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ABSTRACT: This paper presents a comprehensive review of seismic vulnerability assessment for prefabricated
assembly double-column pier bridges. The primary objective is to critically examine the key vulnerability parameters
and their coupling mechanisms while outlining future pathways for enhancing seismic resilience. The review identifies
essential vulnerability indicators, including displacement, acceleration, and composite damage indices. It further
contrasts dominant research trends, noting that domestic investigations concentrate largely on geometric configurations
and pier-to-pier interactions, whereas international studies prioritize multifactor coupling effects. A central focus of the
review is the analysis of complex parameter interactions, specifically how pier geometry, material nonlinearity, and joint
connection details collectively shape structural fragility under varied seismic inputs. Finally, the paper integrates the
concept of recoverable functionality into the vulnerability assessment framework. The principal conclusions underscore
the necessity of standardized coupling analysis and advocate for the quantitative incorporation of emerging smart
materials such as shape memory alloys and self healing concrete to directly refine probabilistic fragility curves and
improve post earthquake recovery outcomes. This review offers a theoretical foundation for advancing performance-
based seismic design and resilience evaluation of modern bridge systems.

KEYWORDS: Prefabricated assembly-type double-column pier bridges; vulnerability analysis; comparison of vulner-
ability parameters; application of new materials; post-disaster recovery

1 Introduction

The double-column pier bridge, as an important type of bridge structure, is widely used under large
spans and complex terrain conditions. Compared to traditional single-column pier bridges, double-column
pier bridges exhibit stronger stability and seismic resistance due to their unique structural characteris-
tics [1,2]. However, under strong seismic actions, the seismic performance of double-column pier bridges
may still be affected by various factors, especially under long-term use and aging conditions, where the
vulnerability of the structure becomes a significant issue [3,4]. Vulnerability analysis, as an important
component of bridge seismic research, aims to assess the safety and durability of bridges under different
seismic intensities by quantifying the probability of structural damage.

How to comprehensively understand the influence mechanisms of various parameters and make
comparisons and selections based on actual needs remains a significant challenge in current research.
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This review aims to summarize the main achievements of recent studies on the vulnerability of double-
column pier bridges both domestically and internationally, focusing on analyzing and comparing the roles
and impacts of different vulnerability parameters in the seismic performance assessment of bridges, and
exploring the applicability and limitations of each parameter under different seismic conditions. This review
therefore aims to systematically synthesize recent advances in vulnerability assessment for double column
pier bridges with a specific and sustained focus on three interconnected themes: the complex coupling
effects among geometric parameters material properties and seismic input characteristics the integration
of restorable function design principles into performance evaluation and the fundamental role of inter
column connection and joint details in accurately capturing seismic numerical response and vulnerability
outcomes [5].

2 Project Background
2.1 Basic Seismic Characteristics of Double-Column Pier Bridges

Double-column pier bridges are supported by two piers that bear the bridge deck, jointly bearing
external loads through the connection between the piers and the deck. In an earthquake, the seismic
performance of double-column pier bridges may be more complex compared to single-column pier bridges,
as factors such as the interaction between the double columns, the spacing between the piers, and material
properties all influence the dynamic response of the bridge. Double-column pier bridges are widely used in
large-span, high-strength bridge engineering, especially in seismically active areas. The double-column pier
structure is typically suitable for larger bridge spans, effectively distributing loads and avoiding excessive
eccentric torsion issues that may occur with single-column piers [6,7].

The seismic performance analysis of a two-column pier bridge focuses on the dynamic response of the
bridge under seismic action, especially the effect of the interaction between the piers and columns on the
overall structure [8,9]. The vibration induced by seismic waves leads to the bending, shear and torsional
responses of the bridge as shown in Fig. 1. Twin-column pier structures may experience more complex
torsional effects and asymmetric deformations due to their relatively large pier spacing [10]. The analysis of
seismic performance usually adopts the methods of finite element analysis, time-course analysis and modal
analysis to assess the damage modes and damage probability under different seismic intensities by simulating
the response of bridges under the action of different types of seismic waves (e.g., near-field vs. far-field
earthquakes). Factors such as the intrinsic frequency, stiffness, damping characteristics of the structure and
the geometry and material properties of the piers and columns all have an important impact on the seismic
capacity of the bridge, which in turn affects the results of its vulnerability assessment [11,12].
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Figure 1: Dynamic response state of double-column pier bridges, (a) Curved state, (b) Shear state, (c) Twisted state.
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2.2 Basic Characteristics of Damage in Double-Column Pier Bridges

The damage characteristics of double-column pier bridges are particularly significant under seismic
action, mainly in the deformation of the structure, crack extension, component failure and other aspects.
Compared with the single-column pier bridge, double-column pier structure due to the relative action
between the pier and the complexity of the bridge components, its damage mode is more complex and
diverse. As early as in the 1976 Tangshan earthquake, bridge double-column pier has been more applications,
and many double-column pier bridges have been damaged, such as the female weaving Zhai Bridge in
Tangshan City, Yuehe Bridge, power plant seven bridge and Luan xian Lei Zhuang Shahe Highway Bridge
as well as located in the Ji Canal Highway Bridge in the Han gu District of Tianjin City, such as double-
column simply supported girder bridges, the occurrence of the pier concrete cracking, rebar exposure, the
pier body tilted and shear damage and complete collapse and other varying degrees of earthquake damage.
collapse, and other different degrees of earthquake damage [13]. In the 1999 Taiwan Gathering earthquake,
according to the investigation report released by the Ministry of Transportation and Communications of
Taiwan, a total of more than 1000 bridges were affected by the earthquake, of which about 40 bridges were so
severely damaged that they could not continue to be used. The damage of root cracks and damage of double-
column pier bridges is more prominent, accounting for about 20%-30% of the total damaged bridges, and
the deck slabs of some bridges are fractured or misaligned, especially in the older bridges, and the bearing
damage is especially prominent. About 1500 bridges were severely damaged in the Wenchuan Earthquake in
China in 2008, and in most of the damaged bridges, the cracks of the pier columns and the bearings of the
double-column pier bridges are damage were more serious, and the damage of double-column pier bridges
in the earthquake was more prominent. Wenchuan earthquake disaster area, double-column pier structure
is mainly used in simply supported and continuous girder bridges, arch bridges, cable-stayed bridges and
suspension bridges in the application of very little, the statistics of 783 bridges with piers pier form mainly
single-column piers, double-column piers, hollow thin-wall piers and gravity solid piers, a total of 3411 piers,
of which the double-column piers are 2823, accounting for 83% [14]. The Great East Japan Earthquake of 2011
according to the data released by the Ministry of Transportation of Japan, the post-earthquake survey showed
that about 1500 bridges had suffered different degrees of damage, and about 20 bridges had completely lost
their functions. For example, in Fukushima and Sendai, about 10%-20% of the bridges were damaged in
the deck slabs and superstructures, and the abutment foundations were cracked or plastically deformed
severely [15,16]. 2016 Central Italy Earthquake, according to the survey data from the Italian Ministry of
Transportation, about 500 bridges were damaged due to damage to the bearings and joints in the 2016
earthquake, and about 10%-15% of the bridges were damaged due to bearing and abutment damage is so
severe that they can no longer be used [17]. The statistical information pertaining to bridge and pier damage
presented in this review was compiled from published post earthquake field investigation reports including
those following the Wenchuan earthquake and other major seismic events [2-5]. According to the survey
data documented in these sources a total of 2334 bridges situated on national and provincial trunk highways
within seismic intensity zones ranging from VI to XI were examined. Among this inventory 1325 bridges were
identified as employing double column pier configurations while 574 bridges utilized single column piers
and 435 bridges were of alternative structural types as illustrated in Fig. 2. With respect to double column
piers a total of 4673 individual columns were assessed. The documented damage manifestations included
foundation cracking plastic deformation and column tilting which collectively accounted for 1402 cases.
Damage associated with bridge deck slabs and superstructures totaled 1635 cases with deck misalignment
and fracture being particularly prevalent. Furthermore damage to bearings and connecting components
involving bearing failure and displacement was observed in 1168 instances. Non structural damage was
recorded in 468 cases as shown in Fig. 3. These aggregated observations based on the surveyed literature
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suggest that double column piers were extensively utilized in small to medium span simply supported girder
bridges and continuous girder bridges within the affected regions and that superstructure related damage
constituted a significant proportion of the documented pier damage.
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Figure 2: Statistics of bridge numbers by pier type.
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Figure 3: Statistics of damage types for double-column piers.

2.3 Overview of Double Column Pier Vulnerability Analysis

Current research on the seismic performance and vulnerability of precast assembled double-column
piers has evolved from validation of single connection types to systematic investigations into how multiple
prefabricated components—such as grouted splice sleeves, hybrid connections, socket connections, dry
joints, and rocking interfaces—alter structural damage patterns and vulnerability. Studies indicate that
different prefabricated connection methods exhibit distinct characteristics in terms of load-bearing capacity,
energy dissipation, self-centering ability, and residual displacement. Grouted splice sleeve connections can
effectively replicate the energy dissipation performance of cast-in-place piers, yet their failure locations and
damage evolution paths differ fundamentally from those of conventional cast-in-place structures. Hybrid
connection designs seek a balance between energy dissipation and self-centering capacity. Socket connec-
tions, by utilizing Ultra-High Performance Concrete grouting, achieve an ideal mechanism where damage
is concentrated in the pier shaft while the connection zone remains elastic. Regarding damage assessment,
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fragility analysis has expanded from traditional displacement-based single-parameter approaches to refined
evaluations that incorporate multi-dimensional indicators such as prestress loss, strength degradation, and
self-centering capacity. As shown in Table 1, fragility studies on dry-joint piers with shape memory alloy bars
demonstrate that modifications in construction details can effectively reduce the exceedance probability of
structures under different seismic intensity levels, providing a theoretical basis for the application of precast
assembled bridge piers in high-intensity seismic regions.

Table 1: Effects of prefabricated component types on damage and vulnerability of double-column piers.

Prefabricated Component

Influence on Damage Mode

Influence on Vulnerability

Type
Damage mode similar to High energy dissipation, plump
Grouted Splice Sleeve cast-in-place piers (crushlng‘at hystgre51s, hlgh equlvalel.lt stiffness;
. base or bar fracture); connection higher residual capacity after
Connection

zone may fail in shear for short
columns.

impact than cast-in-place;
connector location matters.

Hybrid Connection

Damage concentrated at pier base
or splicing interface, small residual
displacement; CFST segmental
piers show no obvious damage
under large drift.

Balances energy dissipation and
self-centering; CFST columns have
slow strength degradation and
excellent deformability, reducing
collapse vulnerability.

Socket Connection

Damage concentrated at pier base,
socket interface elastic, no damage
in connection zone.

Small residual displacement;
UHPC grouting enhances bond;
controllable damage facilitates
rapid repair.

Dry Joint/Rocking Interface

Controllable opening/closing at
rocking joints, low damage in pier
shaft; multiple interfaces cause
higher prestress loss.

Strong self-centering but low
energy dissipation; SMA bars
reduce displacement response;
shear links dissipate energy
preferentially, lowering overall
vulnerability.

Common vulnerability parameters of double-column pier bridges include displacement, acceleration,

damage index, plastic deformation, shear, strain and crack width. Xie and Sun analyzed the seismic
performance of double-column pier bridges, combined numerical simulation and seismic measured data,
and proposed a method to assess the susceptibility under different seismic measures, emphasizing the
important influence of bearing type, pier design, etc., on the susceptibility of bridges [18]. In addition,
displacement and acceleration are commonly used to assess the dynamic response and the degree of seismic
damage of the structure, and displacement exceeding the standard usually implies serious damage or failure.
Lu et al. analyzed the damage state of double-column pier bridges under different seismic intensities, and
proposed a comprehensive assessment method based on displacement, acceleration, and damage indices,
which showed that the vulnerability of double-column pier bridges during large earthquakes is mainly
manifested by plastic deformation of piers and columns, as well as the damage of the bearings [19]. Pang
et al. reviewed the recent research progress on seismic vulnerability analysis of double-column pier bridges
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in recent years [20], in which the damage index integrates multiple response indicators, such as displacement
and plastic deformation, to quantify the overall damage level of the bridge. Plastic deformation and shear
mainly reflect the nonlinear behavior and bearing capacity changes of piers and bearings, while strain and
crack width are used to measure the degree of local damage or deformation of materials. These parameters
are widely used in bridge susceptibility analysis to help researchers assess the damage probability and seismic
performance of bridges under different seismic conditions.

3 Vulnerability Assessment Methods and Models
3.1 Traditional Vulnerability Analysis Methods

Vulnerability assessment based on mechanical models, time history analysis, and response spectrum
method. The assessment methods based on mechanical models and response spectrum method are relatively
simplified and suitable for the preliminary design stage, but they cannot accurately reflect the nonlinear
response of structures. Time history analysis can more comprehensively simulate the behavior of bridges
under actual seismic actions, capturing the nonlinear response of bridge piers and providing more accurate
vulnerability assessment results [21]. Among them, Dong et al. analyzed the seismic vulnerability of
bridges using the response spectrum method, noting that for double-column pier bridges, the dynamic
characteristics of the piers and the span length of the bridge have a significant impact on their seismic
performance. However, when considering the nonlinear behavior of the piers, the accuracy of the assessment
may be affected [22]. Zhou et al. conducted a seismic vulnerability assessment of double-column pier bridges
based on time history analysis, combining dynamic analysis to study bridge damage under different seismic
inputs, demonstrating that the time history analysis method can accurately simulate the dynamic response
of bridges during earthquakes, providing more reliable vulnerability assessment results than traditional
response spectrum methods [23].

3.2 Modern Vulnerability Assessment Methods

Probabilistic methods, numerical simulation, finite element analysis, and dynamic analysis are the core
methods of modern vulnerability assessment. They overcome the simplified assumptions and computational
limitations of traditional methods, providing more accurate and reliable assessment results. Seify Asghshahr
et al. combined Monte Carlo simulation with finite element analysis, considering the impact of the height
of the column and the span of the bridge on vulnerability [24]. Sandikkaya et al. conducted a vulnerability
assessment of bridge piers based on probabilistic models, demonstrating that the failure probability of bridge
piers is closely related to the characteristics of seismic waves (such as frequency content, duration, etc.)
through the use of reliability analysis and seismic response simulation, indicating that strong motions,
especially seismic waves with high-frequency components, have a greater damaging effect on bridge
piers [25]. Li et al. simulated the response of bridges under nonlinear seismic actions through finite element
analysis (FEA), showing that nonlinear finite element analysis can more accurately predict the damage
to bridges during strong earthquakes, particularly for double-column piers, where nonlinear effects lead
to more complex failure modes under strong earthquakes, including plastic deformation of the columns
and sliding of the supports [26]. Dehghanpoor et al. analyzed the seismic performance of double-column
piers under nonlinear seismic conditions through finite element simulation, exploring the failure modes
of the piers, the formation of plastic hinges, and the damage development process, indicating that finite
element analysis can effectively capture the complex response of piers under strong seismic actions [27].
Jiang and Sorensen combined numerical simulation with probabilistic analysis for the seismic vulnerability
assessment of double-column piers, optimizing the design of double-column piers through parametric
studies, showing that increasing the stiffness of the piers and using seismic isolation bearings can effectively



Struct Durab Health Monit. 2026;20(6):25 7

reduce seismic damage to bridges [28]. The effects of different types of seismic motions on precast segmental
pier bridges were investigated using time history analysis. The results indicate that the duration and spectral
characteristics of seismic motions significantly affect the damage state of the piers, while accurately capturing
the interaction between segments and the nonlinear response at the joints. Probabilistic methods can
effectively consider the uncertainties of bridges during earthquakes, finite element analysis can accurately
simulate the nonlinear behavior of bridges, and time history analysis helps reveal the response and damage
process of bridges under actual seismic motions. The combination of these methods can provide more precise
bases for the seismic design, reinforcement, and safety assessment of double-column piers [29].

3.3 Experimental Research and Validation

Experimental research can verify the effectiveness of different vulnerability models and analysis meth-
ods, providing data support for optimization design, especially for nonlinear behavior (as shown in Table 2),
energy dissipation and damage control studies (as shown in Table 3). Yang et al. used finite element
analysis and bridge model tests, employing data collection methods such as accelerometers and displacement
sensors, indicating that the inter-column interaction of double-column pier bridges has a significant impact
on seismic performance, and that nonlinear responses are quite evident. The study suggests using high-
precision model tests to capture the damage patterns of bridge piers under different seismic motions [30].
Qin et al. assessed the seismic performance of double-column pier bridges by combining shaking table
experiments, time history analysis, and finite element simulations, using a three-dimensional shaking table
to simulate seismic motions. Data was collected through dynamic accelerometers and displacement sensors,
demonstrating that the damage to double-column pier bridges is closely related to inter-column interaction,
pier material degradation, and seismic motion characteristics [31]. Yao et al. combined probabilistic methods
and shaking table experiments, obtaining dynamic response data of the bridge on the shaking table through
multi-point accelerometers and high-precision displacement sensors, proving that the characteristics of
seismic waves (such as frequency, amplitude, etc.) have a significant impact on the degree of damage to
bridges, and that the damage risk of double-column pier bridges under strong seismic actions is higher
than that of single-column piers [32]. Kong et al. analyzed the vulnerability assessment of multi-column
pier bridges under different seismic excitations, validating a vulnerability assessment model based on
probabilistic analysis, indicating that the size, material properties of the pier columns, and seismic motion
characteristics have a huge impact on damage patterns and vulnerability [33]. Possible future experimental
directions, such as dynamic tests under high seismic amplitudes and studies on damage accumulation under
long-term seismic actions, will further develop.

Table 2: Nonlinear mechanical behavior and numerical simulation.

Author  Year Research Topic Research Methods Findings/Conclusion

Explosion testing and Damage assessment of

Luo _ Experiments and

2024 dynamic response ) . . concrete components under

etal. [34] . numerical simulations .

analysis contact explosion
Establishin
The impact of horizontal _ & It can enhance the seismic
.. numerical models for )
Dong beams on the seismic o resistance of double-column
e 2022 seismic resistance of .

etal. [35] performance of piers and has a good energy

non-beam and ductile

double-column piers
beam systems

dissipation effect

(Continued)
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Table 2 (continued)

Author  Year Research Topic Research Methods Findings/Conclusion
The two results are
Analysis and verification =~ Using pseudo-static . L. .
A . consistent, which is a reliable
_ of seismic performance of  tests to numerically .
Si L . method for the seismic
2022 connecting girder simulate concentrated , .
et al. [36] ) L. resistance of shear link
double-column bridge plastic hinges and .
. beams with double-column
piers fiber elements .
piers
Table 3: Research on energy dissipation and damage in vibration reduction.
Author Year Research Topic Research Methods Findings/Conclusion
Development of a new
P _ Establishing a model SCVEFB’s energy dissipation
. type of self-centering . .
Qin . i to study the capacity and self-centering
. 2024 variable friction . . . .
et al. [37] N mechanical properties reduces residual bridge
dissipative support of SMA plates displacement
(SCVEB) b p
Vulnerability of SCEB
el _ Seismic vulnerability =~ The additional self-resetting
Double-Pier Bridge Piers . . .
Nguyen ; analysis using capability of SCEB can
2025 under Near-Field . , , .
et al. [38] L incremental dynamic ~ reduce the failure probability
Pulse-Type Seismic , . .
L analysis method of bridge pier structures
Lateral Excitation
The effect of using BRB . , BRB can reduce the inelastic
o . Nonlinear time
Zhou for seismic retrofitting of . demand of columns and
2024 , history response ,
etal. [39] double-column bridge improve structural

analysis method

piers performance

4 Comparison of Vulnerability Parameters
4.1 Comparison of Domestic and International Research Status

In the surveyed domestic literature research attention has tended to emphasize the characteristics of
conventional bridge systems with considerable focus directed toward the geometric configuration of bridge
piers the interaction between adjacent columns and the influence of material properties on vulnerability
outcomes [40]. Commonly adopted analytical approaches include finite element modeling damage index
evaluation and time history analysis with an emphasis on characterizing the dynamic response and damage
progression of bridge structures subjected to seismic wave excitation. Within the domestic context there
appears to be a notable concentration on pier column dimensions and column to column interaction as
geometric factors affecting vulnerability and a comparatively more detailed examination of pier geometry has
been undertaken. Experimental investigations frequently integrate shaking table testing with finite element
simulations for mutual validation and damage quantification is often pursued through the application of
damage index methodologies. That said the methodological repertoire remains relatively conventional with
finite element based and time history based investigations being particularly widespread. It may also be
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observed that comprehensive consideration of multiple seismic input scenarios is not always fully realized
and certain studies appear to offer limited validation with respect to complex seismic wave characteristics
and long period ground motion effects [41-43].

Foreign scholars’ research focuses more on the comprehensive influence of multiple factors, espe-
cially when considering different seismic wave inputs, long-period seismic waves, and seismic motion
characteristics. The research methods are more complex, encompassing advanced methods such as multi-
degree-of-freedom systems, time history analysis, and response spectrum methods [44]. Fig. 4 compares the
research dimensions and damage index distribution of double-column piers. Abroad, the impact of seismic
motion characteristics (such as frequency, duration, and long-period effects) on the vulnerability of bridges
is emphasized amidst multiple seismic wave inputs and complex factors. Multi-degree-of-freedom systems
and time history analysis are commonly used for in-depth exploration. Modern computational methods
tend to favor advanced dynamic analysis, probabilistic methods, and response spectrum methods, appli-
cable to various seismic scenarios, and provide multi-level vulnerability assessment models. Additionally,
considering long-term impacts and post-disaster recovery, it emphasizes the long-term seismic effects on
bridges and post-disaster recovery strategies, proposing a more comprehensive vulnerability assessment
framework. Table 4 shows a comparison of the abstracts of several representative papers [45-47].

'/
bt

Figure 4: Analysis of vulnerability parameters of double-pier bridges, (a) Comparison of vulnerability across dimen-
sions, (b) Distribution of damage index for double-pier bridges.

Experimental verification

Probabilistic methods

Schedule analysis

Finite element Damage index classification

mmm Displacement

Post-disaster recovery _— Accelerati
cceleration

Multifactor coupling

mmm Plastic deformation

= Damage index

Seismic motion
mmm Others

Geometric shape

0.0 20 40 6.0 80 10.0 12.0
B Abroad B Domestic
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Table 4: Comparison of domestic and international research on the vulnerability of double-column piers.

Research Methods Contribution/Conclusion Insufficient
Finite Element vibration Establish a damage assessment Lack of diversity, lack of
table Damage Index model [48] actual seismic wave data
Finite Element Damage Focus on the nonlinear response of Parameter analysis is
model bridge piers relatively simplified
Schedule analysis, damage ~ Optimization of the applicability of the = Ignore changes in shape and
index damage index method [49] size
Finite element, response Evaluation method combining . .
. . i Insufficient experimental
spectrum, time history response spectrum method and time

. . . validation
analysis history analysis

(Continued)
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Table 4 (continued)

Research Methods

Contribution/Conclusion

Insufficient

Numerical simulation, time
history analysis

Consider the effects of design
parameters, soil layer properties, and
seismic motion [50]

Lack of actual earthquake
data

Schedule analysis, damage
prediction method

Combination of Structural
Optimization and Damage Assessment

Lack of verification in
practical engineering

applications

Evaluation Methods for Double-Pier

Schedule analysis, finite Bridge under Different Earthquake

element simulation [51]

No comparison of multiple

bridge pier columns
Motions g P

. o Insufficient consideration of
Response spectrum method,  Seismic performance optimization of . . . )
. . . . . ) the diversity of bridge pier
time history analysis bridges with double-column piers columns

The diff li
Damage Index Method, e different nonlinear

Time History Analysis

Application of Damage Index Method

. . response effects have not
in Vulnerability Assessment P

been explored in depth [52]

4.2 Selection of Vulnerability Parameters and Influencing Factors

Displacement is one of the widely used parameters in the vulnerability analysis of bridges. Nielson and
DesRoches [50] proposed using displacement as the main parameter for vulnerability assessment, focusing
on the impact of different seismic motions on bridge displacement. Studies generally suggest that displace-
ment can offer useful indications of structural deformation, particularly during the nonlinear response
phase, where an increase in displacement may signal that the bridge structure is approaching a certain
performance threshold. Wu et al. [51] combined displacement with plastic deformation considerations to
propose a new displacement based vulnerability assessment method. The displacement response of dual
column pier bridges under seismic action is frequently employed to evaluate their seismic capacity. As
illustrated in Fig. 4, the vulnerability parameters of double-pier bridges are further analyzed, including (a)
comparison of vulnerability across dimensions and (b) distribution of damage index for double-pier bridges.
However, displacement itself can only serve as a simplified measure and cannot accurately capture the local
damage conditions of bridges under different seismic actions. The limit value of displacement may vary
depending on the type of structure and the characteristics of the seismic motion [53-57].

The damage index is a comprehensive parameter commonly used to quantitatively describe the damage
state of bridges. Research by Si et al. [54] indicates that the damage index model combines multiple param-
eters such as displacement, plastic deformation, and crack development, making damage prediction more
accurate. However, the calculation of the damage index relies on accurate material models and structural
response data, and under seismic excitation, the damage index is significantly influenced by the spectral
characteristics of the seismic waves and the complexity of the bridge’s own structure. Plastic deformation
refers to the permanent deformation of materials that exceeds the elastic limit, and it typically reflects
the nonlinear behavior of structures. Wang et al. [55] emphasized the importance of plastic deformation
in the damage assessment of bridges in their study, proposing a vulnerability assessment method for
double-column pier bridges based on plastic deformation.
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Liu et al. [58] explored assessment methods that combine plastic deformation with other damage
indicators (such as displacement and damage index), optimizing the evaluation of the seismic performance
of bridges. In the vulnerability analysis of double-column pier bridges, plastic deformation can reveal the
extent of damage to the structure during significant earthquakes, particularly the plastic response of the
pier columns and joints. However, as a nonlinear parameter, the analysis of plastic deformation is relatively
complex and computationally intensive. Additionally, the contribution of plastic deformation from different
parts to overall damage varies, necessitating regional assessments.

The geometric form of the pier columns, Liu et al. [59] proposed the impact of geometric factors (such
as column spacing, height, cross-sectional shape, etc.) on the vulnerability analysis of bridges and conducted
a systematic comparison, indicated that geometric parameters such as the height of the pier columns, cross-
sectional shape, and design of longitudinal reinforcement significantly affect the response of bridges under
strong earthquakes. Different geometric shapes of pier columns can lead to different stress distributions,
thereby affecting the degree of structural damage. The research by Dong et al. [60] found that optimizing pier
column design can effectively reduce the vulnerability of bridges, especially in the performance during large
and near earthquakes. Tall bridge piers or shorter pier columns can lead to different vibration characteristics,
affecting the overall stability and vulnerability of the bridge. The effect of the height of the pier and the seismic
period as shown in Fig. 5a. Feng et al. [56] discussed the impact of pier column geometry on the seismic
performance of bridges and proposed a damage assessment model that combines geometric parameters with
seismic motion characteristics.

2

. @
Lh damdge area 2
lHn &gcwlc) 60 -

Material strength (MPa)

Figure 5: Interaction between seismic motion and various parameters. (a) Three-dimensional damage distribution
map, (b) Coupling effects of seismic motion.

The material characteristics of bridge double pier columns, including reinforced concrete, prestressed
concrete, and steel structures, affect their mechanical response during earthquakes, as shown in Fig. 5b. The
strength, toughness, and seismic performance of materials are key factors determining the seismic perfor-
mance of bridges. Zhang et al. [61] demonstrated that using high-strength concrete or steel with excellent
material properties can significantly enhance the seismic capacity of bridges; therefore, the improvement of
material characteristics is an important consideration in design optimization. Rashid and Nishio [62] pointed
out in their study that the nonlinear effects of materials on bridge damage cannot be ignored and proposed
corresponding analytical methods.
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The design of the joints between the bridge pier and the bridge girder plays an important role in the
overall seismic performance. Rashid and Nishio [62] proposed that optimizing joint design and using high-
strength reinforced concrete can reduce post-earthquake damage to bridges, especially under the influence of
strong earthquakes, where optimized joint design can significantly mitigate damage. Fu et al. [53] highlighted
the importance of joint design on the vulnerability of double-column pier bridges in their study and
conducted numerical simulations for different joints. Reasonable joint design can effectively reduce damage
under seismic actions. Liu et al. [58] explored the impact of joint design on vulnerability assessment under
different seismic motions and proposed optimization suggestions for joint design. The type of joint (such
as fixed joints, sliding joints, etc.) and connection methods (such as rebar configuration, bonding methods,
etc.) have a significant impact on structural performance. The complexity of joints and the combination of
various connection methods make the influence of joint design on vulnerability assessment quite complex,
and precise modeling and analysis of joint design are often challenging.

Different types of seismic motions have significant differences in their response to bridge structures.
The study by Qin et al. [63] indicates that long-period seismic motions have a more pronounced effect
on double-column pier bridges, particularly at the joints and connections of the pier columns, which may
lead to greater plastic deformations. For strong earthquakes, the contributions of displacement and plastic
deformation parameters to vulnerability are more significant. The type of seismic motion determines the
response characteristics of the bridge, making it crucial for vulnerability assessment; factors such as the
spectrum of the seismic motion, duration, and direction of the seismic waves can all affect the response
of the bridge structure. The diversity of seismic motion types makes it challenging to ensure the accuracy
of vulnerability assessments, and different seismic waves may have substantial variations in their effects
on bridges.

However, the differences in the weights of various factors and the choice of assessment methods vary
across different studies, and most models rely on support from experiments and numerical analysis, Table 5
summarizes the vulnerability parameters across different dimensions. Therefore, multi-factor comprehensive
analysis and model validation are important directions for future vulnerability assessment research.

Table 5: Comparison of the fragility parameters of double column piers.

Vulnerable Experimental/Simulation o Literature Suggested
Contribution X >
Parameters Methods Specific Techniques
. . Quantified displacement Probabilistic seismic
. Finite element analysis, , .
Displacement , impact on demand models with
_ experimental research, , .
[64-67] ; . . double-column pier expanded ground motion
time history analysis . .
vulnerability. suites.
Proposed vulnerabilit
Finite element analysis, p Y Multiple damage indices
Damage assessment method

time history analysis, within incremental dynamic

Index [68-70] quantifying seismic

probabilistic methods . analysis frameworks.
impact.
Time history analysis, Studied plastic
. . . v anay . P Refined nonlinear models
Plastic Deformation finite element, deformation effects on ) .
o o . L . with bar slip and low-cycle
[71-74] probabilistic analysis, seismic resistance and .
. . fatigue effects.
shaking table test vulnerability.

(Continued)
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Table 5 (continued)
Vulnerable Experimental/Simulation . Literature Suggested
Contribution X ?

Parameters Methods Specific Techniques

Finite element analysis, . . .
. . . b Examined pier geometry Expanded parametric
Pillar time history analysis, , . D .

. . . . influence on bridge studies with probabilistic
Geometry [75-77] soil-structure interaction .
_ vulnerability. demand models.
analysis
Analyzed material
. Finite element, Y . Advanced constitutive
Material strength and stiffness

experimental research, . models with sensitivit
Properties [78,79] P contributions to Y

time history analysis analysis.
y anayy vulnerability. 4
Finite element analysis, Investigated joint design High-fidelity joint modeling
Joint Design [80,81]  time history analysis, impact and proposed within probabilistic
shaking table test improved schemes. frameworks.
Schedule analysis, s . .
.. .. Y Proposed vulnerability Vector-valued intensity
Types of Seismic seismic motion . .
. a . i . methods for different  measures with near-fault and
Motion [79-82]  simulation experiments, . . )
seismic motion types. long-duration records.

finite element analysis

4.3 Parameter Interactions and Coupling Effects

In the vulnerability analysis of double-column pier bridges, the interaction and coupling effects between
vulnerability parameters play a crucial role in the seismic resistance of the structure. Research shows that
factors such as pier geometry, bridge material properties, joint design, and seismic motion characteristics are

interwoven, affecting the overall nonlinear behavior of the bridge, which in turn influences the vulnerability
assessment results, as shown in Fig. 6.

(columlt’lﬂlll:ir ite Ogjgsection ¢ Mutual > (I\:Irit:nté}lll ltarzp;nrtﬂl:es q--- (High frequency vibration
eisht, . constraint strength, foughness, accelerated plastic deformation)
) ) . shape, reinforcement ratio) nonlinearity ) '
(Geometric design affects 1
material stress distribution) - - - - Type of seismic motion
Joint design Plastic deformation (Dearfieldh farreldions
(connection method, stiffness, [~ (partial permanent p;rio ) ?
X . . energy dissipation) deformation, plastic hinge)
(The influence of joint stiffness
on localized plastic deformation) - - Pillar geometry
Damage index lzlaSt@ ldeformatlon < (Long-period seismic_ |  (column height, cross-
. <— partial permanent = motion causes pier section shape,
COmPIEeRSive PAMASE AN | deformation, plastic hinge) | column resonance) reinforcement ratio)

Figure 6: Coupling effects between parameters.

Firstly, the height of the pier plays an important role in affecting the overall performance and vulner-
ability of the bridge. Pan et al. [83] confirmed that taller piers, under strong seismic action, are prone to
significant plastic deformation due to bearing larger seismic forces, leading to exacerbated damage to the
bridge. This phenomenon is particularly evident in cases of low-frequency seismic motion, as low-frequency
vibrations make the nonlinear response of high pier bridges more pronounced. Furthermore, research by
Zhang et al. [65] also indicates a significant coupling effect between pier height and the nonlinear behavior
of the bridge, where increased pier height may result in larger displacements during the nonlinear phase,



14 Struct Durab Health Monit. 2026;20(6):25

thereby increasing the damage index. Secondly, the characteristics of seismic motion also have a significant
impact on vulnerability parameters.

Different types of seismic motion, particularly near-field and far-field earthquakes, tend to exert distinct
influences on bridge structures. Near-field seismic waves are often associated with more intense vibrations
and relatively brief durations, which may contribute to accelerated accumulation of plastic deformation and
could lead to an elevated damage index under certain conditions In this context, the interplay between pier
height and seismic motion characteristics appears to be of considerable importance. Taller piers may exhibit
heightened susceptibility to structural distress when subjected to near-field excitations, and during strong
seismic events, the corresponding increases in displacement and plastic deformation could potentially result
in more pronounced damage outcomes.

Material properties are also an important factor affecting vulnerability assessment. It has been shown
that the yield point and stiffness of the material directly determine the degree of plastic deformation of
reinforced concrete bridges when subjected to strong earthquakes. Higher material stiffness usually implies
less plastic deformation, but in some cases, increased material stiffness may lead to an overconcentration
of the bridge’s load-carrying capacity, resulting in increased localized damage. Therefore, the interaction
between the nonlinear behavior of materials and the geometry of piers and columns should not be neglected,
and they have a coupling effect on the susceptibility of bridges under strong seismic action. In addition, the
design of joints has an important effect on the nonlinear response of bridges. Romero and Moustafa [84]
showed that the cracking and yielding behavior in the joint region can exacerbate the nonlinear behavior of
bridges, especially under strong seismic effects, and the defective or insufficient design of joints may lead to
the rapid development of bridge damage.

In summary, the vulnerability analysis of double-column pier bridges must consider the interaction of
multiple factors. Factors such as the height of the pier columns, the material properties of the bridge, joint
design, and seismic motion characteristics are coupled under different conditions, producing complex effects
on the bridge’s nonlinear response and damage index. Although existing research has provided valuable
quantitative analysis of the interactions between these parameters, further deepening the understanding of
the coupling effects among various factors is still needed, especially regarding multidimensional interactions
under actual seismic motion conditions.

5 Summary and Outlook

The recoverable function of bridges has become a key direction to enhance the seismic resilience of
infrastructure and reduce the recovery time after disasters. As a common structural form, the study of the
recoverable function of double-column piers aims to enhance the self-repairing ability of bridges in disasters
such as earthquakes and ensure rapid return to use after disasters. By introducing new technologies such
as shape memory alloys, self-repairing concrete, and smart materials, as shown in Fig. 7, bridges are able to
recover their functions quickly after being hit by earthquakes, which reduces transportation disruptions and
socioeconomic losses [85-87]. The national emphasis on green, smart, and sustainable infrastructures has
also promoted the research and application of restorable functions. Future investigations may also benefit
from a more structured methodological framework that systematically classifies vulnerability assessment
approaches into deterministic, probabilistic, and machine learning-based categories, as well as according to
the primary parameters employed, such as engineering demand parameters, intensity measures, and damage
indices, thereby facilitating more rigorous comparisons and the integration of recoverable function concepts
within probabilistic vulnerability and resilience frameworks. With the continuous progress of material
science and intelligent technology, the seismic toughness and post-disaster recovery capacity of bridges
will be further improved in the future, which will in turn effectively reduce the repair time and resource
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consumption [88]. Future research efforts should systematically address several critical areas. First, the
quantitative incorporation of smart material hysteretic characteristics into probabilistic vulnerability frame-
works is needed to explicitly refine fragility curves and residual displacement forecasts. Second, standardized
analytical protocols must be developed to assess parameter coupling effects on cumulative structural damage
under multi-hazard conditions. Third, recoverable function indicators should be integrated into resilience-
oriented design methodologies that account for both repair duration and life cycle expenditures. Fourth,
high-fidelity numerical simulation techniques require advancement to accurately represent the nonlinear
behavior of prefabricated connection details subjected to near-fault pulse-type and long-duration far-field
ground motions [89].

Recoverable Function Technology

2 v
Shape memory alloy Self-healing concrete
(SMA) (Self-Healing)

A 4 A 4
Self-recovery mechanism
(SMA restoration to

Extend service life

original state) (Self-healing cracks)
h 4 A 4
Enhancing seismic Extend service life
resilience (Reduce maintenance
(Enhanced recovery ) costs)

Figure 7: Recoverable function technology.

5.1 Current Status of Domestic and International Research on Recoverable Functions

Domestic research mainly focuses on the recovery capacity of bridges after earthquake disasters,
especially through the use of new materials and intelligent technologies to enhance the recoverability of
bridges. For example, Benshams et al. [90] studied the application of Shape memory alloys (SMA) in
double-column pier bridges, proposing that shape memory alloys can effectively restore bridge deformation
through external excitation, exhibiting good self-repair characteristics and significantly improving the
seismic recovery capacity of bridges. As shown in Fig. 8, meanwhile, Qian et al. [91] demonstrated through
experimental research that the application of self-repairing concrete in bridge piers can effectively repair
micro-cracks, extend the service life of bridges, and improve seismic toughness.

In addition, some domestic scholars have proposed post-disaster recovery models for bridges based on
Structural Health Monitoring (SHM) technology. Tsiavos and Oswald [92] proposed a damage assessment
and repair decision model based on real-time monitoring data, which can timely assess the damage level
of bridges and guide repair work after an earthquake. With the national focus on green infrastructure
construction, Lu et al. [93] pointed out that future research on the recoverable functionality of domestic
bridges should emphasize the integration of green environmental protection and intelligent technology, such
as the combined application of smart sensors and self-healing materials, to achieve self-healing and rapid
recovery of bridges.
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Research abroad started relatively early, especially in the United States, Japan, and Europe, where the
study of the recoverable functionality of bridges has gradually entered the practical application stage. Zhao
et al. [94] proposed that shape memory alloys can not only improve the seismic performance of bridges but
also restore structural deformations through external excitation after an earthquake, significantly reducing
repair time. Research in the United States on self-healing concrete has also made breakthroughs; Chortis
et al. [95] found through experiments that self-healing concrete has the ability to self-repair cracks, making
it particularly suitable for application in bridge piers, significantly enhancing the post-disaster recovery
capability of bridges. In addition, Japanese researchers mainly focus on the combined application of smart
materials and structural health monitoring systems. Warsi et al. [96] proposed that by integrating self-healing
coatings with sensor systems, bridges can not only achieve self-repair but also identify structural damage
in advance through real-time monitoring, providing accurate data support for the restoration of bridges.
European research, on the other hand, emphasizes the combination of materials and construction techniques,
proposing the application of various new high-performance materials, such as fiber-reinforced polymers
(FRP) and nanomaterials. The introduction of these materials significantly enhances the recovery capacity
of bridges and shortens the post-disaster repair time.

5.2 Contribution of New Materials and Technologies to the Recoverable Function of Double-Column Piers

New materials and technologies not only enhance the seismic capacity of bridges, but also accelerate
the post-earthquake recovery process and reduce the repair cost. Shape memory alloys (SMAs) have become
an important material for enhancing bridge recovery due to their ability to return to their original state
after earthquakes [97]. Self-healing materials such as self-healing concrete automatically repair microcracks
through chemical reaction or microbial action, as in Fig. 9, which enhances long-term durability and
shortens post-disaster repair time. Fiber-reinforced composites (FRPs) have been widely used in bridge
reinforcement and rehabilitation due to their high strength and light weight, especially in improving seismic
performance and recovery. The combination of smart materials and structural health monitoring (SHM)
technology provides dual guarantees of real-time monitoring and damage repair for double-column pier
bridges, enabling rapid post-disaster evaluation and repair. Ultra-high performance concrete (UHPC) plays
a key role in enhancing seismic capacity and shortening the rehabilitation cycle with its excellent mechanical
properties and durability. Meanwhile, future developments in probabilistic vulnerability modeling and
computational methods, including refined finite element approaches and advanced time history analysis
techniques, are expected to further strengthen the analytical foundation for assessing and optimizing such
recovery solutions. Adaptive structural technology can effectively reduce earthquake-induced damage by
dynamically adjusting bridge response and further enhancing recoverability. Nanomaterials enhance seismic
recovery by virtue of their excellent crack resistance and durability. Multi-material composite structures
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combining shape memory alloys and self-healing concrete significantly enhance the ability of double-column
pier bridges to recover rapidly after earthquakes. Finally, the application of artificial intelligence technology
in bridge recovery provides new ideas for decision support, and through deep learning and machine learning
algorithms, precise control and efficient repair can be realized in the post-disaster recovery process [98,99].
Overall, the application of new materials and technologies not only improves the seismic performance of
double-column pier bridges but also provides a more efficient and sustainable solution for post-disaster
bridge rehabilitation, while ongoing advances in computational vulnerability analysis continue to refine the
tools available for evaluating and guiding such innovations.

Self-healing concrete crack repair process

== Fracture formation Repair agent filling Repair completed

Figure 9: Self-healing concrete mechanisms.
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