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Abstract

In order to assess the damage condition of bridge components for a large-span rigid
bridge in a soft clay site in a mountainous area in China southwest, a finite element
model of a large-span rigid bridge is established based on the OpenSees software,
and the joint probability density distribution function of the ground motion strength
and seismic demand and the marginal distribution function of the ground motion
are introduced into the kernel density function. As a basis to get the method of cal-
culating the fragility of the bridge members, and the method is verified for its feasi-
bility, on this basis, the damage condition of the bridge components are analyzed,
and finally the damage condition of the bridge system are analyzed by the first-order
bounds method and the improved PCM method (IPCM). The results showed that: (1)
Kernel density method (KDE) can effectively calculate the damage probability of each
component, for example, under ground motions with PGA equal to 0.2 g, the prob-
ability of slight damage of the 14 pier is 29%, that of the intermediate consolidation
pier (2# pier~44# pier) is about 90%; the probability of slight damage of the 14 bearing
is 48%, and that of the 2# bearing is 87%. (2) Reasonable value of the expansion joints
can effectively reduce the probability of main beam collision. In this investigation,
the value is taken as 0.18 m~0.24 m. (3) The bridge system is more likely to be dam-
aged than a single component in the system, and the damage probability of a single
component cannot be used as a criterion for the bridge system in the actual working
condition. Comparing the first-order boundary law with the IPCM method, the IPCM
method has higher accuracy.

Keywords: Large-span rigid bridge, Kernel density function, Fragility curve, Main
beam collision probability, First-order bounds method, IPCM method

1 Introduction

Southwest mountainous areas in China are characterized by long gullies, complex sites,
and frequent seismicity. Bridges as the key nodes in transportation, play a vital role in
ensuring the safe operation and healthy development of the transportation road net-
work (Yan et al. 2023) (Fosoul and Tait 2023) (Seismic fragility analysis of RC box-girder
bridges based on symbolic regression method. 2022), and large-span rigid bridges are
widely used in the construction of mountainous bridges because of their advantages:
large spans, short cycle of construction, and good stress capacity (Tong et al. 2023)
(Liang et al. 2021).
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Currently, scholars have conducted many studies on the damage condition of large-
span rigid bridges under seismic action (Zhang et al. 2021) (Liang et al. 2021). Shen
(Linbai et al. 2024a) carried out the small shear span ratio pier static test, explains the lon-
gitudinal reinforcement rate can effectively reduce the probability of pier damage; Shen
(Linbai et al. 2024b) used static test to verify the effectiveness of the numerical model and
derive the rectangular pier damage state based on the displacement ductility ratio of the
critical value determination; Gu (Yin et al. 2011) employed the high pier large-span rigid
bridge to carry out the incremental dynamic analysis, the probability of damage to the
pier at different locations and the damage probability of inner limb piers is higher than
that of outer limb piers; Shan (Deshan et al. 2017) used the large-span rigid-continuous
combination bridge as the background to illustrate that the piers are mainly subjected to
longitudinal seismic effects; Li (Xingyu et al. 2023) based on the Copula function, con-
cluded that the consideration of the interactions between the bridge members is essen-
tial; Zhang (Bingxin et al. 2020) researched and analyzed the effect of beam-end collision
on the damage of the bridge piers; Wei (Wei et al. 2021), Martin (Martin et al. 2019),
Liang (Liang et al. 2021) studied the fragility analyses based on different types of bridges.
respectively, but the existing fragility analysis of bridges is mainly an incremental dynamic
analysis (IDA), which requires linear regression to determine the unknown parameters in
the estimation of the conditional probability density function, and the calculation results
are not highly accurate. The kernel density method is a nonparametric density function
estimation method, which can effectively avoid the limitations caused by assumptions on
seismic demand, and improve the accuracy of calculation results (Xinhu et al. 2023).

Comprehensive analysis of the above, the existing bridge damage calculation method
is mainly based on the IDA, but the method is time-consuming to analysis the actual
complex structures, therefore, in order to improve the calculation efficiency, this paper
developed a Kernel Density Function (KDE) method for calculating the seismic fragility.
Firstly, the finite element model of the rigid bridge under soft clay site was established
via OpenSees software, on the basis of which, the feasibility of the method is verified by
comparing the collision probability of beam ends under the conditions of IDA method
and KDE method with different expansion joints, then the damage probability of bridge
components is calculated and analyzed, and finally the bridge system fragility is calcu-
lated by the first-order bounds method and the IPCM method, and then the seismic per-
formance of the bridge is evaluated by the established fragility curves, which can provide
a guide for the damage assessment and earthquake resistant of the same kind of bridges.

2 Theoretical approach

2.1 Theoretical idea of KDE method

Seismic fragility refers to the probability when the damage of a component exceeds a spe-
cific damage under a specific ground motion action, and the seismic fragility is calculated
by the formula (Ji-Gang et al. 2021) (Sicheng et al. 2022) (Billah and ALAM MS. 2015):

Py (IM, C) = P[D > C|IM] (1)

where: P;(IM, C) is the probability of damage exceeding; C is the value of the component
capacity to resist seismic loading; D is the value of the component response demand; and
IM is the value of ground motion intensity.
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The conditional probability density function f; |}, of the seismic capacity of the mem-
ber is brought into Eq. (1). Obtain:
+o00
Pr(a,C) =P[D > C|IM = a] = fo(clIM = a)dc 2)
c
According to the theory related to probabilistic analysis, the probability density calcu-
lation formula for the seismic capacity of the member is derived as:

fD,IM (c,a)
IM=a)=—""F——
fb (C| ) fIM (61)

(3)
where: fj, \i(c, a) is the joint density distribution function of seismic capacity and ground
motion intensity; fj,,(a) is the marginal distribution function of ground motion intensity
IM.

The KDE method is used, assuming that the variable x has » sample points (x; ~x,),
the probability density distribution function is derived as (Duong 2004):

1 <& X — X
= — K
fn(®) nh; (=) (4)
where: f;(.) is the probability density function; # is the number of sample points; / is the
bandwidth parameter; K{(.) is the kernel function.

The kernel function selected in this paper is Gaussian function:

K el 5
Bringing Eq. (5) into Eq. (4) is obtained:
1 <& X — X
fh(x>=n—h;¢( ) ©6)

The ground motion intensity IM marginal distribution is derived from Eq. (6). fi\;(a) is
estimated from the ensemble of combinations of ground motion IM; (i=1,2,,,,,n):

a— IM,‘)
him

1 n
(@) = —> o (7)
i=1

For a multidimensional random vector X =R}, the kernel density is estimated when
given independent and synchronized random vectors:

— X;

1 " X
fx@ = ;‘p(ww) (®)

For a multivariate kernel function satisfying the standard normal distribution, the ker-
nel density is estimated as:
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Since the samples in this paper are {D;, IM;} (i=1 2...n), which are two-dimensional
random vectors, d=2 in Eq. (9).

n 1 (c—D; \T -1 (c—D;
[ (aflll\/li) IH| (afﬂl\/[,-)}

1 -2
Joum(C,a) = W Zle (10)
=

Bringing Eq. (10) and Eq. (7) into Eq. (3) yields the probability density formula f
pjm(C), which in turn yields the final fragility formula as:

[ g L G o (28],
(4

oo iy =1
Py(a,C) =P[D > ClIM = a] = fo(clIM = a)de = . = (11)
2| H[1/2 ZN
c a—IM;
; o)

Note: The choice of the bandwidth parameter h |,; and the bandwidth matrix H plays a
key role in the correctness of the final result.

2.2 Methods of bridge system fragility analysis

Based on the first-order bounds estimation method, the maximum limit interval of sys-
tem failure probability is determined by estimating the maximum and minimum damage
probabilities of the structural system. The specific calculation method is as follows:

n
n
Spr<l-— 1-
max|pz] < pr iU1[ byl (12)
Due to the instability issues encountered when calculating bridge system damage
probabilities using PCM method, Yuan and Pandey (Yuan and Pandey 2006) proposed
an improvement based on PCM, known as IPCM method (Zhang 2018):

Pr=P|J Xk < —ﬁK)] =1- (B ) (13)
=1

where: f is the reliability index; p is the correlation coefficient.
As an example, the system damage probability for a tandem system with 3 damage

modes is:

Pr=1-—®,(B;p)=1— D1 x PPy x PP (14)

Reliability index,B;; = ﬂ”\(}’l”;f"'“’;[q””’“, Ajii = o(Bj7i)/ P (Bj/i), where ¢(-) is the
~Pjii—1)Pili=1)

probability density function and ®(-) is the cumulative density function.

3 Project overview and finite element simulation

3.1 Overview of the project

At the soft clay site in southwest mountainous area, a large-span rigid bridge is the back-
ground of the project, the span combination is (68 m+ 145 m+ 145 m+ 68 m), and the
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total length of the bridge is 426 m. The piers of the side spans are single piers, and the
middle spans are double-limbed thin-walled piers, and the foundations are group pile
foundations with the use of hollow cross-section for the main beams. The steel rein-
forcement is HRB400, and the core concrete and protective layer concrete are C40. the
bridge crosses the mountainous canyon, and the two ends of the main beams are con-
nected with the tunnel, and the site is characterized by soft clay soil.

3.2 Dynamic analysis model

In this paper, the bridge finite element model is firstly established based on Midas/civil
to extract the nodes and mass, and then the finite element model of mountainous large-
span rigid bridge is established based on OpenSees, and the main beams are simulated
by beam-column element. Based on the flexibility method, Nonlinear Beam-column
Element is combined with fiber cross section to simulate the piers and pile founda-
tions. Concrete02 fiber material is used for concrete in the core area and non-core area,
Steel02 material is used for steel reinforcement, Harding Materials material is used for
bearing, and simulation unit is connected by Two-node Link unit, and the names of each
pier, pile and bearing and the detailed layout are shown in Fig. 1:

3.3 Pile-soil simulation

Pile-soil simulation in OpenSees mainly consists of three parts: pile lateral horizontal
resistance, pile lateral vertical friction resistance, and vertical force of soil at the pile tip,
and the layout of the pile-soil is shown in Fig. 2.

(1) The lateral resistance of the pile body is simulated using p-y spring models, with
PySimplel materials. Key parameters include ultimate soil resistance (pult), pile
deformation when soil resistance reaches half of the ultimate value (y50), and the
maximum resistance to ultimate soil resistance ratio (Cy).

(2) Vertical friction resistance of pile side body is simulated by ¢-z spring, and the
material is selected as TzSimplel material, main parameters: ultimate pile circum-
ferential friction resistance (tult), vertical displacement when the soil resistance of
pile side reaches half of ultimate bearing capacity(z50).

(3) The vertical force at the pile tip is simulated by g-z spring, and the material is cho-
sen as QzSimplel material, with the main parameters: ultimate pile perimeter fric-
tion resistance (qult), and vertical displacement when the soil resistance reaches
half of the ultimate bearing capacity(z50).

The calculation method of the above parameters can be referred to the reference
(Zhiguo et al. 2018)( site parameters are shown in Table 1, where vy is the saturated grav-
ity of the soil, ¢, is the undrained shear strength of the original clay, / is the coefficient of
soil cohesion, and ¢, is the value of the strain when 50% of the ultimate stress of the soil
is reached).

The OpenSees rigid bridge pile-soil model for different sites is established and the first
5 orders of self-vibration period of the bridge under each site are calculated, as shown in
Table 2.
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Fig.2 Pile-soil arrangement model

Table 1 Parameters of various clay sites

Soil y (kN/m?) ¢, (kPa) J €so

soft clay soil 12.75 18 0.25 0.020
Medium clay soil 14.72 37 0.38 0.010
Hard clay soil 17.66 75 0.50 0.005

Table 2 Period of bridges in different sites/s

Order Soft clay soil Medium clay soil Hard clay soil
1 2.15 2.12 2.09
2 1.96 1.93 1.89
3 1.77 1.68 1.58
4 1.61 1.45 1.28
5 1.59 1.37 1.24

From Table 2, it can be seen that the soft clay site rigid bridge has the largest free-
vibration period, followed by medium clay, and finally hard clay, which is due to the
greater soil stiffness, the stronger the soil support to the bridge piles, and the smaller
the swing of the bridge piles, so the overall free-vibration period of the bridge is
smaller. Comprehensive analysis of the above, limited to space reasons and the com-
parison of free-vibration cycle of bridge various types of sites, this paper is only on
the soft clay site under the bridge fragility research and analysis.

3.4 Model analysis

The finite element model is established by OpenSees, and the first 5 orders of vibra-
tion cycles are obtained through the free-vibration characterization, and compared
with the results of the self-vibration analysis of the pile-soil interaction using the "m"
method of Midas/civil (Table 3), which shows that the modal characteristics of the
rigid bridge are basically the same in the two different finite element software. which
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Table 3 The free vibration period of the model/s

Order OpenSees OpenSees Midas Midas
Pileless soil model Pile soil model Pileless soil model  Pile soil model
1 3.56 215 3.52 215
2 317 1.96 297 1.94
3 271 177 2.80 1.86
4 2.65 1.61 2.05 1.76
5 1.68 1.59 142 1.66
0.9
0.8 |
07 natural spectra
normative spectra
o0 0.6
5
5 0.5
B
< 04
3
< 03 ph
0.2} *'“
0.1 7 %‘,&!f&é\
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Fig.3 Seismic wave response spectra

indicates that the finite element model of the large-span rigid bridge established by
OpenSees software in this paper has a high accuracy.

3.5 Ground motion selection

Because the actual ground motions have randomness, this paper, based on the Rules
for Seismic Design of Highway Bridge, 30 measured ground motions were selected
from the Pacific Earthquake Center (PEER ground motion database) via the target
spectra to match the topographic characteristics of the site, wave selection param-
eters was detailed: the seismic intensity is 8 degrees, the site category is Class II, the
design seismic grouping is the second group, the characteristic period of the site is
0.40 s, and the structural damping ratio is 0.05, the seismic wave response spectra
show in Fig. 3.

4 Bridge damage analysis

4.1 The KDE method validation

As can be seen from Fig. 4, the collision probability curve pattern of beam end
obtained by KDE method is basically the same as that of IDA method, which indicates
that it is effective and feasible to use KDE method to calculate the bridge damage
probability. With the increasing of expansion joint width, the collision probability of
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Fig. 4 Comparison of beam end collision probability curves for KDE and IDA methods

main beams of the bridge decreases gradually. Taking the peak acceleration of ground
motion 0.3 g as an example, the collision probability of main beams under each expan-
sion joint is 97%, 95%, 87%, 75%, 62%, 50%, 40%. It is worth noting that, when the
intensity of ground motion is certain, the larger the expansion joint is, the smaller the
probability of the main beam collision is. Under the peak acceleration equal to 0.3 g
ground motion, from 0.12 m to 0.15 m, the width of the expansion joint decreases by
12%. from 0.15 m to 0.18 m, the probability of collision decreases by 13%. from 0.18 m
to 0.21 m, the probability of collision decreases by 11%. from 0.21 m to 0.24 m, the
probability of collision is reduced by 10%; and the probability of collision of the main
beam is only 40% when the width of the expansion joint is 0.24 m. Comprehensive
analysis of the above, combined with the economic benefits and analysis results, this
investigation suggests the selection of expansion joint width of 0.18 m to 0.24 m.

4.2 Changes in pier bending moment

The 30 natural ground motions are amplitude-modulated to a peak acceleration of 0.1 g,
which are inputted into the OpenSees model in turns, with 1# pier and 2# pier as the
objects of analysis, defining the main beam of the rigid bridge as the pier depth of 0 m,
and deriving the changes of bending moments at different depths of the piers in the vari-
ous natural ground motions.

As can be seen from Fig. 5, with the gradual increasing of the pier depth, the bending
moment of the longitudinal (transverse) cross-section of the pier also increases, there-
fore, under the action of the seismicity, the bottom cross-section of the pier is the cross-
section with the largest internal force of the whole pier.

Figure 6 shows the details of the transverse maximum curvature distribution at the
bottom of each pier under each peak acceleration, and it can be seen from the Fig. 6,
the curvature at the bottom of the pier shows an increasing trend with the increase of
the peak acceleration, and the transverse moment—curvature calculations of (1# ~4#)
piers through the X-TRACT software result in the first yielding curvature 1# pier being
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8.825 x 10~*m ™, and the first yielding curvature of (2# ~ 4#) pier being 1.796 x 10> m ™!
while at the peak acceleration of 1.0 g, the maximum curvature in the transverse direc-
tion at the pier base of each pier is 7.025 x 10™*m™,6.473 x 107*m ™1, 5.351 x 10~*m™},
4.965 x 10~* m~!, which are much smaller than the first yield curvature, therefore, only
the longitudinal bridge direction of the pier bottom section is analyzed for fragility.

4.3 Damage index of pier and bearing

Combined with the above analysis, the longitudinal direction of the pier as the ana-
lyzed cross-section, and five damage states are classified with reference to the research
method of H. Hwang (Hwang et al. 2001): no damage, slight damage, moderate dam-
age, severe damage, and complete damage. Based on X-TRACT software, longitudinal
moment—curvature calculations are carried out for (1# ~4#) pier, and the longitudinal
curvature is adopted as the damage index. The longitudinal reinforcement is HRB400
with a cross-section diameter of 28 mm, and the concrete is C40, which is not analyzed
in this paper because the pier height of 5# pier is too small to be representative, and the
quantitative indexes of each damage level are shown in Table 4 below:

Li (Lifeng et al. 2011) used bearing displacement as the damage limit of plate rubber bear-
ing to calculate the bearing fragility curve and verified the correctness; Li (Li et al. 2012)
used bearing displacement ductility ratio and concluded that both bearing displacement
ductility ratio and bearing displacement can be used in the fragility calculation. Therefore,
In this paper, the research results of the reference (Zhang and Huo 2009) (Nielson 2005)
(Wu et al. 2016) are selected, and the bearing displacement in the longitudinal (transverse)
bridge direction of the bearing is used as the damage index of the longitudinal (transverse)
bridge direction fragility analysis of the bearing, as shown in Table 5 below:

Table 4 Pier damage index u/m™'

Damage level 1#Pier 2# Pier 3# Pier 4# Pier
slight damage 0.000476 0.0003305 0.0003305 0.0003305
moderate damage 0.000577 0.0004217 0.0004217 0.0004217
severe damage 0.001837 0.001151 0.001151 0.001151
complete damage 0.003533 0.002132 0.002132 0.002132

Table 5 Limit value of support damage index/mm

Damage level Longitudinal damage indicators Transverse
damage
indicators

slight damage 29 29

moderate damage 104 91

severe damage 136 142

complete damage 187 195
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4.4 Fragility curves of piers and bearings
Taking the longitudinal direction of each pier bottom and the longitudinal direction of
the bearing (transverse direction) as the research object, the fragility curves of different
components are calculated respectively.

According to Fig. 7, when the PGA is small, the bottom cross section of (1# ~ 4#) piers
are in a safe condition, and the probability of damage is small. for example, the prob-
ability of failure of 4 damage states under the action of ground motion with PGA of 0.1 g
in 2#pier is 23%, 8%, 0%, 0%. Each component in different damage state corresponding
to the seismic fragility results of the difference is more obvious, even in the same PGA,
the failure probability of each component there are significant differences, such as in the
occurrence of the PGA of 0.4 g seismic, (1# ~ 4#) pier slight damage probability of 29%,
89%, 90%, 90%, moderate damage probability of 19%, 86%, 87%, 86%,the probability of
severe damage is 0%, 47%, 54%, 27%; the probability of complete damage is 0%, 4.7%,
8.5%, 3.7%. The failure probability of the side pier (1# pier) is small relative to that of the
intermediate consolidation piers (2# pier ~4# pier), when the PGA is 1.0 g, the slight
damage probability of the side pier is only 85%, whereas the slight damage probability
of the intermediate pier is already close to 100% at PGA =0.7 g. It is worth noting that,
when PGA is 0.1 g~ 0.2 g, the slight and medium damage fragility curves of the (2# ~ 4#)
pier have the fastest rate of change, and the difference between the two is small, and
under the action of the large ground motion, the degree of damage is very likely to be
transformed from slight to moderate damage.

As can be seen from Fig. 8a and b, there are significant differences in the damage prob-
abilities of the bearings under the same PGA, for example, during ground motion with a
PGA of 0.4 g, the probability of failure under each damage state of the 1# bearing is 70%,
26%, 14%, 11%, and the probability of failure under each damage state of the 2# bearing
is 93%, 78%, 70%, 58%, and it can be seen from the comparison that, with the increas-
ing of the pier height, the probability of failure of the bearing in each state gradually
decreases, which is due to the high pier is more flexible structure, in the seismic effect,
the seismic energy consumption is stronger, the short pier is more rigid structure, more
need to bearing to offset seismic action. Comparing the transverse fragility curves of the
bearing in Fig. 8c and d, it can be seen that the damage probability of the longitudinal
direction of the bearing is much larger than that of the transverse direction in each dam-
age condition, for example, the four damage probabilities of the longitudinal direction
of the 1# bearing under the peak acceleration of 0.6 g are 79%, 53%, 41%, 31%, and the
transverse direction of the bearing is 69%, 25%, 6%, 0.7%.

It is worth noting that, comparing (Figs. 7a and 8a), it can be seen that the rate of
increase of the failure probability and fragility curves of the four damage modes in the
1# bearing is greater than that of the 1# pier, which again indicates that the bearing is
the most easily damaged member, and that the bridge bearing under seismic action has
the effect of dissipating and eliminating the damage of the bridge caused by the seismic
energy, and that, in the engineering design, selecting appropriate bridge bearing param-
eters based on actual site conditions is crucial.

The damage probability of each component of the bridge under design ground
motion (PAG=0.3 g) and rare ground motion (PGA=0.4 g) is shown in Fig. 9. (Since
the damage probability of each member in longitudinal direction is much larger than in
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transverse direction, the damage probability of members under different seismic effects
is analyzed only in longitudinal direction).

As can be seen from the Fig. 9, the damage probability of the pier bottom of 1# piers
in each damage state is much smaller than the pier bottom of (2# ~ 4#) pier, this is due to
the energy dissipating effect of the 1#bearing, making 1# pier affected by seismic action
is smaller than the intermediate solidified piers, and due to the pier top of (2# ~4#) pier
and the main beam of the connection are solidified, which makes the three pier bottom
of the damage probability of the damage in each damage state is not much difference.
Slight damage under design ground motion as an example, the pier bottom of 1#pier is
8.9%, while the pier bottom of (2# ~ 4#) pier is 81%, 82%, 82%. Because 1# pier is higher
compared to 5# pier, which makes the overall structure of 1# pier flexible, energy con-
sumption is stronger than 5# pier, therefore, 2# bearing needs to consume much more
seismic energy than 1# bearing, 2# bearing in each damage state damage probability is
much larger than 1# bearing. As a whole, the damage probability of each component of
the bridge increases significantly from design ground motion to rare ground motion, for
example, the damage probability of pier base of (1# ~ 4#) pier and (1#, 2#) bearing under
the design ground motion is 8.9%, 81%, 82%, 82%, 62%, 90%, and that of damage prob-
ability under the rare ground motion is 29%, 89%, 90%, 90%, 70%, 92%.

4.5 Fragility analysis of bridge system
The bridge system fragility calculated using the IPCM method and the first-order
bounds method are shown in Fig. 10. Since the damage probability of each member in
the longitudinal direction is much larger than the transverse damage probability, and
bridges are more severely affected by seismicity in the longitudinal direction, only the
damage probability of the bridge system in the longitudinal direction is analyzed.
Comparison of Fig. 10 shows that the range of system damage probability calculated
using the first-order bounds method is too broad, which makes the damage probability
assessment of the bridge system in the actual project has a large error, and the suscep-
tibility curves of the bridge system calculated using the IPCM method are within the
range of the first-order bounds method, which shows the accuracy of the seismic fragil-
ity curves of the bridge system obtained by the IPCM method. As can be seen from the
figure, the bridge system is very sensitive to ground motion, and the failure probability
of slight damage of the bridge system has reached 90% when the PGA is 0.1 g, for exam-
ple, with the curve of the IPCM method, and the failure probability of the bridge system
in both slight and moderate damage states is 100% when the PGA >0.7 g. The damage
exceeding probability of the seismic fragility curves of the bridge system are all greater
than the damage exceeding probability of a single member in the system, for example,
with PGA of 0.1 g, the probability of slight damage of the (1# ~ 4#) pier is 0%, 23%, 27%,
21%, the probability of slight damage of the 1#, 2# bearing is 20%, 73%, and the probabil-
ity of failure of the bridge system is 87%, which shows that under the seismic action, the
bridge system is more likely to be damaged than a single component in the system, and
the damage probability of a single member cannot be used as a criterion for the bridge
system in the actual working condition.
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4.6 Change in internal forces in the pile body

Figure 11 shows the magnitude of the bending moment of the pile foundation at each
depth below the ground surface. From the Fig. 11, it can be seen that with the increase
of the depth of the soil body, the pile section bending moment gradually decreases,
which indicates that the soil body will play a role in offsetting the pile section bend-
ing moment caused by the seismicity, and the role of the soil body offset will gradually
increase with the increase of the depth of the soil body. It is worth noting that the mag-
nitude of the change of the pile bending moment is the largest in the depth between
0 m~15 m, and the size of the bending moment in the location of the tip of the pier
appears to be a rebound position, which is due to the role of the mutual force of the q-z
spring at the tip of the pile, so that the tip of the pile bending moment increases, take
1# pile as an example, under the ground motion of PGA =0.1 g, the bending moment at
the ground level 30 m below the ground level is 9.18 x 10* Nem. The bending moment at
34 m below ground level is 1.88 x 10° Nem. With the increase of ground motion inten-
sity, the bending moment of the pile foundation increases gradually, such as the bending
moment at 5 m of the pile depth of 1# pile under the ground motion of 0.1 g~0.4 g is
6.02 x 10° Nem, 1.22 x 106 Nem, 1.85 x 106 Nem, 2.49 x 106 Nem. On the whole, the
change amplitude and bending moment of (2# ~ 4#) pile are basically the same, and all of
them are much larger than that of 1#piles and 5#piles, take PGA=0.1 g as an example,
(1# ~ 5#pile) 5 m below the ground surface bending moment size are 6.02 x 10° Nem,
2.32 x 10° Nem, 2.29 x 10° Nem, 1.90 x 10° Nem, 8.49 x 10° Nem.

5 Conclusion

In this investigation, a rigid bridge model was established based on OpenSees, and the
KDE method was developed to calculate seismic fragility of the bridge. Based on which,
the fragility curves of the bridge components are drawn, as well as the fragility of the
bridge system is calculated by the first-order bounds method and the IPCM method, and
the conclusions are as follows:

(1) The KDE method can effectively calculate the damage probability of each compo-
nent, and compared with the IDA method, the method fully takes into account the
influence of each ground motion, and its calculation results are more realistic. It
can be seen from the fragility curve of the bridge members that the side pier has
significant seismic capacity compared with the middle pier, the probability of slight
damage of the side pier ( 1# pier) at PGA=0.2 g is 29%, while the probability of
slight damage of the middle pier (2# pier ~4# pier) at PGA =0.2 g is 90%, which is
due to the connection between the middle pier and the main beam is cemented,
and the connection between the side pier and the main beam is bearing connec-
tion. For the bearing, under the seismic action, the role of the main beam on the
intermediate pier is stronger than the side pier, therefore, in the actual case of the
project, the intermediate pier material selection and seismic measures need to be
handled carefully.

(2) Bearing for the bridge structure in the most easily damaged components, when the
pier height is different, the effect of its impact by the ground motions effects will be
different, taking the peak acceleration of ground motion of 0.4 g as an example, 1#
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bearing slightly damaged probability of 70%, 2# bearing slightly damaged probabil-
ity of 93%, therefore, in practice, need to be set on different pier height of the differ-
ent types of bearings.

(3) With the width increasing of expansion joints, the probability of collision dam-
age of the main beam of the bridge gradually decreases, therefore, the selection of
appropriate expansion joints can effectively reduce the probability of collision of the
main beam, and this paper suggests that the value of 0.18 m ~0.24 m.

(4) The bridge system is more likely to be damaged than a single component in
the system, and the damage probability of a single member cannot be used as a
criterion for the bridge system in the actual working condition. Comparing the
first-order boundary law with the IPCM method, the IPCM method has higher
accuracy.
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