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Abstract
Through the shaking table test, Wenchuan wave (WC) was used as the excitation wave of the shaking
table test. The vibration was excited in three directions: horizontal (x), vertical (z), and horizontal and
vertical (xz) and the dynamic response characteristics of rock slopes was studied. The results show:(1)
The acceleration ampli�cation factor of each measuring point of the slope shows a nonlinear increasing
trend with the increase of the slope height.The slope changes the frequency spectrum of the loaded
seismic wave.The slope has a �ltering effect on the high frequency band of the seismic wave.(2) Under
the unidirectional cyclic loading of Wenchuan wave, the slope acceleration ampli�cation factor increases
with the increase of the peak value of the seismic wave. Under the bi-directional excitation of Wenchuan
wave, the slope acceleration ampli�cation coe�cient generally decreases with the increase of the peak
value of the seismic wave.The slope acceleration ampli�cation factor presents the characteristics of �rst
increasing and then decreasing with the increase of the relative height of the slope.(3) The dynamic
displacement response characteristics of the tunnel slope with double-arch tunnel are mainly affected by
the seismic wave in the same direction and the peak value of the dynamic displacement response
increases with the increase of the seismic wave peak value.(4) The peak dynamic displacement response
of the double-arch tunnel slope shows a non-linear change trend with the increase of slope height. The
dynamic displacement peak growth rate is slower below the rock interface and the dynamic displacement
peak increases rapidly above the interface and Maximum displacement occurred at the top of the slope.

1 Introduction
China is a mountainous country that is severely affected by earthquake disasters. In the Wenchuan
earthquake, a large number of slopes were damaged and the dynamic response characteristics and
stability of slopes under the action of the earthquake have received increasing attention. Since the reform
and opening up, my country’s infrastructure construction has developed rapidly.A large number of tunnels
have been built and some of which are restricted by factors such as land restrictions, complex mountain
topography, and highway orientation. As one of the tunnel types, the double-arch tunnel has the
advantages of large passage area and small land area. Therefore, it has obvious advantages in the
situations of tight urban land, complex geological conditions in mountainous areas, and di�culty in line
design. Such as Yunnan Yuanmo Expressway Xiaomansa River Tunnel(2006), Ningqi Expressway
Huishuihe No. 4 double-arch tunnel 2009 . my country is located at the junction of the Paci�c plate and
the Indian Ocean plate, and the seismic zones are widely distributed. Therefore, the dynamic response
and stability of the slope of the double-arch tunnel under the action of earthquake have become an
urgent problem to be solved.

At present, the research on slope stability under static force has made rich research results(2016 and
2015). Compared with these achievements, the research results of slope stability under seismic dynamic
action are relatively few(2003).Shaking table test can reproduce seismic action more realistically, and it
has become an important method for many scholars to study the dynamic response of slopes to
earthquakes. Liu et al. used shaking table model tests to study the dynamic response(2018), slope
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deformation and stability coe�cient variation characteristics and failure modes of bedding rock slopes
with different inclination angles under frequent small earthquakes. Yang et al. studied the dynamic
stability of the slope supported by the lattice anchor frame by shaking table tests(2012), and revealed the
in�uence of different excitation directions on the dynamic response characteristics of the slope
supported by the lattice anchor frame. M. L. Lin and K.L. Wang used shaking table tests to study the
stability of sand slopes under earthquake action(2006), explored the factors affecting slope deformation,
and revealed the shape of the slope failure surface. Yang et al. used large-scale shaking table model tests
to explore the dynamic acceleration response characteristics of bedding and homogeneous structure rock
slopes and the in�uence of power input parameters on the dynamic characteristics of the slope(2012). Ye
et al. used the shaking table test to gradually increase the peak value of the seismic wave until the slope
was damaged, and proved the dynamic characteristics of the slope failure(2012). Yang et al. carried out a
slope shaking table test, studied the seismic landslide response of single and double-sided high-steep
rock slopes(2013), and revealed the similarities and differences in the seismic dynamic response of
single- and double-sided high-steep slopes. Xu et al. used large-scale shaking table tests to reveal the
dynamic characteristics of slopes under earthquake dynamics and the in�uence of ground motion
parameters on the dynamic response characteristics of slopes(2008). In summary, relying on the shaking
table test to carry out the study of the seismic dynamic characteristics of the slope has achieved a lot of
results, but for the slope containing the tunnel, the results of using the shaking table test to study the
seismic response characteristics are few. Niu et al. carried out shaking table model tests on rock slopes
containing tunnels(2018,2018 and 2017), and established dynamic numerical analysis models of slopes
through �nite element analysis software. The dynamic response law under the action of earthquake was
studied, and the in�uence of the tunnel structure on the dynamic response characteristics of the slope
was discussed. Jiang et al. discussed the acceleration and dynamic displacement response of the
horizontal layered rock slope of the underlying tunnel and the in�uence of ground motion parameters on
the dynamic response characteristics of the slope, and revealed the rock quality of the tunnel with small
clear distance (2018 and 2017). The acceleration and dynamic displacement response characteristics of
the slope under the action of earthquake. Chen and Lin calculated the slope safety factor and researched
the consistency analysis of Hoek-Brown and equivalent Mohr-Coulomb parameters(2019). At present, the
study on the slope stability of tunnels with double-arch tunnel using shaking table tests has not been
found in the literature. The occurrence environment of the slope of the tunnel with multiple arches is
obviously different from that of the ordinary slope. The existence of the double-arch tunnel deteriorates
the mechanical environment of the slope, increases the uncertainty of the seismic wave action in the
slope, and its response law and damage under earthquake action. In this paper, a model of the slope of a
double-arch tunnel was designed with a scale of 1:20 and a large-scale shaking table test was carried out
to study the acceleration and dynamic displacement response characteristics of the slope.

2 Test Scheme

2.1 Test instruments and equipment
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The model test was completed in the shaking table system of Central South University. The vibration
table could move in three directions and six degrees of freedom;the load could reach 30t.the table size is
4m×4m and the working frequency range was 0.1Hz ~ 50Hz. the maximum dynamic displacement in X
and Y directions is 250mm, and the full load acceleration was both ± 1.0 g.the maximum dynamic
displacement in the Z direction was 160mm, and the full load acceleration was ± 1.6g. The shaking table
is shown in Fig. 1.

2.2 Similarity relation design
When deriving the similarity relationship in the model test, three similar theorems should be followed,
namely the �rst similarity theorem, the similar second theorem, and the similar third theorem. In the
design and production process of the slope model(1998), it is necessary to select a reasonable similarity
law so that the model test can correctly re�ect the seismic dynamic behavior of the prototype. Due to the
in�uence of factors such as the size and size effect of the vibrating table, the maximum vibration speed,
and material parameters, it is di�cult to satisfy all the similar relationships between the model and the
prototype. Therefore, according to the primary problem and purpose of the research, grasp the main
similarity conditions, ignore the secondary similarity conditions, and adopt approximate modeling
methods for design. And considering the in�uence of test conditions, material parameters, boundary
conditions and other factors, determine the similarity ratio of the three basic dimensions. Their similarity
ratios are: geometric similarity ratio Cl=1:20, density similarity ratio Cp=1:1, acceleration similarity ratio
Ca=1:1, and other main similarity constants are derived based on the similarity theory. The speci�c
parameters are shown in Table 1.

2.3 Fabrication of similar materials
The model test was 70m×42m×30m (length×height×width) and based on a multi-arch tunnel of a
southern expressway crossing a mountain. Among them, the slope was 45°, and the length of the trailing
edge of the slope top was 36m. The overlying rock layer was a layered rock layer, the upper rock layer was
a type V surrounding rock, the middle was a type IV surrounding rock, and the lower rock was a type III
bedrock. The tunnel passed through the upper and middle rock formations. The experiment used
medium-coarse sand as the coarse aggregate to make concrete. Through the ratio test, it was determined
that the concrete with the ratio of 1:7.83:1.46 (cement: sand: water) was used as the material for the
lining of the double-arch tunnel. The thickness of the lining was 3cm, and the galvanized wire mesh with
a diameter of 2mm and a spacing of 1cm was used in the lining to simulate the steel wire mesh in the
actual lining. The lining model was shown in Fig. 2 below. The base of the model was made of cement
mortar with a ratio of 1:8.13:1.51 and M2.5, with a thickness of 10cm. The slope in the test model used
barite powder and silty clay to simulate two different types of weak surrounding rocks through different
proportions. The test simulated the weak and weak surrounding rocks of grade IV and V. According to the
principle of material similarity, the mass ratio of the lower surrounding rock is 10:5:1 (barite powder:
quartz sand: lithium-based lubricant), which simulates grade IV surrounding rock. The upper surrounding
rock was made of sand-bearing silty clay to simulate Class V surrounding rock. The prototype material
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parameters are shown in Table 2, and the basic parameters of the model test materials are shown in
Table 3.

2.4 Design of model box and test boundary conditions
The test used a rigid model box, which was an important equipment for the test. Its internal net size is
150×350×210 (width×length×height, unit: cm), and transparent plexiglass panels was installed on both
sides of the inner side of the model box. Due to the constraint effect of the model box and the model box
effect (2000), the internal boundary of the model box must be processed to reduce the in�uence of the
boundary on the model slope. Lay a layer of 4cm thick gravel on the bottom of the model box to increase
the friction, and �ll the pores of the gravel with �ne sand and smooth it as the friction boundary. A foam
board with a thickness of 10cm was pasted on the inner wall of the back side of the model box as a
�exible boundary. The inner walls of both sides was pasted with foam boards of the same thickness and
a layer of polyvinyl chloride plastic �lm was pasted on the surface as a sliding boundary. The internal
boundary processing of the model box is shown in Fig. 3.

2.5 Sensor layout plan
On the central axis of the model slope surface, 10 displacement sensors was arranged. Among them, 5
displacement sensors was arranged parallel to the x direction of the horizontal excitation direction,
numbered DX1 ~ DX5, to measure the dynamic displacement of the slope in the horizontal x direction.
Five displacement sensors, numbered DZ1 DZ5, was also arranged in the z direction parallel to the
vertical excitation direction to measure the dynamic displacement of the slope in the vertical z direction.
Acceleration sensors in the x and z directions was arranged at each intersection of the horizontal line and
the slope where the displacement measuring points was located. There was 5 sensors in the horizontal
direction, which measured the acceleration in the horizontal x direction, numbered AX1 AX5; the 5 sensors
in the vertical direction, which measured the acceleration in the vertical z direction, numbered AZ1 AZ5.
Two sensors AX0 and AZ0 was also arranged on the vibrating table. The slope model is shown in Fig. 4
below, and the sensor location diagram is shown in Fig. 5 below.

2.6 Model test seismic wave loading scheme
The test used Wenchuan wave (WC) as the loading seismic wave. The acceleration time history curve is
shown in Fig. 6. The loading seismic wave was divided into Wenchuan horizontal seismic wave (WC-x),
Wenchuan vertical seismic wave (WC-z), Wenchuan horizontal and vertical composite Wave (WC-xz) three
kinds of seismic waves. The acceleration peaks of these three seismic waves had four peaks of 0.1g,
0.2g, 0.4g, and 0.6g. When loading seismic waves, the seismic waves with smaller peaks are �rst loaded,
and then the peaks of seismic waves waas gradually increased. Vibrate and then load the bidirectional
seismic wave.

When the horizontal seismic wave was loaded, the peak value of the seismic wave gradually increases
from 0.1g to 0.6g. Since the time when the vertical seismic wave reaches the peak was generally not
synchronized with the horizontal seismic wave, referring to the building seismic design code (2011), this
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test used 2/3 of the horizontal seismic wave peak as the vertical seismic wave loading peak. The seismic
waves in the two directions was processed according to the above method and then synthesized, and
input as horizontal and vertical synthesized waves, and was loaded gradually. The loading scheme is
shown in Table 4 below.

3 Model Test Results And Analysis

3.1 Results and analysis of slope acceleration response
The acceleration response peak value and acceleration ampli�cation factor are used to analyze the slope
acceleration response characteristics. The acceleration ampli�cation factor is de�ned as the ratio of the
peak acceleration response of the slope measured under the excitation of unidirectional and bi-directional
seismic waves at a certain measuring point to the peak acceleration response of the same direction
measured on the vibrating table.

The measured acceleration time history curves of the measuring point AX2 under the excitation of WC-x
and WC-xz with a peak value of 0.4g are shown in Fig. 7 below.

3.1.1 Analysis of horizontal acceleration response results
Take the horizontal acceleration response of the slope under the excitation of WC-x and WC-xz as
examples.

(1) Fig. 8 shows the trend of the horizontal acceleration ampli�cation factor of each measuring point of
the slope with the relative height of the slope under different working conditions. It can be seen from
Fig. 8 that under WC-x unidirectional and WC-xz bidirectional excitation, the horizontal acceleration
magni�cation coe�cients of each measuring point of the slope show nonlinear changes with the slope
height.

Under WC-X excitations with peak values of 0.4 g and 0.6 g, the ampli�cation Coe�cient of acceleration
decreases with the change of Slope Height due to the complex effect of coupling of multi-arch tunnel and
strong seismic waves from the foot of slope to 2/5 slope height. At this time, the slope suppresses the
ampli�cation of horizontal seismic waves. However, there is no similar trend under the excitation of WC-x
waves with peaks of 0.1g and 0.2g. With the progressive loading of seismic wave and the increase of the
peak value of seismic wave, the strain of slope increases, the shear modulus decreases, the natural
vibration frequency decreases and the damping ratio increases. At the same time, the material also
exhibits nonlinear characteristics. As the input amplitude increases, the �ltering effect of the material
increases. These factors weaken the dynamic response of the material. Therefore, there is a phenomenon
that the rock mass at the lower part of the slope suppresses seismic waves, and the acceleration
ampli�cation factor at this time is smaller than the ampli�cation factor under the seismic wave excitation
with a small peak value. Above the rock layer interface at 3/5 slope height, the acceleration magni�cation
coe�cient increases obviously, and it increases sharply near the slope top. It shows that the type of slope
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rock mass affects the ampli�cation of acceleration. In addition, there is an empty surface near the top of
the slope, where the complex wave �eld is superimposed and enhanced, and the acceleration
ampli�cation effect is more obvious.

Under the excitation of WC-xz, the acceleration ampli�cation factor increases rapidly from the slope toe to
the 3/5 height of the rock layer interface. From the height of 3/5 to the height of 4/5, the acceleration
ampli�cation coe�cient increases slowly. It increases sharply near the top of the slope. When the seismic
wave propagates to the slope surface through the slope, the seismic wave will split into many different
types of waves due to the interaction between the seismic wave and the rock mass. There is an empty
surface on the upper side of the slope. Different types of seismic waves in�uence and overlap each other
in a limited space. This complicates the wave �eld. And when the seismic wave propagates near the top
of the slope, the constraints are reduced, so the ampli�cation factor has a larger increase near the top of
the slope. Compared with the unidirectional excitation, under the bi-directional excitation, the weak
surrounding rock has weakened the seismic wave suppression effect. As the slope height increases, the
acceleration ampli�cation factor increases sharply at the 3/5 height rock layer interface. Above 3/5
height, the acceleration ampli�cation factor decreases. The weak surrounding rock slope of the slope has
the effect of suppressing horizontal seismic waves. This is more obvious than in the case of
unidirectional excitation. It can be inferred that the direction of excitation also has an impact on the
ampli�cation effect of acceleration. The analysis shows that in the tunnel overlying slope, the rock
boundary is easily damaged in the earthquake, and special attention should be paid to the reinforcement
of the rock boundary.

(2) Fig. 9 shows the measured acceleration Fourier spectrum of sensors AX0, AX3, and AX5 under WC-x
unidirectional excitation with an excitation peak of 0.4g.

It can be seen from Fig. 9 that the excellent frequencies of the acceleration of the vibrating table are
distributed in the two frequency bands of 3 ~ 5Hz and 7 ~ 12Hz, and the acceleration frequency of the
measuring point AX3 near the midpoint of the slope surface is 2 ~ 5Hz and 7 ~ 10Hz. The acceleration
frequency of the measuring point AX5 at the top of the slope is distributed in two frequency bands of 3 ~ 
5Hz and 7 ~ 9Hz. The remarkable frequency amplitudes at the measuring points AX3 and AX5 are
obviously smaller than those at the mesa measuring point. It can be seen that after the coupling of the
double-arch tunnel and the slope, the seismic wave has a more signi�cant spectral change. Because of
the weak characteristics of the slope rock mass, its own damping can consume the energy of the seismic
wave to a certain extent, and the existence of the double-arch tunnel itself and its inner void surface also
diverges and consumes part of the energy of the seismic wave to a certain extent. Therefore, the slope
has a �ltering effect on the higher frequency band of seismic waves.

3.1.2 Analysis of vertical acceleration response results
The vertical acceleration response of slope under WC-z and WC-xz excitation is analyzed as examples.
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(1) Fig. 10 shows the trend of the vertical acceleration magni�cation factor of each measuring point of
the slope with the relative height of the slope. Because the acceleration ampli�cation effect is affected by
the relative elevation, slope body, double-arch tunnel, rock mass properties and other factors, under the
excitation of WC-z unidirectional and WC-xz bidirectional seismic waves, the vertical the acceleration
ampli�cation factor also shows a non-linear change trend in general. Under the unidirectional excitation
of WC-z, due to the coupling of seismic waves and the multi-arch tunnel and the in�uence of the gravity
of the slope, the acceleration ampli�cation factor increases slowly from the foot of the slope to the
interface of the 3/5 slope height. Near the bottom of the slope, under the excitation of the seismic wave
with a larger peak, the acceleration ampli�cation coe�cient is smaller than that under the seismic
excitation with a smaller peak, which is similar to the situation under the x-directional seismic wave
excitation. After the seismic wave with the smaller peak value is excited, then the large peak seismic wave
is performed. The shear strength and shear modulus of the rock mass are reduced. In addition, the
frequency of the rock mass is reduced and the damping ratio is increased, showing more nonlinearity,
and enhancing the suppression of seismic waves. Therefore, the acceleration ampli�cation factor under
the excitation of large peak seismic waves in the lower part of the rock mass is smaller than that under
the excitation of peak seismic waves. When the slope height is above 3/5 and close to the top of the
slope, the acceleration ampli�cation coe�cient increases rapidly, and the value increases rapidly. It can
be seen that acceleration ampli�cation is also related to the type of slope rock mass. Under unidirectional
Wenchuan wave excitation, the worse the rock mass type of the weak surrounding rock slope, the more
signi�cant the vertical acceleration ampli�cation effect. Because the upper rock mass is less restricted
and its own weight is smaller than that of the lower one, the acceleration ampli�cation factor is larger,
and the slope has more violent movement.

When WC-xz is excited, as the excitation peak value increases, the ampli�cation factor decreases.
Moreover, the magni�cation factor �rst increased and then decreased with the increase of slope height.
The acceleration magni�cation factor reaches the maximum at the interface of the rock strata. Above this
height, the vertical acceleration magni�cation factor decreases, which is opposite to the result under
unidirectional excitation. It can be inferred that the direction of seismic wave excitation also affects the
acceleration dynamic response of weak surrounding rock slopes. It can be seen from Fig. 10 that under
low-peak seismic wave bidirectional excitation, the slope has a strong ampli�cation effect on seismic
wave acceleration, but under high-peak seismic wave excitation, the ampli�cation effect is lower. This is
related to the early vibration. Under the excitation of low-peak seismic waves, the soils squeeze and
deform each other, resulting in elastic, elasto-plastic deformation and contact deformation. Therefore, the
effective contact stress increases, the frequency of the model itself decreases, and the damping ratio
increases. When multiple excitations occur, the shear strength and shear modulus of the soil decrease, its
own frequency decreases, and the damping ratio increases. When the excitation peak value increases, the
soil appears plastic deformation and the soil softens. As the shear strength and shear modulus decrease,
the effective contact stress increases at a slower rate, and the frequency and damping ratio tend to
stabilize. The slope's suppression of seismic waves becomes stronger, and the above phenomenon
appears. This phenomenon is more obvious under bidirectional seismic wave excitation than under
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unidirectional excitation. In the process of seismic wave propagation, when encountering the interface of
different media, the wave �eld splitting will occur. The split seismic wave will be refracted and re�ected
on the slope surface.

(2) Fig. 11 shows the acceleration Fourier spectrum of acceleration sensors AZ0 and AZ5 under WC-z
excitation with a peak value of 0.4g. After the vertical seismic wave loaded by the vibrating table surface
interacts with the slope, the frequency spectrum component changes signi�cantly. In addition, the
remarkable frequency and its amplitude have also changed greatly. The excellent frequency measured by
the table is 1 ~ 3Hz and 7 ~ 13Hz, and the excellent frequency measured by AX5 is 6 ~ 10Hz. It can be
inferred that the slope also has a �ltering effect on vertical seismic waves.

(3) Comparing Fig. 8(a) and Fig. 10(a), it is found that the slope has different ampli�cation
characteristics for horizontal seismic waves and vertical seismic waves. Under the unidirectional
excitation of WC-x, the acceleration ampli�cation factor tends to increase greatly from the foot of the
slope to the height of 3/5, and it also increases sharply near the top of the slope. Under the unidirectional
excitation of WC-z, the vertical acceleration magni�cation coe�cient increases from the foot of the slope
to 3/5 of the slope height. It increases rapidly from the height of 3/5 (the boundary of the strata) to the
top of the slope. At the foot of the slope, the maximum value of the vertical acceleration ampli�cation
factor is 1.597, and the peak value of the horizontal acceleration ampli�cation factor at the same
location is 1.987. Near the middle of the slope, the peak value of the ampli�cation factor of vertical
acceleration under WC-z excitation is 1.81, and the peak value of the ampli�cation factor of horizontal
acceleration under WC-x excitation is 2.12. Near the top of the slope, the peak value of the ampli�cation
factor of the vertical acceleration under WC-z excitation is 2.569, and the peak value of the ampli�cation
factor of the horizontal acceleration under WC-x excitation is 2.872. When it is near the top of the slope,
the vertical acceleration magni�cation coe�cients are not much different under the excitation of the
larger peak seismic wave, which are all around 2.6. The horizontal acceleration magni�cation factor is
distributed more scattered, and the difference is large. It can be seen that near the top of the slope, the
weak surrounding rock slope is more affected by vertical seismic waves.

(4) It can be seen from Fig. 8 and Fig. 10 that under the excitation of WC-xz, when the peak value of the
seismic wave increases, the magni�cation factor generally shows the characteristic of decreasing. Under
unidirectional seismic wave excitation, as the peak value of seismic wave excitation increases, the slope
horizontal and vertical acceleration ampli�cation coe�cients generally show an increasing trend, which
is related to the nonlinearity of the slope rock mass and seismic wave excitation. In addition, the coupling
between the Wenchuan wave and the double-arch tunnel and the existence of the interface will also
affect the occurrence of this trend. As the peak value of the seismic wave increases, the slope strain will
increase. At the same time, the slope shear modulus decreases, and the slope natural frequency will also
be affected and reduced. In addition, due to the increase of the damping of the slope material, the
nonlinear characteristics of the rock mass appear, and there are structural planes and structural planes in
the slope. Therefore, the seismic waves in the propagation path are re�ected and refracted. The
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superposition of various seismic waves results in a more complicated seismic wave �eld on the slope
and result in the acceleration response characteristics described above.

3.2 Dynamic displacement response law

3.2.1 Analysis of Response Characteristics of Slope
Horizontal Dynamic Displacement
The horizontal dynamic displacement response characteristics of the slope under the excitation of WC-x
and WC-xz are studied.

Figure 12 is the time history curve of the horizontal dynamic displacement response of the measuring
point DX3 under the excitation of WC-x and WC-xz with a peak value of 0.4g. Figure 13 shows the
relationship between the peak value of the horizontal dynamic displacement response of the measuring
point DX5 and the peak value of acceleration excitation. Figure 14 shows the distribution of the
horizontal dynamic displacement response peaks along the slope height at each measurement point of
the slope under different seismic wave peak conditions.

Analyzing Fig. 13, under the excitation of WC-z seismic wave, the magnitude of the excitation peak does
not signi�cantly change the peak of the horizontal dynamic displacement response, but the peak of the
horizontal dynamic displacement response gradually increases under the x unidirectional and xz
bidirectional excitations. It can be seen that the slope horizontal dynamic displacement response peak is
mainly affected by the horizontal seismic wave, and the horizontal dynamic displacement response peak
increases with the increase of the acceleration peak.

(1)Fig. 14 shows that under the excitation of WC-x and WC-xz seismic waves, the peak value of horizontal
dynamic displacement generally gradually increases with the increase of slope height under various
working conditions, and the response peak value is below the boundary of the strata. The growth rate is
relatively slow. Above the rock boundary, the rate of increase increases. And near the top of the slope, the
increasing trend is rapid, basically reaching the maximum. It can be seen from the �gure that a large
horizontal displacement occurs near the top of the slope, and the slope is easily damaged. From a
longitudinal comparison, for the same seismic wave, the slope dynamic displacement response peak
under high-peak seismic wave excitation is generally larger than that under low-peak seismic wave
excitation. In the surrounding rock at the lower part of the slope, due to the weight of the surrounding rock
and the better grade of the surrounding rock, its stiffness is greater than that of the upper surrounding
rock, and it is more restrained, making the peak horizontal dynamic displacement of the slope smaller. At
the interface between the two layers of surrounding rocks, the dynamic displacement response peak is
still small due to the mutual friction between the surrounding rocks and the weight of the surrounding
rocks. In the upper surrounding rock, due to its poor grade and less restraint, the dynamic displacement
response is severe.
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(2)The horizontal dynamic displacement of the slope under WC-xz excitation is greater than that under
WC-x excitation. And the peak value of dynamic displacement under WC-z excitation is the smallest.
However, under WC-z excitation, the peak value of the horizontal dynamic displacement response
generally increases with the increase of the slope height. It can be inferred that the dynamic displacement
response of the slope is mainly affected by the seismic wave in the same direction, and the vertical
seismic wave will also affect the horizontal. In summary, the peak dynamic displacement response of the
slope is affected by factors such as the direction of the seismic wave, the intensity of the excitation, the
characteristics of the surrounding rock itself, and the location of the displacement measurement point.

3.2.2 Analysis of response characteristics of slope vertical
dynamic displacement
The vertical dynamic displacement response characteristics of the slope under WC-z and WC-xz
excitation are studied.

Analyzing Fig. 16, with the increase of the excitation peak value, the vertical dynamic displacement peak
value does not change signi�cantly under WC-x excitation. Under WC-z and WC-xz excitations, the slope
dynamic displacement response peak value changes nonlinearly and gradually increases with the
increase of the acceleration peak value. It can be seen from the graph analysis that the vertical dynamic
displacement is mainly related to the vertical seismic wave excitation. The peak value of the vertical
dynamic displacement of the measuring point DZ5 increases with the increase of the peak value of the
excitation.

(1)Analyzing Fig. 17, from a longitudinal comparison, under the same seismic wave excitation, as the
peak value increases, the vertical dynamic displacement response peak value of the same measuring
point gradually increases. After repeated excitations, the surrounding rock gradually softened and
showed more nonlinearity. The peak value of the vertical dynamic displacement response of each
measuring point of the slope generally decreases �rst and then increases. Due to the good grade of the
surrounding rock, the higher stiffness, strength and dead weight, etc, the lower surrounding rock of the
slope has stronger seismic wave suppression than the upper surrounding rock. The vertical dynamic
displacement response peak value is generally decreasing below the boundary of the rock. At the 3/5
slope height, the boundary between the rock layers, the vertical dynamic displacement response peak is
the smallest because of the friction between the two surrounding rocks and the weight of the surrounding
rock. Above this point, the slope is restricted and reduced, and the peak vertical dynamic displacement
increases rapidly. The peak value of vertical dynamic displacement under bidirectional seismic wave
excitation is greater than that under unidirectional excitation.

(2)From a horizontal comparison, the peak value of dynamic displacement response under WC-z
excitation is larger than that under WC-x excitation. Under the excitation of WC-x, the peak value of the
vertical dynamic displacement response tends to increase as a whole. It can be seen that the vertical
dynamic displacement will also be affected by horizontal seismic waves, especially when the type of
surrounding rock is poor. Under the WC-xz bidirectional excitation, the peak value of the vertical dynamic
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displacement response is greater than that of the unidirectional excitation. It shows that the dynamic
response of the slope caused by bi-directional seismic waves is greater than that of unidirectional
seismic waves, and its destructiveness is also greater. According to Fig. 17, it can be inferred that in
actual slope seismic engineering practice, proper attention should be paid to the vertical displacement
near the toe and top of the slope, where a large vertical displacement may occur. At the same time, the
dynamic displacement response of the slope is also related to the excitation direction, the characteristics
of the surrounding rock itself and the location of the measuring point.

4 Conclusion
In this paper, a similarity ratio of 1:20 is established to model the weak surrounding rock slope of a
double-arch tunnel. A shaking table test was carried out, and Wenchuan waves with different peaks were
selected to excite three loading directions. The slope acceleration and dynamic displacement response
characteristics were explored. The relevant conclusions are shown below.

(1)The acceleration ampli�cation factor gradually increases with the slope height, and its change trend is
nonlinear. The nature of the slope, the coupling between the double-arch tunnel and the seismic wave,
and the interface between the strata will all affect this trend. The acceleration ampli�cation effect of
slope under unidirectional excitation is more obvious than under bi-directional excitation. Due to the
coupling effect of the slope and the double-arch tunnel, the Fourier spectrum of the seismic wave
changes greatly, and the high-frequency region of the seismic wave is more easily �ltered by the slope.

(2)When the Wenchuan wave is excited in one direction, the acceleration ampli�cation factor increases
with the increase of the excitation peak. In the bilateral excitation, with the increase of the peak value of
the seismic wave, the acceleration ampli�cation factor shows a decreasing trend as a whole, and the
acceleration ampli�cation factor �rst increases and then decreases with the increase of the relative
height of the slope. The characteristics of this change are related to the in�uence of the direction of
seismic wave excitation, the coupling between the double-arch tunnel and the slope, and the nature of the
slope rock mass.

(3)The horizontal and vertical dynamic displacement response of the weak surrounding rock slope of the
double-arch tunnel is closely related to the seismic wave in the same direction. And the overall value
increases with the increase of the excitation peak. It should be noted that there may be a large vertical
displacement near the toe and top of the slope, and this should be paid attention to in actual engineering.
The dynamic displacement response of the slope is related to the direction of seismic wave excitation
and the position of the displacement measuring point.

(4)The peak value of the dynamic displacement response of the slope of the double-arch tunnel changes
nonlinearly under the action of earthquake. The peak value of horizontal dynamic displacement increases
slowly below the boundary of the strata, and the vertical dynamic displacement generally shows a
decreasing trend. Above the height of the rock layer interface, the dynamic displacement response peak
increases rapidly, and the maximum displacement occurs near the top of the slope. It is speculated that
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slope damage such as landslides and rock mass ejection are more likely to occur near the top of the
slope.

It is worth noting that due to the in�uence of the size effect, the data obtained from the shaking table test,
such as the acceleration ampli�cation factor, are often larger than the actual situation. This situation
should be paid attention to in the actual engineering design and construction process.
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Figure 1
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Large-scale shaking table

Figure 2

Lining model
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Figure 3

Processing of model box internal boundaries
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Figure 4

Pro�le of model slope
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Figure 5

Locations layout of transducers

Figure 6
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Acceleration time-history of wenchuan seismic wave

Figure 7

Measure of the horizontal acceleration time-history response of AX2 in wc-x and wc-xz excitation
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Figure 8

Ampli�cation coe�cient change law of horizontal acceleration with height of slope
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Figure 9

Acceleration fourier spectrum of sensor AX0, AX3 and AX5 under the excitation of wc-x
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Figure 10

Ampli�cation coe�cient change law of vertical acceleration with height of slope
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Figure 11

Acceleration fourier spectrum of sensor AZ0 and AZ5 under the excitation of wc-z
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Figure 12

Horizontal dynamic displacement time-history curve measured by point DX3
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Figure 13

Relation between horizontal displacement of point DX5 with and peak load
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Figure 14

Regular of horizontal dynamic displacement peak response varies with height of slope
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Figure 15

Vertical displacement response time-history curves of point DZ5
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Figure 16

Relation between vertical displacement of point DZ5 with and peak load
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Figure 17

Regular of vertical dynamic displacement peak response varies with height of slope
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