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Featured Application: This study is aimed at sensitivity of seismic fragility demand parame-
ters caused by structural uncertainty of high-speed railway extradosed cable-stayed bridge con-
sidering the Yuanjiang extra-large bridge on Huaihua-Shangyang-Hengyang Railway in China.
Based on the probability distribution and correlation of random parameters, a sampling analysis
method is proposed herein. Furthermore, a dynamic 3D finite element model of the employed
bridge is established by using OpenSEES nonlinear software with full consideration of the ran-
domness of structural parameters using sampling analysis. Based on these findings, some impor-
tant conclusions were drawn. We believe that our study makes a significant contribution to the
literature because although existing studies have focused on static parameter sensitivity analy-
ses and have provided evidence for the design and construction control of cable-stayed bridges,
the dynamic sensitivity studies especially for the structural parameter uncertainty of high-speed
railway extradosed cable-stayed bridges have not been extensively studied. Further, we believe
that this paper will be of interest to the readership of your journal because our analysis em-
ploys innovative research techniques, and our findings have the potential to provide guidance
for the seismic fragility analysis of high-speed railway extradosed cable-stayed bridges. This
manuscript has not been published or presented elsewhere in part or in entirety and is not under
consideration by another journal. We have read and understood your journal’s policies, and we
believe that neither the manuscript nor the study violates any of these. There are no conflicts of
interest to declare.

Abstract: It is known that the extradosed cable-stayed bridge, a hybrid bridge, possesses the virtues
of both classic cable-stayed bridges and girder bridges in mechanical behaviors. In this paper,
the sensitivity of seismic fragility demand parameters (SFDP) of a high-speed railway extradosed
cable-stayed bridge is studied systematically along with the consideration of structural parameter
uncertainty. Based on the probability distribution and correlation of random parameters, the Latin
hypercube sampling method is adopted herein. The dynamic 3D finite element model of the employed
bridge is established by using powerful and attractive OpenSEES nonlinear software. A nonlinear
incremental dynamic analysis is performed to consider the randomness of structural parameters
using sampling analysis. Some important conclusions are drawn indicating that the structural design
parameter uncertainty predominantly has influence on the SFDP for fragility analysis of bridge
structures. The design parameters of extradosed cable-stayed bridges are categorized and identified
as primary, secondary and insensitive parameters. The high sensitivity parameters of extradosed
cable-stayed bridges for fragility analysis include friction coefficient of bearing, concrete bulk density,
damping ratio, peak compressive strength of confined concrete, component size and peak strain of
confined concrete. Additionally, the strength and strain of unconfined concrete cannot be ignored.
Furthermore, the uncertainty of structural design parameters fails to be responsible for the cable force
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responses due to larger girder stiffness. The structural design parameter uncertainty has a significant
influence on the responses of extradosed cable-stayed bridges for seismic fragility analysis.

Keywords: extradosed cable-stayed bridge; high-speed railway bridge; structural uncertainty; sensitivity
analysis; SFDP

1. Introduction

Commonly extradosed cable-stayed bridges have the advantages of both ordinary
cable-stayed bridges and of continuous girder bridges in their mechanical behaviors [1].
Because of their greater girder stiffness and smaller main girder height compared to
ordinary cable-stayed bridges and similar continuous girder bridges, respectively, the
extradosed cable-stayed is widely used. In addition, it is also the best choice when ordinary
cable-stayed bridges and girder bridges are limited in the structural design or construction
stages by the requirements of clearance, navigation, stiffness and aesthetics [2]. Usually,
extradosed cable-stayed bridges with a main span length range from 150 m to 250 m
have strong competitiveness in both mechanical performance and economy aspects as
well as aesthetic appearance. Owing to the aforementioned characteristics of extradosed
cable-stayed bridges, they have been used extensively for high-speed railway bridge
engineering [3,4]. Compared with the ordinary cable-stayed bridge, the extradosed cable-
stayed bridge shows great differences in the connection between the main girder and
tower and in the relative stiffness of main girder to cable. Regardless of static or dynamic
loads, the main girder of extradosed cable-stayed bridges is first taken as the primary
enduring structure and then the remaining loads are arranged to the cable due to the
stiffness difference [5,6].

In recent years, in the central and southwestern region of China, which is surrounded
by the Pacific Rim and Eurasian seismic belts, an increasing number of extradosed cable-
stayed bridges have been built as a result of the demanding development for both highway
and railway transportation, and their seismic performances have attracted attention [7].
Compared with ordinary long-span cable-stayed bridges, the extradosed cable-stayed
bridges usually adopt a fixed tower-girder system where the girders are either rigidly
connected to piers to act as a continuous unit or are supported on bearings at each pier.
Furthermore, the deck width of high-speed railway bridges is usually much smaller than
that of highway cable-stayed bridges. Therefore, the longitudinal and transverse displace-
ment control and internal force distribution of traditional long-span cable-stayed bridges
and extradosed cable-stayed bridges under ground motion show great differences [8-12].
Meanwhile, as the extradosed cable-stayed bridge is a multi-stage statically indeterminate
structure, the variation of structural parameters may affect responses or even result in dam-
age due to subjection to ground motion [13]. The damage of large-span complex bridges
under earthquakes not only affects their bearing safety, but also affects the transportation
system; this will have a serious impact on train speed, evacuation and rescue after the
earthquake as well as on the post-earthquake resilient structure [14-16]. Therefore, it is
very important to study the parameter sensitivity of the seismic response of high-speed
railway extradosed cable-stayed bridges, and to find the primary, secondary and insensitive
parameters affecting the SFDP of the bridge. In addition, it is of great importance to explore
the mechanical behavior and seismic design of such bridges under earthquakes [17].

Structural uncertainty is one of the main sources of uncertainty in the analysis of prob-
abilistic seismic fragility in bridge engineering and has a great impact on bridge SFDP [18].
For bridge seismic fragility, the influence of structural random parameters mainly involving
material parameters, structural characteristic parameters and dimension and load parame-
ters cannot be ignored. Research has revealed that the variation of structural parameters
is affected by many factors in the entire process of cable-stayed bridge construction, such
as design, manufacturing, construction, environment, etc. [19], and that the uncertainty is
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mainly reflected in the parameter distribution and variation coefficient, which may cause
deviations in finite element analysis. Therefore, it is necessary to further study the seismic
response of high-speed railway extradosed cable-stayed bridges with the consideration
of structural uncertainty. To explore the sensitivity of SFDP to uncertainty, it is of great
significance to understand the bridge seismic functional damage. Finally, it also provides
the basis for a resilience study of the post-earthquake bridge [20].

As is known, parameter sensitivity analysis is widely used in engineering field and
outstanding achievements have been obtained in structural reliability analysis [21], finite
element model modification [22] and parameter selection [23]. It is used to study the
sensitivity of system output when model parameters, model input or initial conditions
have changed. It provides a scientific basis for finding the main, secondary and insensi-
tive parameters of structures [24], which is very important for reaching a comprehensive
understanding of the mechanical behavior of high-speed railway extradosed cable-stayed
bridges. Shi and Ran [25,26] took an extradosed cable-stayed bridge with a main span of
175 m as a subject in which to study the influence of concrete strength, theoretical thickness
of components and concrete creep coefficient on the creep effect of the bridge by comparing
different national codes. Then the influence on cable force, displacement and stress of the
bridge were analyzed. Based on a railway extradosed cable-stayed bridge with main span
length of 210 m, Feng et al. [7] studied the sensitivity of main girder displacement and force
of pier bottom to the bearing and proposed methods for controlling girder deformation
under transverse earthquakes. Xie et al. [27] studied the influence of random structural
parameters on the stress and alignment of the main girder and deformation of pylon and
cable forces by taking a hybrid girder cable-stayed bridge as a subject. In addition, com-
pared with long-span cable-stayed bridges, the different mechanical behaviors of these two
types of bridges were further explored [28]. Nariman [29] took a cable-stayed bridge as
a case-study for a global sensitivity analysis based on the Monte Carlo sampling method,
adopted to formulate the surrogate models and the sensitivity indices. With this method,
it is useful to identify the rational effect and role of each parameter on the aerodynamic
stability of structures. Wu et al. [30] studied the sensitivity of internal forces and the
displacement of long-span cable-stayed bridge to the seismic model and structural parame-
ters and found that the range of stochastic earthquake responses of the bridge structure
was able to endanger the structural safety due to changes of the structural parameters.
Jia et al. [31-33] studied the response of railway bridges under tri-directional spatial exci-
tations, and presented a probability-based method for bridge risk assessment, providing
some useful conclusions in the actual seismic design and analysis of railway bridges under
tri-directional non-stationary multiple excitations. Mahdi et al. [34,35] studied seismic
reliability, limit state risk evaluation and the probabilistic seismic assessment of railway
bridges in Iran built many years in the past, through incremental dynamic analysis (IDA).
Some useful suggestions were obtained, such as that the randomness of ground motions,
uncertainty of structural design parameters and the soil-structure interaction should be
completely considered in the seismic fragility analysis of bridge structures. However, to
the best of the authors” knowledge, the parameters’ uncertainties are rarely considered in
the sensitivity analysis of extradosed cable-stayed bridges except for the static analysis.
Obviously, there is especially still a lack of dynamic sensitivity studies concerning the prob-
ability characteristics such as random parameters distribution, the parameter correlation
and variability for high-speed railway extradosed cable-stayed bridges.

Since there has been limited research on the seismic performance of extradosed cable-
stayed railway bridges, this paper develops a probability reliability-based structural uncer-
tainty analysis methodology for bridges under longitudinal and transverse ground motions
selected from the Pacific Earthquake Engineering Research Center (PEER) of the United
States, according to the location and site condition of the bridge. The structural uncer-
tainty analysis is mainly aimed at the SFDP of high-speed railway extradosed cable-stayed
bridges, and to explore their sensitivity to random parameters, so as to lay a foundation for
the functional fragility of this type of bridge. Section 2 presents the fundamental theory of
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probability reliability by which random parameters can be sampled. Section 3 presents the
nonlinear finite element model of the extradosed cable-stayed bridge based on the software
OpenSEES (https:/ /opensees.berkeley.edu/, accessed on 22 May 2023), fully considering
the pile—soil interaction. In Section 4, the proposed probabilistic reliability for structural
uncertainty analysis was implemented, and the sensitivity of bridge response influenced by
random parameters was discussed. Finally, the SFDP for functional fragility of extradosed
cable-stayed bridge can be determined. Conclusions and observations were drawn in
Section 5. The schematic diagram of the probabilistic seismic sensitivity analyses is shown
in Figure 1.

Seismic Fragility Demand Parameters (SFDP)

4

Propose the basic theory of probability reliability

4

Presents the nonlinear finite element model of the
extradosed cable-stayed bridge based on the software
OpenSEES fully considering the pile-soil interaction.

J

the proposed probabilistic reliability for structural
uncertainty analysis were implemented, and the
sensitivity of bridge response influ-enced by random
parameters were discussed.

the SFDP for functional fragility of extradosed

cable-stayed bridge can be determined.

A
[ \

Determine the selection
and distribution of random
parameters for bridges

Perform sensitivity analysis
of Tornado Diagram

Basis for seismic vulnerability analysis of
extradosed cable-stayed bridge

Figure 1. Schematic diagram of the probabilistic seismic sensitivity analyses.

2. Analysis of Structural Uncertainty Based on Probability Reliability
2.1. Latin Hypercube Sampling

Latin hypercube sampling [36,37] is a multi-dimensional stratified sampling method
with high efficiency and stable estimation. It can obtain better results with fewer sampling
times and is widely used in mathematical statistics and engineering practice fields. In view
of the randomness of the structural parameters of the extradosed cable-stayed bridge, the
method can be described as follows.

Suppose the random parameter of the bridge is X vector, which contains M random
variables X1, Xy, X3, ... ... , Xm. Then assuming that the distribution function correspond-
ing to each random variable X; i=1,2,3,... ... , M) is @, (x), the M random variables
are sampled N times to obtain an N x M-dimensional matrix.
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Divide @y, (x) into N non-lapped intervals gol-j(i =12,---,M;j=1,2,---,N),assum-
ing that the probability of each interval is P;;. It can be written as

Pij = P(Xi S (pl]) 1)

It is necessary to ensure that the cumulative probability of P is 1, that is

Z P =1 ()

In the case of equal probability, P;; can be written as 1/N. When sampling, ¢;;(i = 1,2, - -,
M;j=1,2,---,N) is selected according to its representative parameters. Generally,
two methods can be adopted, namely the random selection and the center of gravity
selection. For random selection, N random numbers Ranj (G=1,23,...... , N) are gener-
ated in the interval (0,1), then the random number Ran; can be transformed into the random
number R; of the j-th interval by Equation (3).

Ran; i—1
R — i
/ N * N

G=1,23,...... ,N) 3)

For R;, it can be satisfied as

i—1 j .
— <Ri<=(G=123...... 4
N <Ri<x (=123 /N) )
Therefore, for the generated random number Ran]- (G=1,23,...... , N), the value of

the random variable in j intervals can be obtained according to Equation (5)
Xjj = o, ! (Rj))(i=1,23,...... M j=1,23,...... ,N) )

where CIDXi’l is the inverse function of the distribution function ®,, of the random variable x.
Similarly, for the selection of the interval center of gravity, x;; can be written as

I ) Y M, =123 N 6
xjj = Dy, N (i=1,23,...... M j=1,23,...... ,N) (6)

where Z;; is the interval rank of the j-th simulation of the i-th random variable.

The selection of the ¢;;(i =1,2,--+,M; j=1,2,---,N) interval in the sampling pro-
cess is random. Each sampling of each random variable X; (i=1,2,3,... ... , M) corresponds
of the randomness integer sequence (1,2, 3, ... ... , N), and the corresponding sampling
of M parameters can form a matrix Y with n rows and m columns. The matrix can be
written as

X110 XM
Y=1|: ... @)
XIN ' XMN

Therefore, for the j-th sampling, the interval rank Z;; of the random variable is the
j-th row element of the matrix Y. Thus, the matrix Y is the sampling strategy of random
variables. Despite the superiority of the Latin hypercube sampling approach, such as
its high efficiency, stable estimation and better results with lower sampling times, it is
insufficient to process the variance of the results. Therefore, according to the literature [38],
the Latin hypercube sampling method is adopted herein. The random parameter Ran;
is generated by inverse transformation to generate random parameters that follow the
distribution function, as shown in Equations (8) and (9).

x; = &~ (Ran;) ®)
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xi = ® 1(1—Ran;) 9)

Thus, the Latin hypercube sampling can be written as

1
y =2 [@(x) + o(x)] (10
2.2. Nataf Transformation of Model Parameter Correlation
Suppose a random vector X = (X1, Xp, X3, ... ... , XN)T is a non-normal distribution,
and its joint cumulative distribution function is Fy (x). Let Y = (Y1, Y, Y3, ... ... , YT

is a set of independent standard normal vectors. According to the equal probability edge
change, the Equation (11) can be obtained as

O(Yq) = Fx, (x1)
O (Y2) = Fy, %, (x2]x1)

(11)
@(Yn) = FXn|X1X2,~~,Xn—1(xn|x1/x2r Tt Xp—1 )
By inversing Equation (11), it can be written as
Yy = @ [Fx, (x1)]
Yo = @7 Py, (xal 1) |
(12)

R |
Y, =@ [FXn\X1X2,~~,Xn—1(xn|x1rx2/ T Xn—1 )}

Equation (12) is the Rosenblatt transformation, which can convert a group of non-
normal random variables into equivalent independent normal random variables, and its
conditional cumulative distribution function can be obtained by Fy(x), that is

Fxn\xlxz,»»-,anl(xn|x1rx2r‘ L Xp1) =
1

) ff;o fxlxz»--Xn(xlfxz, T /xn)dxi (13)

Fxq xpeexn=1 (1,22, X1

When performing the Rosenblatt transformation, it is necessary to know the joint

cumulative distribution function Fy(x) of X. Assuming that the X correlation coefficient

matrix is px = [pxix]} and its marginal probability density function is fx, (x;). While
nxn

the marginal cumulative distribution function is a continuous increasing function, after
mapping transformation, it is can be written as

Y = & [Fy, (X))] (14)

Then the correlation standard normal random vector Y can be obtained, and its

correlation coefficient matrix is py = {Pyiyj] . Therefore, the joint probability density
nxn

function of X can be written as

fx(x) = det]yxen(y, py)
nfx;(xi) (15)

detjyx = I 500

Equation (15) is the Nataf distribution [39], and the correction coefficient of X can be

written as . . -
R e e O L 16)
i j
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After determining the correlation coefficient matrix py, the correlation normal vector
Y can be transformed into an independent standard normal vector though orthogonal
transformation. The mapping transformation can transform a non-normally distributed
random vector X into a standard normal vector Y, and the correlation coefficient matrix of
the Y vector can be calculated using Equation (16). The binary mapping transformation
caused by the above-mentioned conversion is referred to as the Nataf transformation.
Aiming at structural uncertainty, this paper introduces the Nataf transformation to consider
the impact of concrete correlation, and then conducts sample calculation.

3. Numerical Analysis
3.1. Background of the Bridge

To study the influence of structural uncertainty on the SFDP of an extradosed cable-
stayed bridge, the Yuanjiang extra-large bridge, a prestressed concrete extradosed cable-
stayed bridge on the Huaihua-Shangyang-Hengyang Railway in China, with a span layout
of 90 m + 180 m + 90 m, is taken as a case study. A photo of the bridge and a map with
the location of the bridge are shown in Figure 2. It is a double-line railway bridge with a
single-box single-cell girder. The width of the bridge deck and beam bottom are 13.6 m
and 9.4 m, respectively. The varying heights of the girders are from 5 to 9.4 m. The height
of the main girder changes in terms of a quadratic parabolic function. The materials of
the main girder and pylons of the bridge are C55 concrete, and the cables are steel strand
with a tensile strength of 1860 MPa. The piers are made of C35 reinforced concrete, with
numbers ranging from 10# to 13#, and their heights are 22.9 m, 20.35 m, 21.85 m and 11.35 m,
respectively, all of which are round-end cross sections. Additionally, the piles are also made
of C35 reinforced concrete. Overall layout and detailed information are shown in Figure 3.
The cross-section size and reinforcement of pylons and piers are shown in Figure 4. For
the pylon reinforcement, all the steel bars are HRB400 with a diameter of 16mm except
for vertical bars with a diameter of 25 mm. The yielding strength of HRB400 is 400 MPa.
For the pier reinforcement, the vertical steel bars are HRB400 with a diameter of 16 mm,
while the other steel bars are HPB300 bars, the yielding strength of which is 300 MPa with
a diameter of 100 mm. In addition, the numbers illustrated in the pier reinforcement in
Figure 4 show the information of 13# pier, while letters in brackets are for 10# to 12# pier as
well as the information in table below the cross section. The support arrangement is shown
in Figure 5.

>z

Hunan Province

Huaihua'nan
Railway Station Shaoyan:

\ Station ~ Hengyangdong

*___.—- 7=~ _Railway Station
Yuanjiang Extradosed
Cable-stayed Bridge

(@) (b)

Figure 2. Yuanjiang extradosed cable-stayed bridge and its location. (a) Yuanjiang extradosed
cable-stayed bridge and (b) The location of the bridge in China.
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Figure 3. Layout of the extradosed cable-stayed bridge (units: cm).
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Figure 4. Cross-section size and reinforcement (units: cm).
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Longitudinal movable support ~ Transverse movable support
3-GTQZ-110000DX-0.1g 6-GTQZ-110000GD-0.1g

Muti-directional movable support Fixed support

Figure 5. Support arrangement (units: cm).

3.2. Nonlinear Finite Element Model

A nonlinear dynamic numerical model of the extradosed cable-stayed bridge is built
based on the nonlinear FEM software OpenSEES. As piers and pylons are vulnerable
components under earthquakes, the main girder remains elastic. Therefore, the nonlinear
beam-column element and fiber sections are used to model pylons, piers and piles, while
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the disp-beam-column element and elastic section are used to model the main girder. Due
to the consolidation of the pylon and main girder, they are connected by rigid arms. The
supports are modeled using a ZeroLength element which contains two nodes; the upper
node is connected to the main girder by a rigid arm, and the bottom node is connected to
the pier also by a rigid arm. The “m” method is adopted to consider the pile-soil effect,
and the soil spring is also modeled using a ZeroLength element. In this bridge, the rigid
arms connecting the bridge members are simulated using an elastic beam-column element.
In the finite element model, the materials of the cables and main girder are Steel02 material
and elastic material, respectively, while both rigid arms and soil springs use elastic material.
Meanwhile, the material of the supports is elastic-perfectly plastic material. For pylons,
piers and piles, the fiber sections consist of Concrete02 material and Steel02 material utilized
to simulate their nonlinearity. The hysteresis model and constitutive relation of these two
materials provided by the software OpenSEES are shown in Figures 6 and 7. Information
about materials, simulation of components and the rigid arms is shown in Table 1, and
the model parameters are summarized in Table 2. Finally, the detail of the dynamic 3D
nonlinear dynamic finite element model of the employed bridge is shown in Figure 8.

41.04

3420} 5:' eeee Concrete(2

(MPa)
— [SIRNS)
o w2 2
oo N h 9%}
= o) -
T T T T

Concrete stress

(=)
T

-2 0 2 4 6 8 10 12 14 16
Concrete strain/1073

Figure 6. Hysteresis model of Concrete02 material.

547.2 /f
E
] — Ep
—~410.4 ,/”
< ,
[ R
2 J
A At
g273.6 R=20
2 R=
(]
L
n136.8
0
0 2 4 6 8

Steel strain/1073

Figure 7. Constitutive relation of Steel02 material.
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Table 1. Information regarding components, materials and the connecting rigid arm of extradosed
cable-stayed bridge.

Component Element Type Material
Cable Truss Element Steel02 Material
C te02 Material
Pylon Nonlinear Beam-Column Element (gtlgzog Ma tSriE;rll a
Main girder Elastic Beam-Column Element Elastic Material
. Elastic-Perfectly Plastic
Bearing ZeroLength Element Material
. . Concrete02 Material
Pier Nonlinear Beam-Column Element Steel02 Material
. . Concrete02 Material
Pile Nonlinear Beam-Column Element Steel02 Material
Soil spring ZeroLength Element Elastic Material
Connecting rigid arm Elastic Beam-Column Element Elastic Material

Particulars A

Ground or local
erosion line
Pile node

Divided 6 parts
along the radlal
direction
Rigid arm Divided 12
parts along the
,ﬂ circumference”

i Fiber section of cable
|

7
apou Arerjixny
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of pile Soil spring

— Bearing hysteresis model
Confined concrete £y
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&
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I

.__..._..______
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Confined i .. . G26cfyFec BUémmf ZeroLength S8 i
) ' concrete particulars A Compressive strain ggarcu?g// /gle?rﬁm of Butiom Elememgof
Fiber section of of pile groups; Concrete fiber of Raid abn [o: 8 node of |pjer Bearing
pylonand pier " mander model g Pier bearing

Figure 8. Finite element model of nonlinear dynamic analysis.

For the simulation of the pile-soil interaction, taking 13#pier as an example, the soil
spring stiffness is calculated according to Equation (17) [40]

k = abymz (17)

where 4 is the equivalent soil thickness for calculating the soil spring stiffness, b; represents
the calculated width of pile, m denotes the proportional coefficient of foundation coefficient,
and z is the calculated depth of soil below the ground or local erosion line. Along the pile
length, the soil layer is divided every 2 m, and the soil spring stiffness of longitudinal
direction and transverse direction is added to the corresponding pile node. The soil spring
model is shown in Figure 9, and detailed information regarding the pile—soil interaction
is shown in Figure 10. Finally, the soil spring stiffness is shown in Table 3. According to
the geological data of the soil layer, the foundation of the bridge passes through clay, sand
pebbles and glutenite. The basic bearing capacity of the clay is 180 kPa, and the shear wave
velocity range of the soil layer is 250> vs. >140, and the shear modulus is 114.76 MPa. The
basic bearing capacity of sandy pebble soil is 350 kPa, the range of shear wave velocity is
500> vs. >250 and the shear modulus is 147.74 MPa. The basic bearing capacity of glutenite
is 500 kpa, the shear wave velocity of soil layer vs. >500 and the shear modulus is 224 MPa.
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Table 2. Summary of model parameters.

No. Model Parameter Pylon/Pier/Pile Unit No. Model Parameter Pylon/Pier/Pile Unit
1 Peak compressive strength of g 1 /35 55 /30 55 MPa 7 Peak strain of 0.002/0.002,/0.002
confined concrete unconfined concrete
2 Ultimate compressive strength 9.62/6.11/6.11 MPa 8 Ultlmgte strain of 0.004,/0.004,/0.004
of confined concrete unconfined concrete
3 Peak strain of confined concrete  0.0045/0.0045/0.0045 9 Elastic modulus 36000,/33000/33000 MPa
of concrete
4 Ultimate strain of 0.009/0.009,/0.009 10 Yielding strength of steel 400/400/400 MPa
confined concrete
5 Peak compressive strength of 37/23.5/23.5 MPa 11 Elastic modulus of steel 200000,/200000/200000 MPa
unconfined concrete
6 Ultimate compressive strength 74/47/47 MPa 12 Thickness of cover layer 0.035/0.04/0.06 m
of unconfined concrete
13 Elastic modulus of main girder 36,000 MPa 16 Friction coefficient 0.02
of bearing
14 Elastic modulus of cable 195,000 MPa 17 Damping ratio 0.05
15 Yielding strength of cable 1860 MPa 18 Concrete bulk density 26.5 kN/m?
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Table 3. Soil spring stiffness of 13# pier.
Calculation Longitudinal Direction Soil Spring Stiffness Transverse Direction Soil Spring Stiffness
Parameters
Soil Divisi a bl m z k a bl m z k
N ) m)  (N/m')  (m) (kN/m) (m) m)  (N/m')  (m) (kN/m)
1.0 2.0 1.6 21,425.1 1.0 69,631.6 2.0 14 21,425.1 1.0 60,847.3
2.0 2.0 1.6 21,425.1 3.0 208,894.8 2.0 1.4 21,425.1 3.0 182,541.9
3.0 2.0 1.6 21,425.1 5.0 348,158.0 2.0 14 21,425.1 5.0 304,236.5
4.0 2.0 1.6 21,425.1 7.0 487,421.1 2.0 14 21,425.1 7.0 425,931.1
5.0 2.0 1.6 21,425.1 9.0 626,684.3 2.0 14 21,425.1 9.0 547,625.7
6.0 2.0 1.6 21,425.1 11.0 765,947.5 2.0 14 21,425.1 11.0 669,320.3
7.0 2.0 1.6 21,425.1 13.0 905,210.7 2.0 14 21,425.1 13.0 791,014.9
8.0 2.0 1.6 21,425.1 15.0 1,044,473.9 2.0 14 21,425.1 15.0 912,709.5
9.0 2.0 1.6 21,425.1 17.0 1,183,737.1 2.0 1.4 21,425.1 17.0 1,034,404.1
10.0 2.0 1.6 21,425.1 19.0 1,323,000.3 2.0 14 21,425.1 19.0 1,156,098.7
11.0 2.0 1.6 21,425.1 21.0 1,462,263.4 2.0 14 21,425.1 21.0 1,277,793.3
12.0 2.0 1.6 21,425.1 23.0 1,601,526.6 2.0 14 21,425.1 23.0 1,399,487.9
13.0 2.0 1.6 21,425.1 25.0 1,740,789.8 2.0 14 21,425.1 25.0 1,521,182.5
14.0 2.0 1.6 21,425.1 27.0 1,880,053.0 2.0 14 21,425.1 27.0 1,642,877.1
15.0 2.0 1.6 21,425.1 28.0 1,9496,84.6 2.0 14 21,425.1 28.0 1,703,724.4

3.3. Seismic Ground Motions

The bridge is located in a class II site according to the Code for Seismic Design of
Railway Engineering in China. Therefore, the selection of target response spectra can be
obtained according to the code that can be written as

Smax(5.5T + 0.45)

S = Smax

Smax (TX/T>

T < 0.1s

01s<T<T,

T>T,

(18)
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where T, is the site period that the characteristic period is 0.45, T represents the natural
vibration period and Smax denotes the maximum value of horizontal design acceleration
response spectra.

When the target response spectrum is determined, the ground motions can be selected
by the principle of minimum mean square deviation. The mean square deviation can be

derived as
L w(T;)[In Sat (T;) — In(fSar (T)))?

OMSE = (T (19)

where f is the linear scale factor for recording seismic response spectrum, w(T;) represents
the weight coefficient, S;(T}) is the target response spectrum and S,,(T;) denotes the selected
response spectrum.

This paper studies the influence of structural uncertainty on the SFDP of an extradosed
cable-stayed bridge under longitudinal and transverse direction earthquakes. Owing to
the aforementioned information of the location and site condition of the examined bridge,
the natural ground motions are selected from PEER of the United States. The selected
spectrums are shown in Figure 11.

12

Select response spectrum
10 E— target spectrum

Acceleration Spectrum/m/s2

4 6
Period/s

Figure 11. Target response spectrum and response spectrum.

4. Analysis of Structural Uncertainty
4.1. Random Parameter Selection and Distribution of the Bridge

In view of the parameter changes in the whole construction process of high-speed
railway extradosed cable-stayed bridge, as well as the analysis of the static and dynamic
characteristics of the bridge, the structural uncertainty research in this paper involves ran-
dom parameters, such as material characteristic parameters, model constitutive parameters,
dynamic characteristic parameters, structural size, etc. The parameters change according to
the probability and statistics distribution, and the mean value is the design value as shown
in Table 2. For example, for concrete bulk density, it satisfies the normal distribution, the
standard deviation is 1.75 kN /m?, and the mean value is 26.5 kN/m?>. For the damping
ratio, it also satisfies the normal distribution, the coefficient of the variation is 0.2, and the
standard deviation is 0.01. According to the literature [41,42], the parameters and their
probability distribution are shown in Table 4.



Appl. Sci. 2023, 13, 7036

14 of 23

Table 4. Probability distribution of uncertainty parameters.

No. Uncertainty Parameter Radom Variables Variables Distribution Type Standard Deviation Coefficient of Variation Unit
1 Peak compressive strength of Focore Normal distribution 4.076/2.5889,/2.5889 0.14 MPa
confined concrete ’
2 Ultimate compressive strength Fancore Normal distribution 0.8217/0.5218/0.5218 0.14 MPa
of confined concrete ’
3 Peak strain of confined concrete ec,core Normal distribution 0.0008/0.0008/0.0008 0.15
4 Ultimate strain of Cetncore Normal distribution 0.002/0.002/0.0019 0.15
confined concrete ’
5 Peak compressive strength of focover Normal distribution 3.351/2.1283/2.1283 0.14 MPa
unconfined concrete ’
Ultimate compressive strength e
6 of unconfined concrete Seu,cover Normal distribution 0.71/0.4509/0.4509 0.14 MPa
7 Peak strain of Ce cover Normal distribution 0.0003,/0.0003,/0.0003 0.15
unconfined concrete ’
8 Ultimate strain of Cerncover Normal distribution 0.0006/0.0006/0.0006 0.15
unconfined concrete ’
9 Elastic modulus of concrete E. Normal distribution 2880/2640/2640 0.08 MPa
10 Yielding strength of steel fy Normal distribution 16/16/16 0.045 MPa
11 Elastic modulus of steel Ey Normal distribution 6600/6600/6600 0.10 MPa
12 Component size D Log-normal distribution / 0.2 m
13 Thickness of cover layer C Normal distribution 0.0017/0.0019/0.0029 0.2 m
14 Elastic modulus of main girder Eq Normal distribution 2880 0.08 MPa
15 Elastic modulus of cable Eca Normal distribution 19,500 0.1 MPa
16 Yielding strength of cable fea Normal distribution 74.4 0.04 MPa
17 Friction coefficient of bearing m Normal distribution 0.002 0.5
18 Damping ratio X Normal distribution 0.005 0.2
19 Concrete bulk density g Normal distribution 1.75 0.1 kN/m?
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When analyzing the nonlinear dynamic time history and fragility analysis of reinforced
concrete bridges, the parameters’ correlation of fiber section cannot be ignored and their
influence should be considered in the analysis of structural uncertainty. The parameter
correlation coefficient matrix of concrete is shown in Table 5.

Table 5. Correlation coefficient matrix of concrete material.

Correlation
Coefficient fe,core feu,core €c,core €cu,core fe,cover feu,cover €c,cover €cu,cover
fe,core 1 0.8 0.8 0.64
feu,core 0.8 1 0.64 0.8
ec,core 1 0.8 0.8 0.64
€cu,core 0.8 1 0.64 0.8
fe,cover 0.8 0.64 1 0.8
Seu,cover 0.64 0.8 0.8 1
€c,cover 0.8 0.64 1 0.8
€cu,cover 0.64 0.8 0.8 1

of random variable X

4.2. Sensitivity Analysis of Tornado Diagram

The sensitivity analysis of structural uncertainty to the SFDP of an extradosed cable-
stayed bridge is an effective method to explore the laws of seismic response for high-speed
railway bridges. Therefore, the “Tornado graphic method” is adopted for uncertainty
analysis. This method is mainly used in the field of decision analysis in the early stage
and is later introduced into the structural seismic damage assessment [43]. The basic idea
behind this method for random parameter sensitivity analysis is to calculate the variation
of SFDP relative to the input parameters, that is, to change a single parameter while
other parameters remain unchanged, and to then conduct dynamic nonlinear time-history
analysis to obtain a variation of the SFDP. The variation corresponding to each parameter
is a horizontal bar graph, and n random variables correspond to n horizontal bar graphs.
The wider the bar graph is, the more significant the influence of the random parameter
is. Finally, the horizontal bar graphs are arranged from wide to narrow and from top to
bottom. The basic idea of the method is shown in Figure 12.

Lower limit Upper limit
of variable X of variable X Average value of
Probability distribution — X2,X3, ,Xn-1,Xn

of low-pylon cable-stayed bridge

Xt ——4M  »

Order of seismic demand variation

Nonlinear dynamic time history analysis Average value of >
of low-pylon cable-stayed bridge X X1,X3,...... ’X“'I’X”}

) SFDP variation
:corresponding to random parameters :

| X1,X2,X3,........ X \/
Probability distribution of SFDP Xol —————> Z

Variation of SFDP ¥, XX Xad
< > _—
Lower limit Upper limit
of SFDP of SFDP

Figure 12. Principle of sensitivity analysis of the Tornado diagram.

The “Tornado graphic method” is used to analyze the sensitivity of structural uncer-
tainty parameters. The specific steps can be described as follows:
(1) For high-speed railway bridge damage, the SFDP of an extradosed cable-stayed bridge
are selected, such as angles of girder, support displacement, pier displacement, pier
curvature, tower curvature and cable force;
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(2) According to the probability distribution characteristics of each random parameter
in Table 4 and considering the correlation, the upper limit and lower limit values can
be determined using Latin hypercube sampling. Then, the single random variable x
is changed, and its upper limit and lower limit values are brought into the dynamic
analysis model, while the other parameters remain unchanged. Subsequently, the
difference between the upper limit and lower limit value of the SFDP can be calculated.
Finally, the difference is divided by the maximum value of the SFDP of a benchmark
model, and its ratio is defined as the sensitivity of the SFDP;

(3) The sensitivity of the demand parameters to random variables can be analyzed after
repeating step (2), and then the sensitivity as a “horizontal graph” of the random
variable X can be drawn in the graph;

(4) Finally, a “horizontal graph” of each parameter can be obtained by repeating step (3);
these can be arranged in descending order to analyze the parameter sensitivity of
dynamic damage of the extradosed cable-stayed bridge.

4.3. Analysis of Structural Uncertainty

In this paper, the PGA of the selected ground motions are adjusted to 0.7 g for the
desired requirements of elastic-plastic dynamic analysis and a nonlinear dynamic time-
history analysis of extradosed cable-stayed bridges subjected to the longitudinal and
transverse ground motions is carried out. The maximum responses in these models are
defined as the reference value, and the results of each SFDP are shown in Table 6. According
to the distribution of random parameters as shown in Table 4, the variation of each SFDP can
be obtained by substituting the random parameters into OpenSEES model for calculation.
According to the nonlinear results calculated by the selected ground motions, regression
analysis of each seismic demand parameter is carried out to obtain the demand value so that
the influence of the uncertainty of earthquake excitations can be considered. Subsequently,
the sensitivity of each SFDP can also be obtained, which is divided by the reference value
as in Table 6. Sensitivity results of the SFDP under the longitudinal ground motion are
shown in Figure 13a—f.

Table 6. Result of SFDP under the benchmark model.

Seismic Response in Longitudinal Direction Seismic Response in Transverse Direction

10# Pier 11# Pier 12# Pier 13# Pier 10# Pier 11# Pier 12# Pier 13# Pier
Displacement of pier 0.38 0.33 0.363 0.338 0.059 0.123 0.149 0.043
Top (units: m)
Main girder angle 2.40 3.10 2.90 1.70 1.90 3.40 3.10 2.20
(units: x107° rad)
Curvature of pier
bottom(/ x10-%) 3.80 4.70 3.30 7.60 0.12 1.10 1.30 0.11
Bearing displacement 0.015 0.048 0.043 0.025 0.016 0.123 0.13 0.016
(units: m)
11# Pylon 12# Pylon 11# Pylon 12# Pylon
Curvature of pylon
Bottom (/ x10-5) 410 —2.40 110 140
Cable force 5905.6 6055.2

(units: KN)
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Figure 13. Sensitivity of SFDP under the longitudinal ground motion. (a) Curvature sensitivity of
pier bottom (b) Displacement sensitivity of pier top (c) Cable force sensitivity (d) Main girder angle
sensitivity (e) Curvature sensitivity of pylon bottom (f) Bearing displacement sensitivity.

According to the nonlinear results calculated by the selected ground motions, the
regression analysis of each seismic demand parameter is carried out to obtain its calculated
value, and then the influence of ground motion uncertainty is considered.

According to Figure 13a—f, for pier-top displacement under longitudinal ground
motions, the maximum influence of bearing friction coefficient is 42%, while the influence
of concrete bulk density and damping ratio are nearly the same, at 34.4% and 34.1%,
respectively. Meanwhile, the influence of the peak compressive strength of confined
concrete, ultimate strain of confined concrete, component size and peak strain of confined
concrete are also very close, at 33.2%, 32.2%, 32.3% and 31.3%, respectively. Compared with
other random variables, these seven parameters, which are more sensitive, have a great
impact on the dynamic response of the pier-top displacement of the extradosed cable-stayed
bridge. For main girder angle, the influence of peak strain of confined concrete can reach
up to 22.8%, and the maximum impact of concrete bulk density is 19.8%. The influence
of damping ratio and component are very close as well, at 17.8% and 17.6%, respectively.
Meanwhile, the influence of peak compressive strength of confined concrete is 12.2%, and
the friction coefficient of the bearing is 9.6%. The influence of these six parameters is
greater than that of the other parameters. For the influence of the pier-bottom curvature,
the friction coefficient of bearing can reach 66.4%. The second largest influence on the
curvature is concrete bulk density, which can reach 62.7%. The influence of damping ratio
is 56.2%, while the peak compressive strength of confined concrete and component size
are nearly the same, with influences of 53.3% and 53.2%, respectively. Meanwhile, the
influence of the ultimate strain of confined concrete is 43.5%, and that of the ultimate strain
of unconfined concrete is 12.8%. In summary, pier-bottom curvature is less sensitive to
other parameters, the influences of which are less than 10%. For the curvature of the pylon
bottom, the damping ratio has the greatest impact, reaching 55.6%, followed by the peak
strain of confined concrete, with an influence of 45.1%. The influence of pylon-section size
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and height are 43.5%, and that of concrete bulk density is 40.4%. Meanwhile, the impact of
the peak compressive strength of confined concrete is 25.1%, and other parameters have
little influence on the pylon-bottom curvature. Compared with the other SFDD, there are
more parameters that affect the bearing displacement. According to their impact, they are
damping ratio, peak compressive strength of confined concrete, concrete bulk density, peak
strain of confined concrete, friction coefficient of bearing, component size, ultimate strain of
confined concrete and peak strain of unconfined concrete with influences of 53.2%, 45.2%,
41.0%, 35.9%, 30.2%, 29.8%, 26.0% and 12.9%, respectively. Other parameters have little
influence on the bearing displacements. The corresponding figures also show that for this
type of extradosed cable-stayed bridge, the influence of random parameters on the bearing
displacement of each pier and the proportion of variation present different characteristics.
In addition, the influences of both the absolute value and sensitivity of random parameters
on the cable force are relatively small. The cable force is less sensitive to each parameter,
and its variation is relatively small. It further indicates that for this type of bridge, the
variation ratio of cable force is less sensitive than other SFDP, and it is difficult to quantify
the seismic function damage. The sensitivity Tornado diagram of SFDP affected by random
parameters under longitudinal earthquake is shown in Figure 14.
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Figure 14. SFDP sensitivity of Tornado Diagram under longitudinal earthquake.

Sensitivity results of SFDP under the transverse ground motion are shown in Figure 15a—f.
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Figure 15. Sensitivity of SFDP under transverse ground motion. (a) Curvature sensitivity of pier
bottom (b) Displacement sensitivity of pier top (c) Cable force sensitivity (d) Main girder angle
sensitivity (e) Curvature sensitivity of pylon bottom (f) Bearing displacement sensitivity.

According to Figure 15a—f, for pier-top displacement under transverse ground motions,
the maximum influence of the bearing friction coefficient is 84.5%, and the influence of
concrete bulk density is 81.1%. Meanwhile, the influence of the peak strain of confined
concrete, peak compressive strength of confined concrete and component size are 75.2%,
43.2% and 33.8%, respectively. Compared with other random variables, these five param-
eters, which are more sensitive, have a greater impact on the dynamic response of the
pier-top displacement of an extradosed cable-stayed bridge. For the main girder angle,
the maximum influence of the bearing friction coefficient is 69.8%, while peak strain of
confined concrete and concrete bulk density are very close with the influence of 66.5% and
65.3%, respectively. The influence of the peak compressive strength of confined concrete is
48.6%, and that of component size is 33.8%. The influence of these five parameters is greater
than that of other parameters. For the influence of the pier-bottom curvature, the friction
coefficient of bearing can reach 135.5%. The second largest influence on the curvature is
concrete bulk density, which can reach 104.7%. The influence of the peak strain of confined
concrete is 97.8%, and that of peak compressive strength of confined concrete is 80.4%.
Meanwhile, the influence of component size is 48.1%. In summary, pier-bottom curvature
is less sensitive to other parameters, for which the influences are less than 10%, except
for the damping ratio which has an influence of 19.3%. For the curvature of the pylon
bottom, the peak compressive strength of confined concrete and concrete bulk density have
the greatest impact, which reaches 69.8%, then followed by the peak strain of confined
concrete, with an influence of 66.8%. The influence of damping ratio is 59.0%, and that
of pylon-section size and height are 44.8%. Meanwhile, the effect of the peak strain of
unconfined concrete and peak compressive strength of unconfined concrete are 22.7% and
20.9%, respectively. Furthermore, the influence of other parameters is less than 5%, except
for that of the bearing friction coefficient, which has an influence of 10.8%. For the parame-
ters that affect the bearing displacement, according to their impact, they are concrete bulk
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density, peak strain of confined concrete, damping ratio, friction coefficient of bearing, peak
compressive strength of confined concrete and component size with influences of 77.2%,
69.2%, 41.7%, 39.%, 33.1% and 28.9%, respectively. Other parameters have little influence
on the bearing displacement, and come to less than 10%. In addition, the influence of cable
force is nearly consistent with the that of under longitudinal ground motions, showing the
same characteristics with low sensitivity. The sensitivity Tornado diagram of SFDP affected
by random parameters under a transverse earthquake is shown in Figure 16.
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Figure 16. SFDP sensitivity of Tornado Diagram under transverse earthquake.

From Figures 13-16, it can be seen that the cable force has a very low sensitivity to
parameter variation. Compared with the influence of random parameters on the SFDP
under longitudinal and transverse earthquakes, the friction coefficient of bearing, concrete
bulk density, damping ratio, peak compressive strength of confined concrete, component
size and peak strain of confined concrete have great influences on the dynamic response of
high-speed railway extradosed cable-stayed bridges. These are followed by the parameters
of strength and strain of unconfined concrete, the impact of which on the bridge cannot
be ignored. The influence of other parameters is slightly insignificant. In other words, the
effects of material properties and cross-section should be fully considered for nonlinear
dynamic time-history analysis. For example, the fiber section involving the concrete
compressive strain and strain should be considered. Therefore, accurate calculation of
material parameter characteristics and accurate simulation of structural characteristics are
the prerequisites for ensuring accurate and reliable calculation results. For the influence
of structural size, the cross-section and pylon height are considered in this paper, for
which the error in the bridge dynamic response cannot be ignored. From the point of view
of engineering, bridge construction control needs to be strengthened to ensure accuracy
of structure size. The research shows that structural uncertainty has a greater impact
on the dynamic response of high-speed railway extradosed cable-stayed bridges than
that of the traditional static parameter sensitivity analysis. Therefore, it is necessary to
clarify the influence of random parameters on the bridge dynamic response, and to explore
the relationship between seismic demand and random structural parameters. This is
of theoretical and practical significance to clarify the bridge seismic functional damage.
Additionally, it is the basis for the subsequent seismic fragility analysis of the bridge.
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5. Conclusions

Structural uncertainty is an important factor for seismic fragility analysis of high-speed
railway extradosed cable-stayed bridges. It is an effective way to study the influence of
random parameters on seismic demand response with nonlinear dynamic time-history
analysis by using probabilistic reliability method fully considering the random distribution
of the parameters. Based on the above analysis, several conclusions can be drawn as follows:

(1) SFDP are greatly affected by structural uncertainty. The sensitive parameters with
the greatest influence on dynamic response are the friction coefficient of bearing,
concrete bulk density, damping ratio, peak compressive strength of confined concrete,
component size and peak strain of confined concrete. The secondary parameters are
the strength and strain of unconfined concrete, the impact of which on the bridge
cannot be ignored. The other parameters are insensitive to responses of high-speed
railway extradosed cable-stayed bridges;

(2) The effects of material properties and cross-section should be fully considered for
nonlinear dynamic time-history analysis. Therefore, accurate calculation of material
parameter characteristics and accurate simulation of structural characteristics are the
prerequisites for ensuring accurate and reliable calculation results. In addition, the
variation ratio of cable force is less sensitive than other SFDP, and it is difficult to
quantify the seismic function damage;

(38) Structural uncertainty has a great impact on the dynamic response of high-speed
railway extradosed cable-stayed bridges, and it is quite different from traditional static
parameter sensitivity analysis. Therefore, it is necessary to clarify the influence of
random parameters on the bridge dynamic responses, and to explore the relationship
between seismic demand and structural random parameters.

Based on probability and mathematical statistics, this study examined the sensitivity
of structural uncertainty of high-speed railway extradosed cable-stayed bridge to seismic
fragility demand parameters, and the influence of structural parameter changes on seismic
demand parameters was obtained. On the basis of this, a seismic vulnerability analysis of a
high-speed railway extradosed cable-stayed bridge will be carried out in the near future.
The seismic damage characteristics of the bridge will be systematically studied, and the
seismic damage probability of the structure will be proved; this will provide reference for
bridge design and post-earthquake operation management. Furthermore, the research on
structural health monitoring (SHM) will be carried out in the near future using the method
proposed in this paper.
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