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In order to further reveal the failure mode and dynamic response law of dangerous rocks with different degree of weathering in the
rock cavity under the action of earthquake and to provide early warning and forecast for steep slope of dangerous rocks in similar
earthquake areas, a typical steep slope of dangerous rock in earthquake area of Sichuan, China, was taken as the research object,
after detailed geological survey, and according to the chain development law of dangerous rock, the steep slope of dangerous rock
before the earthquake was restored. Based on the 3D particle flow software PFC3D, the dangerous rock was divided into 3 modes
according to the degree of weathering of the mudstone rock cavity, and the three-dimensional discrete element dangerous rock
model under different modes was established. By introducing the horizontal and vertical two-way coupled seismic waves in
Wenchuan, Sichuan, in 2008, the failure evolution process of steep slope of dangerous rock under the action of the horizontal and
vertical coupled seismic waves was dynamically simulated, which proved the rationality of the simulation.-e frequency spectrum
of velocity-time history signal of each rock block in the dangerous rock model was analyzed by MATLAB programming, and the
time-frequency characteristics of each dangerous rock model under the action of coupled seismic wave were studied.-e research
results have important scientific guiding significance and practical value for the dynamic stability evaluation and prediction of
such steep slope of dangerous rocks under the combined action of rock cavity weathering and earthquake.

1. Introduction

Sichuan Province, China, is located in the Helan Mountain-
Liupan Mountain-Longmen Mountain-Hengduan Moun-
tain seismic zone, where earthquake disasters occur fre-
quently. As one of the most important secondary geological
disasters in the earthquake area, examples of rock slope
instability induced by earthquake are common, often
causing huge economic and property losses. -e dangerous
rock steep slope is the main carrier of seismic slope insta-
bility disaster, because the rock mass is cut by different
structural planes, when the main control structural plane at
the rear of the dangerous rock block gradually penetrates
until it breaks under the action of multiple factors, instability
and destruction of dangerous rocks will occur. Existing
studies have mostly focused on the instability and failure of

rock slopes in nonseismic areas under the action of self-
weight. -e dynamic response and failure mode of the
dangerous rock slope under the action of the earthquake in
the earthquake zone need to be solved urgently, especially
the study on the process of collapse deduction, failure
mechanism, and dynamic response characteristics of rock
cavern-type dangerous rock slopes under different weath-
ering degrees under the action of the earthquake gradually
become one of the research hotspots and technical diffi-
culties in this field [1, 2].

For example, Chen et al. [3] deduced the chain devel-
opment process of dangerous rock in the -ree Gorges
reservoir area from the perspective of geomorphology, the
influence law of rock cavity weathering on the stability of
dangerous rock slope was revealed, and the chain rule of
dangerous rock development in the -ree Gorges reservoir
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area was put forward. Based on fracture mechanics and
damage mechanics, Tang et al. [4, 5] studied the rockfall
sequence on the steep cliff of weak base and established the
calculation method of rockfall time. Based on fracture
mechanics and material mechanics, Wang et al. [6] estab-
lished a method for calculating the interlayer load and
stability coefficient of complex slow-dipping rock slope and
revealed its collapse sequence with the finite element
method. Zhou et al. [7] used the QUIVER code to realize the
response analysis of the gentle slope under the action of
earthquake and revealed the slope response and sliding
displacement law under the action of earthquake. Huang
et al. [8] used the discontinuous deformation analysis
(DDA) method to simulate the movement characteristics of
dangerous rock slopes under different seismic conditions
and revealed the influence of seismic loads on the movement
characteristics of collapse block of dangerous rock mass.
Zhao et al. [9] used the particle flow software PFC2D to
dynamically simulate the instability process of the rock slope
and revealed the influence of the distribution of the soft
structural plane on the instability and failure of the rock
slope. Based on the cantilever beam calculation theory, Yuan
et al. [10] used the time-history curve of seismic acceleration
to obtain the time-history curve of dangerous rock under the
maximum tensile stress and established the calculation
method for the stability of dangerous rock under the action
of the earthquake. Bian et al. [11] used the technology of
PFC2D artificially synthesized rock mass to reveal the failure
mode and dynamic response law of rock slopes with bedding
and intermittent joints with different combinations of rock
bridge inclination and joint spacing under the action of the
earthquake. Based on the discrete element method (DEM),
Zhao et al. [12] deduced the progressive failure evolution
process of a three-dimensional steep rock slope under the
action of seismic transverse and longitudinal waves.

-e above studies are mostly based on the single factor
effect of rock cavity weathering or seismic action, and only
two-dimensional perspective is used in the discrete ele-
ment numerical simulation process, which cannot directly
reveal the instability and failure process of dangerous rock
slope. As a result, it has poor applicability to the rock cavity
type dangerous steep slope commonly existed in earth-
quake area and insufficient understanding of the law of
seismic dynamic response and failure process of dangerous
rocks. Based on this, this paper takes the dangerous rock
slope of rock cavity type in Sichuan Province, China, as the
research object, the combined conditions of rock weath-
ering and seismic action were considered, discrete element
particle flow software (PFC3D) was used to simulate the
dynamic failure process, the dynamic response rule and
failure mechanism under the action of earthquake were
revealed, and the energy distribution and frequency
characteristics were discussed. -is method can directly
deduce the dynamic process of the collapse of each dan-
gerous rock block under the action of earthquake, improve
the chain law of dangerous rock, and reveal the damage
degree of each rock block affected by the earthquake under
different weathering degrees of rock caves. It is of great
scientific significance and practical value to evaluate and

forecast the dynamic stability of the dangerous rock slope
under the combined action of rock cavity weathering and
earthquake.

2. Establishment of Dangerous Rock Model

2.1. Model Instance. In order to better describe the elastic-
plastic behavior of soil around the pile group of wharf
foundation under wetting-drying cycles and lateral cyclic
loading, the Mohr-Coulomb model is utilized to simulate
the elastoplastic behavior of the bank slope. -e yield
function of the Mohr-Coulomb model in terms of stress
invariants can be expressed as follows: this paper takes a
typical steep slope of dangerous rocks in Beichuan Qiang
Autonomous County, Mianyang City, Sichuan Province,
China, as the research object; as shown in Figure 1, the 2008
earthquake in Wenchuan, Sichuan Province, in China
caused the collapse and instability of the dangerous rocks.
-ere are no residents living below the dangerous rocks
point, and it is far away from Provincial Highway 205, no
casualties were caused by the earthquake. Most of the
collapsed rocks were scattered at the foot of the slope, but
there is a rock block with a volume of about 1.76m3 still
rolling down beside the Provincial Highway 205, posing a
huge threat to the safe operation of Provincial Highway 205
and the nearby residents.

After detailed geological survey, the steep slope of
dangerous rocks was restored.-e height of the steep slope is
about 23.0m, and the upper rock mass is composed of
arkstone sandstone with good integrity, height of about
18.0m, natural bulk density of 24.7 kN/m3, and fracture
toughness of 26.0Mpa·M1/2. -e lower rock mass is mud-
stone with poor integrity, a height of about 5.0m, and a
natural bulk density of 25.3 kN/m3. According to the chain
law of the dangerous rock [3] and the structure plane layout
of the site, there are two macrochains A and B on the steep
slope of the dangerous rock from the slope to the inside of
the slope. Among them, the width of chain A is about 1.8m
and the width of chain B is about 1.7m. Each macrochain
contains 4 microchains, and the dangerous rock mass is
numbered from bottom to top (A chain is A1, A2, A3, and
A4, and B chain is B1, B2, B3, and B4), as shown in Figure 1.
-e size and fracture size of the rest rock mass are shown in
Table 1.

2.2. Establishment of Numerical Model

2.2.1. Model Establishment. -e evolution process of natural
weathering of shale cavity in this case is considered; after the
reasonable generalization, the discrete element software
PFC3D was used to establish 3 groups of rock cavity type
slope models with different weathering degrees. -e cavity
depth of Model 1 to Model 3 is gradually deepened, which is
0.9m, 2.1m and 3.5m, respectively, and Model 3 corre-
sponds to the dangerous rocks in the examples before the
earthquake in this paper, as shown in Figures 2(a), 2(b), and
2(c). With reference to [13], the linear parallel bond model
was selected as the internal contact model of the rock in this
paper, and the smooth-joint contact model was selected as
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the contact model of the joint plane between the rocks. As
shown in Figure 2(d), the model joint surface is generated by
the DFN rock joint system built in the PFC, and the joint
mesoscopic parameters are controlled by it.

In this paper, rock mesoscopic parameters were tested by
rock triaxial test and PFC numerical triaxial servo test
[13, 14]. -e obtained rock mesoscopic parameters are
shown in Table 2, and joint parameters were referenced [11],
as shown in Table 3.

2.2.2. Setting Up of Monitoring Scheme. In order to obtain
the failure law of rock block movement under the action of
earthquake, this paper intends to set up 16 monitoring
points from bottom to top and from left to right along the
vertical direction of A and B macrochains. -e velocity,
acceleration, and other characteristic quantities of rock
particles are monitored, and the rock blocks are grouped to
monitor the displacement, velocity, acceleration, and other
characteristic quantities of each rock block of Model A1 to
B4, as shown in Figure 2(c).

2.2.3. Seismic Wave Input. Referring to reference [11] and
reference [15], in this paper, the first 25s of the E-W andU-D
seismic time-history records obtained at Wolong Station in
the Wenchuan Earthquake of Sichuan Province in 2008
recorded by the China National Earthquake Data Center are
used as the horizontal and vertical two-way coupled seismic
wave as the input seismic time-history wave, and the time-
history curve of acceleration is shown in Figure 3.

3. Failure Mode and Dynamic Response of
Rock Vibration

3.1. Establishment of NumericalModel. -e failure modes of
Model 1 and Model 2 are shown in Figure 4 when the
earthquake occurs for 25 s. In Model 1, the development
crack on the left joint surface of Chain A is LX1, and the
development crack in the left joint surface of chain B is LX2.
InModel 2, the development crack on the left joint surface of
A chain is LX3, and the development and change of each
crack with time during the seismic period are shown in
Figure 5. It can be seen from Figures 4 and 5, the failure
modes of each model under the action of earthquake are
different due to the weathering degree of mudstone cavity.
-e crack between rock blocks develops gradually with the
extension of the seismic action time, and the slope of each
surface reflects the rate of crack expansion, indicating that
the crack expansion rate is synchronized with the time-
history curve of the input seismic acceleration, and the
degree of rock collapse is positively correlated with the
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Figure 1: -e real scene and geological model of the dangerous rock (unit: m).

Table 1: Rock block and crack size table (unit: m).

Category
Layer number

Level one Level two Level three Level four
Rock block 3.3 4.2 5.0 5.5
Crack 1.65 2.1 2.5 2.75
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degree of weathering of the mudstone cavity. In Model 1, the
weathering depth of cavity is 0.9m. After the earthquake, the
crack LX2 expands first, and the expansion speed and depth
are much greater than that of LX1, causing the B chain to tilt

outward. However, since the weathering depth of the cavity
does not touch the location of crack LX2, the rock blocks of
chain A and B did not collapse during the period of
earthquake action, but the rock blocks of chain B showed a

(a) (b)

(c)

DFN joint

Contact
force chain

Distribution of DFN joints

Distribution of contact
force chain

Linearpbond active
Smoothjoint active

Linearpbond active
Smoothjoint active

(d)

Figure 2:-ree-dimensional numerical model of rock cavity type dangerous rock. (a) Model 1. (b) Model 2. (c) Model 3. (d) Contact model
mesh.
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Table 2: PFC mesoscopic parameters of rocks.

Rock
sample

Parameter

Particle
radius (m)

Particle
density
(kg·m−3)

Elastic
modulus
(GPa)

Tensile
strength of
parallel bond

(MPa)

Bonding
strength of
parallel bond

(MPa)

Local
damping

Stiffness
ratio

Coefficient of
friction

Radius
multiplier

Sandstone 0.4–0.45 2700 40 60.0 58 0.7 3.5 1.0 1.00
Mudstone 0.5–0.6 2700 10 17.3 17 0.7 1.4 4.2 1.01

Table 3: Mesoscopic parameters of sandstone joints.

Elastic
modulus
(GPa)

Tensile strength
of parallel bond

(MPa)

Bonding
strength of
parallel bond

(MPa)

Local
damping

Stiffness
ratio

Coefficient
of friction

Radius
multiplier

Normal
stiffness (N·m−1)

Tangential
stiffness (N·m−1)
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Figure 3: Time-history curve of earthquake acceleration. (a) -e time-history curve of the acceleration of the seismic E-W wave. (b) -e
time-history curve of the acceleration of the seismic U-D wave.
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Figure 4: Failure modes of Model 1 and Model 2 slope after 25 s of seismic action.
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tendency to dump outwards as a whole chain. It can be seen
that the potential failure mode of Model 1 can be trans-
formed into tearing-toppling failure. InModel 2, because the
weathering of the rock cavity at the bottom of chain B
deepened to 2.1m, the upper rock block was suspended. 25 s
after the earthquake, the B1 rock block slipped and failed,
and rock blocks B2, B3, and B4 suffered toppling failure. -e
A chain did not lose stability due to the low weathering of the
rock mass at the bottom; it can be seen that the basic failure
mode of Model 2 is slip-rotation damage.

As the weathering depth of the rock cavity in Model 3 is
the largest and the model produces overall instability collapse
failure after 25 s of earthquake action, therefore, Model 3 is
adopted for key analysis, and the failure process of instability
and collapse during the period of earthquake action is shown
in Figure 6. Combining the time-history curve of the seismic
wave in Figure 3, it is found that the seismic wave starts to
increase gradually at about 5 s, causing the joint planes around
the rock blocks B1 and B2 at the bottom of the B chain to first
locally fracture and then slip failure. When the seismic action
occurred for 10 s, the seismic acceleration continued to rise
and fluctuate, and the rock blocks B3 and B4 were collapsed
successively. When the seismic action occurred for about 15 s,
the B chain rock block completely collapsed and the rock
blocks B3 and B4 collided with the rock blocks B1 and B2. At
the same time, the left joint surface of the A chain expanded
and the crack development direction gradually deepened with
the vertical direction. When the seismic action occurred for
20 s, the left crack of the A chain was completely penetrated,
and the four rock blocks in A chain showed signs of dumping
and failure outward, and the rock block B4 continued to roll
outward.When the seismic action occurred for 25 s, the entire
chain of A chain was dumped outwards, the rock blocks A1
and A2 collide with the rock blocks B2 and B3, and the
particle velocity decreased and in a relatively static state. -e
rock blocks A3 and A4 continue to dump outwards, and the
top rock block A4 has the highest particle velocity, up to
0.43m/s. In conclusion, it can be seen that the basic failure

mode of Model 3 is slip-rotation-toppling failure, and its
overall instability failure confirms the rationality of this
simulation.

3.2. Evolution of the Number of Force Chains in Dangerous
Rock Blocks. In the PFC model, due to the physical and
mechanical properties of rocks formed by contact force
chains between meso-particles, macroscopic cracks are
formed when a large number of force chains break between
particles. -erefore, the fracture force chain number of a
rock block can reflect the degree of crack development of the
rock block and directly reflect the failure development
process of the rock block.-erefore, this paper monitors and
analyzes the number of force chains of the block rock. In
view of the fact that no collapse and instability of rock blocks
occurred in Model 1 during the period of seismic action, the
time evolution process of the number of force chain of rock
blocks in Model 2 and Model 3 under the action of seismic
longitudinal and longitudinal coupled waves was monitored,
which was divided into 4 and 3 stages according to their
fracture rates, as shown in Figure 7.

In Model 2, the crack initiation stage (Stage 1) is from 0
to 5 seconds after earthquake action, in which the number of
force chains decays slowly, and the decay number is between
7 and 17. -e fracture expansion stage (Stage 2) is from 5 to
10 seconds after earthquake action, in which the decay rate
of force chain is accelerated, and the decay number is be-
tween 8 and 22. 10–15 s is the rock block caving stage
(Stage 3), the attenuation rate of force chain is the fastest in
this stage, and the attenuation number is between 9 and 30.
15–25 s is the rock block collision stage, the rock block has
basically separated from the parent rock in this stage, and the
attenuation of force chain number gradually tends to be
stable with the slowest decay rate, and the attenuation
number is between 2 and 15. In Model 3, due to the large
degree of weathering in the mudstone cavity, the rock blocks
collapse faster under the action of earthquake, resulting in a
more violent evolution of the force chain number.-erefore,
it can be divided into three stages, among which the
earthquake period from 0 to 4 s is the crack expansion stage
(Stage 1), the number of force chain decreases slowly as in
Model 2 in this stage, and the attenuation number is 5 to 20.
4–15 s is the rock block caving stage (Stage 2), in which the
number of force chains attenuates the fastest and the at-
tenuation number is 45–76, indicating that the number of
force chain fractures is the largest in this stage. 15 to 25 s is
the rock block collision stage (Stage 3), the attenuation
number of force chain gradually tends to be stable with the
slowest attenuation rate, and the attenuation number is
between 0 and 28. It is worth noting that the rock block B1 in
Model 2 collapses preferentially in 5–10 s (Stage 2), resulting
in the earlier and fastest attenuation of the force chain
number in this stage. Similarly, the rock block B2 in Model 3
has partial fractures in the 0–4 s period (stage 1), the number
of force chains decays earlier, and the attenuation rate is the
fastest.

By comparing the failure process and the attenuation
process of the number of force chains of A and B, it can be
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Figure 5: Fracture development of uncaved macrochain.
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found that the B chain is more obviously affected by the
earthquake, and the reason is that there is no pedestal
support at the bottom of the B chain rock block. By com-
paring the two figures (a) and (b), it can be seen that the
attenuation rate of the force chain number of the above
dangerous rock model changes slowly within about 0–5 s at
the initial stage of seismic wave action. -e difference be-
tween the two is that in the middle period of seismic action,
the weathering degree of rock cavity of Model 3 is greater
than that of Model 2 within about 5–15 s, resulting in greater
force chain fracture rate and fracture degree than Model 2.
On the whole, the number of force chain fractures in Model
3 within 25 s of the seismic action is significantly higher than
that in Model 2, indicating that the dynamic fracture

response is positively correlated with the degree of weath-
ering of rock cavity.

In conclusion, the dynamic stability and failure mode of
the rock cavity slope under the action of earthquake are
controlled by seismic wave action and the weathering degree
of rock cavity. -e failure process of dangerous rock is
synchronized with the time-history curve of seismic accel-
eration, and with the deepening of weathering, the number
of fracture of force chain and the degree of collapse of rock
block increase gradually.

3.3. Dynamic Response of Dangerous Rock Blocks under the
Action of Earthquake. According to the aforementioned
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Figure 6: Failure modes at different times of Model 3. (a) t� 5 s. (b) t� 10 s. (c) t� 15 s. (d) t� 20 s. (e) t� 25 s.
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rock particle monitoring points and rock block layout plan,
time-history changes of displacement, peak velocity, and
PGA amplification factor distribution of the dangerous rock
block within 25 s of earthquake action are obtained, and the
dynamic response of dangerous rock block under the action
of earthquake is studied accordingly. Among them, with
reference to [13], this paper defines the ratio of the dynamic
response peak ground acceleration of the rock particle
monitoring point or monitored rock to the average peak
acceleration of the input seismic wave (9.42m/s2) as the
PGA amplification acceleration.

3.3.1. Displacement of Dangerous Rock Blocks. In view of the
fact that no instability failure occurred in the dangerous rock
block of Model 1 during the period of seismic action, the
displacements of dangerous rock blocks of Model 2 and
Model 3 were analyzed in this paper; the displacement time-
history curve of the rock blocks in the vertical Z direction is
shown in Figure 8. It can be seen that the displacement of the
dangerous rock blocks in Model 2 and Model 3 can be
divided into 4 and 3 stages, respectively, which are consistent
with the segmented analysis of the force chain number of the
dangerous rock blocks. In Model 2, due to the shallow
weathering depth of the rock cavity, there is no significant
displacement of the internal A chain rock blocks under the
action of earthquake.

During the period of about 0∼5 s, the displacement of B
chain rock block is in the initial stage (Stage 1), in which the
displacement increases slowly and the displacement between
rock blocks has no obvious change in this stage. During the
period of 5–10 s, the displacement of B chain rock block
increases slowly (Stage 2), and the displacement increases
slowly, and the displacement of Block B1 increased dra-
matically and grew rapidly at about 7 s after the earthquake,
indicating that at this time, it was the starting time for block B

chain to collapse. Moreover, the rock block B1 has priority
over other rock blocks to collapse, and the displacement
increases by about 2.70m, while the displacement of the other
rock blocks B2∼B4 increases by 0.08–0.43m. During the
period of 10–15 s, it is the stage of abrupt increase of dis-
placement (Stage 3), which has the fastest growth rate of
displacement. Among them, the displacement of rock block
B2∼B4 increases by 0.76–2.32m, and the displacement
growth of rock block B1 slows down at this stage, about
1.02m. During the period of 15–25 s, it is the continuous
displacement stage (Stage 4), the displacement of rock blocks
all shows a slow growth in this stage, and the displacement of
rock blocks B1∼B4 increases by 0.63–1.25m. In Model 3,
during the period of 0∼4 s, it is the initial stage of displace-
ment (Stage 1), the displacement curve is the same as Model 2
in this stage, and the displacement has no obvious change.
4–15 s is the increase stage of displacement (Stage 2), in which
the A chain rock block is still in a stable state. -e dis-
placement of B chain rocks increases sharply, and the rock
blocks B1 and B2 have the priority to slip and collapse when
the earthquake action is about 4 s, and their displacement
increases rapidly at the initial stage, indicating that this time is
the starting time of B chain block caving. About 10 s after the
earthquake, the rock blocks B3 and B4 collapsed and the
displacement increased sharply, and the displacement of the
rock blocks B1∼B4 increased by 3.94–10.40m in this stage.
During the period of 15–25 s, it is the continuous displace-
ment stage (Stage 3), the A chain rock blocks gradually
collapses in this stage, and the displacement of rock blocks A3
and A4 increases sharply, reaching 7.59m and 19.80m, re-
spectively; the displacement of the B chain rock blocks
continued to increase, especially the rock block B4 has the
largest displacement, reaching 6.2m, while the remaining
rock blocks increased by 0.94–2.21m.

Comparing the displacement evolution process of the
rock blocks of Model 2 and Model 3, it can be seen that the
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Figure 7: -e time-history curves of the number of force chains in Model 2 and Model 3. (a) Model 2. (b) Model 3.
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displacement of the dangerous rock block increases with
the increase of the earthquake action time. Within 25 s, the
peak displacement of dangerous rock blocks under the
action of earthquake reaches 4.45m and 20.6m, respec-
tively. -e initiation time of caving of dangerous rock
blocks is about 7 s and 4 s, respectively, but both of them
show that the collapse of B chain is superior to the A chain,
indicating that under the action of earthquake, the insta-
bility failure degree of the rock blocks of the gently dipping
rock slope is positively correlated with the weathering
degree of the rock cavity, which further verifies the con-
clusion of the analysis of the number of force chains.
Moreover, the deeper the rock cavity is, the earlier the rock
block collapses start, but the instability and failure of the
rock blocks of external chain are earlier than that of the
rock blocks of internal chain.

3.3.2. Peak Velocity of Dangerous Rock Blocks. Figure 9
shows the distribution of peak velocity of macroscopic
chain and microscopic chain rock blocks in each model
under the action of earthquake. It can be found that the peak
velocity of Model 3 is greater than that of Model 2 on the
whole, while Model 1 is the smallest, indicating that the peak
velocity of dangerous rock blocks increases with the increase
of weathering degree of rock cavity. -e rock blocks in the
macrochains A and B show that the peak velocity of rock
blocks of the macrochain B is greater than that of rock blocks
of the macrochain A, indicating that the rock blocks of
external macrochain are more prone to instability and
failure under the action of earthquake than the rock blocks
of internal macrochain. From the microchain sequence, it
can be found that the higher the microchain sequence or the
higher the vertical elevation of the rock blocks, the peak
velocity of the rock blocks tends to increase, indicating that
there is an obvious velocity and elevation amplification effect

in the microchain rock blocks of the dangerous rock under
the action of earthquake.

3.3.3. PGA Amplification Coefficient of Dangerous Rock
Blocks. -e distribution of PGA amplification coefficient of
the rock blocks of the macroscopic chain and microscopic
chain in each model under the action of earthquake is shown
in Figure 10. It can be found that, on the whole, the dis-
tribution of PGA amplification coefficient shows the rule
that Model 3 is larger than Model 2, and Model 1 is the
smallest, indicating that the PGA amplification coefficient of
the dangerous rock blocks under the action of earthquake is
positively correlated with the weathering degree of the rock
cavity. -e rock blocks of macrochains A and B show the
rule that the PGA amplification coefficient of the rock blocks
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Figure 8: Displacement time-history curve of rock block in Z direction of Model 2 and Model 3. (a) Model 2. (b) Model 3.
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of macrochain B is larger than that of the rock blocks of
macrochain A, indicating that the rock blocks of external
macrochain responds more violently than the rock blocks of
internal macrochain under the action of earthquake. It can be
found that the PGA amplification coefficient of the rock
blocks in the microchain sequence increases with the increase
of the microchain sequence of the rock block or the increases
of vertical elevation of the rock blocks, indicating that there is
an obvious PGA elevation magnification effect on the rock
blocks of microchain under the action of earthquake.

3.4. Dynamic Response ofMonitoring Points on the Joint Plane
under the Action of Earthquake. -e peak velocity and PGA
amplification coefficient of 16 monitoring points arranged
along the vertical direction of the joint planes of the two
macroscopic chains under the action of the earthquake are
shown in Figure 11. It can be found from Figure 11 that in
Models 1–3, the peak velocities of rock particle monitoring
points of the A chain are between 0.16 and 0.22m/s,
0.19–0.32m/s, and 0.21–0.56m/s, respectively. -e PGA
amplification coefficient is between 0.74 and 2.00, 1.50–2.20,
and 1.05–3.40, respectively. Moreover, in Model 3, the peak
velocity of the rock particles of A chain and the PGA am-
plification coefficient are distributed along the elevation in a
W-shaped distribution, and the maximum is located at the
bottom of the joint. On the whole, in Model 3, the peak value
of rock particle velocity and the peak value of PGA am-
plification coefficient of A chain are the largest, followed by
Model 2, and Model 1 is the smallest. It can be found from
Figure 12 that in Models 1–3, the peak velocities of the rock
particles monitoring points of the B chain are between 0.25
and 0.75m/s, 0.56–2.34m/s, and 0.82–4.39m/s. -e PGA
amplification coefficients are between 2.23 and 6.05,
4.25–12.71, and 5.82–24.30, respectively. -e maximum
peak velocity and the maximum PGA amplification coeffi-
cient are both located at the top of the joint. Moreover, in
Model 3, the peak velocity of rock particle of B chain and the

PGA amplification coefficient are the largest, followed by
Model 2, and Model 1 is the smallest.

It can be seen that when the weathering degree of rock
cavity does not reach to two macro joint surfaces (Model 1),
the seismic force only caused a partial break at the top of the
external B chain joint, and there are no obvious fracture
signs of A chain. At this point, the seismic dynamic response
of the rock particles of external B chain presents an elevation
amplification effect in the vertical direction. When the
weathering degree of rock cavity is deep into the external
macroscopic joint surface (Model 2), the seismic force causes
the external B chain joint to break, and the internal A chain
joint is to break locally. At this time, the seismic dynamic
response in the vertical direction of the rock particles of
external B chain also presents elevation amplification effect.
After the weathering degree of the rock cavity is deep into
the internal joint surface (Model 3), due to the propagation
of seismic waves, the bottom of A chain inside the dangerous
rock first receives greater seismic power, which is trans-
mitted to the external B chain, making the joints at the
bottom of the external B chain expand preferentially. When
the seismic wave is transmitted to the dangerous rock at
12.5m, the rock mass is intensified by the superposition of
the vertical and horizontal seismic waves, resulting in a sharp
increase in peak velocity and PGA amplification coefficient
of rock particles. Firstly, the rock blocks B3 and B4 collapsed
preferentially, and then the other rock blocks collapsed
(Model 3). At this time, the seismic dynamic response of the
rock particles of A chain is distributed along the elevation in
a W-shaped distribution and the rock particles of B chain
still present an elevation amplification effect.

In summary, under the combined action of earthquake
and rock cavity weathering, the peak velocity and the PGA
amplification coefficient of the rock particles monitoring
points of internal A chain fluctuated greatly; the rock particle
monitoring points of external B chain show an increasing
trend with the increase of the vertical elevation of the rock
particles, showing a significant elevation amplification effect.
On the whole, the peak velocity and PGA magnification
coefficient of the rock particles monitoring points of A and B
chains are shown as the rule of the maximum inModel 3, the
second in Model 2, and the minimum inModel 1, indicating
that the seismic dynamic response of rock particles is
positively correlated with the weathering depth of the rock
cavity. By comparison, the peak velocity and PGA ampli-
fication coefficient of the rock particle monitoring points of
external B chain are generally greater than those of the A
chain, it can be seen that the rock particles of external chain
are more affected by the earthquake. -e results further
perfect the chain development law of the dangerous rock
under the action of earthquake and rock cavity weathering,
and it has important scientific guiding significance and
practical value for revealing the stability evolution process of
the dangerous rock.

4. Spectrum Analysis of Vibration Signal

-e last section mainly analyzed the failure mode and dy-
namic response of the dangerous rocks under the action of
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earthquake, which confirmed the rationality of the process
of numerical simulation. In this section, from the per-
spective of structural dynamics, the time-frequency anal-
ysis of vibration velocity-time history signal of rock block
within 25s of seismic action was carried out by using
MATLAB programming. -e obtained seismic time-fre-
quency information can provide an important reference for
the stability analysis and related prevention and control
projects of these kinds of dangerous rocks under the action
of earthquake.

4.1.7e Basic Principle. HHT (Hilbert-Huang Transform) is
an analysis method for processing nonlinear and nonstationary
signals proposed by Huang E and Hilbert-Huang in 1998.
Nowadays, it is a major breakthrough in linear and steady-state
spectral analysis based on Fourier transform in the past hundred
years and currently widely used in spectrum energy analysis of
seismic wave [16]. It is based on empirical mode decomposition
(EMD), which decomposes the signal into a series of intrinsic
mode functions (IMF) and then performs Hilbert transform
(HHT) on each IMF to obtain the instantaneous frequency [17].
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-e basic steps are as follows:

(1) Firstly, EMD is used to decompose the complex
signal into a finite number of intrinsic mode func-
tions (IMF). -en, cubic spline function is used to
interpolate the extreme points on the original signal
x(t), connect the envelopes fitted by the upper and
lower extreme points, and define the mean value of
the two envelopes as m (t). -e original signal is
subtracted from the mean value to get

y(t) � x(t) − m(t), (1)

where x (t) is the original signal, m (t) is the mean
value of the upper and lower envelopes, and y (t) is
the difference. Taking y (t) as the original signal and
repeating the above steps until the stopping criterion
is satisfied after n iterations, the criterion is

SD � 
T

t�0

yn− 1(t) − yn(t)

yn−1(t)





2

. (2)

Among them, the SD value is generally between 0.2
and 0.3 to stop the iteration. At this time, c1� y1 (t)
obtained c1 after n screening is the first IMF com-
ponent, and then let the difference value between x (t)
and c1 r (t)� x (t)－c1 (t) be the new signal, and the
IMF components c2, c3,..., cn can be obtained in turn.
So far, the original signal can be decomposed into the
sum of n IMF components and the margin rn:

x(t) � 
n

i�1
ci(t) + rn(t), (3)

where c (t) is the modal component; r (t) is the
residual margin.

(2) -en, Hilbert transform is performed on each in-
trinsic mode function component to obtain the in-
stantaneous frequency and amplitude of each IMF
component c (t) with time.

H[c(t)] �
1
π
PV

+∞

−∞

c t′( 

t − t′
dt′, (4)

where H is the Hilbert spectrum; PV is the Cauchy
principal value.

-e analytical signal z (t) is constructed as follows:

z( t ) � c( t ) + jH[c( t )] � a( t )′ejφ( t )
, (5)

a(t) �

��������������

c
2
(t) + H

2
[c(t)]



, (6)

Φ(t) � tan− 1H[c(t)]

c(t)
, (7)

where a (t) is the amplitude function; φ (t) is the phase
function.

Based on formula (7), the instantaneous frequency f (t) is
obtained, which is a function of time. It reflects a measure of

the frequency concentration of the signal energy at a certain
moment, that is, the instantaneous frequency of the signal.
Its expression is as follows:

f(t) �
1
2π

dΦ(t)

dt
. (8)

Hilbert transform of each IMF component:

H(ω, t) � RE

n

i�1
ai(t)e

ωi(t)dt
. (9)

By expressing the above formula as a function of three-
dimensional time domain and frequency domain, the Hil-
bert spectrum can be obtained, that is, the spectrum
reflecting the joint distribution of time-frequency-energy.

Hilbert instantaneous energy is defined as follows:

IE(t) � 
T

0
H

2
(ω, t)dω. (10)

Instantaneous energy reflects the distribution of signal
energy over time. -e Hilbert energy spectrum can be ob-
tained if the square of the amplitude is integrated with time.

ES(ω) � 
T

0
H

2
(ω, t)dt. (11)

In order to study the distribution law of seismic vibration
frequency band energy with respect to frequency band, the
frequency band energy analysis of seismic vibration signal
can be carried out.

H(ω, t) � RE

n

i�1
ai(t)e

ωi(t)dt
,

E′(t) � 
∞

−∞
H′

2
(ω, t)dω,

E(ω) � 
T

0
H

2
(ω, t)dt,

(12)

where E (ω) is the marginal energy, which describes the
distribution of signal energy with frequency. TE is the total
energy of the signal based on the Hilbert transform.
According to the sampling theorem [18], the Nyquist fre-
quency is 250Hz, that is, the highest frequency can be
identified is 250Hz since the sampling frequency is 500. In
the process of wavelet packet analysis, the number of wavelet
packet layers is set to 4, so 16 frequency bands are obtained,
which are band 1, band 2,..., band 16, and the band degree of
each frequency is 15.625Hz; the frequency range of the
frequency band is 0–15.625Hz, 15.625–31.25Hz,...,
234.375–250Hz.

TE � 

ωmax

ω�1
E(ω). (13)

For the convenience of analysis, 125–250Hz is defined as
a high-frequency band, collectively referred to as band 9.
Namely, e1, e2, e3,..., e9 are set to the proportion of energy of
band 1, band 2,..., band 9, respectively. -e calculation
formula is as shown in the following formulas:
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e1 �


15.625
ω�0 E(ω)

TE
, (14)

e2 �


31.25
ω�15.626E(ω)

TE
, (15)

e3 �


46.875
ω�31.251E(ω)

TE
, (16)

e4 �


62.5
ω�46.876E(ω)

TE
, (17)

e5 �


78.125
ω�62.501E(ω)

TE
, (18)

e6 �


93.75
ω�78.126E(ω)

TE
, (19)

e7 �


109.375
ω�93.751E(ω)

TE
, (20)

e8 �


125
ω�109.376E(ω)

TE
, (21)

e9 �


250
ω�125.001E(ω)

TE
. (22)

4.2. Spectrum Analysis. At present, the analysis object of
vibration frequency is mainly the Fourier dominant fre-
quency, which is based on the Fourier transform of a whole
segment of the signal. -e method commonly used to an-
alyze the frequency spectrum of discretely sampled signals is
the fast Fourier transform (FFT) algorithm. Now, FFT
transformation is performed by MATLAB 2016a pro-
gramming. Figures 13 and 14 respectively show the time-
history curve and frequency spectrum of each monitoring
block in the Z direction. At the same time, for the conve-
nience of analysis, the instantaneous Fourier dominant
frequency corresponding to the obtained maximum am-
plitude was extracted, as shown in Figure 14.

-e energy proportion of the vibration frequency band
of each monitoring block in Model 1 is calculated in
Table 4.

Figure 13 and Table 4 show that the Fourier dominant
frequency of the monitoring block of Model 1 is 9.705Hz,
and the frequency band of each monitoring block is mainly
concentrated in the frequency band of 0–31.25Hz under the
action of earthquake, accounting for over 91%, especially the
frequency band of 0–15.625Hz (low-frequency band), ac-
counting for over 77%, indicating that the frequency bands
of each rock block under the action of earthquake are ba-
sically close, and the frequency band distribution of Model 1
is mainly concentrated in the low-frequency band, and the
vibration of earthquake causes the possibility of resonance in
Model 1 to be high. -e remaining frequency bands
(31.25–250Hz) account for less, and each frequency band

accounts for less than 1%, which further indicates that the
influence of low-frequency bands on dangerous rocks in
Model 1 should be considered under the action of
earthquake.

Based on the HHT transformation, the HHT three-di-
mensional time-frequency diagram (time-frequency-am-
plitude 3D diagram) of eachmonitoring block is obtained, as
shown in Figure 15.

Compare the peak value of time-history curve of vi-
bration velocity of each monitoring block in Figure 13 and
the peak value of amplitude of HHTthree-dimensional time-
frequency diagram of each monitoring block in Figure 15:

From Figure 16, it is found that the peak value of am-
plitude of eachmonitoring block is positively correlated with
the peak vibration velocity of the monitoring block in Model
1, and the larger the microscopic sequence of the rock block
or the higher the vertical elevation of the rock block, the peak
value of amplitude of the rock block shows a trend of in-
crease, and the peak value of amplitude of the external B
macrochain rock block was larger than that of the internal A
chain on the whole, which is consistent with the distribution
law of velocity and PGA amplification factor of the moni-
toring block mentioned above. At the same time, comparing
the frequency distribution at different times, it can be seen
that the peak values of amplitude are all located within
8–13 s, which is consistent with the distribution law of vi-
bration peak velocity mentioned above, indicating the su-
periority of HHT time-frequency transformation in dealing
with the vibration signals of the rock block of the dangerous
rock model.

Same as Model 1, the vibration velocity signals of Model
2 and Model 3 were extracted and FFT transformation was
carried out, and the distribution results of Fourier dominant
frequency and proportion of frequency band energy of rock
blocks in each model are shown in Figure 17.
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It can be seen that Model 1 has better integrity under the
action of coupled seismic waves, and the Fourier dominant
frequencies of each rock block are the same, the Fourier
dominant frequency of each rock block on the single chain of
Model 2 and Model 3 gradually decreases with the vertical

elevation of the rock block, and the Fourier dominant
frequency of the B4 rock block on the external B chain of
Model 3 is as low as 0.3052Hz. On the whole, the distri-
bution of Fourier dominant frequency of the external B
chain is lower than that of the internal A chain. By contrast,
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Figure 14: -e spectral map of the velocity of each monitor block. (a) Block A1. (b) Block A2. (c) Block A3. (d) Block A4. (e) Block B1. (f )
Block B2. (g) Block B3. (h) Block B4.

Table 4: -e energy proportion of frequency band of each monitoring block in Model 1.

Rock block
Frequency (Hz)

0∼15.625 15.625∼31.25 31.25∼46.875 46.875∼62.5 62.5∼78.125 78.125∼93.75 93.75∼109.375 109.375∼125 125∼250
A1 77.2000 14.0525 1.6299 6.4860 0.0263 0.0169 0.3567 0.1229 0.1088
A2 77.2208 14.0817 1.5863 6.4787 0.0282 0.0163 0.3558 0.1190 0.1132
A3 77.2426 14.0601 1.5815 6.4805 0.0275 0.0168 0.3584 0.1224 0.1102
A4 77.2501 14.0183 1.5826 6.4951 0.0310 0.0187 0.3581 0.1247 0.1214
B1 77.2471 14.0177 1.6218 6.4765 0.0266 0.0188 0.3557 0.1238 0.112
B2 77.2522 14.0645 1.5746 6.4633 0.0298 0.0178 0.3575 0.1175 0.1228
B3 77.2718 14.0387 1.5787 6.4672 0.0286 0.0178 0.3582 0.1217 0.1173
B4 77.2934 14.0448 1.5765 6.4657 0.0234 0.0204 0.3508 0.1166 0.1084
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Figure 15: HHT three-dimensional time-frequency diagram of each monitoring block in Model 1. (a) Block A1. (b) Block A2. (c) Block A3.
(d) Block A4. (e) Block B1. (f ) Block B2. (g) Block B3. (h) Block B4.
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the Fourier dominant frequency of each rock block in Model
3 is smaller than that in Model 2, and Model 1 is the largest.
It shows that as the degree of weathering of mudstone
caverns deepens, the Fourier dominant frequency of each
block decreases gradually under the action of earthquakes.
-e greater the degree of weathering of mudstone cavity, the
faster the attenuation of Fourier dominant frequency of
dangerous rock blocks is with the increase of vertical
elevation.

From Tables 5 and 6, it can be seen that the distribution
of frequency band energy of Model 1, Model 2, and Model 3
under the action of coupled seismic waves is also mainly
concentrated in the frequency band of 0–31.25Hz, and the
low-frequency band (0–16.625Hz) is the main. -e energy
proportion of low-frequency band (0–16.625Hz) of each
rock block on the single chain of dangerous rocks is posi-
tively correlated with the vertical elevation of the rock block,

the highest energy proportion of low-frequency band of the
B4 rock block of the external B chain inModel 2 andModel 3
is 91.3318% and 99.3673%, respectively, and the proportion
of other frequency bands is extremely small. On the whole,
the energy proportion of the low-frequency band of the
external B chain on the macrochain of each model is higher
than that of the internal A chain. Frequency band 2 to
frequency band 4 can be collectively referred to as the high-
frequency band and then take the average value of the energy
distribution of each rock block in each model and draw it as
shown in Figure 18. It can be seen that the energy proportion
of low-frequency in Model 3 is greater than that in Model 2;
Model 1 is the smallest. -e distribution rule of high-fre-
quency band is that Model 3 is smaller than that of Model 2,
and that of Model 1 is the largest, indicating that under the
action of coupled seismic waves, the energy proportion of
low-frequency band as a whole is positively correlated with
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the weathering degree of mudstone cavities and vice versa
for high-frequency bands.

5. Conclusions

In this paper, with the help of three-dimensional particle
flow software PFC3D, through the establishment of three
groups of rock cavity dangerous rock models with different

degrees of weathering, the progressive failure process, dy-
namic response law, and energy distribution characteristics
of each dangerous rock under the action of seismic trans-
verse and longitudinal two-way coupled waves are studied.
-e main conclusions are as follows:

(1) -e basic (potential) failure modes of dangerous
rocks under the action of seismic transverse and
longitudinal two-way coupled waves can be divided

Table 6: -e energy proportion of frequency band of each monitoring block in Model 3.

Rock block
Frequency (Hz)

0∼15.625 15.625∼31.25 31.25∼46.875 46.875∼62.5 62.5∼78.125 78.125∼93.75 93.75∼109.375 109.375∼125 125∼250
A1 94.4588 4.1014 0.3197 0.6587 0.0307 0.0612 0.1803 0.0776 0.1115
A2 95.1216 3.1722 0.3503 0.9695 0.0199 0.0668 0.1405 0.0778 0.0815
A3 95.5543 0.3853 0.5169 2.8412 0.0622 0.1553 0.1422 0.2395 0.1031
A4 97.7512 0.5796 0.3263 0.9621 0.0175 0.0532 0.2360 0.0442 0.0299
B1 96.2517 3.5607 0.0317 0.1204 0.0010 0.0037 0.0199 0.0077 0.0031
B2 97.5198 2.2302 0.0320 0.1483 0.0021 0.0061 0.0417 0.0129 0.0069
B3 98.6036 1.0635 0.1034 0.1618 0.0021 0.0047 0.0367 0.0178 0.0064
B4 99.3674 0.4315 0.0554 0.0953 0.0029 0.0063 0.0296 0.0090 0.0026
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Figure 18: Comparison of the proportion of the frequency band energy of each model.

Table 5: -e energy proportion of frequency band of each monitoring block in Model 2.

Rock block
Frequency (Hz)

0∼15.625 15.625∼31.25 31.25∼46.875 46.875∼62.5 62.5∼78.125 78.125∼93.75 93.75∼109.375 109.375∼125 125∼250
A1 80.7133 6.4820 8.5195 2.0856 0.0681 0.0614 1.4580 0.3984 0.2136
A2 83.5150 5.4530 4.6267 2.2388 0.2116 0.2532 1.1211 1.1173 1.4633
A3 85.8842 3.2610 3.7347 2.5616 0.0366 0.0334 3.3847 0.8904 0.2134
A4 90.5923 3.5745 1.3759 1.8918 0.0621 0.0661 1.9094 0.1736 0.3544
B1 84.5120 5.4396 6.3945 2.0201 0.0735 0.1264 0.8927 0.2952 0.2460
B2 85.5028 4.4076 2.8737 4.0405 0.0946 0.1132 2.4300 0.3708 0.1669
B3 88.1350 2.8491 1.4398 4.8246 0.0386 0.0406 2.1174 0.4851 0.0697
B4 91.3318 1.4845 1.9021 3.7428 0.0158 0.0614 1.1533 0.1979 0.1103
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into tearing-toppling failure (Model 1), slip-rotation
failure (Model 2), and slip-rotation-toppling failure
(Model 3). -e crack propagation speed and the
failure process of the dangerous rocks are syn-
chronized with the time-history curve of the input
seismic acceleration. -e evolution process of the
rock force chain in Model 2 and Model 3 can be
divided into 4 and 3 stages, respectively. -e failure
response of the rock force chain and the failure
degree of the rock blocks are positively correlated
with the weathering degree of mudstone cavity.

(2) -e displacement of the rock block increases with the
increase of the earthquake action time. In Model 2
and Model 3, the evolution process can be divided
into 4 and 3 stages, respectively. -e greater the
weathering depth of the rock cavity, the earlier the
rock block caving starts under the action of earth-
quake, and the larger the peak value of the rock block
displacement, and the external chain rock block has
priority over the internal chain rock block to in-
stability and failure. On the whole, under the action
of earthquake, the peak velocity and the PGA am-
plification coefficient of the rock block are positively
correlated with the degree of weathering of the rock
cavity. -e peak velocity and the PGA amplification
coefficient of the external B macrochain rock block
are both greater than that of the internal A mac-
rochain rock block. -e peak velocity and the PGA
magnification coefficient of the rock blocks both
increase with the vertical elevation, showing obvious
velocity and PGA elevation magnification effects.

(3) Under the combined action of earthquake and rock
cavity weathering, the peak velocity and PGA mag-
nification coefficient of the rock particles monitoring
point of internal A chain fluctuated greatly, while the
rock particle monitoring points of external B chain
show an increasing trend with the increase of the
vertical elevation of the rock particles, showing an
obvious elevation magnification effect. -e peak ve-
locity and PGA amplification coefficient of the rock
particle monitoring points of external B chain are
generally larger than those of the A chain, indicating
that the rock particles of external B chain are more
affected by the earthquake. On the whole, the seismic
dynamic response of rock particles is positively cor-
related with the weathering depth of the rock cavity.

(4) -e frequency spectrum analysis of the time-history
signal of the velocity of the dangerous rock block
shows that, under the action of coupled seismic
wave, the Fourier main frequency of each rock block
on the single chain of the dangerous rocks in each
model decreases gradually with the vertical elevation
of the rock block, and the Fourier main frequency of
rock block B4 of external B chain in model 3 is as low
as 0.3052Hz. -e Fourier frequency distribution of
the external B chain is lower than that of the internal
A chain. As the weathering degree of mudstone
cavity deepens, the Fourier frequency of each block

decreases gradually. -e greater the weathering
degree of mudstone cavity, the faster the attenuation
of Fourier frequency of the rock block is with the
increase of vertical elevation. -e frequency band
energy distribution of dangerous rock blocks is
mainly concentrated in the 0–31.25Hz frequency
band. -e energy proportion of the low-frequency
band (0–16.625Hz) of each rock block on the single
chain of the dangerous rock is positively correlated
with the vertical elevation of the rock block.-e peak
value of energy proportion of the low-frequency
band in Model 1, Model 2, and Model 3 reaches
77.2934%, 91.3318%, and 99.3673, respectively. -e
low-frequency energy of the external B chain on the
macroscopic chain of each model is higher than that
of the internal A chain. -e energy proportion of
low-frequency of dangerous rocks is positively
correlated with the weathering degree of mudstone
cavity and vice versa for high-frequency band.
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