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In order to better understand the dynamic response and failure modes of rock slopes
containing weak interlayers subjected to earthquake excitation, a series of numerical
simulations were carried out using the continuum-discontinuum element method (CDEM),
considering the influence of seismic amplitude andweak interlayers inclination. The seismic
response characteristics of slopes were systematically analyzed according to the
waveform characteristics, amplification effect, equivalent crack ratio, etc. The numerical
results show that the acceleration waveform characteristics and peak ground
displacement (PGD) amplification coefficient have good correspondence with the
dynamic failure process of landslides. Comprehensive analysis of waveform
characteristics and PGD amplification coefficient can determine the damage time,
damage location, and damage degree of landslides. The landslide process can be
divided into three stages according to the equivalent crack ratio: rapid generation of a
large number of microcracks, expansion and aggregation of microcracks, and penetration
of micro-cracks and the formation of slip surfaces. The equivalent crack ratio provides a
new idea for evaluating slope stability. In addition, under the combination of different
amplitudes and weak interlayers, these earthquake-induced landslides exhibit different
failure modes: the failure of the gentle-dip slope is mainly local rockfall; The mid-dip and
steep-dip slopes with small amplitudes experience “tensile cracking-slip-collapsing”
failure; The steep-dip slopes under strong earthquake failed in the form of “tensile
cracking-slip-slope extrusion-collapsing”. The research results are of great significance
for a deeper understanding of the formation mechanism of rock landslides with weak
interlayers and the prevention of such landslide disasters.
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INTRODUCTION

Rock landslide is one of the most common geological disasters in
mountainous areas (Wasowski et al., 2011; Kawamura et al., 2019;
Luo et al., 2019). Earthquake-induced landslides pose huge
threats to human activities and facility construction (Song
et al., 2021). Take the Wenchuan earthquake in Sichuan
Province, China in 2008 as an example, this earthquake
caused 3314 landslides and 1656 unstable slopes (Dai et al.,
2011). The volume of Daguangbao landslide induced by the
Wenchuan earthquake reached 1.16 × 109 m3, which is by far
the largest earthquake-induced landslide recorded in the world
(Cui et al., 2020). Therefore, special attention should be paid to
the dynamic response of rock slopes under earthquakes.

Among the many landslide-inducing factors, weak interlayers
are one of the most prominent (Huang et al., 2007). The slope
with weak interlayers is a common geological body. The weak
interlayers in the rock mass often have an unfavorable influence
on the engineering projects due to their relatively weak
mechanical properties, which is an important factor affecting
the deformation and instability of slopes. In recent years, scholars
have paid great attention to the seismic stability of weak sandwich
slopes (Huang et al., 2013; Huang et al., 2017). At present, the
research on the dynamic stability of weak sandwich slopes is only
carried out from one aspect (Xu et al., 2020). However, the
complexity of weak interlayers in actual landslides and the
immeasurability of their influence on the stability of slopes
require confirmation and analysis from many aspects. The
rock slopes slid suddenly and quickly along the weak
structural plane under the action of the earthquake, which
induced huge disasters, causing traffic paralysis, economic
losses, and casualties. However, the failure mechanism of rock
slopes with weak interlayers under earthquake action is still
unclear. Therefore, it is necessary to reveal the dynamic
response and failure modes of rock slopes with weak
interlayers under seismic excitation to provide guidance for
the prevention and control of landslides.

At present, the methods of investigation on earthquake-
induced landslides mainly include theoretical analysis, field
investigation, geological model test and numerical simulation
methods (Tang et al., 2009; Lin et al., 2018). The quasi-static
method (Terzaghi and Paige, 1950) and the Newmark method
(Newmark, 1965) are commonly used in theoretical analysis. The
theoretical analysis methods are simple and practical, and can
give clear evaluation indicators, so they are widely used in the
analysis of landslide engineering (Xu and Yang, 2018; Delgado
et al., 2020; Yiğit, 2020), but it is difficult to analyze complex
geological structures (Lin et al., 2018). Field investigation and
geological model test are the most commonly used methods to
study the dynamic stability of slopes. Based on field
investigations, the characteristics of landslides can be observed
(Zhao et al., 2018; Montgomery et al., 2020), but the gradual
failure process of landslides is lacking and it is time-consuming
and expensive (Tang et al., 2020). To supplement the
shortcomings of field investigations, geological model tests
have become a hot topic in the research field of slope dynamic
stability. As an important method of slope stability evaluation, the

geological model test has been widely recognized for its
practicality and professionalism (Seisdedos et al., 2012; Yang
et al., 2018). The geological model test can directly reflect the
stability of the rock slopes under earthquake, and provide a basis
for the verification of the results (Li et al., 2016). However, this
method is affected by factors such as size effect, a similar design of
the model structure, boundary conditions, and the level of
experimenters. There is a certain gap of dynamic response
between the test results and the actual landslides (Xu and
Dong, 2021). Therefore, numerical simulation has been
becoming a powerful method to research rock landslides
under earthquakes (Deng et al., 2020). Numerical simulation
has become the mainstream method for the stability analysis of
earthquake-induced landslides under complex geological
structures due to its advantages such as realistic reflection of
the landslide process, easy modeling of complex geological
structures, and reproducibility (Zhu et al., 2011; Liu et al.,
2018; Song et al., 2020). The common numerical simulation
methods are mainly based on the continuum and
discontinuum-based methods. Continuum-based methods can
simulate the actual dynamic motion of landslides. For example,
the finite element method (Martino et al., 2018; Yu et al., 2019;
Sangirardi et al., 2020) and finite difference method (Marcato
et al., 2012; Yu et al., 2014) are applied to the study of slope
dynamic stability. However, the continuous method is difficult to
simulate large deformation and cracking, and cannot give the
failure evolutional process of sliding initiation and expansion to
large-scale sliding. For discontinuous geological bodies, large
deformation, and stress concentration, the continuum-based
method has great limitations (Chen and Song, 2021).
Discontinuum-based methods, since the separation and
displacement of the elements are not restricted, can simulate
the gradual progressive development process of landslides.
Benefiting from the above advantages of the discontinuous
method, the application of it to landslides simulation has
received widespread attention. The discrete element method
(Wu et al., 2018; Donati et al., 2020) and discontinuous block
analysis method (Lin et al., 2016; Liu et al., 2019; Do and Wu,
2020) have been extensively used in the field of rock slope
dynamic failure research. However, discontinuum-based
methods can not reflect the continuous state of material before
failure. And the low computational efficiency is a common
problem with discontinuum-based methods, which makes it
time-consuming to perform large-scale simulations (Bao et al.,
2019). The whole failure process of rock slope from continuum to
discontinuum needs more in-depth study. Continuum-
discontinuum element method (CDEM) is a new numerical
method suitable for the analysis of geological hazards that has
emerged in recent years (Feng et al., 2014). CDEM method can
not only simulate the deformation and movement characteristics
of the material but also realize the transformation of the material
from the continuum to the discontinuum. Previous studies have
shown that the CDEM method has unique advantages in
simulating geological disasters such as landslides (Feng et al.,
2014; Li et al., 2015).

In this study, based on field investigations and laboratory rock
mechanics tests, accurate rock physicomechanical parameters
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were obtained, which provides a basis for numerical simulation.
Considering the influence of the amplitudes and the weak
interlayers dips, we carried out a series of numerical tests with
the CDEM method. The waveform characteristics, PGD
amplification effect, and equivalent crack ratio are analyzed
according to the numerical simulation results, and the failure
modes and dynamic development process of rock slopes with
weak interlayers under earthquake action are studied, which
provides a scientific basis for a deeper understanding of the
dynamic characteristics of rock landslides with weak
interlayers. As such, the simulation results presented here can
provide a reference for related future research and guidance for
the seismic design of this type of landslide.

Study Area
The study area is located in the northwestern part of Yunnan
Province, China (Figure 1A). Due to the close proximity to the
suture zone where the Indian plate and the Asia-Europe plate
collide, the tectonic movement in this area is unusually intense,

and many active faults have developed as a result. Under the
influence of violent tectonic movement and surface
biodynamics, various geological phenomena such as
landslides, avalanches, and rock weathering have appeared
here. As shown in Figure 1B, the rock slope in this area is
stepped with a gradient of 30–40°. The surface is exposed to tight
basalt, almond basalt, and volcanic breccia lava. There are many
weak tuff layers, which are broken owing to structural
dislocation, scattered in the rock mass. The rock slope
studied is a bedding slope, mainly composed of basalt. And
there are three sets of weak tuff interlayers with steep dip angles
on the slope. Based on the surveyed engineering geological
conditions, the main factors affecting the stability of slopes
are topographic conditions, rock properties, rock mass
structural planes, weak interlayers, and external loads. The
slope remains relatively stable under natural conditions, but
the stability under seismic loads needs further research.
Especially the combined effect of seismic load and weak
interlayers is the principal factor controlling slope stability.

FIGURE 1 | (A) Location of the landslide, Yunnan Province, China, (B) The longitudinal geological profile of the landslide.
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NUMERICAL MODEL

Principle of CDEM
Continuum-Discontinuum Element Method (CDEM) is a new
type of numerical method developed on the basis of the rigid
block discrete element method. In the numerical simulation, the
computational domain is generally discretized into units for

calculation. For these elements, they can be
continuous(corresponding to the finite element method),
discontinuous(corresponding to the discrete element method),
and partially continuous(corresponding to the CDEM method),
as shown in Figure 2A (springs include normal and tangential
springs). The finite element method is used to solve completely
continuous problems, while the discrete element method is

FIGURE 2 | (A) Comparison of computational domains FEM, DEM, and CDEM; (B) 2D contacts in CDEM contacts A2 - B1 and A4 - B3.

FIGURE 3 |Relationship between the bonding stress and opening sliding displacement (A) under compression and tension conditions; (B) under shear and sliding
conditions.
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suitable for fully discontinuous problems, generally. CDEM
combines the advantages of continuous calculation and discrete
calculation, that is, finite element calculation in the block and
discrete element calculation at the boundary to realize the
progressive failure process of the rock mass. As shown in
Figure 2B, the computational domain in CDEM is composed of
blocks and virtual interfaces. The blocks, composed of finite element,
is used to calculate the elastic, plastic and other continuous
properties of rocks. The virtual interfaces refer to the common
boundaries between blocks, which are composed of normal penalty
springs and tangential penalty springs, and their cracking and
sliding can characterize the discontinuous features of rocks.

In the CDEM calculation, the constitutive of the tensile-shear
composite interface based on the fracture energy is used to
calculate the fracture of the rock virtual interface. Use the
following equations to calculate the contact forces at the next
time step on the interface:

Fn(t1) � Fn(t0) − knAcΔun (1)

Fs(t1) � Fs(t0) − ksAcΔus (2)

where Fn and Fs are contact forces of the normal and tangential
penalty spring, respectively; kn and ks are contact stiffness of the
normal and tangential penalty spring (Pa/m), respectively; Ac is

the contact area; Δus and Δun are the relative displacement
increment in tangential and normal directions, respectively.

The tensile failure criterion is expressed as follows:

If − Fn(t1)≥ σ t(t0)Ac (3)

thenFn(t1) � −σ t(t0)Ac (4)

σt(t1) � −(σt0)2Δun/(2Gft) + c0 (5)

where σt0, σt (t0) and σt (t1) are the tensile strengths at the initial
moment, this moment and the next moment, respectively; Gft is
the tensile fracture energy (Pa·m).

The shear failure criterion is expressed as follows:

If Fs(t1)≥Fn(t1) tanΦ + c(t0)Ac (6)

thenFs(t1) � Fn(t1) tanΦ + c(t0)Ac (7)

c(t1) � −c20Δus/(2Gfs) + c0 (8)

where c0, c (t0), and c (t1) are the cohesion at the initial moment,
this moment and the next moment, respectively; Φ is the internal
friction angle of the virtual interface; Gfs is the shear fracture
energy (Pa·m).

According to the above description, the tensile-shear
constitutive curve considering the fracture energy is drawn as
shown in Figure 3.

FIGURE 4 | Flowchart of the iteration process in CDEM.
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CDEM is a dynamic explicit solution algorithm based on
breakable elements under the Lagrangian system, and is solved
by the explicit Euler forward difference method based on the
incremental method. The solution is divided into three steps: (1)
calculate the deformation force and damping force of the blocks
by cycling each finite element; (2) cycle each contact surface to
calculate the connection force and damping force of the contact
surface; (3) cycle all nodes to calculate the joint external force,
acceleration, velocity, and displacement. The specific calculation
process is shown in Figure 4.

Numerical Modeling
In the numerical simulation, the effects of different weak
interlayer dip angles and amplitudes are considered. Three
groups of weak interlayer dip angles, i.e. 15°, 30°, and 45°, are
analyzed; and four groups of input amplitudes, i.e. 0.3, 0.5, 0.8,
and 1.0 g, are studied. Table 1 shows the specific calculation
scheme.

Figure 5 shows the slope geometry, monitoring point layout,
and grid division in the numerical simulation. All of the slope
height is 450 m. For dynamic calculations, to eliminate the
influence of artificial boundaries, the bottom of the model
adopts a viscous boundary, and the normal displacement of
the bottom is fixed. Use free field boundaries on the left and
right sides of the model to absorb false vibrations. Apply sine
waves of different amplitudes at the bottom of the model, and
Figure 6 shows the amplitude time history curve. In CDEM, to
impose a dynamic load of stress-time history on the viscous
boundary, it is necessary to integrate the acceleration time history
into a velocity-time history and then convert it into a stress-time
history. The conversion expression is as follows:

σn � 2(ρ · Cp)vn (9)

σs � 2(ρ · Cs)vs (10)

where Cp is P-wave velocity and Cs is S-wave velocity; vn and vs
represent normal and tangential velocity, respectively. In the
numerical calculation, 12 monitoring points are set up on the
slope surface and in the slope, to monitor the acceleration of the
slope. The test results can be used to study the acceleration change
characteristics and amplification effects, so as to analyze the
dynamic response.

In CDEM, the selection of material parameters is important
content. The material parameters in CDEM include bulk
parameters that characterize continuity and numerical spring
parameters that characterize discontinuity. In this study, the
block parameters are obtained based on experiments. Table 2
shows the rock block parameters used in numerical simulation,
and Table 3 gives the numerical springs parameters. The micro-
parameters parameters used in the numerical modelling can be
determined by the method in the published papers (Li et al.,
2006; Feng et al., 2014; Li et al., 2015). Among them, use the
following equation to calculate the normal stiffness and
tangential stiffness:

K � AEr/(2T0) (11)

where A is the contact area, Er denotes the young’s modulus, T0
denotes the thickness of the structural layer, and its size is usually
1% of the size of the block.

The expressions of tensile fracture energy and shear fracture
energy are as follows:

Gft � K2
IC/E (12)

Gfs � (1 − v2)K2
IIC/E (13)

where KⅠC and KⅡC are tensile and shear fracture toughness.
To ensure the correctness of the numerical calculation results,

the validity of the parameters used is verified by a uniaxial
compression test. Figure 7 shows the geometric model and
results of the uniaxial compression test.

ANALYSIS OF SIMULATION RESULTS

The failure modes of landslides are studied by analyzing the
failure process, waveform characteristics, amplification effect, and
crack ratio in this section.

Analysis of Landslide Failure Process
The dynamics failure process of the landslide is shown in
Figure 8. Figure 8A; Figure 8B show the displacement
distributions ((A) 0.5 g amplitude; (B) 1.0 g amplitude) of the
failure process of the slope with 15°-dip-angle weak interlayers.
Figure 8A; Figure 8B shows that the slope with 15° inclination
angle weak interlayers is only partially damaged under the action
of earthquakes with different amplitudes, but does not reach the
overall instability slip. This kind of slope has similar failure
disciplines under the effect of earthquakes of different
amplitudes: (1) The contact surface of weak interlayers was
damaged and broken (t � 0.1–4.0 s); (2) Vertical tension
cracking occurred on the back edge of the slope. The rock
mass on the slope surface, meanwhile, was damaged to
generate micro-cracks since the amplification effect of the
seismic wave (t � 8.0-12.0 s); (3) The tensile crack at the
trailing edge of the slope widened and continued to spread
downward, but it never penetrated the fracture surface
produced by the weak interlayers. This is the reason why the
overall slip failure did not occur under these conditions. In
addition, for the damaged weak interlayers that have a

TABLE 1 | Calculation conditions in numerical simulation.

No Weak interlayer dip
angles (°)

Amplitude (g)

1 15 0.3
2 0.5
3 0.8
4 1.0
5 30 0.3
6 0.5
7 0.8
8 1.0
9 45 0.3
10 0.5
11 0.8
12 1.0
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downward sliding trend, the broken rock blocks were driven to
slide downward, forming a small number of falling rocks (t �
16.0-19.8 s). It is noted that when the amplitude is small
(0.3–0.8 g), the slope failure mainly occurs above the third

weak interlayer, and the weak interlayers play a principal role
in slope failure. As for large amplitude (1.0 g), the slope toe was
damaged (Figure 8B), indicating that the effect of strong
earthquakes is greater than that of weak interlayers. The toe of

FIGURE 5 |Model geometry, monitoring point layout and grid division (A) weak interlayers dip is 15°, (B) weak interlayers dip is 30°, (C) weak interlayers dip is 45°.
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the slope was squeezed out under the action of strong earthquakes
due to stress concentration.

Figure 8C; Figure 8D show the displacement distributions
((C) 0.5 g amplitude; (D) 1.0 g amplitude) of the failure process of
the slope with 30° dip angle weak interlayers. From Figure 8C;
Figure 8D, the slopes with 30°-dip-angle weak interlayers are
completely destroyed under the action of earthquakes, and the
final slip surface is mainly controlled by the third weak interlayer.
Under different amplitudes, the failure process of slopes shows
similar disciplines: (1) Damage and cracking occurred on the
contact surfaces of the weak interlayers (t � 0.2 s); (2) Vertical
tension cracks occurred on the back edge of the slope. At the angle
between the fractured surfaces and the weak interlayers, the rock
masses were destroyed due to stress concentration, and a small
amount of rock fell (t � 4.0 s); (3) The tensile cracks on the back
edge widened and expanded downwards, intersecting with the
first weak intercalation, and the rock masses above the first weak
interlayer slipped downward (t � 8.0 s); (4) The trailing edge
cracks continued to propagate downward, and successively
penetrated the second and third weak interlayers (t � 12.0 s
and t � 16.0 s), causing the rock masses above the third weak
interlayer to collapse. Finally, the overall collapse was formed (t �
19.9 s). It is worth mentioning that when the amplitude is small
(0.3 and 0.5 g), no damage occurs at the slope toe, and the third
weak interlayer is the control sliding surface, where in the case of
large amplitude (0.8 and 1.0 g), the slope toe is damaged. The rock
mass below the third weak interlayer appears buckling failure, but
no new slip surface is formed.

Figure 8E; Figure 8F show the displacement distributions ((E)
0.5 g amplitude; (F) 1.0 g amplitude) of the failure process of the
slope with 45°-dip-angle weak interlayers. From Figure 8E;
Figure 8F, the slope with weak interlayers with an inclination
angle of 45° has overall instability and destructiveness. The failure
process is expressed: (1) The contact surfaces of the weak

interlayers were damaged and cracked (t � 0.4 s); (2) Vertical
tension cracks occurred on the back edge of the slope. The rock
mass above the third weak interlayer, meanwhile, slipped as a
whole (t � 2.6 s); (3) The cracks on the trailing edge were widened
and extended downwards to penetrate the weak interlayers. The
slope top blocks collapsed (t � 6.1–8.6 s); (4) Under the control of
the weak interlayers, the slope fell as a whole. There are different
final failure modes under different amplitudes. Under the
condition of an amplitude of 0.3 g, the slope toe does not
damage, and the final slip surface is controlled by the third
weak interlayer; In the case of an amplitude of 0.5 g, the slope
toe undergoes extrusion failure and the rock masses below the
third weak interlayer buckle, but no new slip surface is formed;
The rock masses below the third weak interlayer are destroyed as
a whole and penetrates through the upper slip surface to form a
new integral slip surface when the amplitude is above 0.8 g.

Analysis of Waveform Characteristics
In the numerical simulation, 12 monitoring points are arranged
(Figure 5). Obtain the acceleration time-history curve from the
acceleration data of the monitoring points. Figure 9 shows the
acceleration time-history curves with weak interlayers inclination
of 15° under the input wave of amplitude 0.5 g. According to
Figure 9, the waveform fluctuates uniformly throughout the
entire process without obvious discrete points at the two
monitoring blocks A1 and A2, indicating that there is no
damage at the two places, that is, no damage occurs below the
third weak interlayer. The waveforms of A3-A6 produced
different degrees of fluctuation dispersion phenomenon at
different moments. After the first fluctuation dispersion, there
will still be multiple wave dispersion phenomena in a relatively
short period, and then enter the relatively uniform fluctuation
phase. The reason for this phenomenon is that: when discrete
fluctuations appear for the first time, it indicates that the
connection of the monitoring block is broken and microcracks
are generated, which leads to a sharp change in acceleration.
However, the constraints between the monitoring block and the
adjacent blocks have not been completely lifted, and the collision
between the blocks makes the acceleration change drastically.
After the connection between the monitoring block and the
adjacent blocks is completely broken, the monitoring block

FIGURE 6 | Harmonic waves used as input base excitations.

TABLE 2 | Parameters of block elements in the numerical calculation.

Name ρ (kg/m3) E (GPa) ν (-) c (MPa) T (MPa) Φ (°)

Basalt 3000 20 0.23 1.5 1.3 43
Tuff 2500 8 0.3 0.5 0.45 38

Frontiers in Earth Science | www.frontiersin.org December 2021 | Volume 9 | Article 7914588

Wang et al. Continuum-Discontinuum Modelling on Slope Dynamics

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


slides out or flies out, and the acceleration fluctuates uniformly,
that is, the waveform is uniformly distributed. As shown in
Figure 9, A7-A12 monitoring blocks all have discrete
waveform fluctuations at different times, indicating that
damage occurs inside the slope at different times. After
damage, the waveform fluctuates uniformly or discretely again.
The reason is that: the A7-A12 monitoring blocks are located
inside the slope. After the damage occurs, the damaged
monitoring block cannot slide due to the constraints of the
surrounding blocks, so the waveform is evenly distributed.
However, the damaged block may suffer connection damage
again, causing discrete fluctuations in the waveform again.

According to the above analysis, for the calculation condition
with weak interlayers inclination of 15° and an amplitude of 0.5 g,
no damage occurs at A1-A2, that is, no damage occurs below the
third weak interlayer. The different degrees of damage occurred at
A3-A6, indicating that under the influence of the weak
interlayers, the upper part of the slope appears to be damaged
and slipped, and the weak interlayers are the key cause of slope
instability. Different degrees of damage occurred in A7-A12,
indicating that the earthquake will cause internal damage to
the slope and produce more micro-cracks. These micro-cracks
are unstable factors that threaten the safety of the slope. More, the
sequence of a slope failure can be determined by using the time
when the discrete waveform appears. The time sequence of slope
failure is A6, A5, A4, A3 at the slope surface, indicating that with
the effort of the weak interlayers, the upper weak interlayer is
destroyed first, driving the rock above the upper weak interlayer
to slip, and then the lower rock layer is successively destroyed. In
the interior of the slope, A7-A10 are destroyed first, A11 and A12

are destroyed in sequence, and the order of destruction is from
the top to the bottom of the slope.

Other calculation conditions show similar disciplines. It is
worth mentioning that under these two conditions, the slope toe
(A1) and the lower part of the weak interlayer (A2) were
damaged, and the third weak interlayer (A3) was the first to
fail and slip. This is because when the inclination angle is
relatively large, seismic action is no longer the only dominant
factor in slope failure. The combined effort of the earthquake and
geological structure makes the third weak interlayer break out
first, and then drive the upper rock formation to slide.

Dynamic Amplification Effect Analysis
The amplification effect of the slopes takes into account the
influence of the weak interlayers dip and the amplitude of the
seismic load. Here use the peak ground displacement (PGD) to
describe the dynamic response of the slopes. Introduce the PGD
amplification coefficient, i.e. the ratio of the PGD of any
monitoring point to the PGD at the slope toe (A1), and the
relative height (h/H), i.e. the ratio of the height of any monitoring
point to the height of the slope. Figure 10 shows the PGD
amplification coefficient under various calculation conditions.
As the height increases, the PGD amplification coefficient
increases first and then decreases overall.

From Figure 10A, for a slope with weak interlayers inclination
of 15°, the PGD amplification coefficient increases sharply in the
middle of the slope (A3, A4, and A5), indicating that this is the
main area of slope failure, that is, the slope failure is mainly
controlled by the weak interlayers under this calculation
condition. Note that the slope toe is not damaged when the

FIGURE 7 | Numerical verification for uniaxial compression testing in CDEM (A) model geometry and (B) failure curve and failure state.

TABLE 3 | Parameters of the contact elements in the numerical calculation.

Name kn (GPa/m) ks (GPa/m) Φ (°) c (MPa) T (MPa) GfI (Pa·m) GfII (Pa·m)

Basalt 200 20 43 1.5 1.3 120 40
Tuff 80 8 38 0.5 0.45 600 130
Interface 1.2 0.12 35 0.15 0.15 3 11
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amplitude is below 0.5 g, and the PGD amplification coefficient of
the slope lower part (A2) is very small; and when the amplitude is
above 0.8 g, the slope toe is damaged. The slope lower part (A2)

produces a large displacement, and its PGD amplification
coefficient also increases. Figure 10B shows the PGD
amplification coefficient of slopes with weak interlayers

FIGURE 8 | The failure process of the slope (A) 0.5 g-15°, (B) 1.0 g-15°, (C) 0.5 g-30°, (D) 1.0 g-30°, (E) 0.5 g-45°, (F) 1.0 g-45°.
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inclination of 30°. Similar to the inclination angle of 15°, the
amplification coefficient of PGD in the middle and upper part of
the slope increases sharply. The slope toe is not damaged when
the amplitude is 0.3 g, and the PGD amplification coefficient is
small, and when the amplitude is greater than 0.5 g, the PGD
amplification coefficient of the lower slope is increased due to the
damage of the slope toe. The slope with an inclination angle of
30°, different from the slope with an inclination angle of 15°, has

an overall slippage above the weak interlayers, so the overall PGD
amplification coefficient is very large. And the slope top (A6) has
a large slippage, where the PGD amplification coefficient is large.
Figure 10C shows the PGD amplification coefficient of the slope
with weak interlayers inclination angle of 45°. Under these
conditions, the slope toe is damaged. Because the slope toe
does not have a large slip as the amplitude of the slope is
below 0.5 g, its PGD is small, making the middle and upper

FIGURE 10 | Variation of PGD amplification coefficient with relative height (A) weak interlayers dip is 15°, (B) weak interlayers dip is 30°, (C) weak interlayers dip
is 45°.

FIGURE 9 | Acceleration time-history curve of calculation condition with weak interlayers of 15° and amplification of 0.5 g.
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PGD amplification coefficient very large. When the amplitude is
greater than 0.8g, the slope toe slides out, and its PGD is larger,
making the overall PGD amplification factor smaller. From
Figure 10C, the slope damage is mainly concentrated in the
middle and upper part for the effect of the weak interlayers.

Comparing the above results, the slope damage, when the
inclination angle is small (15°), mainly occurs in the middle and
upper part, especially in the middle part, indicating that the
failure of this type of slopes is mainly controlled by the weak
interlayers, and the third weak interlayer has the most obvious
effect. When the inclination angle is large (30° and 45°), the slopes
are damaged by sliding as a whole, even the slope toe fails, too. In
terms of the damage degree, the middle part of the slope is the
most serious, followed by the top and toe of the slope, indicating
that the weak interlayers still play an important part in the
damage to this type of slope. However, with the increase of
inclination angle and amplitude, the slope toe is squeezed out
under the dynamic loads, and the failure control surface of the
slopes change from the weak interlayers to the combination of
weak interlayers and slope toe.

Equivalent Crack Ratio Analysis
The concept of spring equivalent crack ratio is introduced to
characterize the slope failure degree. The definition formula of
spring equivalent crack ratio is:

R � S1/S0 (14)

where R is the spring equivalent crack ratio, S1 is the cumulative
value of the product of the spring damage factor and the area, and
S0 is the total contact area of the blocks. The equivalent crack ratio
under different calculation conditions is shown in Figure 11. As
the loading time increases, the equivalent crack ratio first
increases sharply and then gradually stabilizes. According to
Figure 11, the development of the equivalent crack ratio is
divided into three stages: (1) Rapid growth stage (t � 0–4.0 s).

At this stage, a large number of micro-cracks are rapidly
generated under seismic loads, providing basic conditions for
the subsequent failure of the slope. (2) Slowly increasing stage (t �
4.0–12.0 s). The increase in the equivalent crack ratio at this stage
is mainly due to the aggregation of the microcracks generated in
the previous stage, accompanied by a small number of new
micro-cracks, and the growth rate slows down. The
aggregation of micro-cracks promotes the failure of slopes. (3)
Stable stage (t � 12.0–20.0 s). The equivalent crack ratio increases
little at this stage, mainly because the aggregated cracks in the
previous stages gradually penetrate and form slip surfaces, which
makes the slope instability and failure. After the landslide failure
occurs, the accumulated energy is released, and no new
microcracks are generated, so the equivalent crack ratio
gradually stabilizes.

Figure 12A shows the variation of the final spring equivalent
crack ratio with the weak interlayers dip. When the amplitude is
small (0.3 and 0.5 g), as the inclination angle increases, the final
spring equivalent crack ratio gradually increases, and when the
amplitude is large (0.8 and 1.0 g), the final spring equivalent crack
ratio changes little as the inclination angle increases. This is
because when the amplitude is not large, the weak interlayers
have an important influence on slope failure. The seismic load,
with the amplitude increasing, becomes the dominant factor for
slope failure. As shown in Figure 12B, the final spring equivalent
crack ratio has a positive correlation with the amplitude. When
the amplitude is greater than 0.8 g, the final spring equivalent
crack ratio reaches about 0.7, and the slope reaches failure. It can
be seen that earthquakes, especially strong earthquakes, have a
devastating effect on slopes.

Seismic Failure Mechanism of Landslides
Based on the previous analysis, the numerical results reveal the
failure mechanism of landslides with different inclination angles
and amplitudes. When the inclination angle of the weak
interlayers is 15°, the slope is partially damaged without
overall slippage. The main form of slope failure is local
rockfall. When the inclination of the weak interlayers is 30°,
the slope will slip as a whole. The failure process of the slope can
be described as the weak interlayers cracking - tensile cracks
appearing on the trailing edge - the tensile cracks widening and
expanding downward - the tensile cracks penetrate the weak
surfaces and the sliding surface formed, and the landslide is
destroyed as a whole. The failure mode can be summarized as
“tensile cracking-slip-collapsing”. It is noticed that the slope toe
undergoes extrusion failure, but the overall slip surface is not
formed as the amplitude reaches 1.0 g. The failure mode of a slope
with weak interlayers inclination angle of 45° and an amplitude of
less than 0.5 g is akin to that of a slope with an inclination angle of
30°. When the amplitude is equal to or greater than 0.8 g, the
failure process is weak interlayer cracking–tensile cracks on the
trailing edge–tensile cracks widening and extending downwards -
slope toe extrusion–slipping surface penetration, and the overall
failure of the landslide. The failure mode can be summarized as
“tensile cracking-slip-slope extrusion-collapsing”. Therefore, it
can be seen that under different geological conditions, the leading
factors of landslide are different, and the combination of weak

FIGURE 11 | Variation of spring equivalent crack ratio with amplifications
(weak interlayers dip is 45°).
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interlayers and seismic load creates complex landslide
failure modes.

DISCUSSION

Research on the stability of weak interbedded rock slopes is a hot
issue. Many scholars have carried out research on this issue
through field investigation, geological model test, and
numerical simulation. Field investigation and geological model
test have their own limitations. As computer technology
developing rapidly, numerical simulation has become a good
choice for studying the progressive failure process of landslides
with complex geological structures.

The traditional numerical simulation methods, including the
finite element method (FEM) and discrete element method
(DEM), are widely used in calculating slope stability. The
finite element method usually cannot simulate the large
deformation and failure of rock slopes, especially the dynamic
slip process accompanied by the seismic load of complex
geological structures. The discrete element method can
simulate the large deformation and the entire failure process
of the slope, but due to its complex contact detection and low
calculation efficiency, large-scale calculations are time-
consuming. The CDEM method combines the advantages of
the two traditional numerical methods and can realize the
transformation of rock materials from continuum to
discontinuum. Studies have shown that it is an effective
method for simulating geological disasters such as landslides.

The CDEM simulation results show that different failure
modes occur under different weak interlayers and seismic load
combinations: local rockfall occurs in a gentle slope, “tensile
cracking-slip-collapsing” failure occurs in mid-dip slope, and
“tensile cracking-slip-slope extrusion-collapsing” failure occurs
in a steep slope. Besides, the waveform characteristics, PGD
amplification coefficient, and spring equivalent crack ratio

have consistent correspondence with the failure process of
landslides. The discrete fluctuations of the acceleration
waveform indicate the cracking failure of the rock blocks, and
the characteristics of the waveform reveal the failure location and
failure time of landslides. The sudden change of the PGD
amplification coefficient reflects the damaged location and
damage degree of landslides. It is worth mentioning that the
slope failure process can be divided into three stages according to
the spring equivalent crack ratio: equivalent crack ration rapid
increase stage, equivalent crack ration slow increase stage, and
equivalent crack ration stable stage. This reveals the failure
mechanism of landslides: under the action of the earthquake, a
large number of micro-cracks are rapidly generated first, and then
the micro-cracks are expanded and aggregated, and finally the
cracks penetrate to form a slip surface and cause a landslide. The
failure process of landslides can be divided and the failure
mechanism of landslides can be explained based on the
analysis of the equivalent crack ratio, which provides a
reference for the criterion of landslides.

However, CDEM numerical simulation in this study has its
own limitations. The real geological structure is in a three-
dimensional state, and it is difficult for two-dimensional
numerical simulation to accurately reflect the three-
dimensional motion characteristics of landslides. Also, the
variation of parameters that is not considered in this paper
will be an important factor for the failure modes. We will try
to carry out three-dimensional related research and parameters
discussion in future work. In addition, some laboratory
experiments contain important information for understanding
the mechanism of earthquake-induced landslides, which are of
high value for simulation and verification(Burridge and Knopoff,
1967; Parteli et al., 2005). We will consider these experimental
information in the future research. Although the simulation has
limitations, a reference to reveal the failure process and failure
mechanism of rock slopes under the combined action of weak
interlayers and earthquakes is provided. In addition, CDEM

FIGURE 12 | Variation of final spring equivalent crack ratio (A) with weak interlayers dips, (B) with amplitudes.
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method is not only suitable for earthquake-induced landslides
simulation, but also applied to model a broader range of landslide
types, for example, cumulative perturbations due to soil
instability processes(Feng et al., 2014; Yongbo et al., 2016).
CDEM method provides new ideas for studying geological
disasters such as landslides.

CONCLUSIONS

The CDEM method is used to numerically simulate the failure
modes and dynamic response of weak interbedded rock slopes
under earthquakes. Some conclusions can be drawn as follows:

1. The characteristics of acceleration waveform and PGD
amplification coefficient have strong consistency with the
landslide failure process. The discrete fluctuation of the
waveform reflects the damage location and time of the
landslide. The sharp change of the PGD amplification
coefficient reveals the landslide damage location and
damage degree.

2. The concept of spring equivalent crack ratio is introduced, and
the landslide development process can be divided into three
stages by using the change of spring equivalent crack ratio over
time: rapid generation of a large number of microcracks,
expansion, and aggregation of microcracks, and penetration
of micro-cracks and the formation of slip surfaces.

3. The combination of weak interlayers and seismic load causes
multiple failure modes of the landslide. For the gentle slope
(15°), local damage occurs on the slope, and the main form of
damage is rockfall. For a mid-dip slope (30°), the slope has an
overall failure, and the failure mode is “tensile cracking-slip-
collapsing”. For the steep slope (45°), “tensile cracking-slip-

collapsing” failure occurs when the amplitude is small, and
“tensile cracking-slip-slope extrusion-collapsing” failure
occurs when the amplitude is large.
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