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Seismic performance assessment of near-fault critical structures remains challenging, as conventional 
intensity-based incremental dynamic analysis (IDA) approaches suffer from subjective ground motion 
selection and nonphysical amplitude scaling, which introduce artificial dispersion and compromise 
performance assessment reliability. This study proposes a magnitude-based incremental dynamic analysis 
(MIDA) method that replaces empirical record selection and scaling with physically consistent ground motion 
simulations conditioned on earthquake magnitude. Various earthquake scenarios, ranging from service level 
to maximum considered earthquakes, are simulated, and the curvature ductility ratio at the tower base is 
adopted as the damage measure to evaluate the seismic performance of a near-fault cable-stayed bridge. 
Results indicate that MIDA yields markedly lower dispersion and improved physical consistency in structural 
responses than IDA after entering the nonlinear stage. In maximum credible earthquake scenarios, the 
coefficient of variation of structural response reaches 95.3% in IDA but is only 51.5% in MIDA, highlighting the 
improved reliability and accuracy of seismic performance assessment. By addressing the critical limitations 
of conventional IDA approaches, MIDA substantially enhances the physical consistency and precision of 
seismic performance assessments for near-fault structures. It offers a scalable methodological basis for 
consistent seismic performance evaluation and supports reliability-informed engineering decision-making 
in near-fault hazard zones.

Introduction

  Evaluating seismic performance is essential for structural design, 
risk mitigation, and resilience, especially in areas prone to strong 
ground motions. This is crucial for structures near active faults, 
where seismic input characteristics can vary markedly. Over the 
past decades, incremental dynamic analysis (IDA) has been 
widely adopted for its intuitive representation of structural 
response to increasing seismic intensity and utility in fragility 
analysis [  1 –  5 ]. However, IDA exhibits inherent limitations that 
constrain its ability to accurately represent real-world seismic 
scenarios despite its popularity. Specifically, IDA relies heavily on 
the selection and amplitude scaling of historical ground motion 
records [  6 –  10 ], introducing subjectivity and possibly distorting 
the frequency content and energy characteristics of input motions. 
This potentially results in structural response overestimation or 
underestimation [  11 ]. Ground motion records used in IDA are 
typically obtained from past earthquakes that reflect site- and 
source-specific conditions not necessarily aligned with those of 
a target site, especially in near-fault regions. Consequently, the 
extent to which IDA outputs can reliably represent the true seis-
mic performance of structures is of increasing concern. Therefore, 

the validity and reasonableness of the assumption that scaled 
records can represent actual seismic scenarios in IDA remain 
questionable. Besides these limitations, current IDA frameworks 
rarely account for magnitude variations in specific scenarios or 
employ ground motion inputs consistent with seismic hazard 
characteristics. This leaves a critical gap in accurately evaluating 
the seismic performance of engineering structures in realistic 
earthquake scenarios.

  Near-fault ground motions are often characterized by short 
durations, pronounced velocity pulses, and fling-step effects. 
These features tend to amplify structural seismic demands, pos-
ing considerable challenges for critical structures located near-
fault lines. Existing studies have shown that near-fault ground 
motion records can increase seismic demands by approximately 
10% of those of far-field ground motions [  12 ,  13 ]. In IDA, the 
effects of near-fault ground motions are typically considered 
by selecting ground motion records that exhibit pulse-like or 
fling-step characteristics [  14 ,  15 ]. However, such characteristics 
are more commonly observed in moderate-to-large-magnitude 
earthquakes [  16 ,  17 ], and not all near-fault ground motions 
exhibit pulse-like characteristics [ 16 ]. Therefore, the validity of 
conducting IDA using only scaled pulse-like near-fault records 

Citation: Luo C, Li J, Wang H, 
Rong X, Wang X. A Magnitude-Based 
Incremental Dynamic Analysis 
Method for Seismic Performance 
Assessment of Near-Fault Structures. 
Civil Eng. Sci. 2026;2:Article 0011. 
https://doi.org/10.34133/cesci.0011

Submitted 15 September 2025  
Revised 26 November 2025  
Accepted 30 November 2025  
Published 29 January 2026

Copyright © 2026 Chao Luo et al.  
Exclusive licensee Tsinghua 
University. No claim to original U.S. 
Government Works. Distributed under 
a Creative Commons Attribution 
License (CC BY 4.0).

D
ow

nloaded from
 https://spj.science.org on January 29, 2026

https://doi.org/10.34133/cesci.0011
mailto:wanghao@stdu.edu.cn
https://doi.org/10.34133/cesci.0011
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.34133%2Fcesci.0011&domain=pdf&date_stamp=2026-01-29


Luo et al. 2026 | https://doi.org/10.34133/cesci.0011 2

has been questioned [  18 ,  19 ]. There is a growing need for tech-
niques that can directly incorporate earthquake source param-
eters and site effects in generating ground motion inputs for 
seismic performance evaluation.

  Considering the above issues, some studies have employed 
physics-based ground motion simulations, comprehensively 
incorporating source mechanisms and regional geological condi-
tions, and they hold important application promise in earthquake 
engineering [  20 –  26 ]. Previous studies have proposed a fault-to-
structure simulation approach that uses physics-based ground 
motion simulations incorporating site- and source-specific 
conditions [  27 ,  28 ]. This approach allows for realistic ground 
motion propagation from the seismic source to the structure, 
facilitating accurate structural response analysis. Related studies 
have also employed physics-based simulations to generate ground 
motions for seismic fragility analysis, demonstrating the applica-
bility of such methods for assessing regional seismic vulnerability 
and risk [  29 ]. Although physics-based ground motion simulation 
methods address the subjectivity in selecting ground motion 
records and the amplitude scaling effects, most research has pre-
dominantly focused on structural response analysis. There is an 
urgent need to integrate these methods into the assessment of 
structural seismic performance.

  To address the aforementioned gaps, this study proposes a 
magnitude-based incremental dynamic analysis (MIDA) method 
that employs physics-based ground motion simulations to gener-
ate inputs representative of actual site conditions and seismic 
source characteristics. Unlike the IDA approach, which depends 
on scaling historical ground motion records, the MIDA method 
takes a source-to-site-to-structure perspective by using earthquake 
magnitude to represent seismic scenarios with different exceed-
ance probabilities and simulates ground motions corresponding 
to various magnitudes. Considering a near-fault cable-stayed 
bridge as a case study, this study investigates the advantages of the 
MIDA method over IDA by comparing their results. This study 
provides critical insights that advance the current understanding 
of seismic performance assessment for engineering structures.   

Materials and Methods

MIDA procedure
  The MIDA method performs incremental near-fault ground 
motion simulations for a bridge structure based on increasing 
earthquake magnitudes. In particular, it evaluates structural 
seismic performance by incrementally simulating near-fault 
ground motions corresponding to increasing earthquake mag-
nitudes. In this study, a sequence of 11 magnitude levels was 
considered, including 4.8 (service level earthquake), 4.9, 5.1, 5.3, 
5.5 (design basis earthquake), 5.7, 5.9 (maximum considered 
earthquake), 6.1, 6.3, 6.5, and 6.8 (maximum credible earth-
quake). Within each simulated ground motion field, input 
records were selected based on the spatial relationship between 
the structure site and fault rupture. When the structure lies 
directly above the rupture trace area, i.e., Joyner–Boore distance 
(R JB = 0), all ground motions within the surface projection of 
the fault rupture were included. When R JB > 0, ground motions 
were selected from the side of the structure site where R JB > 0, 
ensuring that the selected records fall within the fault length in the 
strike-parallel direction or the width in the strike-perpendicular 
direction. The simulated ground motions were applied to time 
history analyses, and the bridge dynamic responses were com-
puted for each magnitude-specific ground motion dataset.

  An appropriate structural damage measure (DM) was selected 
to evaluate the seismic performance of the structure. In this study, 
DM is defined as the curvature ductility ratio at the tower base 
around the bridge longitudinal rotational axis [  30 ,  31 ]. The 
median DM value of each earthquake magnitude M, denoted 
as M DM, was extracted. A MIDA curve under near-fault ground 
motions can be constructed by plotting the set of coordinate 
pairs (M, M DM) and connecting them. It is assumed that the 
DM–M relationship follows a lognormal distribution. For each 
magnitude M, the median DM value and the standard devia-
tion of the logarithmic DM values, δ DM, were obtained. Based 
on these parameters, the 50th, 84th, and 16th percentile curves 
[  32 ] were constructed as (M, M DM), [M, M DM·exp(δDM)], and 
[M, M DM·exp (−δ DM)], respectively. Figure  1  shows the overall 
MIDA procedure.           

Project overview and computational model
  This study focuses on a single-pylon cable-stayed bridge with 
a fully floating structural system. The main bridge has a total 
length of 380 m and a pylon height of 146.5 m. Figure  2 A shows 
the bridge’s general layout. The main girder is a steel box girder 
fabricated from Q345 steel. The pylon comprises 3 distinct seg-
ments: a steel segment, a concrete segment, and a hybrid steel–
concrete segment located between the steel and concrete 
segments, as shown in Fig.  2 B. The steel segment is made of 
Q420 steel, the concrete segment uses C40 concrete, and the 
hybrid steel–concrete segment employs C50 concrete. The con-
crete and hybrid steel–concrete segments have elliptical cross-
sections, as depicted in Fig.  2 C and D.        

  A 3-dimensional finite element model of the cable-stayed 
bridge was established using Midas Civil to accurately represent 
the structural configuration and mechanical behavior based on 
the engineering design data. According to Kuhlemeyer and 
Lysmer [  33 ], the element mesh should not exceed 1/8 of the 
minimum wavelength of the simulated seismic motion for wave 
propagation simulations using finite element methods. In this 
study, the minimum shear wave velocity of the site is 2,260 m/s, 
the maximum simulated seismic motion frequency is 5 Hz, and 
the minimum simulated seismic motion wavelength is 56.5 m. The 
calculation model’s mesh size is set to 1.8 m to minimize mesh 
size effects. The first natural period of the bridge is T 1 = 2.52 s. 
The main girder and steel segment of the pylon were simulated 
using elastic beam elements, whereas the concrete and hybrid 
segments were modeled using fiber-based nonlinear beam 
elements to capture inelastic behavior. Cross-section discreti-
zation included cover concrete, confined concrete, and longi-
tudinal reinforcement. The reinforcement steel was modeled 
using a bilinear stress–strain constitutive relationship, while 
both unconfined and confined concrete were modeled using 
the Mander constitutive model. The transverse and vertical 
displacements of the main girder were coupled with those of 
the auxiliary and side piers at one end, whereas only the vertical 
displacement was coupled at the other end. The pylon base was 
modeled as a fixed support.   

Physics-based simulation of near-fault  
ground motions
  In this study, ground motion simulations were performed using 
the finite-difference software SW4 (Seismic Waves, Fourth 
Order) [  34 –  36 ], which allows for high-resolution wavefield 
modeling in complex geological media. The fault rupture was 

D
ow

nloaded from
 https://spj.science.org on January 29, 2026

https://doi.org/10.34133/cesci.0011


Luo et al. 2026 | https://doi.org/10.34133/cesci.0011 3

modeled using the GP (Graves and Pitarka) kinematic rupture 
model [  37 –  42 ], which provides physically realistic source–time 
functions and spatially variable slip distributions. The fault is 
characterized by a dip angle of 50°, a rake angle of −90°, and a 
strike oriented in the northwest direction, corresponding to a 
normal faulting mechanism. Table  1  presents the one-dimensional 
(1D) velocity model information. 

  Given that the cable-stayed bridge has an R JB of 2 km and is 
located on the footwall side, a ground motion collection region 
was defined to account for near-fault effects based on the fault 
rupture’s spatial configuration. The relative spatial positions of 
the fault and ground motion collection area are shown in Fig. 
 3 . The bridge is assumed to experience ground motions within 
0 < R JB ≤ 2 km and within the limits defined by the 31 km fault 
length in the strike-parallel direction. Consequently, the region 
encompassing the 31 km fault length in the strike-parallel 
direction and extending 2 km from the fault trace toward the 
footwall side in the strike-normal direction is designated as the 
ground motion collection area for the bridge site.           

Determination of fault rupture parameters
  Peak ground acceleration (PGA) values corresponding to dif-
ferent seismic hazard levels were determined according to the 
site classification specified in the China seismic ground motion 
parameter zonation map (GB18306-2015) [  43 ]. The PGA val-
ues obtained for service level, design basis, and maximum con-
sidered earthquakes were 0.03g, 0.1g, and 0.19g, respectively. 

These values were converted to seismic intensities using an 
empirical PGA–intensity correlation proposed by Zhang [  44 ], 
which correlates PGA with seismic intensity as follows:
﻿﻿  

where I denotes the seismic intensity corresponding to the 
PGA. Then, the earthquake magnitudes can be calculated from 
seismic intensities using the empirical relationship between 
epicentral intensity and magnitude proposed by Li [  45 ]. The 
empirical equation is expressed as follows:
﻿﻿  

where M S denotes the corresponding surface wave magnitude. 
The surface wave magnitude (M S) was then converted to 
moment magnitude (M W) using the empirical relationship 
between M S and M W based on the statistical analysis of data 
from the China Seismic Network [  46 ]. The conversion equa-
tion is given as follows:
﻿﻿  

The surface rupture length (SRL) and rupture width (RW) were 
calculated using the empirical relationships for normal faulting 
events [  47 ]. The equations are expressed as follows:
﻿﻿  

﻿﻿  

(1)I = 3.23 lgPGA + 6.82

(2)MS = 0.58I + 1.5

(3)MW = 0.805MS + 1.154

(4)lg SRL = −2.01 + 0.5MW

(5)lgRW = −1.14 + 0.35MW

Fig. 1. Fundamental process of MIDA.
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Fig. 2. General bridge layout and bridge tower configuration: (A) general bridge layout (m), (B) bridge tower elevation (mm), (C) cross-section of concrete tower column (mm), 
and (D) cross-section of the hybrid steel–concrete tower column (mm).
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To estimate the earthquake magnitude and RW associated with 
the maximum credible earthquake, the seismic source was 
assumed to have reached its maximum capacity, and the full 
fault length was considered as the SRL. Based on the empirical 
relationships for normal faulting events [ 47 ], the moment mag-
nitude of the maximum credible earthquake was first calculated 
from the SRL as follows:
﻿﻿   

  Subsequently, the surface RW was calculated using  Eq. 5 .   

Ground motion selection and scaling in IDA
  In this study, the acceleration response spectrum of the engi-
neering site was determined according to the code for seismic 
design of highway bridges [  48 ]. The site was classified as Type 
II, with the shear wave velocity of the soil layers ranging 

from 500 to 2,000 m/s. Ground motion records meeting these 
criteria were selected from the strong motion database of the 
Pacific Earthquake Engineering Research Center [  49 ]. Among 
the ground motions satisfying the above criteria, 22 recorded 
ground motions whose response spectra exhibited minimal 
deviation from the code-specified target spectrum at the bridge’s 
fundamental periods in the longitudinal and transverse direc-
tions were selected. Figure  4  shows the normalized acceleration 
response spectra of the selected records.        

  For each of the 22 records, the horizontal component with 
the largest PGA was designated as the principal input direction. 
All 3 components of each ground motion were uniformly scaled 
based on this PGA. The scaled PGA levels included 0.033g (ser-
vice level earthquake; g = 9.81 m/s2), 0.100g (design basis earth-
quake), 0.190g (maximum considered earthquake), and 0.723g 
(maximum credible earthquake), as well as a set of intermediate 
values ranging from 0.200g to 2.000g in increments of 0.100g. 

(6)MW = 4.86 + 1.32 lg SRL

Table 1. 1D velocity model information

Soil layer depth  
(km)

Shear wave velocity  
(km/s)

Compressional wave velocity  
(km/s)

Density  
(kg/m3) Quality factor Qs Quality factor Qp

 0.00 2.86 4.79 2,110 286 143

 5.00 3.35 5.72 2,760 335 168

 10.00 3.52 5.95 2,760 352 176

 15.00 3.60 6.07 2,810 360 180

 20.00 3.65 6.26 2,810 365 183

 30.00 3.93 6.68 2,910 393 197

Fig. 3. Relative location diagram of fault and ground motion collection area. The red rectangle indicates the ground motion input dataset collection area.
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To construct the conventional IDA curve, nonlinear time his-
tory analyses were conducted at each PGA level.    

Results

Seismic performance evaluation using MIDA
  IDA is a parametric method for seismic performance assessment, 
in which ground motion records are scaled according to a 
selected intensity measure (IM), such as PGA and spectral accel-
eration Sa (T1, ξ). This study proposes the MIDA method to 
overcome the subjectivity in record selection and the limitations 
associated with amplitude scaling. In MIDA, earthquake mag-
nitude replaces conventional IMs to represent seismic scenarios 
with different exceedance probabilities. A series of near-fault 
ground motion fields with increasing magnitudes is simulated, 
and the structural response is computed in each magnitude sce-
nario. This allows for a comprehensive evaluation of the evolu-
tion of structural performance as seismic demand increases. The 
proposed MIDA method differs fundamentally from the tradi-
tional IDA approach in 2 key aspects: (a) it uses earthquake 
magnitude to represent seismic scenarios with varying exceed-
ance probabilities instead of relying on conventional IMs, and 
(b) it employs physics-based, region-specific simulated ground 
motions instead of scaled historical records. These features allow 
MIDA to deliver a realistic, scenario-consistent method for 
evaluating the seismic performance of critical structures.   

Ground motion field distribution characteristics
  The Hutuo River Fault, located near the bridge site, has a total 
length of 31 km. Ground motion fields were simulated for 11 
magnitudes, ranging from service level events to the maximum 
credible earthquake, to capture the influence of various poten-
tial seismic scenarios on a cable-stayed bridge. These scenarios 
are consistent with the China seismic ground motion parameter 
zonation map (GB18306-2015) [ 43 ], covering the service level 
earthquake (i.e., 63% exceedance probability in 50 years), the 
design basis earthquake (i.e., 10% exceedance probability in 
50 years), the maximum considered earthquake (i.e., 2% exceed-
ance probability in 50 years), and the maximum credible earth-
quake. For each scenario, the median, mean, standard deviation, 
and coefficient of variation (COV) of PGA values are summa-
rized in Table  2 , and the ShakeMaps (the spatial distribution 
of 3-component synthesized PGA) are shown in Fig.  5 .        

  Notably, the average PGA values obtained from simulations 
progressively approach the PGA specified in the China seismic 
ground motion parameter zonation map (GB18306-2015) [ 43 ] 
with increasing earthquake magnitude. Under the maximum 
considered earthquake scenario with a magnitude of 5.95, 
the average PGA is approximately the code value, with a devia-
tion of only 0.526%. This validates the effectiveness of the 
physics-based simulation approach in accurately representing 
site-specific ground motion intensities required for seismic perfor-
mance assessments.   

Comparison of MIDA and IDA results
  In this study, MIDA and IDA use the curvature ductility ratio 
around the longitudinal rotational axis at the tower base as the 
DM [ 30 , 31 ]. Based on the structural performance classification 
criteria proposed by Hose et al. [  50 ], this study used a 4-level 
damage classification: slight, moderate, extensive, and complete 
damage levels. Table  3  summarizes the quantitative information 
on the curvature ductility ratio for the damage states at the 
main tower base. Analyses are conducted for the bridge struc-
ture using MIDA and IDA, and the corresponding scatter plots 
of the curvature ductility ratio at the tower base obtained from 
both methods are shown in Fig.  6 .         Fig. 4. Normalized acceleration response spectra of 22 recorded ground motions.

Table 2. Acceleration statistic information at different magnitudes

Magnitude, Mw Code value (g a) Median (g) Mean (g) Standard deviation Coefficient of variation

 4.8 (service level earthquake) 0.033 0.032 0.069 0.089 1.299

 4.9 – 0.040 0.075 0.086 1.156

 5.1 – 0.045 0.097 0.117 1.211

 5.3 – 0.071 0.116 0.123 1.058

 5.5 (design basis earthquake) 0.100 0.076 0.125 0.131 1.044

 5.7 – 0.106 0.135 0.122 0.898

 5.9 (maximum considered earthquake) 0.190 0.179 0.191 0.096 0.503

 6.1 – 0.203 0.216 0.109 0.505

 6.3 – 0.236 0.259 0.124 0.477

 6.5 – 0.388 0.396 0.120 0.304

 6.8 (maximum credible earthquake) – 1.076 1.059 0.187 0.177

ag refers to the gravitational acceleration, equivalent to 9.81 m/s2.
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  As shown in Fig.  6 , the MIDA results are generally lower 
than those of IDA at equivalent PGA levels. In MIDA, the struc-
ture first enters the nonlinear stage at a PGA of 0.7g, at which 

point the response exceeds the moderate damage threshold. 
Therefore, the PGA values corresponding to the slight and 
moderate damage onset are considered to be 0.7g, and the PGA 

Fig. 5. ShakeMaps of the spatial ground motion fields (m/s2): (A) service level earthquake, (B) design basis earthquake, (C) maximum considered earthquake, and (D) maximum 
credible earthquake. The inclined rectangle represents the simulation region; the red star indicates the epicenter location; the red rectangle delineates the near-fault area 
around the bridge site, from which ground motions are selected.

Table 3. Curvature ductility ratio quantitative information for the damage states at the base of the main tower

Damage states Condition of reinforced concrete Curvature ductility ratio range

 Slight damage  Yielding of outermost reinforcement 1 ≤ μϕ < 1.3

 Moderate damage  Knee point of bilinear curve 1.3 ≤ μϕ < 2

 Extensive damage  Compressive strain of the edge concrete in the bridge tower 
reaches 0.004

2 ≤ μϕ < 6.1

 Complete damage  The concrete is crushed at the compressive edge of the section μϕ ≥ 6.1
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associated with the extensive damage stage is identified as 0.9g; 
meanwhile, no complete damage is observed. For IDA, the 
structure first reaches the slight, moderate, extensive, and com-
plete damage stages at PGA levels of 0.5g, 0.5g, 0.6g, and 0.8g, 
respectively. In terms of the inflection point of the results (i.e., 
the PGA amplitude at which the structure enters the nonlinear 
stage), those of MIDA and IDA appear at approximately 0.7g 
and 0.5g, respectively. This discrepancy is primarily due to 2 
inherent IDA limitations: (a) subjectivity and arbitrariness in 
ground motion selection and (b) distortion introduced through 
amplitude scaling. For instance, pulse-like near-fault motions, 
which typically occur in moderate-to-large magnitude events 
[ 16 , 17 ], are often inappropriately scaled down to lower intensity 
levels, leading to unrealistically severe structural responses and 
premature nonlinearity onset. Given that researchers often 
strive to include a diverse set of ground motions in IDA analy-
ses [ 1 ,  51 ], such cases occur frequently.

  This inherent tendency in IDA to combine a broad spectrum 
of ground motions, including records from different seismic 
events and distances, directly contributes to the larger dispersion 
observed in its results. As shown in Fig.  6 , when the input PGA is 
below 0.5g, the response dispersion in MIDA and IDA is relatively 
low, with IDA exhibiting only slightly higher dispersion. Because 
the structure behaves essentially elastically in this range, the 
impact on seismic performance assessment is limited. However, 
once the input PGA exceeds 0.5g and the structure enters the 
nonlinear stage, the IDA response dispersion increases markedly 

and surpasses that of MIDA. This divergence is mainly due to the 
inconsistent nature of ground motion inputs in IDA. Structural 
damage may occur at different PGA levels for each ground motion 
record, not because of their intrinsic randomness but because of 
the inconsistencies introduced by subjective selection and scal-
ing. Specifically, the wide range of motion types included in IDA 
analyses results in substantial structural demand dispersion, 
unrelated to the actual hazard scenario under consideration. 
Consequently, IDA yields a much more scattered picture of 
when and how the structure transitions into the nonlinear 
stage, consistent with previous studies [  52 –  54 ]. At a PGA level 
of approximately 1.4g, most ground motions in IDA lead to 
complete damage whereas the structure remains with extensive 
damage under the same input intensity in MIDA. This contrast 
is largely attributed to the inherent differences in ground 
motion generation. In MIDA, all input motions are simulated 
for the same magnitude scenario, reflecting consistent source 
and site characteristics. Meanwhile, IDA combines records 
from disparate events and applies uniform amplitude scaling, 
which introduces nonphysical variability and results in a wider 
structural response dispersion.

  Figure  7  shows the 50th, 16th, and 84th percentile curves of 
the curvature ductility ratio at the tower base [ 32 ], along with the 
corresponding box plots under various seismic hazard levels. The 
mean, standard deviation, and COV for the curvature ductility 
ratio under service level, design basis, maximum considered, and 
maximum credible earthquakes are summarized in Table  4 .         

  As shown in Fig.  7 , under service level, design basis, and 
maximum considered earthquakes, the 84th percentile of the 
curvature ductility ratio at the tower base remains below 1 in 
both MIDA and IDA, indicating that the structure stays within 
the elastic stage. For maximum credible earthquakes, the 84th 
percentile value remains below 2 in MIDA, suggesting that the 
structure avoids extensive damage. Meanwhile, the correspond-
ing IDA value exceeds 2, indicating extensive damage onset. 
These results demonstrate that IDA based on historical ground 
motion records tends to be much more conservative in seismic 
performance assessment.

  As illustrated in Fig.  7  and Table  4 , MIDA exhibits greater 
dispersion than IDA under low seismic hazard levels, such as 
the service level earthquake. This is primarily because low-
magnitude earthquakes correspond to relatively small fault Fig. 6. Scatter plot of tower base curvature ductility ratio.

Fig. 7. Comparison of the MIDA and IDA results. (A) 50th, 16th, and 84th percentile curves of the tower base curvature ductility ratio obtained from MIDA, and the modified 
boxplots of the curvature ductility ratio under ground motions of different seismic intensity levels. (B) 50th, 16th, and 84th percentile curves of the tower base curvature 
ductility ratio obtained from IDA, and the modified boxplots of the curvature ductility ratio under ground motions of different seismic intensity levels. The lower and upper 
edges of each box represent the 16th and 84th percentiles, respectively, covering approximately 68% of the data. The central line indicates the median (50th percentile). 
Whiskers span from the 5th to the 95th percentiles, and outliers beyond this range are shown as hollow circles.
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rupture areas, which produce spatially limited high-intensity 
zones. Consequently, the ground motions sampled from the 
near-fault region vary more markedly in amplitude, leading to 
higher structural response dispersion. How ever, this variability 
reflects the natural spatial heterogeneity of ground motions and 
should not be considered artificial. Meanwhile, IDA appears 
more stable at low intensity levels, largely because its input 
records are uniformly scaled, masking the underlying variability 
of ground motion characteristics.

  The dispersion in MIDA decreases markedly as the seismic 
intensity increases and eventually stabilizes at higher hazard 
levels. Meanwhile, the dispersion in IDA increases markedly, 
especially in the nonlinear range. In the maximum credible 
earthquake scenario, the COV in IDA reached 95.3%, nearly 
twice that of MIDA (51.5%). This rapid increase results from 
inconsistent ground motion selection and nonphysical scaling 
in IDA, which introduces artificial dispersion unrelated to the 
actual seismic hazard. MIDA offers a more realistic and robust 
basis for assessing seismic reliability under extreme ground 
motion scenarios by preserving the physical coherence of input 
motions across all intensity levels.    

Discussion
  This study proposes the MIDA method to assess the seismic 
performance of structures under realistic near-fault earthquake 
scenarios. MIDA enables the direct incorporation of magnitude-
dependent seismic inputs that accurately reflect site-specific 
hazard conditions and fault rupture characteristics by integrating 
a source-to-site-to-structure simulation approach and using 
physics-based ground motion generation.

  A comparative evaluation using the curvature ductility 
ratio at the tower base shows that MIDA consistently predicts 
lower demands than conventional IDA for the same PGA 
values. Moreover, the PGA threshold at which the structure 
enters the nonlinear stage is lower in IDA than in MIDA. 
Considering the subjectivity and uncertainty associated with 
ground motion selection in IDA, MIDA provides a more reliable 
and physically consistent assessment of structural capacity 
by leveraging magnitude-specific ground motions reflective of 
realistic source and site conditions.

  IDA is affected by the subjectivity and uncertainty in ground 
motion selection as well as the distortions introduced through 
amplitude scaling. These issues result in substantially greater 
structural response variability, especially in the nonlinear stage. 
In the maximum credible earthquake scenario, the COV in 

IDA reaches 0.953, approximately 2.57 times the value in the maxi-
mum considered earthquake scenario. Meanwhile, the corre-
sponding COV in MIDA is 0.515, representing a relatively steady 
uncertainty in the response. This highlights MIDA’s ability to 
provide stable and physically meaningful estimates of structural 
performance, especially under extreme seismic scenarios.

  For the cable-stayed bridge investigated in this study, MIDA 
results show that the tower does not reach the threshold of 
slight damage under service level, design basis, and maximum 
considered earthquake scenarios, indicating that the structure 
possesses strong seismic capacity and a high safety reserve 
level. However, in the maximum credible earthquake scenario, 
IDA predicts extensive or complete damage in many cases 
whereas MIDA indicates that the structure remains within 
acceptable performance limits. These results demonstrate that 
IDA tends to underestimate the true seismic structural capac-
ity in practice.

  In summary, the proposed MIDA method accurately rep-
resents near-field characteristics of ground motion at engi-
neering sites, effectively overcoming 2 fundamental shortcomings 
of conventional IDA: the subjectivity in ground motion selection 
and distortion due to amplitude scaling. MIDA provides a more 
robust, realistic, and hazard-consistent evaluation of struc-
tural seismic performance by eliminating these sources of bias. 
Therefore, this study fills a critical methodological gap in current 
performance-based assessment practices and offers a practical 
path forward for improving the seismic reliability analysis of 
critical structures in near-fault environments.   
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Table 4. Mean, standard deviation, and COV for curvature ductility ratios
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earthquake
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earthquake

Maximum considered 
earthquake

Maximum credible 
earthquake
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Standard deviation 0.043 0.098 0.081 0.676

COV 1.222 0.906 0.500 0.515
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Standard deviation 0.018 0.055 0.103 1.486

COV 0.370 0.371 0.371 0.953
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Seismic performance assessment of near-fault critical structures remains challenging, as conventional intensity-based
incremental dynamic analysis (IDA) approaches suffer from subjective ground motion selection and nonphysical
amplitude scaling, which introduce artificial dispersion and compromise performance assessment reliability. This study
proposes a magnitude-based incremental dynamic analysis (MIDA) method that replaces empirical record selection
and scaling with physically consistent ground motion simulations conditioned on earthquake magnitude. Various
earthquake scenarios, ranging from service level to maximum considered earthquakes, are simulated, and the curvature
ductility ratio at the tower base is adopted as the damage measure to evaluate the seismic performance of a near-fault
cable-stayed bridge. Results indicate that MIDA yields markedly lower dispersion and improved physical consistency
in structural responses than IDA after entering the nonlinear stage. In maximum credible earthquake scenarios, the
coefficient of variation of structural response reaches 95.3% in IDA but is only 51.5% in MIDA, highlighting the improved
reliability and accuracy of seismic performance assessment. By addressing the critical limitations of conventional IDA
approaches, MIDA substantially enhances the physical consistency and precision of seismic performance assessments
for near-fault structures. It offers a scalable methodological basis for consistent seismic performance evaluation and
supports reliability-informed engineering decision-making in near-fault hazard zones.
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