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Abstract

This study evaluates the longitudinal and transverse seismic fragility of a long-span bridge equipped
with a novel integrated Horizontal Bidirectional Hybrid Damping System (HBHDS). The HBHDS is
composed of eddy current dampers, metallic yielding dampers, fuse-lock devices and a spherical
steel bearing. A total of 100 ground motions are selected and the damage states of critical
components i.e., bearings, towers and piers are defined. Seismic fragility curves for the bridge
equipped with the HBHDS are generated at both the component and system levels. Fragility
mitigation effects are assessed and compared with those related to the damping system applied to
the actual bridge. The results indicate that, at the component level, the proposed HBHDS can
achieve a comparable seismic fragility control effect with respect to the as-built bridge configuration
in the longitudinal direction. It is also less vulnerable to side pier and tower failure than the
transverse fixed system. For the system-level seismic fragility, the HBHDS is the best performer in
terms of mitigating the failure probability of a long-span cable-stayed bridge, highlighting superior

performance in the longitudinal and transversal direction.

KEYWORDS
Failure probability; fixed system; fluid viscous damper; hybrid damping system; long-span bridge;

seismic fragility analysis; vibration control

1. Introduction

Long-span bridges are vital components of transportation networks. However, due to their long
fundamental period and inherently low structural damping, long-span bridges are particularly
vulnerable to challenges such as component damage or even failure when subjected to severe
earthquakes (Domaneschi et al., 2015; Hu et al., 2022; Xiao et al., 2025). For example, during 1988
Saguenay earthquake, one anchorage plate used to connect the girders to an abutment of the cable-
stayed bridge failed due to the stress increments induced by the seismic event (Filiatrault et al.,
1993a, 1993b). During the 1999 Taiwan earthquake (Chang et al., 2004), significant damage was

reported to the tower, superstructure, and some cables of a single-pylon cable-stayed bridge. Due to
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such occurrences, it is imperative to develop efficient strategies to control and protect long-span

bridges from earthquake-induced damages.

Over the past few decades, numerous studies have focused on mitigating the seismic-induced
responses and reducing the damage risks of long-span bridges through the use of hybrid passive
damping systems. For example, a longitudinal combined damping system, integrating a fluid viscous
damper (FVD) and a metallic yielding damper (MYD), has been developed to effectively reduce
seismic-induced damage in long-span bridges (Hu et al., 2023c, 2024d). Additionally, a transverse
hybrid damping system, combining one transverse steel damper with two sliding spherical steel
bearings, has been proposed and validated for seismic protective design in long-span bridges (Zhou
et al., 2019). To achieve bidirectional seismic resistance, a multi-directional damping system,
consisting of four viscous dampers placed diagonally, was proposed and successfully implemented

in an actual long-span bridge (Chen et al., 2023).

Although the aforementioned hybrid damping systems have proven effective in mitigating undesirable
seismic responses, their limitations cannot be overlooked. On one hand, these systems primarily
focus on mitigating either longitudinal or transverse seismic responses, without simultaneously
addressing the combined effects of horizontal directions. On the other hand, the potential for fluid
leakage in viscous dampers within the installed damping system poses a significant risk; such
failures could compromise the seismic performance of the long-span bridge, leading to inadequate
protection during seismic events (Hu, Yang, & Meng, 2023a, 2023b, 2025c). To address these
limitations, this study proposes a horizontal bidirectional hybrid damping system (HBHDS) for multi-
level vibration mitigation of long-span bridges. This system is designed to address the limitations of
existing methods by simultaneously mitigating seismic responses in both horizontal directions (Yang
et al., 2024). The proposed HBHDS consists of a spherical steel bearing (SSB), eddy current
dampers (ECDs), fuse-lock devices (FLDs), and metallic yielding dampers (MYDs). The system’'s
parameter design and robustness were investigated for application to a long-span cable-stayed

bridge subjected to near-fault pulse-like earthquakes (Hu et al., 2024).

Fragility curves are commonly adopted to estimate the probability of structural damage under varying

earthquake intensity measures, serving as an essential tool to assess infrastructure vulnerability (Hu
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et al., 2022; Mengiu-&—¥ang—2023; Suzuki & lervolino, 2020; Wei et al., 2024). In view of the
bridges equipped with damping system, Xiang and Alam (2019) conducted seismic fragility analysis
for bridges equipped with various damping measures. The comparative results revealed that shape
memory alloy cables are the most effective in reducing seismic vulnerabilities. Casciati et al. (2008)
evaluated the seismic risk of a cable-stayed bridge retrofitted with different passive control damping
devices using fragility curves, providing a comprehensive assessment of the performance of such
retrofitting strategies. They highlighted the importance of accurately defining the limit states for
retrofit techniques. Guo et al. (2023) investigated the influences of the damping system’s parameter

on fragility functions by the developed seismic fragility analysis framework.

Previous studies have demonstrated that seismic fragility analysis is an effective method for
evaluating the seismic performance of long-span bridges, both with and without damping devices,
under earthquakes of varying intensities. However, the seismic fragility analysis of the proposed
damping system has not yet been conducted, leaving a critical gap in the assessment of its
effectiveness and reliability under seismic events. Therefore, the present study aims to evaluate the
proposed HBHDS’ damage mitigation effectiveness based on the seismic fragility analysis. First, the
configuration and working mechanism of the proposed hybrid damping are briefly introduced.
Subsequently, based on the Cloud Analysis, a suite of 100 ground motions is selected and the
damage states of critical components, i.e., bearings, towers, and piers, are defined. Finally, seismic
fragility analysis of the cable-stayed bridge equipped with HBHDS is conducted at both the
component and system levels, using fragility functions. Moreover, the mitigation effects of the
proposed system are assessed and compared with the performance of damping systems currently

applied to the bridge in the longitudinal and transverse directions.

2. Horizontal bidirectional hybrid damping system

The Horizontal Bidirectional Hybrid Damping System is an integrated device, as shown in Figure 1.
It can simultaneously control multi-level earthquake-induced vibrations in both the longitudinal and
transverse directions, but also address malfunctions, such as fluid leakage, that may occur in FVDs;

instead, ECDs are used in the HBHDS to dissipate energy (Zhang et al., 2020).
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Figure 1. Configuration of: (a) HBHDS (horizontal bidirectional hybrid damping system), (b) SSB
(spherical steel bearing), (c) ECD (eddy current damper), (d) FLD (Fuse-Lock device), and (e) MYD
(metallic yielding damper).
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In the longitudinal direction, the ECD and the MYD are expected to dissipate seismic energy due to
low- and high-intensity earthquakes, respectively. The FLD is placed in series between the ECD
and the MYD, and it can switch the working status of the two dampers according to the force of the
ECD and the locking force of FLD. Specifically, when the damping force is smaller than the locking
force under low-intensity earthquakes, the ECDs dissipate the input energy by the way of eddy
current-damping torque. The FLD remains in its original state, acting as a rigid link and the MYD

with enough stiffness remains in an elastic state and acts as a fixed end, as shown in Figure 2(a).
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Figure 2. The working mechanism of HBHDS in the: (a) longitudinal direction under low-intensity
earthquakes, (b) longitudinal direction under high-intensity earthquakes, and (c) transverse direction.
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In contrast, the FLD will be triggered under high-intensity earthquakes because of the larger
damping force in comparison to the locking force. Then, the MYD starts to dissipate energy by
inelastic deformation replacing the ECD. In this case, the out-of-service ECD and the activated FLD
are both modeled as rigid links, as shown in Figure 2(b). In the transverse direction, the MYD is
always used to protect the bridges from both the low- and high-intensity earthquakes (see Figure
2(c)). It should be noted that, following a major earthquake, the FLD must be re-centered and the
yielding MY Ds should be promptly replaced in order to ensure adequate protection of the bridge
against potential aftershocks. More details of the configuration and working mechanism of the hybrid

damping system can be found in Yang et al. (2024), Hu, Hu et al. (2023) and Hu et al. (2024).

The force-displacement curves of the proposed damping system under harmonic loads in the
horizontal direction are depicted in Figure 3. The hybrid system exhibits two different working states
in the longitudinal direction: only one hysteretic loop is shown in Figure 3(a), which means that the

ECD only is working, while two different hysteretic loops are presented in Figure 3(b), indicating that
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the MYD is active (replacing the ECD) because of the FLD activation. In the transverse direction, a
stable hysteretic loop is observed in Figure 3(c), indicating that both the MYD and SSB effectively

function.

Figure 3. The Force-displacement relationship of the HBHDS in the: (a) longitudinal direction under
low-intensity earthquakes, (b) longitudinal direction under high-intensity earthquakes, and (c)
transverse direction.
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3. Bridge structure and modeling

3.1. The structure

A symmetrical cable-stayed bridge is selected in this study, which is an as-built long-span bridge
located in China with a main and side span lengths of 1088 m and 300 m, respectively. As shown in
Figure 4(a), 272 cables are symmetrically arranged in two planes following a semi-fan configuration.

Among them, the longest one consists of 570 m. The cable spacing is 12 m on the side spans and
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16 m on the main span. The girder is a streamlined closed steel box with 41 m width and 4 m height
at central span (Figure 4(b)). The damping ratio is approximately 3%. The bridge features two
reinforced concrete inverted-Y-shaped towers with a height of 300.4 m. The bottom section of the
tower constructed using C50 is shown in Section 1 in Figure 4(c). The piers with hollow section of
the bridge are 60.8 m height. They are constructed by C40 concrete and its sections are shown in S
ection 2 in Figure 4(d). As shown in Figure 4(e), the sliding bearings installed at the piers allow the
deck to move in the longitudinal direction. In addition, nonlinear viscous dampers were used between
the tower and deck for the longitudinal anti-seismic design. For the sake of wind resistance in the

transverse direction, wind-resistance bearings are applied between the tower and deck.
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Figure 4. Structural configuration and constraint system of the bridge: (a) elevation view of the
bridge, (b) cross section, (c) the tower, (d) the side pier, and (e) the constraint system (units: m).
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3.2. The finite element model considering plastic hinges

The three-dimensional finite element model (FEM) of the long-span cable-stayed bridge (see Figure

5) was established in the finite element program ANSY'S (Ismail et al., 2013). The box girder is

modeled using Beam4 elastic beam elements, because it is expected to remain elastic during

earthquakes. Cables are modeled with Link10 elements using a modified modulus of elasticity,

following the Ernst approach (Ernst, 1965).
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Figure 5. Details of the finite element model of the bridge and the HBHDS.
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Considering the potential for plastic damage in towers and piers during severe earthquakes, plastic
hinges are assumed to form at the base of the bridge towers and piers in the numerical model. The
remaining portions of the towers and piers are assumed to remain elastic and are modeled by Beam
4. To obtain the property parameters of the plastic hinges, moment-curvature (M-¢) analyses are
performed according to the bottom sections of the towers and piers shown in Figures 4(c and d).
Taking the Section 1 of the tower as an example, the transverse bending moment capacity was
computed using Xtract software (Chadwell & Imbsen, 2004), as shown by the solid line in Figure 6.
Following the principle of equal area of envelope curve, the corresponding equivalent bilinear model
is calculated and plotted using the dashed line. M—g analysis results of the towers and piers are
summarized in Table 1. In the FEM, the equivalent bilinear model is implemented using Combin40

elements to represent plastic hinges (Meng et al., 2023).

IST: 2025-07-26: 4:33:03 AM | This track pdf was produced fromthe online proofing tool and is intended to be used as a reference. Page 11 of 40



Figure 6. The moment—curvature (M—@) curves of section 1 at the base of the tower.
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Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf
presentation of the table, please view the ‘PDF’ tab.

Table 1. M—¢ analyses of the tower and the pier.

Parameters Section 1 of the tower Section 2 of the pier
Longitudinal Transverse Longitudinal Transverse

q,y(10—3-m-1) 0.5227 0.3011 0.8146 0.573

My(106-kN-m) 5.992 10.701 1.658 2.547

oy (10-3-m-1) 10.692 4.798 21.806 7.151

M, (106-kN-m) 6.134 11.095 1.699 2.693
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The soil-structure interaction (SSI) effects for piles and towers were not included, and fixed-base
conditions were assumed (Guo et al., 2022). Based on the modal analysis of the cable-stayed
bridge, the first three frequencies were identified as 0.048, 0.064, and 0.112 Hz, in transverse,
longitudinal, and vertical directions, respectively. The modal results are consistent with those

presented in a previous study (Wang et al., 2013).
3.3. Simulation of damping systems

To analyze the seismic performance of the bridge in the longitudinal direction using the proposed
novel system, three cases have been compared: (i) Case 1: the conventional bridge arrangement as
floating system (uncontrolled configuration). (ii) Case 2: the bridge equipped with the proposed
HBHDS. (iii) Case 3: the bridge incorporating the actual configuration with FVDs. In detail, four
nonlinear FVDs were applied in longitudinal direction at each tower-deck connection of the as-built
bridge in Case 3 (Figure 4(e)), while two sets of HBHDS were installed replacing four FVDs in Case
2. In the transverse direction, the performance of the bridge with HBHDS (Case 2) is compared to
the bridge with traditional wind-resistance bearings (Case 3) and the uncontrolled arrangement
(Case 1). In Case 3, the adopted transverse constraint system of the actual bridge configuration,
with FVDs in the longitudinal direction, is simplified as a fixed system (FS) for the numerical finite
element simulations. Table 2 summarizes all the bridge configurations in both the longitudinal and

transverse directions.

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf
presentation of the table, please view the ‘PDF’ tab.

Table 2. Cases of considering damping system in the longitudinal and transverse
directions.
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Direction Case Damping system

Longitudinal 1 Uncontrolled (floating)
2 With HBHDS
3 With FVD
Transverse 1 Uncontrolled (floating)
2 With HBHD S
3 With FS

For the proposed HBHDS, both the MYD and the SSB were modeled using the bilinear model
described in Park and Otsuka (1999), as shown in Figure 5. The yielding force, yielding stiffness
and postyielding stiffness are the critical parameters to represent their mechanical behavior. The
nonlinear force-velocity behavior of the ECD was simulated following the Wouterse model
(Wouterse, 1991) expressed in Figure 5. It was directly applied to the associated connected
elements whose velocity is computed and inserted into the Wouterse model at each iteration.
Regarding the simulation of FLD, it can be reproduced by automatically comparing the designed
locking force and the ECD damping force computed at each iteration. In other words, when the
damping force does not exceed the locking force, the damping force is applied to the tower and
girder, while the elements of the MYD are directly engaged. All parameters of the HBHDS in Figure
5 were optimized as reported by Yang et al. (2024). For the FVD, the Combin 37 element in ANSYS
was used to simulate the damper’s mechanical behavior. Its parameters can be found from the public
literature (Guo et al., 2015). Additionally, the FS is implemented by assigning fixed constraints,

whereas constraints in the corresponding direction are released for the uncontrolled system.

4. Methodology for seismic fragility analysis

4.1. Input ground motions and intensity measures

Incremental Dynamic Analysis (IDA) and Cloud Analysis are commonly used to derive seismic
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fragility curves (Li et al., 2021; Zentner et al., 2017). These curves can express the failure probability
of components or structures under different earthquake intensity measures (IMs). IDA is performed
by matching spectra and then scaling the records in amplitude successively to high intensity levels
until failure is achieved. However, scaled records may not capture the key features of unscaled
ground motions at the same intensity (Jalayer et al., 2017). The Cloud Analysis is well known for the
simplicity of its linear regression formulation in logarithmic scale between the maximum structural
responses and the corresponding IMs. Unlike IDA, it requires fewer analyses and does not involve
scaling ground motions. Therefore, Cloud Analysis using unscaled records is adopted to assess the

fragility of long-span bridges with various damping systems.

As mentioned above, a suite of 100 representative ground motions is selected. 80 ground motions
extracted from the PEER database and 20 ground motions selected from the SAC project database
are included. Epicenter distances range from 13 to 60 km, including both near- and far-field
earthquakes, with magnitudes from 5.8 to 6.9. The 20 SAC ground motions are horizontal ground
motions for Los Angeles with a probability of exceedance of 2% and 10% in 50 years, respectively.
(Shafieezadeh et al., 2012). Each ground motion record includes two horizontal components (H1 and
H2). Figure 7 shows the individual acceleration and displacement spectrums of selected ground
motions and the corresponding mean spectrum. The spectra of the H1 and H2 components are
similar. The strongest horizontal component of each ground motion is applied at the bridge supports
along the longitudinal axis using the large mass method. T his is due to the mechanical behavior of
the HBHDS, which can be examined and observed, especially the function of the FLD under lager
ground motions. Moreover, the orthogonal imbalance between the H1 and H2 components is not
considered in this study. Similarly, the vertical component of ground motion is also excluded from the

current analysis.
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Figure 7. Acceleration and displacement spectra of the selected ground motions.
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According to the previous studies, the seismic intensity IMs has a significant effect on the accuracy

of the seismic response and estimation of the damage exceeding probability (Feng et al., 2018).

Peak ground acceleration, peak ground velocity (PGV) and first-mode spectral acceleration are the

most commonly used IMs (Ma et al., 2019; Wu et al., 2016). Recent studies (Wei et al., 2020; Zhong

et al., 2019) suggest that PGV is the most suitable IM for long-span cable-stayed bridges due to its

practicality and reliability. Therefore, PGV is selected in this study as the intensity measure for the

fragility analysis.

4.2. Definition of the damage states and engineering demand parameters

IST: 2025-07-26: 4:33:03 AM

| This track pdf was produced fromthe online proofing tool and is intended to be used as a reference.

Page 16 of 40



According to the previous research (Hazus, 2011), four damage states (DS) of structural
components were respectively defined: Slight (DS 1), Moderate (DS 2), Extensive (DS 3) and
Complete Damage (DS 4). The present study evaluates the fragility of four structural components:
tower bearings, side pier bearings, towers, and side piers. Displacement is used as the damage
index for bearings, while rotation ductility is used for towers and piers. The spherical steel bearing
(SSB) of the HBHDS is installed in parallel with the MYD, ensuring synchronized movement of all
HBHDS components, as described in Section 2. The MYD is considered inoperative when the

relative displacement &4 exceeds its ultimate value of 0.35 m. Consequently, for displacement levels

beyond this threshold, the damage states refer solely to the SSB. Following the work of Wei et al.
(2020), the SSB damage states are defined by displacement thresholds: 0.35 m (slight), 0.6 m

(moderate), 1.0 m (extensive), and 1.5 m (complete).

For the longitudinal sliding bearing at each side pier, the longitudinal displacement (&) is used to

define the damage states by referring to the work of Zhong et al. (2023). According to Figure 8, the
bearing reaches DS 1 when its displacement exceeds 0.15 m. DS 3 corresponds to the full distance
from the bearing centerline to the masonry plate edge; DS 2 is set at half that value. Once the
bearing surpasses the ending of the bent cap, namely 0.8 m, complete damage (DS 4) occurs. Note
that longitudinal bearings are assumed not to sustain damage in the transverse direction, as there is
no relative motion between the tower and girder. For the tower and side pier, the rotation ductility

(Up) is defined to describe their damage states. It can be calculated by 6/6,1, where 6'is the
maximum rotation response, and 6y 1 is the rotation corresponding to the first yield curvature @y. @y

can be obtained by moment-curvature analysis of the corresponding sections, as described in Sectio
n 3.2. Referring to the research (Wu et al., 2016; Zhong et al., 2023), the rotation ductile values

corresponding DS are shown in Table 3.
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Figure 8. Damage state of the longitudinal sliding bearing at the side piers.
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Table 3. Median values of different damage indexes.

Damage state
Component Slight DS Moderate  Extensive =~ Complete Reference
1 DS 2 DS 3 DS 4

IST: 2025-07-26: 4:33:03 AM | This track pdf was produced fromthe online proofing tool and is intended to be used as a reference. | Page 18 of 40



The displacement of bearings at the 041 1 0.35 0.6 1
tower (m)

041 0.35 0.6 1
T

The displacement of bearings at the pier | 64 | 0.15 0.3 0.5

(m) .
Ogp |/ / /
T

The rotation ductile of towers gy 1 2 4
L
Het | 1 2 4
T

The rotation ductile of piers Hgp | 1 2 4
L
Hez | 1 2 4
T

1.5

1.5

0.8

Wei et al. (2020)

Wei et al. (2020)
Zhong et al.
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Wou et al. (2016)

Wu et al. (2016)

Wu et al. (2016)

In the present study, the displacements of bearings at each tower (041) and pier (d4), the rotation

ductile of the tower (ug1) and side pier (ugy) are selected as EDPs. Seismic responses are computed

for each component using nonlinear time-history analyses in ANSYS. It is assumed that the selected

EDP follows the lognormal probability distributions, which is defined as:

In (EDP) = b+ aln (IM)

where a and b are the linear regression coefficients. As anticipated at Section 4.1, PGV is selected

as the IM to compute the regression coefficients. Table 4 summarizes the regression and R?
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coefficients for each EDP in all cases. Note that the corresponding parameters for the bearing’s

displacement in the bridge with FS (Case 3) are empty in Table 4. This is because there is no

relative motion between the tower and girder due to the transverse fixed constrain. Moreover, the

higher R? values also reveal that the selected regression model could fit well with the different

structural demands.

Note: The table layout displayed in ‘Edit’ view is not how it will appear in the printed/pdf version.
This html display is to enable content corrections to the table. To preview the printed/pdf

presentation of the table, please view the ‘PDF’ tab.

Table 4. Regression coefficients of each EDP for different components of each case.

Direction EDP Case A R2
Longitudinal g1l 1 1.13 -5.99 0.68
2 1.30 -6.84 0.73
3 1.36 -6.91 0.79
Sl 1 1.15 -543 0.77
2 1.27 -5.89 0.81
3 1.28 -5.92 0.82
He1L 1 0.84 -10.93 0.71
2 0.93 -11.12 0.72
3 0.88 -11.01 0.73
HeoL 1 1.15 -12.95 0.90
2 1.17 -13.01 0.89
3 1.16 -13.02 0.88
Transverse ST 1 0.93 -4.85 0.77
2 1.29 -7.36 0.84
3 / / /
Ho1T 1 1.16 -12.71 0.79
2 1.27 -13.08 0.86
3 1.30 -13.09 0.87
HeoT 1 1.16 -13.0 0.89
2 1.06 -12.78 0.82
3 0.91 -12.34 0.83
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4.3. Fragility function

The component-level fragility function represents the conditional probability that the seismic demand
(D) of the structure reaches or exceeds its capacity (C) under a given level of ground motion
intensity measure (/M). In other words, it is the probability that the engineering demand parameter

(EDP) reaches or exceeds the defined damage state for a specific /M. It can be computed as:

In (Sp)— In (S¢)

'q,fﬁi}uM + 67

P, =P[D > C|IM) = &

where @ (-) is the standard normal cumulative distribution function; 5o and S¢ are the value of
median of the component’s response and capacity, respectively; B is the logarithmic standard
deviation of the structural capacity reflecting structural functionality levels associated with defined
damage, set to be 0.35 for the components of long-span cable-stayed bridge (Li et al., 2018); Boin

is the standard deviation of the seismic demand that can be computed as:

d Py [In (EDP,)— In (amﬁ’)]”
ﬁDlIM: N2
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where N is the total number of performed nonlinear time history analyses.

The system fragility can be derived from the fragility functions of bridge components using the upper

bound formulation of first-order reliability theory (Choi et al., 2004):

Ti
mrﬁlx(Pﬁ) <Pg<1- H(l — Py)
= i=1

in which Pg and Pg present the failure probabilities of the ith component and of the overall system,

respectively; n is the number of the adopted vulnerable components. Egs. (2) through (4) summarize
the analytical procedure used to compute the system-level fragility from component-level

performance.

5. Results of the seismic fragility analysis for the long-span bridge

After determining the regression models of EDPs and the probabilistic capacity model, the seismic
fragility analysis can be performed for both the component and system levels of the cable-stayed
bridge. The longitudinal and transverse seismic fragility curves of the considered components with
different damping systems and damage states are developed, respectively. Furthermore, the system-
level fragility curves are obtained by integrating the component-level fragilities through the series

system model described in Eq. (4).

5.1. Fragility at the component level

5.1.1. Assessment under longitudinal excitations

Figure 9 displays the fragility curves of the tower bearing under longitudinal earthquakes, from slight
to complete damage states, for different damping configurations. In general, the implementation of
the HBHDS and FVD significantly reduces the fragility of the bearing at the tower at all damage

states compared to the uncontrolled bridge. The HBHDS results in lower bearing failure probabilities
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than the FVD at each damage state. For example, considering the bridge with a floating system (i.e.,
the uncontrolled case) at a PGV of 150 cn/s, the failure probabilities of the bearing from slight to

complete damage states are 0.804, 0.582, 0.342, and 0.184, respectively.

Figure 9. Seismic fragility curves of the bearing at the tower: (a) uncontrolled, (b) HBHDS, and (c)
FVD configurations.
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After installing the proposed HBHDS, these probabilities are reduced to 0.707, 0.481, 0.272, and
0.146 for the slight, moderate, extensive, and complete damage states, respectively. The
corresponding failure probabilities are reduced by 12.1%, 17.4%, 20.5%, and 20.7%, respectively.
When the as-built bridge adopts FVD in practical engineering, the failure probabilities of the bearing
at the tower are reduced by 4.9%, 6.2%, 5.3%, and 2.7%. It can also be concluded that the
effectiveness of the HBHDS and FVD in reducing the failure probability of the bearing component
increases with higher damage states. In other words, both damping systems exhibit significant

mitigation effectiveness, particularly for the extensive and complete damage states.

The fragility curves for the longitudinal sliding bearing at the side pier are shown in Figure 10. When
experiencing longitudinal ground motions, the failure probabilities of the bearing at the pier are
slightly reduced in the cases of installing the HBHDS and FVD. Moreover, the bearing at the pier

exhibits higher failure risk compared with the failure probability of the bearing at the tower (see Figur

e 9) when the damage state is fixed.

IST: 2025-07-26: 4:33:03 AM | This track pdf was produced fromthe online proofing tool and is intended to be used as a reference. | Page 23 of 40



Figure 10. Seismic fragility curves of the bearing at the side pier: (a) uncontrolled, (b) HBHDS, and
(c) FVD configurations.
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The seismic fragility curves for the tower (sections 1) and the pier (section 2), corresponding to the

bridge with different damping systems, are also compared and discussed. As shown in Figures 11

and 12, the failure probabilities of both the tower and side pier for the example bridge with HBHDS

and FVD are significantly reduced across all four damage states, especially under slight and

moderate damage states. The complete damage of the tower and the side pier cannot appear when

the HBHDS and FVD are installed. In addition, the tower is more vulnerable than the section of the

side pier under identical damage states in the cases of the bridge adopted same damping system.

Figure 11. Seismic fragility curves of the tower: (a) uncontrolled, (b) HBHDS, and (c) FVD

configurations.
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Figure 12. Seismic fragility curves of the pier: (a) uncontrolled, (b) HBHDS, and (c) FVD
configurations.
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5.1.2. Assessment under transverse excitation

To evaluate the failure probability under transverse ground motion, fragility curves are compared for
three configurations: HBHDS (Case 2), fixed system (FS, Case 3), and the uncontrolled case (Case
1). It is important to note that the FS is a simplified representation of the wind-resistance bearing
designed to limit transverse displacements in the actual bridge configuration. In contrast, the
uncontrolled case, serving as a reference, represents the release of transverse constraints present
in the FS. Note that, the damage of the bearing at side piers is not considered because it can only

allow to move along the longitudinal direction.

The comparative fragility curves for the bearing at the tower in each bridge configuration under
different damage states are shown in Figure 13. Compared to the uncontrolled case, the HBHDS
reduces bearing failure probabilities, especially at higher damage states. Specifically, at a PGV of
150 cn/s, the fragilities of the bearing in the HBHDS system are 0.569, 0.341, 0.169, and 0.081 for
the slight, moderate, extensive, and complete damage states, respectively. In contrast, for the
uncontrolled case, the corresponding fragilities are 0.897, 0.679, 0.388, and 0.188. HBHDS reduces
the failure probability by 36.6% to 57.4% compared to the uncontrolled case, depending on the
damage state. In Case 3, no bearing damage occurs due to the fixed transverse constraint

preventing relative motion.
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Figure 13. Seismic fragility curves of the bearing at the tower: (a) uncontrolled, (b) HBHDS bridge
configurations.
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Figures 14 illustrates the seismic fragility curves in terms of the tower at Section 1 for different bridge
configurations under transverse excitations. It can be observed that the failure probabilities of tower
in the case of the bridge with FS is higher than that of the uncontrolled and HBHDS. This is the
drawback for the rigid connection, which transfers all the forces from the deck to the tower.
Moreover, the bridge equipped with the HBHDS demonstrates slightly less effectiveness compared
to the uncontrolled case, as it introduces a marginally higher failure probability. This is due to the
MYD in HBHDS, which increases transverse stiffness when activated during seismic events. For
example, the probabilities of the tower damage for the actual bridge with FS at the PGV of 150 cm/s
are 0.661, 0.321, 0.093, and 0.0247. By implementing the proposed HBHDS, these values are
slightly reduced to 0.589, 0.258, 0.064, and 0.014.
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Figure 14. Seismic fragility curves of the tower: (a) uncontrolled, (b) HBHDS, and (c) FS bridge

configurations.
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Figure 15. Seismic fragility curves of the pier: (a) uncontrolled, (b) HBHDS, and (c) FS bridge
configurations.
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Figure 15 plots the comparative fragility curves in terms of the side pier at Section 2 for different
bridge configurations. It can be found that the sequence of efficient system in terms of reducing the
failure probabilities of the side pier under slight and moderate damage states is similar to that of the
tower shown in Figure 14. In other words, FS is the most vulnerable damping system for the failure
of the side pier, the following is HBHDS and uncontrolled case. However, the side piers of the
bridge equipped with all damping systems cannot occur complete damage compared to the bridge

towers when subjected to transverse earthquakes.

5.2. Fragility at the system level

300
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5.2.1. Assessment under longitudinal excitations

Based on the components’ fragilities, system-level fragility curves of the cable-stayed bridge can be
determined by Eq. (4), as shown in Figure 16. Both HBHDS and FVD significantly reduce system
fragility under longitudinal ground motions, compared to the uncontrolled case. In other word, the
uncontrolled system is the most vulnerable system. HBHDS and FVD perform similarly at slight and
moderate damage levels, but HBHDS is more effective at extensive and complete states. In general,
the proposed HBHDS can achieve the similar or even superior effectiveness in reducing the system-
level failure probability of the bridge in comparison to the FVD applied to the actual bridge in the

longitudinal direction.
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Figure 16. System-level fragility curves of the bridge with different configurations for the: (a) slight
damage, (b) moderate damage, (c) extensive damage, and (d) complete damage levels (longitudinal

excitation).
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5.2.2. Assessment under transverse excitations
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Similarly, the transverse system fragility curves of the bridge in the considered three cases at

different damage states are presented in Figure 17. In terms of effectiveness, the damping systems

rank as follows: FS (most effective), HBHDS, and uncontrolled (least effective). In other words,

Case 3 is the optimal damping system for the complete damage state. This is because the damage

of the bearing at the tower in the transverse direction is not considered in Case 3, resulting in a zero-

failure probability for that component. With HBHDS, the system failure probabilities at PGV = 100
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cm/s are reduced by 11.0% to 66.1% compared to the uncontrolled case. These results confirm the

HBHDS is effective in reducing system fragility under transverse ground motion.

Figure 17. System-level fragility curves of the bridge with different configurations for the: (a) slight
damage, (b) moderate damage, (c) extensive damage, and (d) complete damage levels (transverse
seismic excitation).
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6. Conclusions
The current study investigates the seismic fragility mitigation effectiveness of a long-span cable-
stayed bridge incorporating the proposed Horizontal Bidirectional Hybrid Damping System
(HBHDS). Fragility curves of critical components and of the overall system are computed. The
IST: 2025-07-26: 4:33:03 AM | This track pdf was produced fromthe online proofing tool and is intended to be used as a reference. | Page 30 of 40



fragility of the as-built damping systems and the uncontrolled case are also compared with the

proposed HBHDS. The following conclusions can be drawn:

1. In the longitudinal direction, the implementation of the HBHDS and FVD can significantly
reduce the failure probabilities of the critical components (the bearing at the tower and side pier,
the tower and side pier) at all damage states compared to the uncontrolled bridge. Furthermore,
the proposed damping system can achieve a comparable seismic fragility control effect with
respect to the as-built bridge configuration.

2. In the transverse direction, the failure probability of the bearing at the tower for the bridge with
the proposed HBHDS can be effectively reduced in comparison to the uncontrolled system.
Moreover, the HBHDS is a less vulnerable damping system for the failure of the side pier and
tower than the FS applied to the as-built bridge.

3. In terms of the system-level seismic fragility, the proposed HBHDS can achieve similar or even
superior effectiveness in reducing the system-level failure probability of the bridge in
comparison to the FVD applied to the actual bridge in the longitudinal direction. In the

transverse direction, it is also an effective solution to mitigate the fragility of the system.

In summary, the proposed HBHDS demonstrates strong effectiveness in mitigating the seismic
fragility of long-span cable-stayed bridges by providing superior control in both the longitudinal and
transverse directions. Unlike conventional damping systems that treat directional responses
separately, the HBHDS enables simultaneous bidirectional vibration control through its integrated
configuration of ECD and MYD components. Therefore, the HBHDS represents a promising

solution for enhancing the seismic resilience of long-span bridges under horizontal ground motions.

While this study offers valuable insights, it is currently limited by the use of uniform seismic
excitations with a fixed incident angle. Future research will aim to overcome these limitations by
investigating the effects of spatial variability, such as wave passage effects, loss of coherency, and
site conditions, as well as varying incident angles of bidirectional ground motions, in order to provide
a more comprehensive evaluation of the bridge’s seismic vulnerability. In addition, the mechanical

behavior of the proposed HBHDS will also be investigated and verified by experiments.
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