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In order to further understand the instability mechanism and geohazard causation when the main sliding path of the slope body is
parallel to the path of the bridge, the corresponding bridge-landslide parallel system is constructed for shaking table tests. This
paper summarizes the combination forms of bridge-landslide model under different position and focused on the slope body
located above the bridge deck. Firstly, based on the shaking table test results of El Centro (1940), the failure behavior of bridge-
landslide parallel system was evaluated, and the changes of acceleration and deformation of bridge pile were subsequently
analyzed. Then, the interaction bridge structure and sliding body were explained by the spectral features. The main conclusions are
as follows. First, in the model test, the landslide belongs to the thrust-type landslide. Due to the barrier function of the bridge, the
main failure site of landslide occurs in the middle and trailing edge of slope body. At the same time, the acceleration value of
earthquake waves is 0.3 g, which is the key to this variation. Second, the acceleration response of the measuring points on the
bridge pile and landslide increases with the increase of ground elevation. If the slope structure is damaged severely, the de-
formation response of weak interlayer is inconsistent with the surrounding soil structure. Third, with the increase of excitation
power, the dominant frequency of bridge-landslide parallel system gradually transitions from low to high frequency rate, and the
interaction of the parallel system weakens the influence of river direction on frequency. Finally, under the same working
condition, the dynamic response of the measuring points has obvious regularity with the change of situation. But the response of
the same points is not regular due to the different earthquake excitation intensity.

1. Introduction

China is a country with many geological calamities, and
earthquake, landslide, debris flow, and other geohazards are
very prominent in the western mountainous areas of China
[1]. Furthermore, the construction of highway and railway
often faces the problem of poor geological conditions,
among which the landslide hazard is one of the typical types
[2]. Additionally, since the western region is mostly hill and
mountainous region, the bridge erection has become a
common method to cross the adverse geological areas [3].
Therefore, how to accurately understand the dynamic re-
sponse and failure characteristics of bridge-landslide under

earthquake action is an urgent problem that researchers
need to solve.

In the last two decades, a large number of shaking table
tests have been applied to the study of bridge-soil interac-
tion. Yao et al. [4] studied the interaction behavior of pile-
soil-superstructure model in saturated sand using a large
shear box. Through the test, it is found that the ground
behavior has a great impact on the soil superstructure.
Tokimatsu et al. [5] studied the dynamic response of pile
through shaking table test of structure pile sand model. It is
found that when the period of structure is less than that of
soil, the direct interaction force between pile and soil is in the
same direction as the inertial force, and the stress received by
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pile increases. Chau et al. [6] conducted an experimental
study on the structural pile-soil model and observed the
collision between the structural pile and the soil. Dou et al.
[7] simulated the pile-soil dynamic response of single pile
through shaking table test. The dynamic p-y curve measured
by the experiment shows that the shallow depth has a high
degree of nonlinearity and hysteresis under strong vibration
and shows basic linear elastic behavior under low-level vi-
bration. Gao et al. [8] studied the dynamic interaction be-
tween pile and soil under different amplitudes. The results
show that the change of amplitude has a great influence on
the dynamic response of pile foundation and foundation,
such as the excess pore water pressure ratio in soil and the
accelerated response of pile and soil. Wang et al. [9] con-
ducted shaking table test of pile-soil structure using shear
box. The test shows that the bending moment of pile pier is
related to the scoured depth and increases with the increase
of depth. Durante et al. [10] conducted shaking table tests to
simulate a single pile or pile group model and found that the
degree of coupling between the structure-soil system fre-
quency and seismic waves determines the bending change of
the pile. Shirgir et al. [11] studied the influence of pile-soil
structure interaction (PSSI) on the earthquake response and
dynamic characteristics of large-scale full model of super
long-span cable-stayed bridge through earthquake wave, and
the test results show that the interaction effect of pile-soil
interface is gradually obvious with the increase of wave
amplitude. The PSSI effect changes significantly with the
change of wave frequency content. Zhang et al. [12] used the
Yousuotun Bridge as a prototype to conduct multiple sets of
large-scale shaking table model tests to study the force and
deformation characteristics of bridge pier foundation piles
under different waves, as well as the seismic performance
and spectrum response laws of high and steep slopes. Luo
et al. [13] used the method of risk analysis to explore the
interaction between the Dongla Bridge and the Dongla
Ancient Landslide. Chen et al. [14] studied the safety factor
and failure mode of slope according to the interaction
mechanism between seismic vibration and rainwater seep-
age through model test. In order to evaluate the landslide
disaster induced by annual rainfall and earthquake, Nguyen
etal. [15] proposed an integrated model with three modules:
uncertainty analysis module, simulation module, and output
module. Rajabi et al. [16] conducted a risk study of landslides
in the area affected by the 1990 Manjil-Rudbar earthquake in
Iran using back-propagation using artificial neural network.
The abovementioned studies underline the importance of
the effects of the PSSI.

Although there have been a lot of studies on the PSSI
effect, most of the existing studies mainly consider the in-
teraction between the foundation and bridge, and there are
few studies on the interaction including the geohazard re-
gion and bridge. Therefore, the main focus of the present
study is to explore the interaction of the bridge-landslide
combination model.

At the same time, this paper collects and sorts out rel-
evant literature and summarizes relevant engineering ex-
amples; it can be found that the relative positions of the
bridge and the landslide determine the deformation
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characteristics of the landslide and the stress mode of the
bridge and ultimately determine the disease prevention and
control engineering measures. For example, the landslide of
Dongla Bridge [13] in Sichuan Province belongs to the
bridge-landslide parallel system. The earthquake made the
naturally quiet Dongla Bridge landslide accumulation
structure looser, and it was revived under the action of
rainfall and artificial excavation. Under the impact of the
landslide, the bridge foundation collapsed, and the arch of
the bridge deck cracked. The damage to the bridge near the
mountainside was severe, and the damage to the bridge near
the river was relatively small. The Chediguan Bridge [17] in
Sichuan Province also belongs to bridge-landslide parallel
system. Under the action of the earthquake, the upper part of
the slope body collapsed, and the landslide occurred under
the action of the collapsed body. Under the action of the
landslide, the bridge deck was damaged, causing damage
such as falling beams and overturning of bridge piers. The
Zhengjiawan Bridge [18] in Shaanxi Province belongs to
bridge-landslide orthogonal system, and the landslide type is
the resurrection of old landslides. Under the action of the
landslide, the bridge mainly caused damage such as trans-
verse tension cracks and breakage of the block along the
direction of the landslide. The damage of the bridge in the
main sliding direction of the landslide is stronger than that
on both sides and shows different damage patterns. The
Chongqing Qianping Bridge also belongs to the bridge-
landslide orthogonal system, and the landslide type is the
resurrection of the old landslide. Under the action of the
landslide, cracks occurred in the tie beams and piers of the
bridge, and the failure strength of the bridge at different
locations was different. The Lancang River Bridge in Yunnan
belongs to the bridge-landslide oblique system, and the type
of landslide is a steep and slippery slope. Under the influence
of earthquake, rainfall, and artificial excavation, the bridge
landslide was destroyed. The types of damage are those
shown in parallel systems and those shown in orthogonal
systems. The above case is shown in Figure 1.

The present study preliminarily categorizes the bridge-
landslide system into the three following forms according to
the angle between the main sliding direction of the landslide
and the bridge axis: (1) bridge-landslide parallel system, (2)
bridge-landslide orthogonal system, and (3) bridge-landslide
oblique system. However, for lack of space, this study only
demonstrates the bridge-landslide parallel system, as shown
in Table 1. On this basis, the shaking table model test is
carried out to analyze the dynamic response characteristics
of landslide and bridge under seismic wave loading under
different working conditions. The instability characteristics
and mechanism of parallel landslide bridges are deeply
studied. It provides experimental data support for the sta-
bility analysis theory and seismic design of bridge-landslide
parallel system.

2. Materials and Methods

2.1. Model Scaling Relations. Because there are few direct
engineering cases of bridge instability caused by earthquake-
induced landslide revival, we did not specify a fixed
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FIGURE 1: Typical case. (a) Dongla Bridge (Gang Luo et al. [13]). (b) Chediguan Bridge. (c) Zhengjiawan Bridge. (d) Qianping Bridge.

(e) Lancang River Bridge.

TaBLE 1: Bridge-landslide parallel system.
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engineering prototype in this test, mainly to explore the
regularity of failure law of bridge-landslide parallel system.
But, considering the size of the shaking table model box and
the application of the model in some practical construction
projects, combined with the previous bridge engineering
construction practice of relevant specifications, the gravity
distortion model is selected [12]. This model test adopts
Meymand’s similarity law, with geometric size, density, and
acceleration as the main control parameters, and its simi-
larity constants are C;=100, C,=1, and C,=1, and the
similarity ratio between the model and the prototype size is
1:100. According to the similarity theory and the basic
principles of the abovementioned similar relationship de-
sign, the similarity constants of the remaining physical
quantities are determined. The concrete parameters are
shown in Table 2.

2.2. Similar Materials. Through the statistics of relevant cases,
it is found that most bridge landslides are located in the
southwest of China, and most of the southwest is red bed
geology. Therefore, red bed geological materials were selected
as model materials in this test. At present, the red bed model
test mainly includes two methods: model test based on natural
red bed and similar simulation test based on artificial materials
[20]. The latter is chosen for this test. The design is based on
relevant specifications (high-speed railway design code:
TB10621-2014 [S].2015) and the previous experimental re-
search; based on the orthogonal ratio design and indoor test,
the final material ratio is as follows: (1) bed rock: red silt : quartz
sand : cement : gypsum: water =0.7:0.3:0.5:0.3:0.1; (2) slid-
ing body: red silt: quartz sand:water=0.7:0.2:0.1; and (3)
sliding zone: quartz sand:soil: talc: water = 0.27:0.52:0.35:
0.15. The concrete parameters are shown in Table 3.
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TABLE 2: Scale factor.

Parameter type Physical quantity Dimension Similarity ratio (prototype/model)

. . . Length (I) C 1:100
Physical dimension Mass dinsity ) c, 1:1

Elastic modulus (E) Ce=C C, 1:100
Poisson’s ratio (u) C,=1 1:1

Material characteristics C(j)?e‘;litgn()(/Z) Ccci _CICPC » 1 l 1(1)()
Internal friction angle (¢) Co=1 1:1
Acceleration (a) C,=1 1:1

Time (s) C,=C> 1:10

Load Stress (o) C,=C C, 1:100
Strain (¢) Ce=1 1:1

Frequency (f) Cr=C° ¢ % 1:0.1

Dynamic characteristics DISPSIEZZ??;; @) c, :Cculasclcuo.s 11’:11000
Input acceleration (a) C,= 1:1
Structural characteristics Frequency (f) Cr=1 1:1

These values represent the corresponding similarity ratio and its derivation process. At the same time, they are all formulas, so they are marked in italics.

TaBLE 3: Physical and mechanical parameters of similar materials.

Similar material Unit weight (kN/m?)

Elasticity modulus (E) (GPa)

Cohesion (c) (kPa) Internal friction angle (¢) (*)

Bed rock 17.5 0.04 6.9 32
Sliding body 17.2 — 4.6 22
Sliding zone 17.2 — 6.6 25

To obtain the transmission mechanism of the pier and
pile affected by the surrounding landslide soil, the influence
of the geometric size effect is considered. Referring to the
research results of Yao [19] and others, a short pine pile is
selected to simulate the bridge in this test.

We focus on the dynamic response of the bridge-
landslide composite structure caused by earthquake-induced
landslide revival, so the sliding surface is set in advance in
the model design. The effectiveness of this method in
simulating the initial sliding surface has been proved in
previous studies (Large-Scale Model Test Study of Pipeline
Crossing Landslide Interaction, by Jintao Liu [21]).

2.3. Test Setup

2.3.1. Shaking Table Test Equipment. The test was carried out
using a hydraulic servo unidirectional seismic simulation
shaker. This test uses a rigid model box with a clearance size of
2mx0.3mx 1.5m (length x width x height), with tempered
glass on both sides to observe the sliding process [22]. Lay a 5
cm thick special wooden slab at the back end of the landslide
model to absorb seismic waves and reduce the impact of
reflected waves [23]. The test setup is shown in Figure 2.

2.3.2. Measurement System. 'The acceleration sensor, strain
sensor, and data acquisition system used in this experiment
are products of Donghua Company. The acceleration sensor
is a capacitive triaxial acceleration sensor, which is a ca-
pacitance sensor with a change in pole distance based on the
capacitance principle. The strain sensor is a resistive strain

B RC-3000 system

FIGURE 2: Shaking table test equipment.

gauge. Strain gauges are components used to measure strain
composed of sensitive grids. Technical specifications are
shown in Table 4.

2.4. Layout Design of Measuring Points. The preparation
process of the combined model is “layered filling.” The
model material is packed into the model box with a thickness
of 10 cm layer by layer, and each layer is tamped according to
the same method. Along with the model filling, the accel-
erometer and strain gauge are pasted on the bridge model
structure in advance, and the bridge structure is installed at
the target position, as shown in Figure 3. The layout of
sensors in this experiment is shown in Figure 3. The
landslide is 1.55m long and 1m high. The bridge model
passes through three parts: sliding body, sliding belt, and
surrounding rock. As shown in Figure 4, there are 12 ac-
celeration sensors and 8 strain sensors. The acceleration
sensor is mainly to capture the dynamic characteristics of
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TABLE 4: Sensor.

Sensor type Main parameter Picture display
Sensitivity: 0-42 mV/m-s >
Measuring range: 0-20m s~
Frequency response: Hz + 3 dB

Acceleration sensor

Resonant frequency: >5.5kHz

Resistance: 120.2 +0.1 Q)

Strain sensor Sensitivity coefficient: 2.21 + 1%

<

()

(d)

Figure 3: Filling process of model box. (a) Filling of bedrock. (b) Filling of slip zone. (c) Layout of model and sensor. (d) Model filling
completed.

FIGURE 4: Sensor layout.



slope, pier column, and their joint parts. Therefore, three
sections are arranged in Figure 4, and the position of the
sensor in each section includes three different slope types:
sliding body, sliding zone, and bedrock. The arrangement of
strain gauge is mainly to avoid the deformation of bridge
pier column under the action of landslide. At the same time,
the layout spacings of the two sensors are the same. The
acquisition instrument is mainly used to collect the electrical
signal changes of bridge pile and surrounding soil.

2.5. Loading Condition Design. In the experiment, the
seismic wave was simulated by continuously inputting sine
wave, Kobe (1995), and El Centro (1940). This paper mainly
analyzes the dynamic response of bridge-landslide system
under horizontal unidirectional El Centro (1940) (x direc-
tion), as shown in Figure 5. The reasons for choosing these
three waveforms are as follows: sine wave has strong reg-
ularity and is easy to observe; Kobe (1995) belongs to near-
field earthquake, with special vibration mode, vertical and
horizontal amplitude, strong intensity, and great damage,
which is of great significance in the history of earthquake
research; El Centro (1940) is the first seismic wave recorded
in human history, which has specific and important his-
torical significance.

This paper adopts the Poisson hypothesis commonly
used in seismology to simulate multiple earthquakes [24]. It
is assumed that the multiple earthquakes suffered by the
structure are independent of each other and will not be
affected. In addition, in order to consider the actual situa-
tion, the test ensures that the time interval between multiple
earthquakes is long enough so that the structure has enough
time to restore the acceleration and velocity to zero after the
first earthquake [25].

3. Results and Analysis

3.1. Initial Dynamic Characteristics of Test Model. At the
beginning of the test, white noise scanning is carried out to
test the initial dynamic characteristics of the model, that is,
natural frequency. The natural frequency of landslide is a
parameter to describe the dynamic characteristics of land-
slide, which can be obtained by white noise excitation test
[12]. The natural frequency can be expressed by the transfer
function, and the frequency characteristics of the landslide
acceleration response can be obtained by using the transfer
function. The corresponding dominant frequency on the
spectrum is the natural frequency of the landslide. Figure 6 is
the spectrum of white noise at measuring point DA14, and
the corresponding natural frequency is 16.63 Hz.

3.2. Deformation and Failure Characteristics of the Model.
This article is carried out under the condition that the slope
body has been loaded with the KOBE wave. The state of the
test model after loading the KOBE wave is shown in
Figure 7(a). According to the observation of the changes of
the slope under KOBE loading, it is analyzed that the failure
of the landslide is due to the upper rock layer slides and
squeezes the lower part to produce deformation, which
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eventually leads to the sliding. In addition, the surface of the
sliding body is undulating, and there are deposits in the slope
section, which conform to the characteristics of thrust load
caused landslide. Therefore, it can be determined that the
failure form of the landslide is thrust load caused landslide.
Under this premise, the EL Centro wave is loaded. Under the
loading of low-intensity earthquake waves (0.1-0.2 g), the
main causes are the deformation and development of the
original cracks and the increase of cracks in the middle of the
lower sliding zone of the landslide. The detailed information
is shown in Figure 7(a).

Under the loading of earthquake wave (0.3 g), the slope
deformation gradually develops from the local deformation
of the trailing edge to the overall sliding of the slope. With
the continuous development of the width and depth of the
cracks in the trailing edge of the slope, the deformation
range gradually expands and advances from the back to the
front, and the rear part of the slope gradually slides forward.
As a result, the shear dislocation zone begins to appear on
both sides of the boundary of the rear part of the landslide,
and the lateral shear tension cracks occur. As the defor-
mation continues to increase, the sliding range of the slope
gradually increases from the rear edge to the front, and the
shear cracks in the flank are arranged in the echelon and
extend forward until they reach the front of the slope. The
trailing edge of the slope produces large deformations, and
the cracks are abundant. The cracks are mainly distributed in
the sliding body at the middle and trailing edge of the
landslide and tend to connect into a line. The strike is
roughly similar to the sliding belt and is distributed in the
upper part of the sliding belt. There is no obvious change in
the sliding body part where the bridge model is located.

The reason for the analysis is that the bridge column has
a certain protective effect and plays a role similar to that of
the “antislide pile.” The specific phenomenon is shown in
Figure 7(b).

Under the action of high-strength (0.4g, 0.6g) earth-
quakes, the cracks of the landslide continued to develop, and
the cracks in the sliding body were gradually connected into
a line to form a secondary sliding surface and gradually
extended to the sliding body at the bridge model. The cracks
in the sliding zone are also increasing, mainly distributed in
the rear edge and the middle. The main reasons for this
distribution are the deformation characteristics of the thrust
load caused landslide and the blocking effect of the lower
bridge, as shown in Figures 7(c) and 7(d).

From the overall situation of landslide change, the whole
is consistent with the deformation characteristics of thrust
load caused landslide. 0.3 g seismic wave is the turning point
of landslide change, which ends the stage of crack devel-
opment under low-intensity seismic wave loading and opens
the stage of large deformation of landslide.

3.3. Acceleration Response Analysis of Landslide Slope

3.3.1. Acceleration Time-History Dynamic Response
Characteristics. Because the acceleration time-history
curves under all working conditions are roughly the same,
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the acceleration time-history curve at 0.4 g is selected for a
detailed description. At the same time, it is stipulated that
the section where the measuring point DA11 is located is
section 1, and the section where the measuring point DA19
is located is section 2.

Firstly, comparing the acceleration time-history curves
of different elevation measuring points in Figure 8(a), it can
be seen that the maximum peak response time of each
measuring point in section 1 shows hysteresis rule, and, with
the increase of elevation, the peak response time of the
measuring point also lags relatively. The data of DA11 has an
obvious error, so it is not analyzed. The waveforms of the
acceleration time history curves of the remaining mea-
surement points are consistent with the waveform law of the

EL Centro wave. At the same time, the acceleration response
of the upper slope of the sliding zone increases with the
increase of the elevation of the measuring points, and the
acceleration response at the sliding zone is stronger than that
of the measuring points in a certain range on both sides of
the sliding zone.

Secondly, comparing the acceleration time-history
curves of different elevation measuring points in Figure 8(b),
we can see that the maximum peak response time of each
measuring point in section 2 also presents hysteresis. At the
same time, compared with the maximum response time of
each measuring point in section 1, it is found that the
horizontal propagation of seismic waves on the landslide
slope also presents hysteresis. The acceleration response of
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each measuring point shows the law of weakening with the
increase of elevation, which is different from that of section
1. The reason is that the middle part of the bridge is mainly
affected by the bottom-up propagation of seismic waves due
to the barrier effect of piers.

In general, from the acceleration time history curve,
there is a lag in the occurrence time of acceleration maxi-
mum peak in both vertical and horizontal directions. At the
same time, the existence of bridges will change the propa-
gation law of seismic waves in slopes.

3.3.2. Correlation Analysis of Acceleration Response.
Correlation refers to the degree of correlation between two
variables. Generally, two variables have one of the three
following relationships: positive correlation, negative cor-
relation, and irrelevance. It can measure the closeness of two
variable factors. In this paper, the dynamic response of the
pile foundation in the bridge-landslide system in the red
mudstone area under the action of earthquake is studied by
the correlation analysis of the three factors of seismic ex-
citation intensity, acceleration response, and corresponding
spatial location. The commonly used correlation coefficient
judgment table is shown in Figure 9(a).

Because the sampling frequency of acceleration in this
test is 200 Hz, the main shock loading time of seismic wave is
1.10 min, and the amount of data is large; if all the corre-
lation analysis is carried out, it will cause unnecessary

storage and calculation. But if the sampling interval is too
large, it will cause “spectrum aliasing effect.” Therefore,
choosing a better sampling interval is the first problem to be
solved. According to the research of Aimin et al. [26] and
others, combined with the actual situation, the data after the
maximum peak response time of acceleration time history
curve under various working conditions are selected in the
sampling space, as shown in the marked area in Figure 9(b).
The sampling interval was 0.1 s, and 176 pieces of data were
selected for analysis.

Figure 9(c) shows the correlation analysis of acceleration
amplitudes at different elevation points on section 1 in the
middle of the slope under five different earthquake excita-
tions 0of 0.1g, 0.15¢g,0.2g, 0.3 g, and 0.4 g. The yellow area is
the fitting curve of the correlation coeflicient between the
bottom measuring point and the remaining measuring
points. The pink area is the fitting curve of the correlation
coefficient of DA12 to DA23, DA14, and DA17; the green
area is the fitting curve of the correlation coefficient of DA23
to DA14 and DA17; the gray area represents the correlation
coefficient of DA14 to DA17.

It can be found from Figure 9 that as the distance be-
tween the measuring points increases (decreases), the cor-
relation between the measuring points decreases (increases).
Among them, the correlation coeflicients between the
measuring points under the excitation of 0.15g, 0.2 g, and
0.4 g are all greater than 0.8, indicating that there is a high
degree of positive correlation between the acceleration
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of bridge pile measuring points under different working conditions (Note: 1-10, respectively, indicate different correlation analysis
combinations, namely, DA18-DA12, DA18-DA23, DA18-DA14, DA18-DA17, DA12-DA23, DA12-DA14, DA12-DA17, DA23-DA14,

DA23-DA17, and DA14-DA17).

responses of the measuring points. Under the excitation of
0.1g and 0.3g earthquakes, the correlation between the
measuring points varies greatly. The correlation between the
measuring points on the lower part of the sliding zone and
the upper part of the sliding zone is between 0.4 and 0.8, and
the correlation between the measuring points under the
excitation of 0.3 g earthquake is the worst. This is because the
slope just experienced the seismic excitation of the KOBE
wave at the time of case 7 (0.1 g). Although only 0.1g EL
Centro wave was loaded, due to the difference of the two
excitation types, a certain response occurred inside the slope.
The particularity of case 10 (0.3 g) is due to the fact that the
excellent frequency of the slope is very close to the natural
frequency of the slope and the severe deformation of the
sliding belt in this working condition.

This reflects the influence of the spatial position on the
dynamic response of the measuring points. However, by
analyzing the correlation between the earthquake excitation
intensity and the dynamic response of the measuring points,
it is found that there is no obvious correlation between the
dynamic responses of the same measuring points under
different earthquake excitation intensities.

3.4. Acceleration Response Analysis of Bridge Pile Foundation

3.4.1. Acceleration Response Analysis of Bridge Pile Foun-
dation on Mountainside. Because the measuring points of
the bridge pile located on the slope slide can provide dif-
ferent peak accelerations, through analyzing the above effect
on the different working conditions (Figure 10), conclusions
are as follows:

(1) Except for case 10 (0.1 g) and case 12 (0.4 g), the peak
size relationship is top > middle > bottom, which
indicates that the acceleration response on the pier
increases with the increase of the elevation of the
measuring points.

(2) The relationship of peak acceleration at working case
10 and casel2 is top >bottom >middle, and the
value is much larger than other working conditions.
Among them, the response of slope body and bridge
under working case 10 (0.3 g) is the strongest or even
greater than the response of EL Centro wave (0.6 ).
This is because the predominant frequency of the
pier is 16.38Hz under case 10 (0.3g), which is
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FIGURe 10: Peak acceleration at different measuring points of
bridge pile on mountainside.

basically consistent with the natural frequency of the
slope (the frequency spectrum of the measuring
point DA4 is shown in Figure 11, and the pre-
dominant frequency of other measuring points on
the pier is also basically consistent). It is attributed to
the serious destruction of sliding zone.

This indicates that the weak interlayer and the sur-
rounding soil will present an incompatible deformation
response.

3.4.2. Acceleration Response Analysis of Bridge Pile Foun-
dation on Riverside. The peak acceleration at different
measuring points of the bridge pile on the riverside is shown
in Figure 12. Through the analysis of the maximum peak
acceleration of each measuring point on the riverside of the
left bridge pier in front of the bridge under different working
conditions, it can be concluded that the acceleration is
top > middle > bottom. This shows that, with the increase of
elevation, the acceleration response of the pier increases; and
the response of case 10 (0.3 g) is the strongest. This is due to
the fact that the predominant frequency of the pier is
consistent with the natural frequency of the slope at case 10
(0.3 g).
In a word, we have the following:

(1) Generally, the acceleration response of the mea-
suring points on the bridge pile increases with the
increase of elevation. However, when the sliding
zone is seriously damaged, the acceleration response
law of the measuring points on the pile will change.
Research shows that the weak interlayer and the
surrounding soil will present an incompatible de-
formation response.
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FIGURE 12: Peak acceleration of bridge pile on riverside at different
measuring points.

(2) The acceleration response of the measuring points
located on the slope side is greater than the accel-
eration response of the measuring points on the
riverside. It is indicated that the mountainside pile
has a certain protective effect on the riverside pile.

3.4.3. Correlation Analysis of Acceleration Response. As
shown in Section 3.3.2, the correlation analysis of the ac-
celeration of the measuring points on the bridge pile is
carried out. Figure 12 shows the correlation coefficient
between the measuring points under different working
conditions. The left side of the red line is the riverside pile
measuring points, and the right side is the mountainside pile
measuring points. The following can be seen from Figure 13:
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FIGURe 13: Correlation coefficient diagram of bridge pile mea-
suring points under different working conditions.

(1) No matter on the riverside or on the mountainside, the
correlation between the observation points decreases
(increases) with the increase (decrease) of the distance
between the observation points. The reason for the
analysis is that this is related to the propagation law of
seismic wave from bottom to top and energy dissi-
pation. Moreover, the correlation of the measuring
points of the pier column on the mountainside is
stronger than that on the riverside. It is caused by the
protective effect of the pier column on the hillside.

(2) The stronger the earthquake excitation is, the stronger
the correlation between the measuring points is. It can
be seen from the figure that only under working
condition 7 is the correlation coeflicient between
DA24 and DA?2 0.6153. With the increase of working
condition, the correlation coefficient of each mea-
suring point is greater than 0.8, showing a high
correlation. The reason for the analysis is that when
the seismic excitation is low, due to the energy ab-
sorption effect of the pier and the protective effect of
the slope on the pile, with the increase of elevation, the
correlation between the upper and lower measuring
points of the pier is poor. However, the protective
effect of pier and slope is limited, so, with the increase
of seismic excitation intensity, the influence of pier
and slope decreases, and the correlation of measuring
points on pier increases.

This reflects the influence of the spatial position on the
dynamic response of the measuring point. However, by
analyzing the correlation between the seismic excitation
intensity and the dynamic response of the measuring points,
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it is found that there is no obvious correlation between the
dynamic responses of the same measuring points under
different seismic excitation intensities. This phenomenon
shows that different excitation earthquake waves have dif-
ferent effects on bridge reconstruction.

Table 5 shows the correlation coefficient of the pier
column measuring points on the mountainside and river-
side. The following can be found from Table 5:

(1) The stronger the earthquake excitation is, the
stronger the maximum peak correlation between the
measuring points is.

(2) It can be seen from the bold correlation coeficient in
Table 5 that, with the enhancement of earthquake
excitation, the elevation corresponding to the cor-
relation coefficient of each measuring point on the
mountainside bridge pile and the riverside gradually
increases. This is due to the protective effect of slope
and mountainside pier on riverside pier. When the
earthquake excitation is low, the protective effect is
greater, but, with the increase of earthquake exci-
tation, the protective effect gradually weakens.

3.5. Strain Response Analysis of Bridge Pier. Through the
analysis of the peak strain of each measuring point of the bridge
pile on the side of the mountain (Figure 14(a)) under different
working conditions, it can be found that the magnitude of the
strain peak under each working condition is S12 > S13’> S12°.
Due to the failure of the upper measuring points of S12/, it can
only be shown that the deformation of the bridge pile in the soil
near the mountain decreases with the increase of elevation. The
reason for the analysis is that the three measuring points are all
in the sliding body, and the seismic wave is transmitted from
the bottom to the top. S12 is the first place to contact the
seismic wave, and, with the propagation of the earthquake
wave, the energy slowly decays and the slope absorbs energy, so
the deformation here is the largest.

Through the analysis of the peak strain of each mea-
suring point of the bridge pile on the riverside (Figure 14(b))
under different working conditions, it can be found that,
under different working conditions except case 10 (0.3 g),
the magnitude of the maximum strain peak is basically
86 >S3>82 >S5, The particularity of S5 is due to the lo-
cation of the measuring points and the failure form of the
landslide. It reflects the soil-pile interaction.

In case 10 (0.3g), the predominant frequency of the
bridge model is similar to the natural frequency of the slope,
so it is different from the other working conditions [27].

In case 12 (0.6 g), the response at S2 is superior to that at
S3. This is caused by two factors. First, after the loading of the
previous conditions, the soil at the front end of the slope
accumulates, which makes the pier relatively stable, and the
influence of the slope’s pushing force is reduced. Second, the
seismic wave is transmitted from the upper part of the lower
direction, while S2 is the first place to contact the seismic

wave. This is why S2 is stronger in testing.
From the analysis of 3.4 and 3.5, it can be clearly seen
that the acceleration response and strain response of the
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TaBLE 5: Correlation coefficient of measuring points of pier column at mountainside and riverside under different working conditions.

Case 7 (0.1 g)

DA2 DA21 DA24
DA4 0.8815 0.96271 0.86511
DA5 0.82448 0.92728 0.92411
DA10 0.71416 0.86735 0.9443
Case 9 (0.2 g)

DA2 DA21 DA24
DA4 0.96572 0.99161 0.98325
DA5 0.95939 0.9821 0.98709
DA10 0.95505 0.97811 0.98955
Case 11 (0.4 g)

DA2 DA21 DA24
DA4 0.98185 0.97765 0.92489
DA5 0.96234 0.99349 0.98429
DA10 0.9187 0.97554 0.99683

Because these values are the largest in each row, they reflect some characteristics of the correlation law between the two sensors. And this feature is also

described in detail in this text. Therefore, these values are bold.
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FIGURE 14: Peak strain at measuring points of bridge pile under different working conditions. (a) Pier column on the side of the mountain.

(b) Pier column on the riverside.

measuring points on the pier are different. The acceleration
response of the pier column on the hillside increases with the
elevation of the measuring point, while the strain response
presents the opposite law. The acceleration response on the
riverside bridge pile increases with the increase of the ele-
vation of the measuring point, and the strain response also
presents the same law. It can be found that the difference
between the acceleration and strain law of the measuring
points is mainly reflected in the mountainside bridge pile.

4, Discussion

4.1. Spectrum Characteristic Analysis. The bridge-landslide
interaction site is mainly near the mountainside of the bridge.
From the previous article, it can be known that the difference

between the acceleration and strain law of the measuring points
on the bridge pile is mainly reflected in the pile located on the
slope slide [28]. Therefore, the acceleration spectrum charac-
teristics of the measuring points in section 1 (DA17, DA18), the
measuring points on the hillside pier column (DA4, DA10),
and the measuring points in section 2 (DA19, DA16) are
selected for comparative analysis to discuss the bridge-landslide
interaction. Due to the limited space, only the spectrum dia-
grams of the measure points at the middle of the slope (DA17)
are listed below, as shown in Figures 15(a) and 15(b).
Figures 15(b) and 15(c) show the excellent frequency of other
measuring points.

In the spectrum, 50 Hz is the interference frequency of
AC in China, which is not caused by seismic waves. When
the excitation intensity is 0.15 g, the dominant frequency of
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F1GURE 15: Excellent frequency of selected measuring points under different cases. (a) Spectrum curve of DA17 (0.15 g). (b) Spectrum curve
of DA17 (0.4 g). (c) Excellent frequency of selected measuring points (0.15 g). (d) Excellent frequency of selected measuring points (0.4 g).

slope response acceleration is 3.5Hz and there is also a
strong amplitude near 8.89 Hz, which is close to the
dominant frequency of input wave, indicating that the
transformation effect of slope on input wave is very weak.
At the same time, the amplitude at the top of the slope is
larger than that at the bottom, reflecting the elevation
amplification effect. When the excitation intensity is 0.4 g,
it can be observed that the excellent frequency migrates to
15.67 Hz, and a strong amplitude also appears at 5.05 Hz.
At this time, it is quite different from the spectral char-
acteristics of the input wave. Combined with the above
analysis of the dynamic characteristics of the slope, it is
indicated that the internal structure of the slope has
changed at this time. At the same time, the amplitude of the
slope top is greater than that of the bottom, which also
reflects the elevation amplification effect.

Combined with the natural vibration frequency of the
slope in 3.1, it can be found that, with the increase of ex-
citation intensity, the superior frequency gradually ap-
proaches the natural vibration frequency of the slope, which
also explains why the slope body changes gradually increase
with the increasing seismic excitation.

At the same time, the change trend of the remarkable
frequency of the measuring points on the hillside pier

column is basically the same as that of the measuring points
in the slope.

It is shown that the change trends of the bridge pile
located on the mountainside and slope under earthquake are
basically the same, which is related to two factors: the buried
depth of mountainside pier column and the first time
contact with earthquake wave and slope thrust.

However, the measuring points in section 2 (DAI9,
DA16) are consistent with the other two only when the
seismic excitation intensity is low. When the seismic exci-
tation intensity increases, the spectrogram of the measuring
points of section 2 (DA19, DA16) shows a different law: the
excellent frequency does not show a tendency to change to
high frequency. This is due to the bridge-landslide inter-
action. When the bridge structure is located in an earth-
quake-affected site, the inertial force generated by the bridge
collapse structure will be transmitted to the ground soil
through the pile foundation, which is the cause of soil de-
formation. Then, the deformation of the soil mass will affect
the pile foundation, and the deformation of the foundation
will cause deformation and vibration of the bridge structure.
In this procedure, only part of the energy is absorbed by the
structure, while the other part of the energy is transmitted to
the landslide body through wave radiation, which is
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consumed by the soil and the bridge structure. This increases
the damping of the interaction system and prolongs its
natural vibration period, so that the excellent frequency at
the riverside is still in the low frequency region. These will
adversely affect the bridge-landslide interaction system.

4.2. Failure Model. In this test, under the action of earth-
quake wave, a large number of subsidence cracks are pro-
duced at the top of the slope body and the slip zone. At the
same time, the slope structure is subject to tensile crack, as
well as oblique shear slip change, and weak zones are
formed. Weak zones generally exist at the geotechnical
boundary. The bridge-pile structure also produces certain
creep deformation. In case of small deformation, the de-
formation of sliding mass is not obvious. As a sensitive
structure, the small deformation of landslide may have a
great effect on the bridge pile, thus forming a dynamic
response mode of micro progressive slope and macro de-
formation of column.

Through the above analysis and combined with the case
of Table 1, the disaster mode of bridge-landslide parallel
system can be summarized. The paper shows the progressive
destruction of slope and the cooperative deformation
mechanism of the bridge structure. First of all, there are two
main types of landslides: one is the ancient landslide ac-
cumulation, and the other is the high, steep, and slippery
slope [29]. There are three main reasons affecting the de-
formation of bridge-landslide system: bridge construction,
rainfall, and earthquake. This paper mainly discusses the
influence of earthquake. The earthquake makes the landslide
resurrect or slide, forming multiple weak zones in the sliding
body and then developing into shallow sliding surface and
deep sliding surface. Among them, the deep sliding surface is
basically at the geotechnical boundary. The interaction be-
tween bridge and landslide makes the bridge and landslide
prone to resonance, or the impact of landslide directly
damages the bridge. Finally, the failure forms of the bridge
are dumping, falling beam, and so on, but the destruction
process of the bridge and the destruction process of the
landslide are gradual and coordinated, not sudden or sep-
arated from each other.

5. Conclusion

Through a series of shaking table model tests, the dynamic
response and instability characteristics of the bridge-land-
slide parallel system under EL Centro wave are studied.
Through a series of shaking table model tests, the acceler-
ation and strain responses of bridges and landslides are
analyzed. At the same time, the bridge-landslide interaction
is analyzed through correlation analysis and spectrum
analysis. The conclusions can be got as follows:

(1) Based on the record and analysis of the slope failure
behavior, the failure mode of landslide is confirmed.
The failure mode of landslide belongs to the thrust-
type landslide, and there are three main stages: the
destruction of the trailing edge, the shear failure of
the sliding surface, and the formation of the
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secondary sliding surface. The progressive failure of
the slope body and the synergistic deformation
mechanism of the bridge structure are shown.

(2) In general, whether it is a slope or a bridge pile, the
acceleration response increases as the elevation in-
creases. However, when the structure of the sliding
zone is severely damaged, the acceleration response
rule will change accordingly. The weak interlayer and
the surrounding soil will generate uncoordinated
deformation response. It is indicated that there is an
inconsistent deformation response between the weak
interlayer and the surrounding soil.

(3) The acceleration response of the bridge pile on the
hillside increases with the elevation of the measuring
points, while the strain response presents the op-
posite law. The acceleration response on the riverside
pile increases with the increase of the elevation of the
measuring point, and the strain response also
presents the same law. It can be found that the
difference between the acceleration and strain law of
the measure points on the pile is mainly reflected in
the bridge pile by the hillside.

(4) With the increase of excitation intensity, the dominant
frequency of the slope body and the bridge pile located
on the slope slide gradually shifted from low frequency
to high frequency, while the dominant frequency of the
riverside slope did not show a tendency to change to
high frequency. This is because the bridge-landslide
interaction leads to the dissipation of earthquake wave
energy, increases the damping of the interaction sys-
tem, and prolongs its natural vibration period.
Therefore, the dominant frequency at the riverside is
still in the low-frequency region.

(5) Through correlation analysis, it is found that,
whether it is a bridge or a slope body, as the distance
between the measuring points increases (decreases),
the correlation between the measuring points de-
creases (increases) on the different working condi-
tions; and the correlation between measuring points
increases with the increase of earthquake waves.

In general, this paper studies the disaster mechanism of the
bridge-landslide parallel system. However, there are still many
aspects that need to be studied in depth. In general, the disaster
mechanism of bridge-landslide parallel system is studied in this
paper. However, there are still many aspects that need to be
deeply studied. In the follow-up work, the author plans to
compare and analyze the numerical simulation and experi-
mental results. In the aspect of frequency, the response dif-
ference of bridge-landslide parallel system under high
frequency and low frequency will be discussed more deeply.
The slope stability will be studied from the selection of geo-
technical parameters and soil self-weight effect.
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