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Abstract: Shake table testing was performed to investigate the dynamic stability of a mid-dip bedding rock slope under 
frequent earthquakes. Then, numerical modelling was established to further study the slope dynamic stability under purely 
microseisms and the influence of five factors, including seismic amplitude, slope height, slope angle, strata inclination and 
strata thickness, were considered. The experimental results show that the natural frequency of the slope decreases and damping 
ratio increases as the earthquake loading times increase. The dynamic strength reduction method is adopted for the stability 
evaluation of the bedding rock slope in numerical simulation, and the slope stability decreases with the increase of seismic 
amplitude, increase of slope height, reduction of strata thickness and increase of slope angle. The failure mode of a mid-dip 
bedding rock slope in the shaking table test is integral slipping along the bedding surface with dipping tensile cracks at the 
slope rear edge going through the bedding surfaces. In the numerical simulation, the long-term stability of a mid-dip bedding 
slope is worst under frequent microseisms and the slope is at risk of integral sliding instability, whereas the slope rock mass 
is more broken than shown in the shaking table test. The research results are of practical significance to better understand the 
formation mechanism of reservoir landslides and prevent future landslide disasters.
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1   Introduction 

Seismically induced failure of rock slopes is one of 
the most common geological hazards in mountainous 
regions. Landslides may cause severe traffic interruption, 
structural destruction and the loss of human life (Tang et 
al., 2009; Zhang et al., 2010; Liu et al., 2014; Tang et 
al., 2017). Consequently, the seismic stability of slopes 
under earthquake actions is one of the most considerable 
engineering problems in earthquake engineering (Lak et 

al., 2017; Huang et al., 2018; Liu et al., 2019). Numerical 
simulation and geotechnical experience from multiple 
research studies show that the geological structure of a 
slope has a significant influence on the failure pattern in 
a rock slope under seismic load (Aurelian et al., 2009; 
Koukouvelas et al., 2015; Almaz and Havenith 2016), 
so the geological structure of a slope should be carefully 
considered. Under the action of earthquake and other 
dynamic loads, the bedding rock mass may be destroyed 
along a certain bedding surface, which is generally 
exposed in the slope surface and becomes a potential 
sliding surface, leading to the slope instability (Liu et 
al., 2017). Therefore, it is of significant importance to 
study the dynamic stability of bedding rock slope in 
earthquake-prone areas. 

Studies related to the dynamic stability of bedding 
rock slope are mostly focused on their performance  
under strong earthquakes (e.g., Aydan et al., 2010; 
Barbero and Barla, 2010; Yang et al., 2012; Yang et al., 
2014; Chen et al., 2016; Fan et al., 2016; Li et al., 2017; 
Xiong and Huang, 2017; Zaei and Rao, 2017; Gibson et 
al., 2018; Song et al., 2018). However, reservoir-induced 
earthquakes that occur in the Three Gorges Reservoir 
(TGR) area are microseisms with limited strength, and 
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are characterized by high frequency, weak magnitude, 
shallow hypocenter, and rapid energy attenuation (Li and 
Huang, 2008). A single microseism has a minor effect on 
slope stability, so there is limited research concerning the 
performance of slopes under the microseisms. However, 
Napier et al. (1997) pointed out that repeated frequent 
microseisms might cause dynamic fatigue instability of 
slopes by the accumulation of frequent damage of rock 
masses. Thus, the effect of microseisms on the long-term 
stability of slopes should not be ignored. Studies on the 
dynamic stability under microseisms have also been 
recently performed.

Shaking table tests are often used as the most 
immediate way to simulate the variation of dynamic 
response and reveal the failure modes of rock slopes under 
seismic excitation (Yang et al., 2012; Liu et al., 2014; 
Chen et al., 2016; Fan et al., 2016; Li et al., 2017; Deng 
et al., 2020). Liu et al. (2018a) analyzed the deformation 
process and dynamic response of slopes with horizontal 
soft and hard interbeddings under repeated microseisms 
by shake table testing. Frequent earthquake actions were 
simulated by nearly 2000 times of horizontal seismic 
loading and the results showed that damage accumulated 
continuously as the loading times increased. However, 
strong earthquakes were adopted in the late loading 
phase due to testing apparatus and cost restrictions, so 
the final failure mode of the model slope in the shaking 
table test had the characteristics of the strong earthquake. 
In addition, it is difficult to acquire the evaluation index 
of slope stability directly by shaking model test. As the 
stability of rock slopes subjected to seismic effects can 
be analyzed using appropriate numerical techniques, 
Li et al. (2016) used FLAC3D to analyze the slope's 
dynamic stability characteristics and failure mechanism. 
Numerical results showed that the safety factor of the 
slope under micro earthquake action decreases gradually 
as the number of micro earthquake occurrences 
increases. Liu et al. (2018b) also adopted FLAC3D to 
analyze the slope stability during an earthquake and the 
long-term stability of the slope subjected to frequent 
microseisms. The results indicated that the influence of 
frequent microseisms on the long-term stability of the 
slope could not be ignored. However, opening of the 
structural plane will occur when the slope rock mass 
damage accumulates to a certain degree, which cannot 
be accurately reflected by FLAC3D or other continuum 
methods. Thus, the analytical model, which can reflect 
the behavior of a structural plane in the slope to open, 
extend and run through, should be established to study 
the actual behavior of slope under dynamic loads. Indeed, 
the discrete element method (DEM) can precisely meet 
the needs of the research. Liu et al. (2014) pointed out 
that the DEM has been commonly used in dynamic 
stability evaluation of rock slopes. The most popular 
representation of DEM is the commercial distinct 
element code of UDEC (Itasca, 2014). Liu et al. (2004) 
simulated the dynamic response of a rock slope in China 
under explosion using UDEC, and found the simulated 

results agreed well with site measurements. The results 
showed that the use of UDEC to simulate the dynamic 
response of jointed rock slopes was feasible. Bhasin and 
Kaynia (2004) analyzed static and dynamic rock slope 
stability of a 700-m-high rock slope in western Norway 
using UDEC. The numerical studies provided some 
useful insights into the deformation mechanisms of the 
rock slope. Kveldsvik et al. (2009) analyzed the seismic 
stability of the 800 m high Åknes rock slope by using 
the distinct element code UDEC, and the results indicate 
that an earthquake with a return period of 1000 years 
is likely to trigger sliding to great depth in the slope at 
the present ground water conditions and that the slope 
will be stable if it is drained. Lin et al. (2012) studied 
the mechanism of the collapse analysis of a jointed 
rock slope based on UDEC software and practical 
seismic load. Through the comparison and analysis of 
the actual damage of the slope body and the simulation 
results, it was shown that the use of the UDEC software 
in the collapse analysis of the crack development of a 
rock slope was feasible. Similar works using UDEC 
were carried out by Pal et al. (2012) and Kundu et al. 
(2017), and others. Although these studies using UDEC 
mainly focused on the performance of slopes under 
strong dynamic loads and rarely involved slopes under 
microseisms, they successfully demonstrated the use 
of UDEC in simulating the dynamic response of rock 
slopes.

In this study, shake table testing was performed 
to investigate the dynamic response and failure mode 
of the bedding rock slope under frequent earthquakes. 
Numerical modelling was then performed to further 
study the slope dynamic stability under purely 
microseisms and the influence of five factors, including 
seismic amplitude, slope height, slope angle, strata 
inclination and strata thickness, on the dynamic 
stability was considered. The results are useful to better 
understand the behavior of slope stability affected by 
frequent microseisms; meanwhile, it is also of practical 
significance in the prevention of earthquake-induced 
landslide disasters in reservoir areas.

2  Shaking table model test

2.1  Design of shaking table model test

2.1.1  Model preparation
The model simulated the lithology and structure of 

slopes in the TGR area. There was no corresponding 
prototype slope in terms of geometry. However, when 
designing the similarity relationship of slopes, large 
geometric similarity coefficients should be obtained to 
simulate large prototype slopes. The similar relation 
between the prototype and model system was established 
according to the similarity theory. Fifty parameters were 
considered in the shaking table test, three of which 
(i.e., density, elastic modulus and time) were chosen 
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as control variables with similarity coefficient Cρ=1, 
CE=32.6, Ct=4, respectively. Relevant parameters are 
listed in Table 1.

The slide-prone strata in the TGR area are mainly 
exposed Jurassic and Triassic sedimentary rocks. The 
Jurassic strata are mainly sandy mudstone, sandstone 
and carbonaceous shale, and the Triassic strata mainly 
include limestone, dolomite, marl and mixed sand 
shale. Dong et al. (2010) pointed out that the mass 
occurrence zone of landslide and slope collapse in the 
TGR area is the widely distributed slopes formed by 
sandstones, mudstones or the interbedding of sandstone 
and mudstone. Therefore, sandstone from the TGR area 
was taken as the material for the prototype slope. Its 
physical-mechanical parameters were extracted from 
the published literature (Jiang, 2012; Yang, 2014). 
According to the similarity relationship of physical 
quantities (shown in Table 1), the range of values of the 
physical-mechanical parameters for model slope can be 
obtained, as tabulated in Table 2.

The test samples of the model slope were made up 
of similar materials, which were formed of quartz sand, 

barite powder, gypsum, water and glycerin. It is critical 
to select the proper proportion of similar materials to 
simulate prototype slopes with greater accuracy. Based 
on the studies of Liu et al. (2011; 2012), the optimal 
proportion of similar materials were determined by 
conducting a large number of routine laboratory tests. 
The physico-mechanical parameters of model slope and 
prototype slope and the corresponding proportion of 
similar materials are shown in Table 3.

As the TGR area is characterized by steep topography 
and deep incised river valleys (Sun et al., 2017),  the 
model slope angle was set at 60°. The bottom surface of 
the model slope was 93 cm × 40 cm in size and the height 
of the model slope was 85 cm due to the limitation of the 
bearing capacity of the vibrating table. This design was 
equivalent to a prototype slope with a height of 19.4 m 
according to the similarity coefficient. During the test, 
the absorber, which was made of a foam cushion, was 
placed on two lateral sides of the rigid box to minimize 
the boundary effects on the seismic wave input. The 
generalized model with embedded accelerometers and 
the side view of the test model are shown in Figs. 1(a), 1(b).

Table 2  Range values of physico-mechanical parameters of materials for prototype and model slope

Category Density 
(g·cm−3)

Elastic modulus
(MPa)

Poisson 
ratio (μ)

Cohesion 
(kPa)

Internal friction
angle (◦)

Uniaxial compressive
strength (MPa)

Prototype slope 2.0–2.5 1500–40000 0.18–0.3 2000–10000 30–45 30–70
Model slope 2.0–2.5 46–1227 0.18–0.3 88–439 30–45 1.3–3.1

Table 3  Physico-mechanical parameters of model slope and prototype slope and the proportion of similar materials

Category Density 
(g·cm−3)

Elastic modulus
(MPa)

Poisson 
ratio (μ)

Cohesion 
(kPa)

Internal friction
angle (◦)

Uniaxial compressive
strength (MPa)

Model slope 2.50 180 0.25 120               42 1.4
prototype slope 2.50 5868 0.25 2736               42 31.9
Proportion of 

similar materials
Quartz sand: barite powder: gypsum: water: glycerin=1.00: 0.60: 0.33: 0.20: 0.03

Table 1  Similarity ratios of the test model

Parameters Dimension 
analysis Similarity ratio Parameters Dimension 

analysis Similarity ratio

Density (ρ) ML-3 Cp*=1 Displacement (u) L Cu= ClCε=16
Elastic modulus (E) ML-1T-2 CE*=32.6 Time (t) T Ct*=4

Poisson's ratio(μ) - Cμ=1 Frequency (f) T-1 Cf= Ct
-1=0.25

Cohesion (c) ML-1T-2 Cc= CECε=22.8 Velocity (v) LT-1 Cv= CuCt
-1=4

Internal friction 
angle (φ)

- Cφ=1 Acceleration (a) LT-2 Ca= CuCt
-2=1

Stress (σ) ML-1T-2 Cσ=CECε=22.8 Gravitational 
acceleration (g)

LT-2 Ca= CuCt
-2=1

Strain (ε) - Cε= CρCgClCE
-1=0.7 Damping ratio (λ) - Cλ=1

Length (l) L Cl= CE
0.5Cρ

-0.5Ct =22.8
     Note: ‘‘–’’ indicates the dimensionless parameters.
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In Fig. 1(a), eight accelerometers were fixed on the 
slope model, three of which were embedded inside the 
slope and the others were fixed on the slope surface. 
Because joints are widely distributed in natural rocks, 
and the existence of them significantly deteriorates the 
deformability behavior and strength of rock masses 
(Liu et al., 2019), bedding planes and the orthogonal 
secondary joints were both considered in the model 
slope. The spacing of the secondary joints is equal to the 
thickness of the rock layer and the cutting depth h was 
equal to 2/3 of the thickness of the rock layer. The model 
slope was built in the model box and compacted layer 
by layer from the bottom to the top. First, the required 
materials for each layer were identified, mixed and 
shoveled into the model box. Second, a made rammer 
was used to compact the wet-stirred material and the 
orthogonal secondary joints were cut. Third, a thin layer 
of quartz sand was evenly spread on the bedding plane 
after each layer was compacted. The accelerometers 
embedded in the slope interior were buried during 
the construction of the slope, and the accelerometers 
embedded on the slope surface were installed after the 
slope was completed. These steps were repeated until 
the slope model reached the designed height. The final 
model is shown in Fig. 1(b).
2.1.2  Test loading scheme

An artificial wave and a natural wave supplemented 
with white noise excitations (WN) were applied in the 
shaking table test. The natural wave adopted in this test 
is the earthquake record monitored by a seismological 
monitoring station in the Xingshan County in Hubei 
Province, selected as a typical reservoir-induced 
earthquake in the TGR area. The focal depth of the 
natural wave is approximately 5 km and the time of 
the main shock is approximately 7 s. Jiang (2012) 
found that the reservoir-induced earthquakes show 
successive characteristics that occur two to three times 
in a relatively short period of time (1–3 days), and it 
was difficult to divide them into foreshock, main shock, 
and aftershock type due to their similar magnitude and 
intensity. Therefore, the natural seismic wave applied in 

the experiment was taken as follows: the main shocks of 
four natural waves of 7 s were intercepted and spliced 
together as a complete seismic wave sequence and it 
was then compressed according to the time similarity 
coefficient (Ct = 4). The reservoir-induced earthquakes 
were mostly microseisms with a magnitude of less than 
2.0; however, as reservoir-induced earthquakes are 
shallow source earthquakes, they can produce much 
greater intensity on the ground than tectonic earthquakes 
of the same magnitude (Chen et al., 2008). Qin and Qian 
(2008) found that a reservoir-induced earthquake with the 
magnitude of 2.0 to 3.0 can produce a seismic magnitude 
up to V–VI degrees (0.04 g to 0.05 g). Therefore, the 
reservoir-induced earthquake with a peak acceleration 
of 0.04 g was considered as the microseism. In the test, 
the peak acceleration of the natural wave was scaled to 
0.04 g. The seismic wave after stitching, compressing 
and scaling is shown in Fig. 2. 

Sine wave was adopted as the artificial wave and its 
amplitude was 0.15 g, 0.2 g and 0.4 g. The 30 s white 
noise with an amplitude of 0.08 g was used to determine 
the dynamic characteristic parameters of the slope 
model. The detailed working conditions of the shaking 

(a) Generalized model with the embedded accelerometers  (b) Final model after production

Fig. 1  Model of slope with zigzag asperities
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table test are summarized in Table 4.
After each loading stage or when the number of 

loading reached 50 times, the slope model was subject 
to white noise scanning. There were 29 white noise 
excitations conducted in the shaking table test. The 
white noise was denoted successively as WN-1, WN-2, 
. . ., WN-29.
2.1.3  Test equipment and test process

The test was carried out on a two-way and two-
degree-of-freedom earthquake-simulated shaking table. 
The table is 1.2 m×1.2 m in size and can handle a 
maximum weight of 1000 kg. The maximum acceleration 
at full load (1000 kg) is 1.2 g horizontally and vertically. 
The maximum acceleration at the load of 500 kg is 2.0 g 
horizontally and vertically. The maximum displacements 
in the horizontal direction is ±100 mm with a loading 
frequency range of 0–50 Hz.

The operation process of the vibrating table was as 
follows: lifting the model slope to the shaking table, 
connecting and debugging the sensors, implementing 
test loadings and observing cracks throughout the 
process, collecting experimental data and recording the 
failure process. The partial shaking table test procedure 
is shown in Fig. 3.

2.2  Experimental results and analysis

2.2.1  Dynamic characteristics of the slope
The dynamic characteristics of the slope mainly 

refers to its natural frequency, damping ratio and the 
mode of vibration, which determine the response 
pattern of the slope under dynamic load. Based on the 
responding signals of the slope model under white noise 
excitation, MATLAB's estimate function in the Signal 
Processing Toolbox was used to obtain transfer functions 
of the model. The transfer functions of WN-1 excitation, 
calculated from monitoring points A1, A2, A3, A4, and 
A5 are shown in Fig. 4. The corresponding first-order 
natural frequency of the slope model was 24.89 Hz, as 
shown in Fig. 4.

The average value of first-order natural frequency 
and corresponding damping ratio of the slope model 
under all conditions of WN were obtained by the transfer 
functions. The variation rules of these two dynamic 
parameters with the loading process are shown in Fig. 5.

The curves of the first order natural frequency and 
damping ratio of slope models with the loading process 
are shown in Fig. 5. The damping ratios showed an 

Table 4   Loading plan of the input seismic waves

Working conditions Amplitude (g) Wave type (X direction) Time (s) Frequency 
(Hz)

Loading 
times

1 0.08 White noise 1 30 1
2–51 0.04 Natural wave 7 32 50
52 0.08 White noise 2 30 1

Repeating No. 2-52 loading conditions until to the 511th condition, totally of 500 microseisms
512–561 0.15 Sine wave 7 30 50

562 0.08 White noise 12 30 1
Repeating No. 512–562 loading conditions until to the 1021st condition, totally of 500 small earthquakes

After the 1021st condition, loading sinusoidal wave of 0.2–0.4 g with frequency 15 Hz until the slope was destroyed

Fig. 3  Partial shaking table test procedure
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upward trend with the increase in loading times, while 
the natural frequencies presented a decreased trend. The 
damping ratios of the slope model were 11.32% before 
loading and 15.35% after loading, with an increase 
of 35.6%. By contrast, the natural frequencies were 
24.89 Hz before loading and 21.32 Hz after loading, 
with a decrease of 14.3%. The results showed that 
the natural frequencies decreased and the damping 
ratios increased along with the increase in the loading 
times of earthquakes were the basic variation law of 
the dynamic parameters of the slope. In addition, the 
dynamic response of the slope model was different 
when the input seismic amplitude varied. The variation 
rate of both natural frequencies and damping ratio were 
slow when the input seismic amplitude was 0.04 g. The 
natural frequencies decreased slowly when the input 
seismic amplitude was 0.04 g. Although the damage to 
the slope caused by a certain number of the microseisms 
was not obvious, the cumulative damage increased with 
the increase in the loading times of microseisms. As the 
amplitude increased to 0.15 and 0.2-0.4 g, the variation 
rate of both natural frequencies and damping ratio 
increased, which indicated that a strong ground motion 
led to fast and significant damage to the slope.

2.2.2  Effects of loading times
The amplification coefficient of PGA was used to 

describe the acceleration response laws of the model 
slope in the test. The amplification coefficient of peak 
ground acceleration here is defined by the ratio of the 
PGA measured at any monitoring point to that measured 
at the slope bottom (A1). The relative elevation (h/H) is 
defined as the ratio of height of any monitoring point (h, 
measured from the slope bottom) to the total height (H) 
of the slope. The relative width (b/B) is defined as the 
ratio of the horizontal distance from the accelerometers 
to the slope surface (b) to the length of the slope top (B).

Damage continued to accumulate with the increase in 
loading times. The propagation paths of seismic waves 
in the slope changed as the initial damage developed, 
which affected the dynamic response characteristics 
of the slope. The PGA amplification coefficients of 
measuring points on the slope surface at the initial stage, 
the stage of 500 microseisms and the stage of 500 small 
earthquakes are shown in Fig. 6.

Figure 6 shows that the PGA amplification coefficient 
of the slope presented a decreasing trend as the loading 
times of earthquakes increased. This can be explained by 
the extended cracks in the slope body, and shear cracks on 
bedding surfaces, which had a significant effect on slope 
integrity. Part of the seismic energy dissipated during 
the propagation and coalescence of microcosmic cracks 
inside the slope, causing the filtering effect of slope 
to increase gradually as the damage cracks increase. 
Therefore, the seismic energy of upward propagation 
decreased as the filtering effect increased gradually. 
This phenomenon showed that the damage of the slope 
continued to accumulate under repeated earthquakes.
2.2.3  Failure mode of the model slope

The crack propagation, sliding surface formation 
and instability failure process of the bedding rock slope 
under thousands of earthquake loadings are shown 
in Fig. 7. According to the characteristics of slope 
deformation and crack propagation observed throughout 
the shaking table test, the formation of the sliding surface 
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and instability failure process of the bedding slope were 
divided into the following stages.

Stage 1: Vertical tensile crack develops at the slope 
rear edge (as shown in Fig. 7(a)). The bedding plane 
exposed in the slope surface and the inclination angle 
of it is relatively large, so the middle and upper rock 
mass tended to slide down along the bedding plane the 
under horizontal seismic action. Consequently, large 
tensile stress occurred at the slope rear edge; thus, the 
secondary joints of weaker tensile strength cracked first. 
Vertical tensile cracks expanded gradually from top to 
bottom, and the cracks finally went through with the 
bedding plane on the underlying stratum. At this stage, 
the tensile cracks at the slope rear edge were formed and 
expanded, and the sliding resistance force of the sliding 
body was mainly provided by the shear strength of the 
bedding plane.

Stage 2: Vertical tensile cracks widened and the 
underlying failure surface gradually formed (as shown in 
Fig. 7(b)). After the vertical tensile cracks went through, 
slip deformation of the upper slope rock mass along the 
bedding plane accumulated as the number of seismic 
action increased. Due to the increase of the cumulative 
displacement of the upper slope rock mass, the vertical 
tensile cracks were widened. The cracks in the lower 
bedding plane developed towards the slope surface. At 
the same time, a small amount of dislocation along the 
plane occurred between the rock layers of the sliding 

body due to the difference of slip displacement, which 
made it easier for the strata above the lower lying layer 
to penetrate into the slope surface.

Stage 3: Slope integral sliding instability (as shown 
in Fig. 7(c)). Failure surfaces (slide surface 1 and slide 
surface 2) were formed after the cracks on the bedding 
plane were linked up with the vertical tensile cracks. 
When the residual shear strength of the slide surface 
could not resist the sliding force of the upper strata, 
integral landslide along the bedding plane would occur.

3   Numerical modelling

The model slope in the shaking table test experienced 
a total of about 1200 times of seismic action, including 
500 microseisms, 500 small earthquakes and about 
200 strong earthquakes. It could be seen that strong 
earthquakes were adopted in the late loading phase due 
to the testing apparatus and cost restrictions, so the final 
failure mode of model slope in the shaking table test had 
the characteristics of the strong earthquake. In addition, 
it is difficult to acquire the evaluation index of slope 
stability directly by shake table testing. Consequently, 
the discrete element method UDEC was adopted to 
study the dynamic stability evaluation of bedding rock 
slopes under purely repeated microseisms. This section 
presents a numerical simulation for the above model test 
and additional conditions are investigated.

(a) Stage 1  (b) Stage 2

(c) Stage 3
Fig. 7  Sliding surface forming process and failure mode of model slope
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3.1  Dynamic formulation in UDEC

3.1.1   Model setup and boundary conditions
More strata inclinations, bedding plane spacing, 

slope angles and slope heights are considered in the 
numerical analysis. Four groups of bedding plane dip 
angles are analyzed, i.e., 0, 15, 30, 60 degrees. Four 
groups of strata thicknesses are analyzed, i.e., 0.5, 1.0, 
1.5, 2.0 m. Four groups of slope angles are analyzed, 
i.e., 30, 45, 60, 70 degrees. Four groups of slope heights 
are analyzed, i.e., 19.4, 50, 100, 150 m. See Table 5 for 
the calculation conditions in the numerical simulation. 
Calculation condition 3 corresponds to the prototype 
slope in the shake table testing.

The geometric dimension, boundary conditions 
and grid division of the slope model in the numerical 
analysis is shown in Fig. 8. The length of the numerical 
calculation model is (1.1+cotɑ)H and the height of it is 
1.3H. In the model, both lateral sides of the rock slope 
are considered as the free-field boundary to absorb 
energy. The base of the slope is considered as the viscous 
boundary and fixed in the y-direction. Since the local 
damping and the viscous boundary is independent of 
frequency, the estimation of the natural frequency of 
the modeled system is not needed (Luo et al., 2012). 
As there is no need to specify the frequency, the use of 
local damping is simpler than Rayleigh damping. Thus, 
the local damping is adopted in the present analysis. 
Referring to the user's manual of UDEC (Itasca, 2014), 
the local damping coefficient can be written as

αL = πd                                   (1)

where αL is the local damping coefficient, and d is the 
damping coefficient and can be set to 0.05. Thus, the 
local damping with a damping factor of 0.15 is adopted.

The rock material is assumed to be an ideal 

elastic-plastic model subject to the Mohr-Coulomb 
yield criterion. The model of bedding planes and the 
orthogonal secondary joints is chosen as the built-in 
Coulomb slip model, which is sufficient for most static 
and dynamic analyses (Itasca, 2014). Linear elastic 
constitutive relation is adopted for both the free-field 
boundary and the viscous boundary. 

In dynamic analysis, the dimension of the model grid 
division is dependent on the shortest wave of seismic 
wave input. Lysmer and Kuhlemeye (1969) suggested 
that the maximum dimension Δl of a unit should be less 
than 1/10–1/8 of the minimum wave length. According 
to elastic wave propagation theory, the P-wave velocity 
(Cp) and S-wave velocity (Cs) are calculated as follows:

p

s

4 3K GC

GC

ρ

ρ

 +
=



 =
                         

(2)

where G and K are the static shear and bulk modulus of 
materials, respectively, and ρ is the density of materials.

Cp and Cs in different rock stratum materials are 
calculated by Eq. (1). Use f = 25 Hz to control the 
precision of grids after an overall consideration of 
the calculation speed and the distribution of proposed 
seismic wave frequencies. The maximum dimension of 
a grid Δl is calculated by the following equation:

s1=
10

Cl
f

∆ .
                              

(3)

The calculated maximum dimension Δl is 5.5 m and 
the dimension of the model grid division is chosen to be 
1.0 m to improve the accuracy of calculation. 

As seen in Fig. 8, the rock blocks are mainly divided 
into the square blocks with the side length approximately 

Table 5  Calculation conditions for numerical modeling

No.
Strata 

inclination 
β (º)

Bedding 
plane spacing 

D (m)

Slope 
angles
ɑ (º)

Slope 
height
H (m)

1 0 2.0 60 19.4
2 15 2.0 60 19.4
3 30 2.0 60 19.4
4 60 2.0 60 19.4
5 30 0.5 60 19.4
6 30 1.0 60 19.4
7 30 1.5 60 19.4
8 30 2.0 30 19.4
9 30 2.0 45 19.4

10 30 2.0 70 19.4
11 30 2.0 60 50
12 30 2.0 60 100
13 30 2.0 60 150

Fig. 8  Mesh division, geometric dimension and boundary 
              condition of numerical analysis model
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equal to the thickness of the layer, and the shape of the 
blocks at the corners is slightly adjusted. The blocks are 
then divided into a large number of triangular elements.
3.1.2  Parameter selection

Sandstone is used as the model material in the 
numerical calculation and the physical-mechanical 
parameters of materials for the prototype slope is adopted 
for sandstone. Parameters of sandstone and boundaries 
are listed in Table 6.

For the value of parameters of secondary joints and 
bedding planes, it is recommended that the values of 
normal and tangential stiffness should not exceed 10 
times the equivalent stiffness of meshes with the highest 
joint stiffness, which are close to the grid (Itasca, 2014). 
The expression is:

n s
min

4 3, 10.0 max K Gk k
Z

  +
≤   ∆                      

(4)

where kn and ks are the values of normal and tangential 
stiffness separately.

In addition, the value of normal stiffness should not 
be too small, and the normal displacement of the joint 
calculated by it should not be greater than 0.1 times the 
mesh size close to the joint. The expression is:

n
adjoining

10 k
Z

σ
≤

∆                         
(5)

where Z adjoining is the mesh size close to the joint.
Parameters of bedding planes and secondary joints 

are listed in Table 7.
3.1.3   Input loading

The sinusoidal shear wave with an amplitude of 
0.04 g and a holding time of 7 s is selected as the input 
seismic wave. The expression of the acceleration time-
history curve is:

sin(2 )a ftλ= π                             (6)

where a is the acceleration, λ is the amplitude with a 
value of 0.04 g, f  is frequency and t is time.

The input loads are applied to the base of the model 
with viscous boundary conditions, while the input 
acceleration wave cannot be directly applied to the 
viscous boundary in UDEC. Consequently, the input 
acceleration wave should be first integrated numerically 
to produce the velocity history, then converted into 
a stress record, before being applied to the viscous 
boundary. The expression for conversion of the velocity 
time-history into the stress time-history is:

n P n

s S s

2( )
2( )

C V
C V

σ ρ
σ ρ

=
 =                              

(7)

where σn and σs are the normal and shear stress, 
respectively, and vn and vs are input velocities in vertical 
and horizontal directions, respectively.

Convert Eq. (2) into Eq. (7), the expression for the 
stress time-history is:

( )s
g 2sin
2 2 1

t E t
T

ρσ
υ

π =  π +                    
(8)

3.2  Dynamic strength reduction method

The dynamic response analysis of the slope under 
the seismic excitations is conducted with the gradual 
reduction of the strength parameters of rock mass and 
structural plane using the dynamic strength reduction 
method. The trail reduction factor k is first adopted as 
a lower value and then gradually increased to a higher 
value until the computational model enters an unbalanced 
state. The reduction factor k is then defined as the slope 
safety factor. The following reduction formula is used in 
this study:

t
t

tan, arctan( ),cc
k k k

σϕϕ σ ′′ ′= = =
             

(9)

where c, φ, and σt are, respectively, the cohesion, internal 

Table 6  Parameters of sandstone and boundaries

Category Density 
(g·cm−3)

Elastic modulus
(MPa)

Poisson 
ratio (μ)

Cohesion 
(kPa)

Internal friction
angle (◦)

Tensile strength
(MPa)

Sandstone 2.50 5868 0.25 2736 42 2
Free-field 

boundary and 
viscous boundary

2.50 5868 0.25 - - -

Table 7   Parameters of bedding plane and secondary joint

Category Cohesion (kPa) Tensile strength (kPa) Internal friction angle (◦) Normal stiffness 
(GPa·m-1)

Tangential stiffness 
(GPa·m-1)

Bedding plane 30 80 32 10.2 6.4
Secondary joint 6 3 20 8.2 5.1
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friction angle and tensile strength of slope rock in the 
initial state; c′, φ′, and σt′ are, respectively, the cohesion, 
internal friction angle and tensile strength of slope rock 
after reduction; and k is the reduction coefficient.

As a type of search algorithm, the dynamic strength 
reduction method determines the critical failure state 
of the slope through constantly adjusting the reduction 
factor. Therefore, judging the instability state of the 
slope is the key problem in the dynamic strength 
reduction method. The judgment method whether the 
numerical calculation is convergent is adopted. When 
the ratio between the maximum unbalanced mechanical 
force magnitude for all block centroids or gridpoints 
in the model and the average applied mechanical force 
magnitude for all the block centroids or gridpoints is 
greater than a certain allowable value, the computational 
model is considered to be in an instability state; 
otherwise, the numerical calculation is considered to be 
convergent. In this study, the allowable value is 10-5.

3.3  Analysis of results of influencing factors

See Figs. 9(a)-9(e) for the influencing factors of 
seismic amplitude, slope height, slope angle, strata 
inclination and strata thickness on the variation rules 
between the stability coefficient and the loading times. 
From Figs. 9(a)-9(e), the safety factor of the slope under 
frequent microseisms generally presented the trend of 
decreasing slowly to quickly as the microseism loading 
times increase. And when the microseism increases 
to a certain number of times, the safety factor of the 
slope decreased sharply to less than 1, which indicated 
that failure of the slope occurred. Simultaneously, the 
number of microseismic excitations was recorded 
and defined as the fatigue life of the slope; thus, the 
relationship between the long-term stability of the 
slope and the number of microseismic excitations was 
established. Therefore, the number of microseismic 
excitations before the slope failure was applied as an 
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Fig. 9   Relationship between the stability coefficient and the loading times
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index to consider the long-term stability of a slope. And 
the more microseismic excitations the slope experienced 
before failure, the better the slope's long-term stability.

In order to study the influence of seismic amplitude 
on the stability of the bedding rock slope, four groups 
of sinusoidal shear waves with seismic amplitude of 
0.04 g, 0.10 g, 0.15 g, 0.20 g, respectively, were applied 
on the prototype slope (β = 30°, D = 2.3 m, ɑ = 60°, 
H = 22.9 m). See Fig. 9(a) for the stability coefficient 
of the slope based on numerical analysis. According 
to Fig. 19(a), with the increase of loading times, the 
stability coefficient of the slope decreased gradually and 
the stability coefficient presented the law of decreasing 
linearly at first and suddenly dropping sharply to less 
than 1. The mutation of the stability coefficient of the 
slope indicated that it was in a critical state of instability. 
In addition, the safety factor of the slope decreased with 
the increase of seismic amplitude. The seismic loading 
times when the slope was in a critical state of instability 
with seismic amplitudes of 0.04 g, 0.10 g, 0.15 g, 0.20 g 
were 1194 times, 948 times, 782 times and 545 times, 
respectively, which showed that the greater the seismic 
load amplitude, the faster the safety coefficient of slope 
decreased, the more the accumulated damage of slope 
body and the weaker the slope safety.

Take four groups of model slope (β = 30°, D = 2.3 m, 
ɑ = 60°) with the slope height H = 22.9 m, 50 m, 100 m, 
150 m, respectively, for a dynamic numerical calculation. 
The variation curve of the stability coefficient to the 
seismic loading times of different slope heights is shown 
in Fig. 9(b). According to Fig. 9(b), the higher the slope, 
the smaller the corresponding stability coefficient and 
the worse the slope stability under the same loading 
times. Under the condition of the same loading times, 
the sliding force of the slope increases as the slope height 
increases, while the anti-sliding force does not change 
because the strength of slope body and slope structure 
surface remains the same. Therefore, the slope stability 
will be reduced as the slope height increase. The seismic 
loading times when the slope was in a critical state of 
instability with slope heights of 22.9 m, 50 m, 100 m, 
150 m were 1194 times, 903 times, 612 times and 447 
times. Therefore, frequent microseisms can also cause a 
significant effect on the slope stability, especially when 
the slope height is more than 150 m. 

Take four groups of model slope (H = 22.9 m, β = 30°, 
D = 2.3 m) with the slope angles of ɑ = 30°, 45°, 60°, 
70°, respectively, for a dynamic numerical calculation. 
The variation curve of the stability coefficient to the 
seismic loading times of different slope angles is shown 
in Fig. 9(c). As seen in Fig. 9(c), as the bedding surfaces 
are not exposed in the slope surface when the slope 
angle is 30°, which is equal to the strata inclination, the 
stability coefficient of the slope is stable and over 64 
within 2000 loading times. As the slope angle increases, 
the bedding surfaces are exposed in the slope surface, 
and the corresponding stability coefficient of the slope 
gradually decreases. This variation law of slope stability 

coefficient and its cause is similar to that of the slope 
height.

Take four groups of model slope (H=22.9 m, D=2.3 m, 
ɑ=60°) with the strata inclinations of β=0, 15°, 30°, 60°, 
respectively, for a dynamic numerical calculation. The 
variation curve of the stability coefficient to the seismic 
loading times of different strata inclinations is shown in 
Fig. 9(d). From Fig. 9(d), when the strata inclination is 
60°, the slope is very stable within 2000 loading times 
with the high stability coefficient as the bedding surfaces 
are not exposed in the slope surface. However, when the 
bedding surfaces are exposed in the slope surface, the 
initial stability coefficient decreases from 64.00 to 5.92 
to 3.58 as the strata inclination increases from 0 to 15° to 
30°. The slope stability coefficient decreases by 90.75% 
when the strata inclination increases from 0 to 15°, 
while it decreases by 94.41% when the strata inclination 
increases from 0 to 30°. It can be concluded that the 
horizontal bedding slope has extremely good stability 
under the frequent microseisms, while the slight increase 
in the strata inclination makes the stability coefficient of 
the slope sharply decrease.

Take four groups of model slope (H=22.9 m, β=30°, 
ɑ=60°) with the strata thicknesses of D=2.3 m, 1.5 m, 
1.0 m, 0.5 m, respectively, for a dynamic numerical 
calculation. The variation curve of the stability 
coefficient to the seismic loading times of different 
strata thicknesses is shown in Fig. 9(e). As seen in Fig. 9(e), 
the stability coefficient of the slope increases with the 
increase of strata thicknesses. The seismic loading 
times when the slope was in a critical state of instability 
with strata thicknesses of 2.3 m, 1.5 m, 1.0 m, 0.5 m 
were 1194 times, 1027 times, 934 times and 789 times. 
This is related to the complex wave field formed by the 
reflection and refraction of the vibration stress wave 
leading to damage of the internal structure when the 
vibration stress wave spreads to the bedding planes. 
And the more bedding surfaces, the greater the damage 
to the internal structure. When the slope size and shape 
is determined in the numerical simulation, there will be 
fewer bedding surfaces with higher strata thickness; and 
on the contrary, more bedding surfaces with lower strata 
thickness. Therefore, the slope is more likely to lose 
stability with the lower strata thicknesses.

4   Discussion

4.1  Differences in failure modes of the model slope in 
       shaking table test and the numerical simulation

The models of the shake table testing and from 
the numerical simulation test are the same in terms 
of geometry, lithology and structure. However, the 
model of the shaking table test experienced about 1200 
times of seismic action, including microseisms, small 
earthquakes and strong earthquakes due to the testing 
apparatus and cost restrictions, while the model of the 
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numerical simulation test only experienced microseismic 
excitation in order to further study the dynamic stability 
of the bedding rock slope under frequent microseisms. 
Based on the failure phenomenon of the model slope 
observed in the shaking table test, the formation and 
destabilization evolution of the slide surfaces are shown 

in Fig.10(a), while the fatigue failure process of slope 
under repeated microseisms in the numerical simulation 
is shown in Fig.10(b), which was recorded as the seismic 
action times increased until the slope failed.

As shown in Fig. 10(a), in the shaking table test, 
the sliding surfaces of the slope was composed of the 

(a) Shaking table test

(b) Numerical simulation (mid-dip bedding slope (β = 30°))
Fig. 10  Fatigue failure process of shaking table test and the numerical simulation



No. 4    Deng Zhiyun et al.: Model test and numerical simulation on the dynamic stability of the bedding rock slope under frequent microseisms     931

vertical tensile crack at the slope rear edge and cracks 
on the bedding surface, the sliding blocks with the 
integral slipping instability were divided into two 
parts falling off the slope. Two sliding surfaces were 
formed under frequent microseism actions. The failure 
mode of the bedding rock slope can be summarized as 
follows: opening tensile cracks at the slope rear edge—
developing cracks along the bedding surface and in the 
sliding block—forming sliding surface 1 and the upper 
sliding block falling off—forming sliding surface 2 and 
the medium sliding block falling off. By contrast, in the 
numerical simulation, the dipping tensile cracks, which 
was apparent in the shaking table test, did not occur at 
the slope rear edge. Moreover, the sliding block had 
become very broken before it fell off the slope. The 
difference in failure modes between the shaking table 
test and the numerical simulation can be explained by 
the fact that small earthquakes and strong earthquakes 
were adopted in the late loading stage in the shaking 

table test, while purely microseisms were adopted in 
the numerical simulation. Before the sliding block 
slipped along the bedding surfaces, the secondary joints 
in the rock stratum were pulled apart, and they were 
completely pulled apart due to the slippage of the rock 
strata that slowly developed layer by layer under purely 
microseism actions, so the sliding blocks were more 
broken in the numerical simulation than in the shaking 
table test. However, despite these differences, the shaking 
table test and the numerical simulation both showed that 
the failure mode of a mid-dip bedding slope (β = 30°) 
were integral slipping along the bedding surface.

4.2 Failure mode of the model slope in numerical 
       simulation

Figures 11(a) and 11(b) show the fatigue failure 
process of the model slope (H=22.9 m, D=2.3 m, ɑ=60°) 
with different strata inclination (β = 0°, 60°) under 
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(a)  Horizontal bedding slope (β = 0°)
Fig. 11  Fatigue failure process of the numerical simulation
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repeated microseisms. Combined with the fatigue failure 
process of the model slope with a strata inclination of 
45° shown in Fig. 10(b), it shows that the stability of the 
mid-dip bedding slope (β = 30°), the bedding surfaces of 
which is exposed in the slope surface and inclined, is the 
worst. The slope began to show signs of slip instability 
after about 1200 microseisms. For the steep bedding 
slope (β = 60°), the bedding surfaces of which are 
exposed in the slope surface, the signs of slip instability 
occur after about 3000 microseisms and its stability 
is better than that of the mid-dip bedding slope. The 
stability of the horizontal bedding slope (β = 0) is the 
best among them, the signs of slip instability occur after 
about 8000 microseisms, and the slope failure is mainly 
due to the large horizontal displacement of rocks near 
the slope surface causing the partial slope structure to 
become loose and collapse. Combined with the integral 
slipping of the mid-dip bedding slope, the failure mode 
of the horizontal bedding slope can be summarized as 
local instability.

It was found that the long-term stability of the mid-dip 
bedding slope was the worst under frequent microseisms 
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(b)  Steep bedding slope (β = 60°)
Fig. 11  Continued
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and the slope has the integral sliding instability risk. 
Obvious signs of deformation development and very 
broken slipping mass can be observed before the integral 
slipping of the slope. The stability of the steep bedding 
slope is better than that of the mid-dip bedding slope, and 
the slope failure is mainly caused by geological disasters 
such as collapse and rockfall. Frequent microseisms have 
little influence on the stability of the horizontal bedding 
slope, but after a long period of microseisms, the rocks 
near the slope surface are relatively broken, and there is 
a risk of local rocks falling off and local instability. 

5  Conclusion

Shake table testing was performed to investigate the 
dynamic response and failure mode of the bedding rock 
slope under frequent earthquakes. Numerical modelling 
was then performed to further study the slope dynamic 
stability under purely microseisms and the influence of 
five factors, including seismic amplitude, slope height, 
slope angle, strata inclination and strata thickness, on 
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the dynamic stability was considered. The results of the 
shaking table test and the numerical simulation were 
compared and analyzed. The following conclusions 
were obtained:

(1) With the increase of loading times of the 
earthquakes, natural frequencies presented a downward 
trend and damping ratios showed an upward trend. 
Therefore, the basic variation law of its dynamic 
characteristics is characterized by the decrease of the 
natural frequency and increase of the damping ratio of 
the slope.

 (2) The slope stability decreased with the increase of 
seismic amplitude,  increase of slope height, reduction of 
strata thickness and increase of slope angle. In addition, 
the safety factor of the slope under frequent microseisms 
decreased sharply when the microseismic excitations 
increased to certain loading times, which indicated that 
the instability of the bedding rock slope under frequent 
microseisms had the characteristic of a certain degree of 
mutation.

(3) The dynamic failure mode of the mid-dip 
bedding rock slope is mainly characterized by vertical 
tensile cracks at the slope rear edge and integral slipping 
of the slope along the bedding surfaces. By contrast, in 
the numerical simulation, the failure mode of the mid-
dip bedding rock slope is also integral slipping along the 
bedding surface, whereas slope rock mass is very broken 
and dipping tensile cracks do not occur at the slope rear 
edge.

(4) Under frequent microseisms, the long-term 
stability of the mid-dip bedding slope is the worst and 
the horizontal bedding slope is best. The slope failure of 
the steep bedding slope is mainly caused by geological 
disasters such as collapse and rockfall, while the slope 
failure of the horizontal bedding slope is mainly caused 
by local rocks falling off and local instability after it 
experienced a long period of microseisms. 
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