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Taking a bedding rock slope with weak structural plane as the prototype, a shaking table
test with a similarity ratio of 1:10 is designed and carried out. By analyzing the acceleration
and displacement responses at different positions of the slope, the seismic response and
instability mechanism of rock bedding slope under different seismic amplitudes,
frequencies, and durations are studied. Before the failure of the slope, the rock
bedding slope shows an obvious “elevation effect” and “surface effect” under the
action of Wenchuan Wolong earthquake wave with different amplitudes. With the
increase of the amplitude of the input seismic wave, the elevation effect and the
surface effect gradually weaken. When the amplitude of the seismic wave reaches
0.9 g, the rock bedding slope begins to show damage, which demonstrates that the
difference of PGA amplification coefficients on both sides of the weak structural plane
increases significantly. Compared with the Kobe seismic wave and Wenchuan Wolong
seismic wave, the excellent frequency of EL Centro seismic wave is closer to the first-order
natural frequency of slope model and produces resonance phenomenon, which leads to
the elevation effect of PGA amplification coefficient more significantly. Through the analysis
of the instability process of rock bedding slope, it can be found that the failure mechanism
of the slope can be divided into two stages: the formation of sliding shear plane and the
overall instability of the slope.

Keywords: shaking table test, bedding rock slopes, dynamic response, peak acceleration amplification coefficient,
failure mechanism

1 INTRODUCTION

Due to the influence of collision and compression between the Indian Ocean plate and the Eurasian
plate, the neotectonic movement in the mountainous area of Southwest China is extremely strong.
There are a lot of active fault zones in this area, which means high-intensity earthquakes occur
frequently [1, 2]. When high-intensity earthquakes occur, strong ground vibrations may induce
large-scale landslides [3, 4]. For example [5-7], the Wenchuan Ms 8.0 earthquake triggered about
60,000 landslides, which caused the injuries and deaths of more than 20,000 people. Five years later,
the magnitude 7.0 earthquake in Lushan also triggered more than 3,800 landslides. Debris flow from
the slope collapse destroyed a lot of infrastructure and tens of thousands of people lost their homes. It
can be seen that earthquakes are a significant threat to the stability of a slope.
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A bedding rock slope with a weak structural plane is one of the
most common slope types in Southwest China [8]. Compared
with stacked slopes, this type of slope is more prone to instability
and failure under seismic force. Due to the existence of weak
structural planes, the instability mechanism of bedding rock
slopes is extremely complex. During strong earthquakes, the
increase of dynamic load and horizontal seismic force reduces
the normal pressure on the weak structural plane of the slope. The
overall sliding force of the slope also increases due to the
earthquake inertia force [9, 10]. These reasons reduce the
safety factor of the slope and make the slope unstable.

A considerable amount of research has been conducted on the
seismic stability of bedding rock slopes using shaking table model
tests and numerical simulation [11-14]. For example, Huang R Q
[15] established a conceptual model of the failure mechanism of the
layered rock mass slope through actual geological observation work
on site, and studied the seismic dynamic response characteristics and
failure processes of different structural types of slopes through large-
scale shaking table experiments; Liu X R et al. [16, 17] used the
shaking table test and numerical simulations to study the stability of
bedding rock slopes under the action of the high frequency micro
earthquake induced by the Three Gorges reservoir, and considered
the influence of different dynamic load amplitudes, dynamic load
frequencies, and slope heights on slope cumulative failure; Fan G.
[18-20] carried out the shaking table test to obtain the dynamic
failure mode of bedding rock slope, and used the energy identification
method to characterize the development process of earthquake
damage inside slope; Chen X L et al. [21, 22] proposed a method
for calculating the dynamic fuzzy reliability of bedding rock slopes
under random earthquake excitation based on the Newmark-beta
method, and analyzed the influence of ground motion parameters
and uncertainty on the reliability of bedding rock slopes. These
research results have a certain guiding significance for understanding
the seismic response characteristics of bedding rock slopes.

However, the existing research results are based on simple
layered bedding and do not consider the influence of weak
structural planes between layers on the seismic response of
bedding rock slopes. Moreover, due to the randomness of
seismic force and the different mechanical parameters of
slopes, the slope often has different dynamic response and
failure mechanisms [23], and it is necessary to study it more
deeply and systematically. The large-scale shaking table physical
simulation test is one of the most effective methods to reveal the
seismic response and failure process of slopes. Therefore, this
method is used to study the dynamic response of bedding rock
slopes with weak structural planes under a strong seismic force.

In this paper, a bedding rock slope which may collapse in the
southwest mountain area is selected, and the 1:10 scale shaking
table physical simulation test of this slope is designed and carried
out. By analyzing the acceleration and displacement responses at
different measuring points of bedding rock slope in the shaking
table test, the seismic dynamic response characteristics and failure
processes of this slope are obtained. On this basis, the influence of
seismic wave frequency, amplitude, and duration on slope
dynamic response is analyzed by loading different types of
seismic waves. The research results can provide a reference for
the prevention and treatment of bedding rock slopes.

Slopes, Test, Dynamic Response, Earthquake

2 OVERVIEW OF THE SHAKING TABLE
TEST

The Parameters of the Shaking Table
Based on the bedding rock slope at the exit of a tunnel in the

mountainous area of Southwest China, the shaking table test is
designed and carried out. The test site is the earthquake simulation
shaking table laboratory at the School of Architecture and Civil
Engineering, Xinyang Normal University. The shaking table is a
large-scale one-way seismic simulation shaking table with a table size
of 3m x 3 m. The table structure is a steel-welded single-layer grid.
The maximum load capacity of the table is 10 t and the maximum
speed is 0.7 m/s. The frequency of this shaking table is 0.1-50 Hz, the
displacement range is +125 mm, and the maximum acceleration is
15 m/s*, which can meet the requirements of this shaking table test.

Design of Similar Systems and Similar

Materials

In the shaking table simulation test, keeping the model similar to
the prototype is a prerequisite to ensure the accuracy of the test
results. According to the similarity theory [24], the density (p),
elastic modulus (E), and geometric dimension (L) are taken as
control parameters to design a similar system to the model test.
Considering the size of the prototype slope and the condition of
test equipment, the similarity constants of geometric dimensions
are set to 10. The other similarity constants are shown in Table 1.
The geological survey report shows that the lithology of the
prototype slope is mainly quartz sandstone splint. Referring to
the types of raw materials commonly used in model test and their
mechanical properties [25, 26], gypsum, clay, river sand, and
water are used as raw materials of similar materials in this test.
Through repeated material ratio test, it is determined that the
ratio of the simulated rock material is gypsum: clay: river sand:
water = 1: 5.38: 1.52: 0.27, and the ratio of the weak structure
plane simulated material is clay: river Sand: water = 1: 6.89: 0.25.
Through a density test, direct shear test, and triaxial compression
test, the density of the rock material is 1.908 g/cm”, the cohesion
is 15.5 kPa, the internal friction angle is 37.9°, and the density of
the structural surface material is 1.72 g/cm’. The cohesion force is
2.7 kPa and the internal friction angle is 41.7".

The Process of Making the Slope Model

The model box used in this model test is a rigid model box welded
by angle steel, channel steel, and steel plate, and its size is 2.0 m x
2.0 m x 1.5 m (length x width x height), as shown in Figure 1. In
order to observe and record the deformation and failure of the
slope model during the test, 12 mm thick plexiglass is used for
visualization on both sides of the model box. Vaseline was evenly
applied on the inside of the plexiglass to reduce the friction
between the model and the plexiglass. A polyethylene foam with a
thickness of 10 cm is placed between the steel plate and the model
as a shock-absorbing layer to reduce the influence of the model
box boundary effect [27].

According to previous geological exploration, the prototype
slope is a rock slope with many weak structural planes. These
weak structural planes are approximately equally spaced. In order
to facilitate the establishment of the test model, the prototype
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TABLE 1 | Similar constants of shaking table test.

Slopes, Test, Dynamic Response, Earthquake

No Physical quantity Similarity Similar constants Remarks

1 Geometric dimensions L C 10 Control parameter
2 Soil weight y C, 1 Control parameter
3 Duration Ty Crg=CP® 3.16 —

4 Cohesion ¢ C.=C 10 —

5 Internal friction angle ¢ C,=1 1 -

6 Elastic modulus £ Ce=C 10 —

7 Poisson’s ratio u Cy 1 -

8 Shear wave velocity vs Cvs = CP° 3.16 —

9 Acceleration of gravity g Cqy 1 Control parameter
10 Input acceleration A Ca=1 1 —

11 Input vibration frequency w C,=C%® 0.316 —

12 Response linear displacement s Cs 10 —

13 Response angular displacement 6 Co 1 —

14 Response strain ¢ C,=1 1 —

15 Response speed V/ Cy=CP?® 3.162 —

16 Response stress o C, 10 —

17 Response acceleration a Co=1 1 —

Signal Source

Sensor Element

Monitoring System

Control System

Shaking Table

Signal Processing
System

Vibration Exciter

FIGURE 1 | Principle of shaking table test.

FIGURE 2 | The model box used in the test.

slope is simplified as a slope with parallel rock layers, the
inclination angle of rock stratum is 35°, and the angle of slope
foot is 60°. The thickness of the rock layer is 6 cm and the
thickness of the weak structural planes is 1cm for layered
filling and compaction. In this process, the three-way
acceleration sensor is arranged inside the slope body and on

FIGURE 3 | The slope model in the test.

the slope body surface, and the acceleration sensors is also
arranged on the vibrating table as a reference point for
calculating the peak ground acceleration (PGA) amplification
coefficient. In addition, pull-wire displacement sensors are used
to measure the displacement at different heights of the slope. The
test model is shown in Figure 3, and the measuring point layout is
shown in Figure 4.

The Loading Conditions of the Test
In order to study the dynamic response of bedding rock slopes

under seismic waves of different frequencies, amplitudes, and
durations, this test applied three seismic waves in the horizontal
direction: Wenchuan Wolong seismic wave, Kobe seismic wave,
and EL Centro seismic wave. The acceleration peak values of the
three seismic waves are normalized, and the duration is adjusted
according to the similarity relationship. The adjusted acceleration
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FIGURE 4 | Acceleration and displacement point arrangement in
the test.

time history curves of the three seismic waves are shown in
Figure 5. The shaking table test started with an amplitude 0f 0.1 g,
and the amplitude of each seismic wave (0.1-1.2 g) was gradually
increased in the order of the Wenchuan Wolong seismic wave,
Kobe seismic wave, and EL Centro seismic wave until the model
failed. Before each peak seismic wave loading, the model was
swept by white noise with an amplitude of 0.05 g. The specific
loading conditions are shown in Table 2.

3 ACCELERATION RESPONSE OF
BEDDING ROCK SLOPE

Acceleration Response of Slope Under

Different Seismic Wave Amplitudes

Under the action of seismic force, the slope surface and slope
body of the bedding rock slope generally show different
acceleration responses [28, 29]. In this test, the Y-direction
acceleration of Al, A2, A3, A4, and A5 measuring points is
taken as the acceleration response of slope surface, and the
Y-direction acceleration of Al, A6, a7, a8, and A9 is taken as
the acceleration response of the slope surface. The PGA
amplification coefficient is defined as the ratio of the peak
acceleration of each measuring point to the peak acceleration
of A10 measuring point; Al0 is the peak acceleration of the
shaking table. Taking the Wenchuan seismic wave as an example,
the variation law of the PGA amplification coefficient of the slope
surface and slope body with elevation under different seismic
amplitude values is analyzed.

Figures 6 and 7 show the variation law of the PGA
amplification coefficient of the slope and slope body with
elevation. Before the slope failure (input seismic wave
amplitude is 0.1-0.8 g), the slope has an obvious elevation
amplification effect on the input seismic wave. In particular,
the PGA amplification coefficient at the top of the slope increases
significantly, which is about 2-3 times that at the slope shoulder

Acceleration (g) >
s =
=) W

'
i
n

'

—

e
L
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Time (s)

Acceleration time-history curve of Wenchuan Wolong seismic wave
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0 4 8 12
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Acceleration time-history curve of Kobe seismic wave

()
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0.0 E
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-1.0F E
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Acceleration time-history curve of EL Centro seismic wave

FIGURE 5 | The horizontal seismic waves used in the test. (A)
Acceleration time-history curve of Wenchuan Wolong seismic wave. (B)
Acceleration time-history curve of Kobe seismic wave. (C) Acceleration time-
history curve of EL Centro seismic wave.

(2/3 height of the slope). With the increase of seismic wave
amplitude, the PGA amplification coefficient of the slope body
and slope surface decreases gradually, and the elevation
amplification effect weakens. The reason for this phenomenon
is that the dynamic shear strength and dynamic shear modulus of
slope materials decrease gradually with the increase of input
seismic amplitude, and the damping ratio of slope increases, the
nonlinear characteristics gradually strengthen. The slope has
better isolation and damping effects, and more energy is
consumed in the process of seismic wave propagation from
bottom to top, which leads to the weakening of the elevation
effect of the PGA amplification coefficient.
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TABLE 2 | Loading conditions of shaking table test.

Serial The type of seismic Serial The type of seismic
number wave and its number wave and its
amplitude amplitude
1 0.05 g White noise 25 0.7g  White noise
2 0.1g Wenchuan 26 0.7g Wenchuan
wave wave
3 Kobe wave 27 Kobe wave
4 EL Centro wave 28 EL Centro wave
5 0.05 g White noise 29 0.05g White noise
6 0.2g Wenchuan 30 0.8g Wenchuan
wave wave
7 Kobe wave 31 Kobe wave
8 EL Centro wave 32 EL Centro wave
9 0.05g White noise 33 0.05g White noise
10 0.3g Wenchuan 34 0.9g Wenchuan
wave wave
iRl Kobe wave 35 Kobe wave
12 EL Centro wave 36 EL Centro wave
13 0.05 g White noise 37 0.05 g White noise
14 0.4g Wenchuan 38 1.0g Wenchuan
wave wave
15 Kobe wave 39 Kobe wave
16 EL Centro wave 40 EL Centro wave
17 0.05g White noise 41 0.05g White noise
18 0.5g Wenchuan 42 1.2g Wenchuan
wave wave
19 Kobe wave 43 Kobe w ave
20 EL Centro wave 44 EL Centro wave
21 0.05g White noise - — -
22 0.6g Wenchuan — - —
wave
23 Kobe wave - - -
24 EL Centro wave — - —
150 L) L) L)
125 E
'é\ —a—(.1g
s 100 —e—0.2g
) —h— 0.3g
g 75t —v—0.4g |
= ——0.5g
< —e—0.6g
S0 F ——0.7g 1
—e—0.8¢g
—>—(.9g
251 —e—1.0g
—o—1.2¢g
0 Il Il Il
0 1 2 3 4
PGA amplification coefficient
FIGURE 6 | PGA amplification coefficient of slope surface under different
seismic wave amplitudes.

When the seismic wave amplitude reaches 0.9 g, the slope
begins to show damage. Taking the slope shoulder as the
boundary point, the GPA amplification coefficient of the
measuring points below the slope shoulder decreases

Slopes, Test, Dynamic Response, Earthquake

150 L] L] L]

125 E
£ ——0.1g
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0 1 2 3 4
PGA amplification coefficient
FIGURE 7 | PGA amplification coefficient of slope body under different
seismic wave amplitudes.

significantly. The GPA amplification coefficient of the
measuring point above the slope shoulder suddenly increases,
and the GPA amplification coefficient of the slope top measuring
point is about 6 times that of the slope shoulder measuring point.
Continuing to increase the input seismic wave amplitude, the
PGA amplification coefficient of the slope top measuring point
begins to decrease, but the difference between it and the slope
shoulder does not change. The main reason for the above
phenomenon may be that the internal structure of the slope is
damaged, and there are a large number of micro-cracks in the
rock mass, which divide the slope into loose blocks and enhance
the filtering effect of the slope material. At the same time, the
internal friction and frictional energy consumption between the
slope layers increase [30], which further leads to a significant
decrease in the GPA amplification coefficient of each measuring
point below the slope shoulder. The slope body above the slope
shoulder produces relative slip through the structural plane, and
gradually separates from the main slope body. The inconsistency
of slope movement on both sides of the structural plane increases,
so the difference of GPA amplification coefficient increases.

Acceleration Response of Slope Under

Different Seismic Waves

In order to clearly explain the variation law of slope acceleration
response with elevation under different types of seismic waves,
the acceleration responses of rock bedding slopes under the
action of 0.1 g Wolong seismic wave, El Centro earthquake
wave, and Kobe seismic wave are selected for comparative
analysis, as shown in Figures 8 and 9.

It can be seen from Figures 8 and 9 that the Y-direction PGA
amplification coefficient of the slope body and slope surface
shows an obvious elevation amplification effect, which is
independent of the seismic wave type. Comparing the PGA
amplification coefficient of the slope surface and slope body
under different seismic waves, El Centro seismic wave has the
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FIGURE 8 | PGA amplification coefficient of slope surface under different
seismic wave.
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FIGURE 9 | PGA amplification coefficient of slope body under different
seismic wave.

greatest impact on the slope, Kobe seismic wave takes the second
place, and Wolong Wenchuan seismic wave is the smallest.
According to the frequency spectrum analysis of acceleration
time history curve, compared with Kobe seismic wave and
Wenchuan Wolong seismic wave, the predominant frequency
of El Centro seismic wave is closer to the first-order natural
frequency of the slope model, so it is easier to produce resonance
phenomenon. The acceleration time history curve of the
measurement point is analyzed by FFT spectrum. Therefore,
the influence of different seismic waves on the acceleration
response of bedding rock slope is mainly reflected in the
difference between the predominant frequency of seismic
waves and the natural frequency of the slope.

Difference of Acceleration Response
Between Slope Surface and Slope Body
The Y-direction PGA amplification coefficient of measuring
points at the slope waist (A2 and A7) and slope shoulder (A3
and A8) under the action of Wenchuan seismic wave are selected.

Seismic wave amplitude (g)

FIGURE 10 | Difference of PGA ampilification coefficient between slope
surface and slope body (the slope waist).

1.5 T T T T T T
—s=— slope surface
—o— slope body
1.2+ E

0.9 b

0.6 b

PGA amplification coefficient

0.3 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Seismic wave amplitude (g)

FIGURE 11 | Difference of PGA ampilification coefficient between slope

surface and slope body (the slope shoulder).

The difference of acceleration response between slope surface and
slope body is analyzed, as shown in Figures 10 and 11.

It can be seen from Figures 10 and 11, whether at the slope
waist or the slope shoulder, the PGA amplification coefficient of
the slope body is always smaller than that of the slope surface.
This phenomenon indicates that the seismic wave is refracted and
projected on the free surface of the slope surface, which makes the
acceleration response of the slope more intense, and the
acceleration response of the bedding rock slope has an obvious
“surface effect” [32] in the horizontal direction. With the increase
of seismic amplitude, the slope begins to show damage, the cracks
in the slope are gradually connected, which leads to the further
strengthening of the filtering effect of the slope, and the “surface
effect” is gradually reduced. Especially when the seismic
amplitude reaches 1.0g, the tensile cracks at the slope
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0.9¢ Wenchuan seismic wave

Y

1.2g Wenchuan seismic wave

FIGURE 12 | The instability process of bedding rock slope. (A) 0.9 g Wenchuan seismic wave. (B) 1.0 g Wenchuan seismic wave. (C) 1.2 g Wenchuan
seismic wave.

shoulder and slope waist expand and open, which further affect ~ began to damage in the process of the Wenchuan earthquake

the horizontal acceleration response of the bedding rock slope. wave with 0.9 g amplitude, and collapsed in the process of the
Wenchuan earthquake wave with 1.2 ¢ amplitude. The whole
instability process of the slope is shown in Figure 12.

4 FAILURE MECHANISM OF BEDDING Based on the comprehensive analysis of Figure 12, the whole

ROCK SLOPE instability process of bedding rock slopes can be obtained. Under
the action of 0.8 g and less than 0.8 g seismic wave, the bedding

In this test, the high-speed camera system was used to record the  rock slope does not take damage. When the input seismic wave

instability process of the slope model. The bedding rock slope  amplitude reaches 0.9 g, the middle and upper parts of the slope
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FIGURE 13 | displacement time history curves of slope surface
measuring points D1, D2 and D3 under the action of 0.9 g Wenchuan
seismic wave.

gradually slide down along the weak structural plane, and the
trailing edge of the slope begins to separate from the model box.
The middle and upper part of the slope are blocked by the “locked
section” of the slope body, which fails to slide out along the weak
structural plane, and two tensile cracks perpendicular to the rock
layer are generated at the shoulder and waist of the slope surface,
as shown in Figure 12A. When the amplitude of the seismic wave
is increased to 0.9 g, the sliding behavior of the slope is more
intense, and the two tensile fissures expand and open to the weak
structural plane. At the same time, there are many through cracks
on the slope surface, and some rock blocks at the foot of the slope
are spalling, as shown in Figurel2B. When the input seismic
amplitude reaches 1.2 g, the tensile fracture and the sliding
structural plane connect and form a shear slip surface, which
leads to the separation of the upper rock layer and lower rock
layer, and the upper rock layer collapses in the form of blocks.
The slope loses its stability and damages, as shown in Figure 12C.

Taking the displacement time history curves of slope surface
measuring points D1, D2, and D3 under the action of 09g
Wenchuan seismic wave as an example, the failure mechanism of
the slope is further analyzed. It can be seen from Figure 13 that the
displacement of the slope surface gradually increases with the increase
of elevation. This phenomenon shows that, due to the existence of a
weak structural plane, the movement of different parts of the slope is
not consistent, which leads to the shear slip of the top of the slope
relative to the main body. In addition, the time of displacement
mutation is about 5 and 14 s respectively, which corresponds to the
time node when the input seismic wave reaches the double peak value.

Considering the acceleration response and displacement
response of the slope, the instability mechanism of bedding
rock slopes can be divided into two stages. Due to the
existence of a weak structural plane, the first stage involves the
inconsistent movement of different parts of the slope. Under the
action of gravity and seismic force, the top of the slope slides
down along the structural plane, the back edge of the slope is
separated from the model box, and the tension cracks gradually
expand to the structural plane in the locked section of the slope.

Slopes, Test, Dynamic Response, Earthquake

With the continuous ground motion, the second stage sees
inconsistent movement between the rock layers further increases,
and the tensile fracture connects with the structural plane and forms
a shear slip surface. The top slope slides out along the shear slip
surface, and the slope loses its stability and damages.

5 CONCLUSION

In this paper, a similarity ratio of 1:10 shaking table test is
designed and carried out to systematically study the seismic
dynamic response and instability mechanism of rock bedding
slopes under different seismic amplitudes, frequencies, and
durations. The conclusion is as follows:

Firstly, the slope has an obvious elevation effect and surface
effect on the input seismic wave before the slope failure. The PGA
amplification coefficient at the top of slope specifically increases
significantly. With the increase of seismic wave amplitude, the
nonlinear and damping characteristics of slope materials change
gradually. The PGA amplification coefficient of slope body and
slope surface increases, while the elevation effect and surface
effect decrease.

Secondly, when the seismic wave amplitude reaches 0.9 g,
tension cracks occur in the slope structure and damage occurs.
The GPA amplification coefficient of the slope measuring points
below the sliding surface decreases significantly while that of the
slope measuring points above the sliding surface increases
significantly. Continuing to increase the input seismic wave
amplitude, the upper area slips along the sliding surface, and
gradually separates from the main body of the slope, resulting in
slope destabilization and destruction.

Thirdly, the influence of different seismic waves on the
acceleration response of bedding rock slopes is mainly
reflected in the difference between the excellent frequency of
seismic waves and the natural frequency of the slope. Compared
with Kobe seismic wave and Wenchuan Wolong seismic wave,
the excellent frequency of EL Centro seismic wave is closer to the
first-order natural frequency of the slope model and produces
resonance phenomenon, which leads to the elevation effect of the
PGA amplification coefficient more significantly.

Fourthly, the instability mechanism of bedding rock slopes is
mainly divided into two stages: penetration of sliding shear plane and
integral instability of slope. Under the action of gravity and seismic
force, rock at the top of the slope begins to slide along the structural
plane, the rear edge of the slope is separated from the model box, and
tension cracks gradually extend to the structural plane at the slope
locking section. With the continuous seismic motion, the inconsistent
movement between rock layers increases further, tension cracks run
through the structural plane, the top slope slides along the shear
sliding surface, and the slope loses its stability and damages.

6 DISCUSSION

This paper selected a typical bedding rock slope in the southwest
mountainous area to study its seismic response and failure
mechanism. The results are basically consistent with the
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instability process of other similar slopes. In addition, some of the
research results in this article have been applied to practical projects,
such as the reinforcement of vulnerable parts of a slope. However,
the seismic response of bedding rock slope is a very complex
nonlinear dynamic process, which needs further improvement.
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