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Abstract: Huge hazards are frequently caused by earthquake-induced rock avalanche. The study of dynamic response characteristics 

and failure mechanism of the rock slope in specific geological condition is a challenging issue in geotechnical engineering. In this 

paper, a shaking table test that reproduces the Shuiqiuchi rock avalanche was carried out to understand the dynamic response and 

failure mechanism of rock slope controlled by faults. The testing results show that when the dip angle of the fault is greater than a 

specific critical angle, part of the reflected and transmitted waves at the discontinuous interface change into sliding waves, resulting 

in a sudden change in the acceleration response at the fault. The peak acceleration amplification factor inside the model slope presents 

a significant three-stage trend. Peak horizontal acceleration amplification factor increases obviously with elevation, while peak 

vertical acceleration amplification factor increases slightly with elevation. The natural frequency curve of the slope model can be 

divided into three stages with a downward trend, which indicates that the dynamic characteristics of the model have changed. By 

comparing the shaking table test with the Shuiqiuchi rock avalanche prototype, the main failure mode of the rock slope with fault 

structure is found as follows: the slope crest first shows vertical tensile cracks under the seismic load, followed by cracking damage 

of the fragmented rock mass in the hanging wall of the fault, and finally sliding occurs along the fault surface. This research could 

provide references for the early-warning of granite avalanche, and offer the basic data and scientific support for the development of 

Qinling Mountain geological heritages. 

Keywords: Shuiqiuchi rock avalanche; fault; shaking table test; seismic response; dynamic failure characteristics 

 

1  Introduction 

Rock slope failure triggered by earthquake is one 
of the most destructive natural disasters[1−3]. The 
earthquakes that occurred on the left bank of Murgab 
River in Pamir Plateau in 1911 and in Diexi area in 
1933 induced large-scale rock slope failure and caused 
numerous casualties[4−6]. However, the dynamic response 
and failure mechanism of rock slope in specific geological 
conditions is a challenging issue in geotechnical 
engineering. Faults are formed in the rock mass due to 
violent tectonic activities[7], and rock slope failure 
triggered by earthquake has attracted extensive attentions[8]. 

A 50 km long rock avalanche zone was developed 
in the middle of the northern edge of the Qinling 
Mountains to the south of Xi’an City, Shaanxi Province, 
China, and more than 20 rock slope failure cases 
occurred in this area, of which the Shuiqiuchi rock 
avalanche is the most representative. Wu et al.[9−11] 

first proposed that the Shuiqiuchi rock avalanche is 
caused not only by earthquake, but also by external 
forces, such as rainstorm. Nan et al.[12] suggested that 
the Shuiqiuchi rock avalanche was a quick failure 
process caused by a strong earthquake. Weidinger    
et al.[13] pointed out that the Shuiqiuchi rock avalanche 
may be related to an earthquake that occurred in 780 
BC. Based on the field investigation and exploration, 
Lü et al.[14−15] conducted a series of studies on the 
morphological characteristics, the structure of accumulation 
body, the range of disaster, the date, the formation 
mechanism, and the dynamic process of rock avalanche 
in Cuihua Mountain. However, there are few studies 
on the dynamic response and failure mechanism of the 
Shuiqiuchi rock avalanche. According to the field 
geological survey, one fault passes through the middle 
and upper parts of the original slope, which plays an 
important role in controlling the Shuiqiuchi rock 
avalanche. Therefore, the dynamic response and 
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failure mechanism of granite slope controlled by fault 
subject to earthquake action are essential to explain 
the evolution mechanism of rock avalanche in the 
northern edge of the Qinling Mountains.  

Earthquake is the dominant factor causing Shuiqiuchi 
rock slope failure. Shaking table has important advantages 
in simulating seismic load. For example, Xu et al.[16] 
discussed the dynamic response of soil slope through 
shaking table test. Yang et al.[17] constructed a slope 
model with anti-inclined layered structure and studied 
the dynamic response under earthquake loading. Dong 
et al.[18] investigated the dynamic response characteristics 
and failure mechanism of bedding rock slope through 
large-scale shaking table test. The research team of Xu 
in Chengdu University of Technology conducted numerous 
large-scale shaking table tests on slopes with different 
lithologies and structures[19−23]. Feng et al.[24] studied 
the dynamic response characteristics of single pile 
foundation embedded in rock subject to different seismic 
waves through shaking table test. Che et al.[25] combined 
numerical simulation and shaking table test and found 
that unconnected joints increase the dynamic response 
of the slope, especially at the slope shoulder, there is a 
maximum closed circle of acceleration amplification 
factor. Song et al.[26] studied the dynamic response of 
bedding rock slope and proposed a time-frequency 
joint analysis method based on time domain, frequency 
domain and time-frequency domain. 

Based on the detailed geological survey and large- 
scale shaking table test, this paper studies the dynamic 
response and failure mechanism of the Shuiqiuchi rock 
avalanche. The research results can provide references 
for the development of geological heritages of Qinling 
rock avalanche groups, and offer data for the protection 
and early-warning of rock slopes controlled by faults 
and unconnected joints. 

2  Geological background 

The Shuiqiuchi rock avalanche is located at the 
north foot of Zhongnan Mountain in Qinling Mountains. 
The failure area is about 1.5×105 m2, the thickness of 
avalanche body varies from 30 m to 120 m, the 
volume of avalanche body is about 1.8×107 m3, and 
the height difference is about 300 m. The rock slope 
failed from west to east, with the main movement type 
of sliding. 

The angle of the back scarp is about 65°−70° and 
the height is 160−220 m. The bedrock exposed on the 
rear is Indosinian granite intrusion and the lithology is 
monzogranite. According to the relative position and 

the characteristics of the avalanche body, it can be 
divided into four areas, i.e. the back scarp, the main 
accumulation area, the front accumulation area (not 
shown in Fig.1 due to the unmanned aerial vehicle 
restrictions) and the barrier lake area. 

 

 

Fig. 1  Shuiqiuchi rock avalanche 
 

A fault passes through the middle and upper parts 
of the slope based on the field geological survey. 
Multiple groups of joints are developed in the hanging 
wall (i.e. rock mass that has collapsed) of the fault. 
According to the statistics, there are mainly three 
developed joint groups (see Fig.2), and their directions 
are J1-70°/85°∠65°/70°, J2-70°−85°∠65°/70° and 
J3-160°−175°∠70°/85°, respectively. The rock mass 
is of massive structure, and the footwall of the fault is 
of a relatively intact rock mass structure. The fault 
passing through the slope is Xingyuanpo Fault in the 
study area (Fig.3). The lithology of the fault dislocation 
plane is poor and accompanied by fault gouge. The 
section inclines to the southeast, with an inclination of 
70°−85°, which is similar to the rear scarp of the slope. 
Therefore, it can be considered that the fault is the 
dominant factor controlling rock slope stability, which 
cannot be ignored in the construction of the model. 
 

 

Fig. 2  Main joints in Cuihua Mountain 
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Fig. 3  Geological map of the study area 

 

3  Shaking table test 

The servo-controlled shaking table with a size of   
4 m×6 m is used in this study. The dimensions of the 
model box are 2.8 m×1.4 m×1.0 m (length×width× 
height).  

 

 
Fig. 4  Large-scale shaking table 

 

3.1 Similitude design 
The similarity constants of this test are listed in 

Table 1. 
3.2 Design and construction of slope model 

In this study, the Shuiqiuchi rock slope with fault 
structure is taken as the research object. According to 
the field investigation and considering the size of the 
model box, the slope is scaled to the dimensions of    
1.6 m×2.1 m×1.4 m (length×width×height). Material 
parameters are referred to the reported literature[27]. 
Based on the similarity theory, IBSCM materials 
developed by Zhang et al.[28−29] are selected for this 
test. This type of material includes rosin, alcohol, iron 
ore powder, quartz sand, barite powder and gypsum, 
with a ratio of 1.00 5.66 26.42 22.02 61.67 2.26. 
To ensure the accuracy of parameters[30], similar materials 

are prepared by controlling the density. 

 

Table 1  Test similarity constants 

Quantity Similitude relationship Similarity constant

Length Sl 125 

Density S 1.0 

Elastic modulus SE = S Sl 125 

Stress S =Sl S Sa 125 

Internal friction angle Sf =1 1 

Cohesion Sc = S Sl 125 

Time St=Sl(S /SE)1/2 18.03 

Frequency Sf =1/St 0.055 

Acceleration Sa= Sl /(St)2 1 

 

 

Fig. 5  Slope model 

 

The model is divided into two parts. The first part 
simulates the avalanche body, i.e. rock slope cut by 
joints in the hanging wall of the fault, and the second 
part simulates the relatively intact rock mass in the 
footwall of the fault. To well simulate the fragmented 
rock mass in the hanging wall of the fault, the first part 
is built by block. The structural plane is determined 
according to the joint arrangement in the field, and the 
rosin alcohol with the same concentration is used for 
bonding. The internal friction angle and cohesion of 
the model structural plane are 30.4° and 0.28 MPa, 
respectively[31], and those of the joints in the Cuihua 
Mountain granite are 24.5° and 0.89 MPa, respectively[32], 
which basically satisfy the similarity conditions. The 
rock mass in the footwall of the fault is built using the 
similar materials in the manual compaction way. Fig.5 
shows the slope model after construction. 
3.3 Test contents and distribution of monitoring 
points 

DH301 accelerometers are used in this test, and 
their layout is shown in Fig.6. During installation of 
the sensors, they are wrapped in plastic film and 
placed horizontally. 
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Fig. 6  Layout of accelerometers (unit: m) 

 

3.4 Selection of input wave and loading scheme 
The seismic waveforms selected in this test are El 

Centro wave and Wenchuan Wolong wave (Figs.7 and 
8), in which El Centro wave is far-site ground motion 
and Wenchuan Wolong wave is near-site ground motion. 
The dominant frequencies of these two seismic waves 
are relatively close. The dominant frequencies of 
Wenchuan Wolong wave in X- and Z-directions are 
2.34 Hz and 10.21 Hz, respectively. The dominant 
frequencies of El Centro wave in X- and Z-directions 
are 2.16 Hz and 8.65 Hz, respectively. The amplitudes 
of the Fourier spectrum of different seismic waves 
vary significantly. 

To well simulate the Shuiqiuchi granite avalanche, 
the original height of the prototype slope simulated in 
this test is 200 m. According to the similarity constant 
for time listed in Table 1 (St =18.03), the durations of 
El Centrol wave and Wenchuan Wolong wave to meet 
this requirement are 2.4 s and 9.9 s, respectively. 
According to Xu et al.[33], the duration of seismic 
motion is directly proportional to the seismic energy. 
If the time similarity ratio is strictly followed, the 
input energy would be too small to accurately reflect 
the dynamic response characteristics of the prototype 
slope. Therefore, this test ignores the scaling requirements 
of time and selects the original structure and lithology 
of slope as the object. 

To study the dynamic response and failure mechanism 
of rock slope controlled by fault, 39 loading cases are 
performed in this test. The seismic wave amplitudes of 
the first 20 loading cases range from 0.1g to 0.4g with 
every 5 cases as one stage. Firstly, the sine wave is 
loaded, and then the X-direction seismic wave (El 
Centro wave and Wenchuan Wolong wave, similarly 
hereinafter) and the Z-direction seismic wave are 
loaded. The amplitudes of seismic wave in cases 
21−35 are 0.5g−0.8g and 1.0g, with three cases in 
each stage. Firstly, the sine wave is loaded, and then 
the X- and Z-direction Wenchuan Wolong waves are 
loaded. After the completion of case 35, the model has 

deformed significantly. Therefore, the loading sequences 
of the cases 36-39 are 1.2g X-direction, 1.2g XZ-direction, 
1.4g XZ-direction and 1.6g XZ-direction Wenchuan 
Wolong waves, respectively. 
 

 
(a) El Centro wave in X-direction 

 
(b) El Centro wave in Z-direction 

 
(c) Wolong wave in X-direction 

 
(d) Wolong wave in Z-direction  

Fig. 7  Time-history curves of seismic wave acceleration 
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(a) El Centrol wave in X-direction  

 

(b) El Centro wave in Z-direction  

 
(c) Wolong wave in X-direction  

 
(d) Wolong wave in Z-direction  

Fig. 8  Fourier spectra of seismic wave 

4  Acceleration response characteristics of 
slope model 

In this study, the dynamic response characteristics 

of slope model are studied through the peak acceleration 

(PHA (peak horizontal acceleration) and PVA (peak 

vertical acceleration) of each monitoring point during 

the test. The ratios of PHA and PVA to the peak 

acceleration of seismic waves are defined as the 

amplification factors of PHA and PVA, respectively. 

4.1 Horizontal acceleration response 

Figures 9−11 show the contour maps of PHA 

amplification factor of slope model when the excitation 

amplitudes of the seismic wave are 0.1g−0.3g. In these 

figures, the dotted line is the boundary between 

bedrock and avalanche body. It can be seen that under 

the action of different types and amplitudes of seismic 

waves, the PHA amplification factor shows a monotonic 

increase trend with the elevation, and the maximum 

PHA amplification factor is always located at the slope 

crest and shoulder. By observing the distribution 

characteristics of isolines in the middle of the slope, it 

is found that the PHA amplification factor is relatively 

large at the fault, while those in the hanging wall and 

footwall of the fault are relatively small. We can see 

that after the seismic wave is perpendicular to the 

slope, the reflection and waveform conversion occur 

on the discontinuous surface. This is because the 

P-wave velocity is greater than the S-wave velocity. 

According to Snell’s theorem, when the fault dip angle 

is greater than the critical angle, the reflected and 

transmitted P-waves will show the phenomenon of 

total reflection. That is, the reflected and transmitted 

P-waves will “slide” along the interface. The superposition 

effect of “sliding wave” at monitoring point A6 makes 

the PHA amplification factor change suddenly, resulting 

in the phenomenon of large acceleration amplification 

factor in the middle and small acceleration amplification 

factor on both sides. In addition, comparing the acceleration 

amplification factors of different types of seismic 

waves, it is found that the amplification effect of the 

slope model under the El Centro wave is stronger than 

that under the Wenchuan Wolong wave. 
In order to comprehensively reflect the seismic 

response of slope, seven typical monitoring sections 
are selected, including vertical sections V1 (A1, A2, 
A3 and A4), V2 (A5, A6, A7 and A8), V3 (A9, A10, 
A11 and A12), horizontal sections H1 (A1, A5, A9), 
H2 (A2, A6, A10), H3 (A3, A7, A11) and slope 
surface (A4, A8, A12, A14, A15).   
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(a) El Centro wave                                                   (b) Wolong wave 

Fig. 9  Contour maps of 0.1g PHA amplification factor 
 

      
(a) El Centro wave                                                  (b) Wolong wave 

Fig. 10  Contour maps of 0.2g PHA amplification factor 
 

      
(a) El Centro wave                                                  (b) Wolong wave 

Fig. 11  Contour maps of 0.3g PHA amplification factor 
 

Fig.12 shows the relationship between PHA amp- 
lification factor and excitation amplitude for different 
vertical sections. The variation of PHA amplification 
factor for the three monitoring points from bottom to 
top in each vertical section (such as monitoring points 
A1, A2 and A3 in section V1) can be divided into 
three stages. Taking section V1 as an example, the 
PHA amplification factors of monitoring points A1, 
A2 and A3 first increase (amplitude of 0.1g−0.3g), 

then the increase rate decreases, even showing decreasing 
PHA amplification factor (amplitude of 0.3g−0.6g), 
and finally the PHA amplification factors increase 
again (amplitude of 0.6g−0.8g). The PHA amplification 
factors of the three monitoring points (A4, A8 and A12) 
at the slope crest always show a monotonic increase 
trend, and those of monitoring points A4 and A12 
suddenly increase at 0.4g. It is indicated that the 
seismic characteristics of sections V1 and V3 mutate 
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at the relative elevation of 0.75−1.0. 
 

 
Fig. 12  Variation characteristics of PHA amplification 

factor in each vertical section 
 

Figure13 shows the Fourier spectra of monitoring 
point A4 with amplitudes of 0.1g and 0.4g. With the 
increase of seismic wave amplitude, the peak frequency 
of Fourier spectrum of model acceleration response is 
2.5 Hz, which is close to the main frequency of input 
seismic wave of 2.34 Hz. However, the frequency 
corresponding to the second Fourier amplitude changes 
greatly. The frequency corresponding to the second 
Fourier amplitude at 0.1g is 5.75 Hz, while it decreases 
to about 3 Hz at 0.4g. Since the slope has not been 
 

 
(a) 0.1g 

 
(b) 0.4g 

Fig. 13  Fourier spectra of the monitoring point A4 

damaged, it can be considered that the section V1 of 
the slope model has been changed at the relative 
elevation of 0.75−1.0 when the amplitude is 0.4g. 

Figures 14 and 15 show the variation characteristics 
of PHA amplification factors in horizontal sections H1, 
H2 and H3 and slope surfaces, respectively. Section 
H2 reflects the change of PHA amplification factor under 
different excitation amplitudes. The PHA amplification 
factor is relatively large at the middle part of the slope 
and the upper part of the fault, while the amplification 
factors on both sides are small, which are consistent 
with the law obtained in Figs.9−11. At the bottom of 
the slope, the PHA amplification factor shows no 
obvious change along the section H1. This is due to 
the fact that the three sensors in the H1 section are 
located in the footwall of the fault, and the relative 
elevation is low. The PHA amplification factor of the 
slope shows a monotonic increase trend and the 
increase rate first increases and then decreases with 
the amplitude. When the excitation amplitude of the 
slope surface is less than 0.3g, the PHA amplification 
factor increases significantly in the lower part and 
slowly in the upper part. However, when the excitation 
amplitude is equal to or greater than 0.3g, it shows an 
opposite trend. 

 

 
Fig. 14  Variation characteristics of PHA amplification 

factor in each horizontal section 
 

 
Fig. 15  Variation characteristics of PHA amplification 

factor on the slope surface 
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4.2 Vertical acceleration response  
Figs.16−18 show the contour maps of PVA amp- 

lification factor of slope model with seismic wave 
excitation amplitudes of 0.1g−0.3g, which are different 
from those of PHA amplification factor. In the vertical 
section, the amplitude of PVA amplification factor is 
small, which is consistent with Yang[34−35] and Liu[36]. 
It shows that regardless of the model type (bedding 
slope or homogeneous slope), with or without weak 
interlayer, the acceleration amplification effect is not 
obvious under the excitation of vertical seismic wave. 
In the horizontal section, the PVA amplification factor 
decreases first and then increases under the action of 
the Z-direction Wenchuan Wolong wave with different 
excitation amplitudes. That is, the PVA amplification 
factor at the connected structural plane is small, and 
those on both sides are large. According to Snell’s 
theorem, this is because there is no critical angle when 
P-wave is incident on the structural plane, thus there 
will be no “sliding wave”. This phenomenon leads to 
no wave superposition at the interface, which further 
shows that there is a difference in the reflection and 
refraction of vertical excitation and horizontal excitation 
at the fault and slope surface. Fig.20 shows the variation 
characteristics of PVA amplification factor of slope model 
along the slope under Z-direction Wenchuan Wolong 
wave, and the maximum PVA amplification factor is 
basically located at the slope toe in different cases. 
 

 
(a) El Centro wave 

 
(b) Wenchuan Wolong wave 

Fig. 16  Contour maps of 0.1g PVA amplification factor 

 

(a) El Centro wave 

 

(b) Wenchuan Wolong wave 

Fig. 17  Contour maps of 0.2g PVA amplification factor 

 

 

(a) El Centro wave 

 
(b) Wenchuan Wolong wave 

Fig. 18  Contour maps of 0.3g PVA amplification factor 
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Fig. 19  Variation characteristics of PVA amplification 

factor in each horizontal section 

 

 
Fig. 20  Variation characteristics of PVA amplification 

factor on slope surface 
 
Fig.21 shows the relationship between PVA amp- 

lification factor and excitation amplitude for different 

vertical sections. The variation characteristics of PHA 

amplification factors in different vertical sections can 

be divided into three stages. Taking section V1 as an 

example, the PHA amplification factor first increases 

(excitation amplitude of 0.1g−0.3g), then the increase 

rate decreases, even showing decreasing PVA amplification 

factor (excitation amplitudes of 0.3g−0.5g), and finally 

the amplification factor increases again (excitation 

amplitudes of 0.5g−0.8g). 

Fig.22 shows the Fourier spectra of monitoring 

point A4 with amplitudes of 0.1g and 0.4g. The Fourier 

spectrum frequency of the model changes greatly with 

the seismic wave amplitude. The dominant frequencies 

at the amplitudes of 0.1g and 0.4g are 6 Hz and 11 Hz, 

respectively, while the dominant frequency of the 

input seismic wave is 10.21 Hz. At this time, there is 

no failure on the slope, thus it can be considered that 

the internal structure of the slope model has been 

changed when the amplitude is 0.4g, which is consistent 

with the law obtained from the horizontal acceleration 

response.  

 

 

Fig. 21  Variation characteristics of PVA amplification 
factor in each vertical section 

 

 
(a) 0.1g 

 
(b) 0.4g 

Fig. 22  Fourier spectra of the monitoring point A4 
 

5  Natural frequency of slope model 

Natural frequency is a parameter representing the 

dynamic characteristics of the slope, and it can be 

calculated as follows[37−38]: 

(1) During the seismic wave loading, the sine sweep 

is applied to the model to obtain the acceleration time- 
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history curve of the sensor. 

(2) The transfer function is calculated through the 

acceleration time-history curves of different sensors, 

and the calculation formula is as follows: 

A
A

A

( ,  )
( , )

( ,  )
XY

XX

G
T h

G

 


 
                      （1） 

where hA, GXY( , A ) and GXX( , A ) are the 

elevation, XY- and XX-direction acceleration cross- 

power spectra, respectively. 

(3) The imaginary part curve of the transfer function 

is plotted, and the peak frequency of the curve is the 

natural frequency of the model, as shown in Fig.23. 
 

 
(a) Case 1 

 
(b) Case 16 

Fig. 23  Curves of imaginary part values of transfer 
function 

 
Fig.24 shows the natural frequency curve of the 

model. The natural frequency of the slope model 
shows three stages. It decreases at first (cases 1−6), 
then changes slightly (cases 6−16), and finally decreases 
(cases 16−30). It can be seen that the occurrence of 
significant change of the natural frequency is earlier 
than mutation of PVA amplification factor, indicating 
that the vibration mode of the slope model varies in 
different directions.  

6  Deformation and failure characteristics of 
slope model 

6.1 Slope failure process 

In the first 21 cases (excitation amplitudes of 

0.1g−0.4g), the surface of the model is not deformed 

until the case 22, i.e. 0.5g X-direction Wenchuan 

Wolong wave is loaded.  

 

 
Fig. 24  Natural frequency curve of slope model 

 

6.1.1 Initial deformation 

When case 22 is loaded, two cracks emerge at the 

slope crest, which are 30 cm and 60 cm away from the 

slope shoulder, respectively (Fig.25(a)). With the 

increasing amplitude, the widths of the two cracks also 

increase. Because the acceleration amplification effect 

at the crest and shoulder of the slope model is most 

obvious, and the seismic inertia force is the largest, the 

cracks first emerge at these two places. Similarly, 

according to the response of PHA amplification factor 

in the model, the acceleration amplification factor at 

the fault in the middle and lower parts of the model is 

greater than those at other parts of the model at the 

same level. Therefore, the deformation or failure of the 

model occurs at the discontinuous interface. However, 

due to the limitation of test conditions, the deformation 

cannot be observed directly, but it can be calculated 

indirectly by analyzing the marginal spectra in the 

model. Due to space constraints, this issue will be 

discussed in subsequent papers. 

6.1.2 Obvious damage 

The first crack on the slope crest begins to propagate 

with the loading of seismic wave. When case 35 is 

loaded (excitation amplitude of 1.0g), the crack opening 

reaches 2 cm, as shown in Fig.25(b). Besides, a new 

crack is observed at the front edge of the slope 15 cm 

away from the shoulder. When case 37 is loaded 
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(excitation amplitude of 1.2g), the front edge of the 

slope shows an obvious displacement (Fig.25(c)). 

Multiple cracks occur at the upper part of the slope 

(Fig.25(d)). The depth of the crack at the top of the 

slope is about 10 cm, and the model is in a critical 

state at this moment. 
 

     
(a) Slope crest after loading of case 22                        (b) Slope crest after loading of case 35 

     

(c) Cracks on the slope crest after loading of case 37             (d) Cracks on the slope surface after loading of case 37 

Fig. 25  Deformation characteristics of slope model 

 

6.1.3 Large-scale avalanche and toppling 

This stage corresponds to cases 38−39 (excitation 

amplitudes of 1.4g−1.6g). The material of the fragmented 

rock mass in the hanging wall of the fault fractures, 

and then slides down along the fault plane with the 

loading of seismic wave. 

6.2 Comparison between model test and slope failure 

prototype 

After the test, the model can be divided into three 

areas (Fig.26): (1) The starting area: this area is a 

preset smooth fault layer, and its length is about 60 cm. 

(2) Middle sliding area: the slope begins to move after 

failure, and some blocks accumulate here under the action 

of friction, which corresponds to the main accumulation 

area in the middle of the prototype Shuiqiuchi rock 

slope. (3) Accumulation area: this corresponds to the 

front accumulation area in the prototype, and its final 

shape is different from the actual terrain. This phenomenon 

is caused by the size of the shaking table. Comparing 

the shaking table test and the Shuiqiuchi rock avalanche 

prototype, the main failure mode of rock slope with 

fault structure is determined, i.e. the vertical tensile 

crack occurs at the slope crest, then the fragmented 

rock mass in the hanging wall of the fault is fractured 

and damaged, and finally it begins to slide along the 

fault plane. 

 

 

Fig. 26  Failure characteristics of slope model 
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7  Conclusions 

(1) The variation characteristics of PHA amplification 

factor of monitoring points in the middle and lower 

parts of the slope model (such as monitoring points A1, 

A2 and A3 in section V1) can be divided into three 

stages, i.e. the amplification factor first increases, then 

the increase rate decreases, even showing decreasing 

PHA amplification factor, and finally the amplification 

factor increases again. However, the PHA amplification 

factor of the monitoring point at the top of the model 

always increases monotonically. In addition, when the 

excitation amplitude reaches 0.4g, the PHA amplification 

factor of the monitoring point on the slope crest 

suddenly increases, indicating that the dynamic response 

suddenly changes at the relative elevation of 0.75−1.0. 

This phenomenon is the same as the peak frequency of 

Fourier spectrum of acceleration response. 

(2) The PVA amplification effect in the vertical 

section of the model is weak. With the increase in 

excitation amplitude, the variation characteristics of 

PVA amplification factor can be divided into three 

stages, i.e. it increases first, then the increase rate 

decreases, even showing decreasing PVA amplification 

factor, and finally the amplification factor increases 

again. 

(3) The acceleration response of the slope model at 

the fault is significantly different from those at other 

locations under different directions of seismic waves. 

The PHA amplification factor at the fault is relatively 

large, while those at the hanging wall and footwall are 

relatively small. However, under the excitation of 

Z-direction seismic wave, the PVA amplification factor 

at the fault is relatively small, and those at the hanging 

wall and footwall are relatively large. This phenomenon 

is related to the total reflection at the fault inside the 

model. 

(4) With the loading of seismic wave, the natural 

frequency of the slope model changes in three stages: 

it first decreases sharply, then changes slightly, and 

finally decreases. The natural frequency of the model 

is similar to those of PHA and PVA amplification factors. 

However, the significant change of natural frequency 

is earlier than the mutation of PVA amplification factor, 

indicating that the vibration mode of the slope model 

varies in different directions. 

(5) The failure process of the slope model is 

divided into initial deformation, obvious failure, and 

large-scale avalanche and troppling. Comparing the 

shaking table test and the Shuiqiuchi avalanche prototype, 

the main failure mode of rock slope with fault structure is 

observed as follows: the vertical tensile crack occurs 

at the slope crest, then the rock mass in the hanging 

wall of the fault is fractured and damaged, and finally 

slides along the fault plane. That is, cracks occur on 

the slope crest → rock mass in the hanging wall of 

the fault is damaged → the fragmented rock mass is 

sheared and destroyed along the fault. 
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