

In the equation: ܽ、ܾ、ܿ is the regression coefficient. ܵ௥represents the sum 

of squares of residuals relative to the fitted regression curve. The standard deviation 

 .can be calculated using this sum of squares of residuals ߪ

When the endurance time method is used to analyze the seismic vulnerability of 
the structure, the endurance time t needs to be converted into spectral acceleration ܵ௔: 

ܵ௔(ܶ) = ܵଵ × ܵ௔ௌ(ܶ) = ௧
௧೅ೌೝ೒೐೟

ܵ௔஼(ܶ)（8） 

6 Conclusion 

In this paper, the important development of endurance time method in the study 
of structural seismic performance and vulnerability analysis in recent years is 
summarized. The core idea of endurance time method is to synthesize a series of 
acceleration time-history curves with increasing duration and intensity of ground 
motion according to the pre-defined target response spectrum. These time-history 
curves are used as seismic wave input to the structure and nonlinear dynamic 
time-history analysis is carried out. Finally, the whole process of the structure from 
elasticity to plasticity to failure can be obtained, and the seismic capacity of different 
structures can be compared, that is, the time of ground motion that the structure can 
withstand. 

By citing a lot of literature, this paper demonstrates that the endurance time 
method has important practical application value in seismic performance research and 
vulnerability, and gives the structural vulnerability analysis flow method based on the 
endurance time method. In summary, endurance time method can effectively make up 
for the limitations of existing methods, and is a research method for structural seismic 
performance with high computational efficiency, good accuracy and good reliability. 
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