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Abstract

Continuous beam bridges of monopile foundation are commonly used due to its good
stress performance, stiffness and beautiful shape. However, scouring will weaken the lat-
eral restraint of soil on pile foundation. It affects the dynamics of the bridge structure and
make pile foundation vulnerable to earthquakes. Therefore, it is required to analyze its
impacts on continuous beam bridges, especially the seismic vulnerability of the pile foun-
dations. This paper establishes a 3D nonlinear analysis model with OpenSees software,
which obtains the probabilistic seismic demand models at three scouring depths by linear
regression analysis and incremental dynamic analysis (IDA). It has drawn and analyzed
seismic vulnerability curves of pile foundation at three different scouring depths. The
influence of scouring around pile foundations on bridge dynamics, seismic response, and
vulnerability is obtained. The results indicate that the failure probability of pile foundation
decreases with the increase in scouring depth. This demonstrates that scouring around the
pile foundation weakens the lateral soil restraint, increasing the natural vibration period
of bridge as well as softening the bridge structure. This reduces the maximum seismic
response of pile foundation, which is conductive to the seismic resistance of bridge.

Keywords Continuous beam bridge - Finite element - Earthquake vulnerability -
Earthquake demand probability model - OpenSees

1 Introduction

Continuous beam bridges are widely used in China for their few joints, good stress perfor-
mance, simple construction and beautiful shape (Xiang et al., 2019; Cheng & Fu, 2022).
However, most continuous beam bridges in mountainous areas and fields with complicated
natural environment are easy to be damaged. If natural calamities such as floods or earth-
quakes happen while the bridge is operating, they would become very susceptible (Liang
et al., 2017; Banerjee & Ganesh-Prasad, 2013; Song et al., 2022). Environmental variables
may harm continuous beam bridges in farms and hilly regions with complex natural sur-
roundings (Ma et al., 2019; An et al., 2019). The erosion of rainstorm or flood can weaken
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the foundation (Ma et al., 2021), while high winds and earthquakes can cause sway and col-
lapse (Prakash et al., 2019). Additionally, heavy snowfall may lead to snow accumulation
on the bridge, increasing the accidents. This depends on the interaction between snowflakes
and engineering surfaces (Guo et al., 2020). During natural disasters such as floods and
earthquakes, the bridge becomes more vulnerable. Therefore, considering these factors dur-
ing design and maintenance is crucial to ensure the safety and longevity of the bridge (Liang
et al., 2017; Banerjee & Ganesh-Prasad, 2013; Song et al., 2022). Recent earthquakes in
China have severely damaged the country’s transport infrastructure, particularly the bridges
across major thoroughfares (Huang et al., 2021a; Liu et al., 2023; Zhang & Tien, 2022).
Meanwhile, earthquakes may cause flooding and erosion, leading to insufficient bearing
capacity of bridges (Das et al., 2022; Huang et al., 2022; Tian et al., 2023). This will cause
the bridge piers to overturn during earthquakes, exacerbating the damage to the bridge.
According to relevant statistics, during the past three decades, scouring has caused 25% of
American bridges to fail, 60% of bridges to collapse (He et al., 2021) and accounting for
20% of the non-seismic reasons for bridge collapse accidents in China (Wang et al., 2022;
Xiang et al., 2019).

Scouring leads to less soil around the bridge foundation, causing the exposure of the
foundation and lower elevation of overlaying soil. This will weaken the soil constraint on
the foundation and affect the dynamics of the bridge structure (Huang et al., 2021b; Xiang
etal., 2019; Karimi et al., 2021). Therefore, it is necessary to discuss the impact of scouring
around the pile foundation, especially the risk for bridge seismic damage. Currently, seismic
vulnerability analysis of bridge is widely used to evaluate the bridge’s risk for seismic dam-
age. By examining several seismic waves, it displays the probability-based seismic perfor-
mance of structures (Hwang & Liu, 2004).

Seismic vulnerability analysis of bridge can be roughly divided into three categories:
the expert opinion-based model, the empirical model and the analytical model (Liang et
al., 2022). The accuracy of these models depends largely on the quality and accuracy of the
data used to develop and validate them. Inaccurate or incomplete data can lead to significant
errors in the bridge’s seismic vulnerability prediction. Super-hydrophobic sensors play a cru-
cial role in the accuracy of these models. It can give trustworthy and high-quality data even
in humid situations, making it an important instrument for data gathering in analyses of the
seismic susceptibility of bridges. Furthermore, with the latest developments in their durabil-
ity against water, it is now possible to ensure that the data collected from super-hydrophobic
sensors is accurate and reliable, even in challenging conditions such as severe weather, natu-
ral disasters, long-term exposure, and soil erosion (Zhang & Wu, 2019). Among them, the
analytical vulnerability analysis model is the most widely used. This is because it depends
on theoretical data calculated from finite element model (FEM), without the need to collect
a large amount of actual seismic data. Its reliability can be compared to the empirical model
(Wang et al., 2021). Although seismic vulnerability analysis of bridge is mature, there is
still insufficient research on using this model to analyze the seismic vulnerability curve of
bridge under the impact of scouring around the pile foundation. Ye et al. (2007) explored the
seismic vulnerability curve of cable-stayed bridge under the impact of scouring around the
pile foundation. Ye et al. (2007) designed an analytical vulnerability analysis based on the
finite element simulation. By establishing a bridge vulnerability model, Liang et al. (2017)
studied the simply supported beam bridge, which reflected the vulnerability of the bridge at
different scouring depths under earthquakes, adopting probabilistic seismic demand analy-
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sis. However, few studies have focused on the influence of scouring on the seismic vulner-
ability of continuous beam bridge. Therefore, this research analyzes this type of bridge by
establishing a 3D nonlinear analysis model. This model uses the “m” method to simulate
the pile soil interaction. It only analyzes the seismic vulnerability curve under the scouring
action around the pile foundation for the longitudinal response of the bridge. This study
innovatively discusses the impact of scouring on the seismic performance of continuous
beam bridges. Then the FEM and IDA are used to reveal the relationship between scouring
depth and the seismic vulnerability of bridges, filling the relevant research gap. This study
provides scientific support and practical guidance for bridge design and disaster prevention
and mitigation.

2 Project overview
2.1 Bridge overview

The bridge is a 4-span, 20 m, and T-shaped pre-stressed height and 12 min width of bridge
deck. The cover beams are 1.8 mx1.6 m rectangular beams with a length of 9.8 m. The
bridge piers are double column piers with fixed bearings, with diameter 1.6 m and pier
height 10.8 m. The longitudinal bars adopt45 HRB335 ¢28 and stirrups take HPB300 ¢8
with a spacing of 150 mm. The tie-beams are 1 mx1.2 m rectangular beams. The founda-
tion is bored pile foundation, 2 min pile diameter and 23 m in pile length. Its longitudinal
bars adopt 60 HRB335 ¢28 and its stirrups use HPB300 ¢8 with a spacing of 150 mm. The
double-column piers, covering beams, tie beams and pile foundations, are made of C30 con-
crete continuous beam (Fig. 1). Each span is composed of five C45 concrete and T-shaped
beams, with a beam length of 1.5 m.

The fixed bearing and sliding bearing of bridge are GYZ ¢450%x99 laminated rubber
bearing and GYZF4 ¢350x 87teafluoroethylene sliding-plate bearing, respectively.

2.2 Determination of the scouring depth around the pile foundation
There are three common calculation methods of maximum local scouring depth at home and

abroad (Liu & Lu, 2019; Jiang et al., 2021):
Breusers method:

H
D= ktanh(h/D) (M

Sumer method:

=13 @)

ol =

CSU/HEC-18 method:
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In Eq. (1), H represents the scouring depth. D is the pile foundation diameter, at 2 m. k
represents the coefficient. k is often used to adjust the prediction of scouring depth, taking
into account factors such as the dynamic characteristics of the river, the material of the river
bed, and the shape and size of the bridge pile foundation. k=2 is widely used in engineer-
ing practice. It is considered that it can reasonably reflect many influencing factors in the
scouring process. h is the water depth, taking 10 m. Based on these parameters, the scouring
depth calculated by Breusers method is 4.0 m. Secondly, the Sumerian method is used to
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calculate the scouring depth. Since the diameter of pile foundation is known to be 2 m, the
scouring depth is relatively simple to calculate, and the scouring depth can be obtained as
2.6 m. Finally, the scouring depth is calculated by CSU/HEC-18 method. In Eq. (3), G1,
G2, G3 and G4 are all uncertain coefficients, and their values are uniformly 1.0 in the case
of cylindrical piles. These coefficients are often used to adjust the prediction accuracy of the
scouring equation to suit different river environments and pile foundation shapes. Since the
pile foundation is cylindrical and there are no special bed formations or flow conditions to
be considered, it is reasonable to choose these coefficients of 1.0. In addition, Fr in Eq. (3)
represents the Froud coefficient, which is calculated according to velocity V and depth h,
as well as gravitational acceleration g. In the calculation, the velocity V is set at 1.1 m/s,
the depth h is set at 10 m, and the acceleration g is set at 9.8 m/s’. These values are based
on actual engineering conditions and site survey data. Velocity and water depth, in particu-
lar, are critical to the scouring depth calculation, so these values are determined based on
field measurements and river dynamics models. Therefore, the scouring depth of 2.6 m is
obtained by CSU/HEC-18 method under the given water depth, velocity and gravitational
acceleration. The values of the above parameters are widely used in engineering practice. It
is considered that they can reasonably reflect the various influencing factors in the scouring
process, so as to provide a reliable basis for the scouring depth calculation.

By comparing the above three methods, it is concluded that the maximum scouring depth
of continuous beam bridge is 4.0 m. In order to analyze the impact of scour on pile founda-
tion more comprehensively, the scour conditions around pile foundation are further subdi-
vided into three conditions: no scouring, scouring depth of 2 m and scouring depth of 4 m.
This classification helps to more accurately evaluate the stability and safety of pile founda-
tions under different scouring conditions.

3 Analysis model establishment
3.1 FEM

This paper builds a FEM of continuous beam bridge with ASDEA STKO for OpenSEES
software (Fig. 2).

In order to describe the FEM more comprehensively, more detailed parameter values
are provided below. The parameters of the main beam and cover beam are as follows. For
the concrete used in the main beam and cover beam, the elastic modulus E is 30 GPa. The
section size of the main beam may be T-shaped or rectangular according to the design, the
specific size is as described in the article, the section size of the cover beam is 1.8 mx1.6 m.
The mass density of concrete p is about 2400 kg/m?. The parameters of the tie beam and pile
foundation are as follows. The compressive strength fc’ of the concrete material is 40 MPa.
The elastic modulus E is also 30 GPa. The value of Poisson’s ratio v is 0.2. The parameters
of steel material properties are as follows. The yield strength (fy) is set to 400 MPa. The
elastic modulus of steel is set to 200 GPa. The elongation is determined according to dif-
ferent reinforcement types. The pile-soil interaction parameters are as follows. The propor-
tional coefficient k of foundation coefficient varying with depth is 12 MN/m*. In addition,
the damping ratio of the structure is set to 0.05. The pre-processor aspect of this software
provides convenient GUI operations. The pre-processor relies on the HDF-5 database to
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present various displacements, stresses, and strains in the post-processing, thereby con-
structing a FEM of the bridge. The main beams and cover beams are simulated with elastic
beam elements. The main beam weight and the second phase constant loads are converted
into node masses. In the research of Farahmand-Tabar and Barghian (2020), it is found that
the bridge substructure is prone to damage under seismic action. Therefore, tie beams and
pile foundations are simulated with non-linear fiber elements. Concrete 02 and Steel 02 are
adopted as the material of fiber elements, respectively. Moreover, for the pile-soil interac-
tion, the equivalent linear spring is applied to pile foundation element nodes, and the pile
bottom is consolidated (Dang et al., 2023; Liang et al., 2019; Shen, 2020; Wu et al., 2022).
The soil is distributed around the pile foundation, so two nonlinear springs are installed at
the node of the pile foundation unit. They are nonlinear springs in the x direction and non-
linear springs in the y direction, respectively. The stiffness of nonlinear springs is calculated
with the “m” method, with the Equation as follows:

In Eq. (4), m; is the proportional coefficient (MN/m®*) of the variation of the foundation
coefficient with depth. In this study, the foundation is mainly composed of medium sand, so
the m; is 12 MN/m®*. b denotes the calculation width of pile. z; shows the distance between
the soil center and the ground (or scouring line). 4; is the thickness of soil. m; and b are
values in the Code for Design of Ground Base and Foundation of Highway Bridges and
Culverts (JTG 3363-2019) (Li et al., 2012).

3.2 Ground motion input

In this paper, 10 representative seismic records from PEER strong earthquake database are
carefully selected from different seismic events and geographical locations to ensure their
diversity and universality. These include historical records of famous seismic events such
as the Northridge earthquake and the Loma Prieta earthquake, which not only have differ-
ent magnitudes and epicentral distances, but also cover various site conditions and seismic
wave characteristics. The reason for choosing these records is that they can comprehen-
sively reflect the response of the structure under different seismic actions, so as to provide
more accurate data support for subsequent seismic design and performance evaluation. The
surface peak ground acceleration (PGA) is used as the seismic intensity index and normal-
ized to 0.1-1.0 g by IDA method to generate sufficient sample calculation data. After 100
normalized ground motion samples are input into the analysis model, an in-depth nonlinear
dynamic analysis is carried out to evaluate the seismic performance of the structure more
accurately. This rigorous selection and analysis process is essential to ensure the stability
and safety of the building structure.

3.3 Bridge dynamic characteristics analysis
Through the mode analysis of bridges, the First-Step-Fifth-Step natural vibration periods of
the bridge under three scouring conditions are obtained (Table 1).

According to Table 1, the erosion around the pile foundation gradually increases the
natural vibration period of the bridge, indicating that the overall stiffness of bridge structure
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Table 1 The first-step-fifth- Scouring depth (m) Natural vibration period (s)

step natural vibration periods T T T T T

of bridge under three scouring L = 2 4 2

conditions 0 161 130 114 038 038
2 1.70 1.34 1.15 0.41 0.41
4 1.77 1.37 1.16 0.44 0.44

Fig. 3 Changes of maximum
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is reduced. The first step natural vibration period increases from 1.61 s without scouring to
1.77 s at a scouring depth of 4 m, an increase of 9.9%. The second step natural vibration
period increases from 1.3 s without scouring to 1.37 s at a scouring depth of 4 m, an increase
of 5.4%.

3.4 Bridge seismic response analysis

Five ground motions in Sect. 3.2 are randomly selected to analyze the seismic response of
pile foundation at PGA=0.6 g (Fig. 3). Figure 3 illustrates the absolute maximum curvature
of the pile foundation below the soil surface in five records. After the scouring, the maxi-
mum curvature of pile foundation moves down due to the lower level of the soil surface. In
a word, the maximum curvature of pile foundation decreases with the increase of scouring
depth.

4 Analysis of bridge seismic vulnerability
4.1 Seismic vulnerability function
Bridge seismic vulnerability refers to the conditional probability that the structural response

(S,) reaches or exceeds the structural carrying capacity (S,) of the bridge in different PGA.
The Equation is as follows:
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Py =Pl > 1] ®)

S, and S, are supposed to follow the logarithmic normal distribution. Then the Eq. (5) can
be written as:

ln(%)

[ V 602 -+ 5(12]

P =0 ©)

According to HAZUS99 (Konstantakopoulos et al., 2012), when PGA is used as the inde-
pendent variable, \/3,% + 3, takes 0.5.

According to Cornell’s recommendations (Li et al., 2019), the relationship between
structural response and PGA can be expressed as:

In(Sy) =k -In(PGA)+b 7

Equation (7) is the model of probabilistic seismic demand. It can be obtained through the
regression analysis of bridge seismic response data. Equation (6) can be converted into:

k-n(PGA)+b—In(u,.)

0.5

Py =9 ] ®

In Eq. (8), Pr represents the probability that the structural response of the bridge reaches or
exceeds its structural bearing capacity under the given ground peak acceleration condition.
This is a key indicator of how vulnerable a bridge is to earthquake damage. By calculating
Pt the safety and reliability of bridges under different PGA conditions can be evaluated,
which provides an important basis for seismic design and reinforcement of Bridges. ¢ is
the cumulative distribution function of the standard normal distribution. This function pro-
vides a way to convert the ratio between the structural response of a bridge and its carrying
capacity into a probability value, which is convenient for researchers to intuitively under-
stand the safety status of the bridge. k and b are derived from probabilistic seismic demand
models, which represent the linear relationship between structural response and PGA. k is
the slope, representing the increase of the structural response when PGA increases by one
unit. b is the intercept, which represents the predicted value of the structural response when
PGA is 0. These two parameters can be obtained by regression analysis of bridge seismic
response data. By determining these two parameters through regression analysis, a quantita-
tive relationship between the bridge structural response and PGA is established, and then the
structural response under different PGA conditions is predicted. /i, represents the average
bearing capacity of multiple bridge structures. This value is obtained by statistical analysis
of the carrying capacity of multiple Bridges. In addition, j. can take different values to
represent different damage states of the bridge, and its value range is usually between 10
and 30. p. is an important parameter to evaluate the bridge vulnerability. By comparing the
structural response to [, the researchers can determine the bridge’s safety margin under
different PGA conditions. At the same time, by adjusting the value of .., the bridge vulner-
ability under different damage states can be simulated. PG A is an important indicator to
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Fig. 4 Probabilistic seismic model
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ing depth of 2 m O Sample point
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Table 2 Values of k, b and R? Scouring depth (m) K b R2
under three scouring impacts 0 L1620 L1168 0.0845
2 0.9384 0.7958 0.9863
4 0.8767 0.6216 0.9964

describe the intensity of the earthquake, indicating the maximum acceleration of the object
on the ground in the earthquake. In earthquake engineering, the PG A is an important
parameter for evaluating earthquake intensity. The size of bridge PG A directly affects the
structural response and bridge vulnerability. The bridge vulnerability under different condi-
tions PG A can provide an important basis for seismic design and strengthening of bridge.
This paper selects the curvature ductility ratio as the damage state index of pile founda-
tion. There are four different types of pile foundation damage: minor damage, moderate
damage, serious damage and complete damage. The critical values of curvature ductility
ratio of each damage state are 1, 1.14, 2.23 and 4.35, respectively (Ehsan et al., 2020).

4.2 Seismic vulnerability curve of bridge under three scouring depths

The probabilistic seismic demand model of pile foundation at three scouring depths can be
obtained through linear regression of the maximum curvature of the pile foundation. PGA is
the independent variable. This paper presents the model of probabilistic seismic demand at
the scouring depth of 2 m (Fig. 4). The coefficients under three scouring impacts are shown
in Table 2.

The seismic vulnerability curve can be calculated according to Table 2 and Eq. (8)
(Fig. 5, 6 and 7).

From Fig. 5, 6 and 7, after scouring around the pile foundation, the failure probabil-
ity of pile foundation under each damage state increases significantly with the increase of
PGA. When PGA<0.1 g, the failure probability increases very little, indicating that the
pile foundation may be in an elastic state. When 0.1 g<PGA<0.6 g, the failure probabil-
ity increases rapidly, illustrating that the pile foundation may enter the elastoplastic stage.
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Fig.5 Seismic vulnerability curve
of pile foundation under no scour-
ing condition

Fig.6 Seismic vulnerability curve
of pile foundation at the scouring
depth of 2 m

Fig.7 Seismic vulnerability curve
of pile foundation at the scouring
depth of 4 m
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When PGA>0.6 g, the failure probability is high, but its increase rate slows down, demon-
strating that the pile foundation may be in a plastic state. The pile foundation consumes part
of the energy with a severe deformation (He et al., 2020).

It is necessary to compare the changing pattern of the seismic vulnerability curve of
pile foundation under three scouring depths. Consequently, this paper presents the seismic
vulnerability curves of pile foundation at three scouring depths under four damage states
(Fig. 8).

According to Fig. 8, the failure probability of pile foundation decreases with the increase
in scouring depth under four damage states, such as in the moderate damage state. When
PGA=0.6 g, the probability of pile foundation failure decreases from 78.3% without scour-
ing to 53.3% at a scouring depth of 4 m, with a decrease of 25%. It indicates that scouring
around the pile foundation facilitates the earthquake resistance of bridge. This is because
the scouring around the pile foundation weakens the lateral soil restraint on pile foundation,
increasing the pier height and decreasing the overall stiffness of bridge structure. There-
fore, it softens the bridge structure. The result verifies that scouring increases the period of
bridge structure and reduces the overall stiffness of bridge structure in Sect. 4. In order to
verify the correctness of the above results, the research also carries out different verifica-
tion work. Firstly, different seismic wave inputs are used for multiple analyses to ensure the
stability and reliability of the results. These seismic waves include different magnitudes,
epicentre distances and site conditions to more fully assess the bridge’s response to differ-
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Fig. 8 Seismic vulnerability curve of pile foundation at three scouring depths under four damage states
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ent earthquakes. Through comparative analysis, it is found that the seismic response and
vulnerability trend of the bridge are consistent under different seismic waves, which further
confirms the authenticity of the research results. Secondly, other independent numerical
analysis software are used for cross-validation. By inputting the same bridge model and
ground motion data, the seismic response and vulnerability results calculated by different
software are compared. The verification results show that the conclusions obtained by dif-
ferent software are basically consistent within the error range, which further enhances the
credibility of the research results. In this study, the influence of seismic wave characteristics
on the structural response of the bridge is considered in the seismic vulnerability analysis
of the bridge. Because of the non-stationary of seismic waves, including the variation of
amplitude, frequency and duration, the seismic response of bridges is significantly affected.
For example, it has been found that some seismic waves may contain rich long-period com-
ponents, which are more likely to excite the low-frequency modes, thereby increasing the
displacement response and stress of structures (Wei et al., 2024a). This study emphasizes
the complexity of seismic wave characteristics on bridge response and further confirms the
necessity of considering the effect of seismic wave characteristics.

In addition, studies have found that if isolation devices, such as self-centering bearings,
are used in bridges, positive effects are usually produced (Wei et al., 2024b). These isolation
devices can effectively reduce the transmission of seismic energy to the bridge structure,
thereby reducing the seismic response of the structure and potential damage risk. Specifi-
cally, isolation devices such as self-centering bearings can allow the bridge structure to
experience a certain displacement when an earthquake occurs, thereby consuming seismic
energy and reducing the impact on the structure. In addition, other studies have found that
bridges using isolation devices have significantly better seismic performance than those
without isolation devices (Fu & Wei, 2024). Therefore, the seismic effect can be improved
by adding appropriate isolation devices in the future.

5 Conclusions

In order to improve the seismic performance of bridges, finite element modeling and seis-
mic response analysis were proposed to explore the influence of scouring depth on the
seismic response and vulnerability of bridges. Through finite element modeling and seismic
response analysis, the increase of scouring depth led to the decrease of the overall stiffness
of the bridge, and then affected the seismic response of the bridge. The seismic vulnerability
curve showed that the failure probability of pile foundation decreased with the increase of
erosion depth under the same ground motion intensity. This result may be related to the
weakening of lateral soil constraint and the increase of pier height caused by erosion, which
combined to soften the bridge structure. In addition, the isolation device could improve the
seismic effect, and the appropriate isolation device could effectively improve the seismic
effect. In conclusion, this study reveals the important influence of scouring depth on seismic
vulnerability of bridges, providing a new perspective for seismic design of bridges. How-
ever, there are some shortcomings in the study, such as the impact of different soil types,
water flow speed and other complex factors on the erosion and seismic performance of the
bridge, which will be the future research direction.
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