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The dynamic failure mechanism of horizontally layered dangerous rock during earthquakes
is complex and only few studies have addressed the combination of particle flow code
(PFC) meso-level failure mechanism and mechanical analysis. Based on fracture
mechanics and material mechanics we establish a calculation method for the interlayer
load and stability coefficient of horizontal layered dangerous rock during strong
earthquakes. The method was applied for calculating the stability of a horizontally
layered dangerous slope along a highway in the Sichuan Province (China) during
earthquakes as a case study. Using a 3D particle flow simulation technology, a PFC3D
model of horizontal layered dangerous rock was established. Its dynamic stability, failure
mode and Hilbert-Huang 3D time-frequency characteristics are analyzed, and the results
of the simulation are largely consistent with the time of the dangerous rock failure as
estimated by our new calculation method. Our study documents that as the seismic
acceleration gradually increases, the stability coefficient of the rock block fluctuates more
violently and the stability coefficient gradually decreases. The stability coefficient of the rock
block decreases fastest between 5 and 6 s and the reduction in the stability coefficient
is between 0.12 and 0.25. Before the seismic acceleration reaches the maximum, the
dangerous rock blocks on the two main controlling structures collapse and get destroyed.
25 s after the earthquake, the failure mode of the dangerous rock is collapse-slip-rotation.
We show that earthquakes with frequencies of 0–10 and 250 Hz have the strongest
destructive effect on the stability of the horizontally layered dangerous rocks.

Keywords: earthquake, dangerous rock, fracture mechanics, Newton’s second law, particle flow code,
Hilbert–Huang transformation

INTRODUCTION

Seismic treatment of stratified dangerous rock slopes is a major geotechnical engineering challenge,
frequently encountered in the construction of highways, railways, water conservancy, and other local
infrastructure (Chen, 2001). A layered dangerous rock slope refers to a rock mass steep cliff or slope
that is formed with multiple sets of weak and structural planes. The rock slope may become unstable
or destroyed through gravity, earthquakes, and fracture water pressure. Like landslides, mudslides,
land subsidence, desertification, karst, and other landscape shaping processes, dangerous rock
collapses have become more prominent in recent years as one major type of geological disaster that
poses a major threat to human life and property. In China dangerous rock collapses frequently occur
at slopes along the Three Gorges Reservoir and along highways in seismic active zones of the Sichuan
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Province and other mountainous areas (Chen et al., 2015).
However, the destruction of dangerous rock slopes is a global
rock mechanics and geological hazard problem.

Horizontally layered rock slopes are the most common type of
dangerous rock slopes and occur worldwide. They often contain a
large number of horizontal and vertical joints that constitute
zones of structural surfaces in the slope. Under the cutting of the
dominant structure plane and the layer, the slope may be
disrupted into many rock blocks, causing a more complex
definition of the failure mode of such layered rock slope. The
distribution and development of the structural planes and their
mechanical properties control the strength, deformation, and
stability of the slope. Due to the depth of the weathered rock
cavity and the penetration of potential structural planes,
earthquakes may cause collapse and destruction of dangerous
rock masses. The damage caused by horizontally layered rock
slopes was particularly significant in the 2008 Wenchuan
earthquake. A magnitude 7.0 earthquake that occurred in 2017
in the Jiuzhaigou County (northern Sichuan Province) caused an
economic loss of about 114.46 million through the destruction of
dangerous rocks.

In recent years new models that combine fracture mechanics
and material mechanics were developed to account for the
complexity of rock masses. Chen et al. (2006) and Chen and
Tang (2007) combined the rock mass structure theory with the
limit equilibrium theory and considered different loading
conditions, causing sliding, toppling, and falling rock slopes
and established stability calculation methods for the three
types of dangerous rock slopes. Based on fracture mechanics
and material mechanics, Wang et al. (2017) established a
calculation method for the interlayer load and stability
coefficient of a complex gently inclined rock slope. However,
the dynamic law and failure mode of horizontally layered
dangerous rock slope during strong earthquakes was not
considered in these studies. Alejandro et al. (2010) analyzed
the failure mechanism of layered slopes based on engineering
geological analysis and field investigations. Havaej and Stead
(2016) considered the brittleness and damage characteristics of
the rocks and analyzed the failure mechanism of the layered rock
slope based on the method of numerical simulation. Aydan
(2016) and Massey et al. (2017) determined the failure mode
and mechanism of rock slopes under earthquake action through
model tests and numerical simulations.

The particle flow code (PFC) enables the simulation of the
behavior of dangerous rock slopes with complex mechanical
models. Castro-Filgueira et al. (2020) used three-dimensional
particle flow code (PFC3D) to study the triaxial test simulation of
complete and cracked granite and calibrated the accuracy of the
parameters. Salmi and Hosseinzadeh (2015) used empirical and
numerical methods to jointly evaluate the stability of slopes.
Based on the fracture mechanics theory, Chen et al. (2016)
used the PFC2D method to evaluate the stability of crack
propagation in a single dangerous rock. Tang et al. (2013)
studied the mechanism of the Caoling large-scale landslide in
1941 based on two-dimensional particle flow code (PFC2D). He
et al. (2016) studied the dynamic response and the instability
process of dangerous rocks in Wangxia (Yangtze River, China),

and successfully simulated the failure process of the slidable
dangerous rocks using the PFC2D method, thus verifying its
feasibility. Hu et al. (2017) applied the artificial synthetic rock
mass technology of the PFC2D to study the failure mode of rock
slopes with horizontal intermittent joints under different
combinations of joint spacing length and joint spacing during
earthquakes.

The simulation of the dynamic response of dangerous rocks to
variable external forces (e.g., earthquakes) was limited to two
dimensions, so far. However, the horizontally layered dangerous
rock slope is a complex mechanical model, and the interaction
between the longitudinal particles in the three-dimensional
direction will directly affect the failure mechanism of the
slope. Therefore, it is essential to use three-dimensional
particle flow code (PFC3D) numerical simulations to study
horizontally layered dangerous rocks (Potyondy and Cundall,
2004; Camones et al., 2013). In the present study we link fracture
mechanics and Newton’s second law with the PFC3D method.
The dynamic response of the horizontally layered dangerous
rocks to external forces is further analyzed through the
Hilbert–Huang transformation (HHT) for time-frequency
characteristics. The results of HHT can directly reflect the
time, sequence, and dynamic process of rock collapse. In
addition, the dynamic failure mechanism and dynamic
response of horizontally stratified rock slope under strong
earthquakes can be observed. Our study documents the
feasibility and advantage of 3D discrete element simulation
over 2D models to characterize the dynamic failure of
horizontally stratified rock slopes.

METHODS AND CASE STUDY

Mechanical Mechanism Analysis
Influence of Seismic Wave Direction
Seismic destruction of dangerous rocks is frequently considered
to result from horizontal seismic forces of transverse waves (Yuan
et al., 2018). However, the propagation velocities of seismic
transverse waves and longitudinal waves are related, and they
have different effects on the stability of dangerous rock slopes
under different degrees of weathering. The seismic forces
influence the stability of dangerous rocks and the failure mode
under the coupling of shear and longitudinal waves has
amplifying effect on the stability with the probability of both
acting at the same point being limited (Zhang et al., 2014; Huang
et al., 2017). According to the “Code for Seismic Resistance of
Highway Engineering” (China Communications Road and
Bridge Technology Co., Ltd, 2013), seismic activity in the
Sichuan Province is characterized by the influence of
longitudinal wave vertical earthquakes. Based on a
specification on dangerous rock slope of the Sichuan Duwen
Highway, the transverse and longitudinal waves are divided, and
combined with the equation for calculating the stability of the
dangerous rock (Chen et al., 2009a). In the slope consisting of
sandstone on the top and mudstone at the base that is exposed
along the highway (Figure 1) as a case study for our new model.
The slope model shows a rock cavity at the base with a length of
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10.31 m (the penetration rate is 62.5%) that is caused by
weathering (Figure 1). According to the specification of
Chen et al. (2009a), the studied slope of dangerous rock is
ascribed to the falling damage group. The stability calculation
method of different weathering degree of dangerous rock
with seismic transverse and longitudinal waves is obtained
to judge the effective seismic wave corresponding to different
models.

The calculation model for falling dangerous rocks under shear
waves is shown in Figure 2A. Px is the seismic inertial force in the
x direction (kN), Py is the seismic inertial force in the y direction
(kN), Gw is the weight of the dangerous rock mass (kN), Q is the
water pressure on the rock fissure (kN), and AB is the length of
the structural surface, h0 is the vertical distance from the center of
gravity to the bottom of the model (m). The stability factor is
defined as:

Fs4′ �
(mg cos β −max(t)sin β − 1

18cwe
2)tan ϕ + c H−e

sin β

mg sin β +max(t)cos β (1)

In Eq. 1m is the mass of the rock block (kg); cw is the bulk density
of fissure water (kN/m3); ax is the shear wave seismic acceleration
(m/s2); c is the cohesion of dangerous rock (MPa); φ is the angle of

internal friction (°) and β (°) the inclination angle, e is the depth of
the cracks that have been destroyed (m);H is the vertical height of
the rock mass (m).

The calculation model of dangerous rock under longitudinal
wave seismic force is shown in Figure 2B. The equation for the
stability coefficient of dangerous rock under longitudinal wave
vertical seismic force is similar to Eq. 1 but with ay as longitudinal
wave seismic acceleration (m/s2):

Fs4″ �
(mg cos β −may(t)cos β − 1

18cwe
2)tanϕ + c H−e

sin β(mg +may(t))sin β (2)

In the following we integrate the data of the horizontally
layered dangerous rock slope of Sichuan DuwenHighway into the
equation of the stability coefficient under the action of transverse
and longitudinal waves. The effective value of seismic acceleration
is calculated by taking the maximum value in the first 25 s of the
measured longitudinal U-D wave seismic acceleration time
history curve of the Wolong Wenchuan (Sichuan) earthquake
in 2008 (Figure 3). The calculation parameters are summarized in
Table 1 with flk as the standard value of tensile strength of
sandstone (MPa) and fok as the standard value of tensile
strength of mudstone (MPa).

The calculation indicates a stability coefficient of 1.80 under
shear waves and a stability coefficient of 0.92 under
longitudinal waves for the studied slope. The lower
coefficient documents that the longitudinal seismic wave is
the main factor for the failure of the slope. Consequently, our
new model predominantly considers the effect of the
longitudinal waves. Since longitudinal waves are the main
effect in earthquakes, it is assumed that the model only
considers the effects of longitudinal waves. The finding of
the longitudinal waves as main factor for slope failure is
fundamental for the subsequent simulation of the seismic
action combined with particle flow and therefore improves
the efficiency of the modelling.

Derivation of Seismic Stability Coefficient Equation
Multiple sets of joints may occur in complex dangerous
horizontal layered rock slope, and each set of joints is formed

FIGURE 1 | Horizontally layered dangerous rock slope model.

FIGURE 2 | Slope calculation model.
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by the combined action of multiple micro-chains and macro-
chains. The slope is fragmented into rock blocks by vertical
structural planes and lateral rock layers, making the failure
mode of complex layered rock slopes different from that of
single rock slopes with only one set of joints. Based on our
conclusion from the stability coefficient calculation, we focus on
the effect of longitudinal seismic waves to analyze the stability of
horizontally layered dangerous rocks under earthquakes.

We follow the equation for dangerous rock of Tian et al.
(2020a) that defines a dangerous rock model with n
macroscopic chains and m rock layers. Linking this
equation with constraints from fracture mechanics, material
mechanics, and dynamics calculation methods (Chen et al.,
2009b), we define the time history equation of the stability
coefficient of the mn# rock block under the continuous
earthquake action as follows:

F″smn(t) � KIC(t)
K″emn(t) (3)

K″emn(t) � cos
θ″0mn

2
(K″Imn cos

2θ″0mn

2
− 3
2
K″IImnsin θ″0mn)

(4)

θ″0mn(t) � ± arccos
3K″2

IImn +
���������������
K″4
Imn + 8K″2

ImnK
″2
IImn

√
K″2
Imn + 9K″2

IImn

(5)

In Eq. 3 KIC(t) is the fracture toughness of the structural plane
and K’‘emn(t) is the joint stress intensity factor under the
longitudinal seismic wave. In Eq. 4, Eq. 5 θ’‘0mn(t) is the
fracture angle under the longitudinal seismic wave, K″Ⅰmn the
type I stress intensity factor under the longitudinal seismic wave
and K’‘

Iimn the type II stress intensity factor under the longitudinal
seismic wave.

Interlayer Load Under Earthquake Action
As observed in most layered rock slopes, we postulate in our
model that adjacent rock layers are in contact with each other.
Considering that each layer of rock interacts with each other, the
mth layer of rock mass is used for analysis. In the rock layer
contact geometry model (Figure 4) Hm is the layer height of the
rock block m in the y direction, and Lm is the width of the rock
block m in the x direction. Adjacent layers m-1 and m+1 are
defined analogously. Am and Am-1 are contact points between
the individual blocks and τ is the friction between individual
layers.

According to the deflection equation, the total deflection of a
layer rock m under the action of its own weight as well as upper
and lower rock masses is defined as:

FIGURE 3 | Longitudinal U-D wave curve of the 2008 Wolong
Wenchuan earthquake.

TABLE 1 | Model calculation parameters.

M (kg) γw
(kN/m3)

flk
(MPa)

fok
(MPa)

C

(MPa)
B
(°)

φ

(°)
ax

(m/s2)
ay

(m/s2)

2.45×105 10 12.5 1.12 0.74 90 38 9.58 9.48

FIGURE 4 | Geometric model of interlayer interaction in a rock mass.
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y″m1 �
17(q″m+1 + cHm + 1

Lm
may(t))L4m

24EIm
,

y″m2 � −17Mq″mL4
m

24EIm
,

y″m � y″m1 + y″m2

�
17(q″m+1 + cHm + 1

Lm
may(t) −Mq″m)L4

m

24EIm

(6)

The friction between layers is defined as:

τ″m+1 � q″m+1 tanφm+1 + cm+1 (7)

In Eq. 6, y″m1 is the deflection of layer m under the action
of weight, earthquake and pressure of the overlying layer m+1;
y″m2 is the deflection of the rock layer m supported by the
underlying rock layer m-1; M is the bending moment of the
adjacent rock block; q″m+1 is the interlayer load, γ is the bulk
density of the fractured water, m is the mass of the rock block,
ay(t) is the longitudinal seismic acceleration, E is the elastic
modulus, and Im is the moment of inertia.

According to the principle of equal deflection of the contact section
of adjacent rock layers, it follows for a number i of rock layers:

y″1
∣∣∣∣A2

� y″2
∣∣∣∣A2

y″2
∣∣∣∣A3

� y″3
∣∣∣∣A3

y″i−1
∣∣∣∣Ai

� y″i
∣∣∣∣Ai

⎫⎪⎪⎬⎪⎪⎭ (8)

The interlayer load can be obtained by Eq. 6, Eq. 7, Eq. 8

Case Study
We selected a slope of dangerous rocks near the Provincial
Highway 205 in Beichuan County (Sichuan Province, China)

as a case study (Figure 5A) for testing our new model. The slope
is dominated by sandstone overlying mudstone at the base of the
sequence and comprises four rock layers and two vertical
structural planes. Following to the chain law in the China
Academy of Aviation (1981) we define the outer rock chain as
No. 1 chain, and the inner rock chain as No. 2 chain (Figures 1,
Figure 5B). Like in the calculation of the stability coefficients, we
selected the maximum value in the first 25 s of the measured
longitudinal U-D wave seismic acceleration time history curve of
the Wenchuan earthquake (Figure 3).

Implementing Eq. 6, Eq. 7, Eq. 8, the deflection equation is
constrained as:

y1
∣∣∣∣A2

�
17(q″2 + cH1 +m1ay(t)

Lm
)L4

m

24EI1

�
17(q″3 + cH2 +m2ay(t)

Lm
)L4

m − 17Mq″2L4m
24EI2

� y2
∣∣∣∣A2

y2
∣∣∣∣A3

�
17(q″3 + cH2 +m2ay(t)

Lm
)L4

m − 17Mq″2L4
m

24EI2

�
17(q″4 + cH3 +m3ay(t)

Lm
)L4

m − 17Mq″3L4
m

24EI3
� y3

∣∣∣∣A3

y3
∣∣∣∣A4

�
17(q″4 + cH3 +m3ay(t)

Lm
)L4

m − 17Mq″3L4
m

24EI3

�
17(cH4 +m4ay(t)

Lm
)L4

m − 17Mq″4L4
m

24EI4
� y4

∣∣∣∣A4

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(9)

FIGURE 5 | (A) Photograph of the studied slope at the Provincial Highway 205 and (B) geometry of model four slope.

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 6831935

Tian et al. Dynamic Failure Mechanism of Dangerous Rock

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


Simplifying Eq. 9 yields:

(q2″L4
m + cH1L

4
m +m1ay(t)L3m)H3

2 �
H3

1[(q3″L4
m + cH2L

4
m +m2ay(t)L3m) −Mq2″L4

m][(q3″L4
m + cH2L

4
m +m2ay(t)L3

m) −Mq2″L4m]H3
3 �

H3
2[(q4″L4

m + cH3L
4
m +m3ay(t)L3m) −Mq3″L4

m][(q4″L4
m + cH3L

4
m +m3ay(t)L3

m) −Mq3″L4m]H3
4 �

H3
3[(cH4L

4
m +m4ay(t)L3m) −Mq4″L4

m]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(10)

The load between each layer is:

q2″ � Q
C · F · O (11)

q3″ � P
F · O (12)

q4″ � (I − J)F − N
K

(13)

Among them:

A � H3
2(cH1L

4
m +m1ay(t)L3

m) (14)

B � H3
1(cH2L

4
m +m2ay(t)L3

m) (15)

C � L4
mH

3
2 +H3

1ML4
m (16)

D � H3
3(cH2L

4
m +m2ay(t)L3m) (17)

E � H3
2(cH3L

4
m +m3ay(t)L3

m) (18)

F � L4
mH

3
3 + H3

2ML4
m −H3

1H
3
3L

8
mM

C
(19)

G � E − D + (B − A)ML4
mH

3
3

C
(20)

I � H3
3(cH4L

4
m +m4ay(t)L3m) (21)

J � H3
4(cH3L

4
m +m3ay(t)L3m) (22)

K � L4
mH

3
4 + H3

3ML4
m (23)

N � GML4
mH

3
4 (24)

O � K · F −MH3
4H

3
2L

8
m (25)

P � H3
2L

4
m[(I − J)F − N] + G · O (26)

Q � H3
1L

4
mP + (B − A)F · O (27)

Applying the data from Table 2 in the dangerous rock Eq. 10 and
considering the interlayer load, the time history curve of the
stability coefficient of the dangerous rock block is calculated
(Figure 6). The structural plane of the rock block is fractured for
stability coefficients <1.0 (critical red line in Figure 6). We here
consider the effect of earthquake time history. Due to the large
seismic fluctuations, seismic forces in the opposite direction will
affect the rock block, resulting in an instantaneous increase in the
stability of the rock block. Different from the law of stability decay
under statics, this fluctuation phenomenon will speed up the
expansion of the main control structure. Considering the
earthquake as a dynamic load, the interlayer load also
becomes a dynamic interlayer load after initiation of the
earthquake. The time history curves indicate that each rock
block will fluctuate with the fluctuation of the longitudinal
seismic wave during the earthquake (Figure 6). The shape of

the fluctuation curve of the stability coefficient is similar for the
rock blocks, but the caving time is different (Figures 6A–H). At
the beginning of the earthquake the stability coefficient of the
dangerous rock fluctuates rather widely. From the perspective of
attenuation, the stability coefficient of each rock block gradually
decreases with time (Figure 6I). The maximum fluctuation range
of the stability coefficient of the dangerous rock overlaps with the
maximum acceleration between 5–15 s of the Wenchuan
earthquake wave (Figure 3). The highest stability coefficient
calculated by our new method is at 10.95 s after the beginning
of the earthquake. The minimum stability coefficient increases
from bottom to top of the slope (rock block 1–1: 0.745, rock block
1–2: 0.788, rock block 2–1: 0.798, rock block 2–2: 0.807, rock
block 3–1: 0.993, rock block 3–2: 0.945, rock block 4–1: 0.987,
rock block 4–2: 0.962). The data indicate that the rock block 1–1
in the bottom layer has the greatest vulnerability of failure
whereas the third layer rock block 3–1 is most resistant.
Considering the interlayer load effect and seismic dynamics,
the systematic of the failure of each dangerous rock is
obviously different and depends on the position of the
respective block in the slope. The timing of the intersection
between the stability coefficient and the critical line is variable
but most rock blocks collapse before reaching the maximum
vibration acceleration.

Therefore, we extracted the lower sector (0–12 s) of the
stability coefficient versus time curves from Figure 6A–H, and
plotted the eight stability coefficient attenuation curves as shown
in Figure 6I. The stability coefficient attenuation curves clearly
illustrate the decreasing stability coefficient of the rock blocks
from top to bottom of the slope and with elapsing time after
beginning of the earthquake (caving time). The stability
coefficient of rock block 1–1 falls below the critical value
already after ca. 2 s, indicating that rock block 1–1 will be
destroyed at first. Thereafter, rock block 1–2 will be destroyed
after 3 s. The two rock blocks from the bottom are destroyed at
first as supporting forces from underlying rocks are lacking
(related to the geometry of the model). The internal rock
blocks have the largest bending moment and the largest
interlayer load. Consequently, rock blocks 2–1 and 2–2 the
from the second layer will collapse after 4.7 and 4.8 s,
respectively. The blocks from the first two layers will be
destroyed sequentially from the outside (blocks 1–1 and 2–1)
to the interior of the slope (blocks 1–2 and 2–2). The rock block
4–2 will fail after ca. 6 s, followed by rock block 3–2 that will
collapse after ca. 8 s. The blocks of the uppermost two layers are
destroyed in a way that the internal structural plane penetrates
from top to bottom and from the interior to the outside. The rock
blocks 4–1 and 3–1 will be destroyed after 9.5 and 10.9 s,
respectively, subsequently to the destruction of adjacent
internal rock blocks. The strongest decrease of the stability
coefficient occurs between 5 and 6 s for all blocks, and the
maximum attenuation value is 0.3 (distributed in rock block
4–2). Thereafter, all curves smoothly decline. The data document
that at least the dangerous rock blocks of the 1st and 2nd chain
have all been collapsed prior to the maximum of the seismic
acceleration at ca. 12 s (Figure 3).
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TABLE 2 | Field slope calculation parameters.

Rock number M (kg) emn (m) Lm (m) Hm (m) cR (kN/m3) cw (kN/m3) KIC (Mpa· m1/2)

1–1 2.60×104 2.2 3 3.5 24.7 10 2.16
1–2 2.60×104 2.2 3 3.5 24.7 10 2.16
2–1 2.95×104 2.5 3 4 24.7 10 2.16
2–2 2.95×104 2.5 3 4 24.7 10 2.16
3–1 2.95×104 2.5 3 4 24.7 10 2.16
3–2 2.95×104 2.5 3 4 24.7 10 2.16
4–1 3.33×104 2.8 3 4.5 24.7 10 2.16
4–2 3.70×104 3.1 3 5 24.7 10 2.16

FIGURE 6 | (A–H) Time-history curve of seismic stability coefficient (I) and attenuation.
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The results indicate that our refined calculation method for the
stability coefficient of dangerous rock under the influence of
interlayer load and seismic dynamics can reasonably
characterize the failure mechanism and caving time of
dangerous rock slopes.

RESULTS AND DISCUSSION

PFC Meso-parameter Calibration
In PFC, the Smooth-Joint Contact Model is used to simulate the
contact model of the rock structure surface. Themeso-parameters
can be directly replaced and assigned by DFN (Discrete Fracture
Network). A DFN is a collection of fractures. DFN is used as a
structural plane simulation method that allows the estimation of
mesoscopic parameters of the joint plane (Lei and Qing, 2015;
Bian et al., 2018; Tian et al., 2020b). Through trial and
adjustment, the sandstone and mudstone of the studied slope
are calibrated, and the constrained meso parameters are
summarized in Table 3.

PFC Dangerous Rock Failure Mode Results
Based on previous studies on stratified dangerous rock slopes,
the horizontally stratified dangerous rock slope of Duwen
Highway is used to establish a horizontally stratified
dangerous rock slope model using PFC3D (Figure 7). In
the PFC model artificial synthetic rock mass (SRM)
technology is applied to establish the rock joint surface.
The boundary condition of the seismic model adopts the
viscous boundary, and integrates the seismic wave data of
the Wenchuan earthquake (Figure 3).

According to on-site monitoring data, the model has a crack
penetration rate of 62.5% in the main control structure and a
rock cavity depth of 6 m (Figure 7). A 25 s earthquake
longitudinal wave is again applied in the model. The
modelled destruction process is shown in Figure 8. Within
0–2 s of the evolution the slope is relatively stable, without
significant evidence for deformation and failure. After 2.5 s the
structural surface of the 1–1 rock block breaks down and starts
to collapse (Figure 8A). The caving failure time is between 2 and
2.5 s (the calculation result in the third section Case analysis is
2.1 s). After 3 s the structural surface of the adjacent rock block
1–2 becomes fractured (Figure 8B). However, due to

compression through the overlying rock mass, the rock joint
model has not been completely fractured (partial fracture), and
block 1–2 does not collapse at this time. We here define, the
fracture time of the structural plane as the caving time of the
dangerous rock, and following this, the caving time of block 1–2
is ca. 3 s (the calculation result in the third section is 2.92 s, see
below). After 5 s the 1–1 block collides with the mudstone base
(Figure 8C). In addition, the 2–1 rock block becomes
fragmented from the rock pile and starts to fall. At the same
time, the adjacent block 2–2 suffered initial structural plane
fracture (partial fracture). However, just like the 1–2 block, the
block 2–2 does not collapsed at this time, and its structural
surface forms a partial penetration surface with the stress being
concentrated between the second layer and the third layer of the
No. 2 inner macro chain. We here preliminarily estimate a
caving time between 4 and 5 s for the blocks 2–1 and 2–2, and
according to the movement of the blocks, it evident that the
caving failure time of block 2–1 must predate that of block 2–2
(consistently the calculation result in the third section is 4.75 s
for 2–1 and 4.84 s for 2–2). As the seismic force gradually
increases, compression of blocks 2–2 and 1–2 at the bottom
on the upper rock mass continued to increase. After 8 s, the
tensile strength of the 4–2 and 3–2 rock mass structural surface
contact reaches the maximum. As a result, the rock fractures
and tends to slide downward (Figure 8D). At the same time, the
falling 2–1 and 1–1 blocks collide. We conclude a caving failure
time between ca. 6 and 8 s for the 4–2 and 3–2 blocks (the
calculation result in the third section is 6.07s for 4–2 and 7.98 s
for 3–2). After 11s, the 3–1 block starts to collapse (Figure 8E)
with a caving failure time between 10 and 11 s (the calculation
result in the third section is 10.9s). Within 11–25 s, the joint
model of the top rock strata began to fracture (Figure 8F). The
blocks 4–1 and 4–2 rotate and become destroyed. The
downward pressure causes the blocks 1–2, 2–2, and 3–2 to
follow the mudstone slope. The entire surface becomes affected
by a sliding failure.

In our simulation the interlayer load of the top rock mass
during the earthquake is low, and the bottom rock mass has an
upward stabilizing effect. The bending effect of the rock mass
structural plane on the external macro chain No. 1 is small.
Therefore, the 4–1 rock block did not fall in the PFC simulation,
and its failure is controlled by the failure of the adjacent
block 4–2.

TABLE 3 | Mesoscopic parameters.

Mesoscopic parameters of sandstone and mudstone

Lithology d/mm P/kg·m−3 Ec /GPa kp
c μ Λ kp Eb/GPa σc/MPa c/MPa βn βs

Mudstone 0.24 3,100 2 1.0 0.8 1.00 1.0 20 18 28 0.2 0.2
Sandstone 0.26 3,000 3 1.0 0.6 1.01 1.0 30 20 35 0.3 0.6

Mesoscopic parameters of structural plane

Structural plane type sj_kn/N·m−1 sj_ks/N·m−1 sj_μ sj_c/MPa sj_φ/°
Horizontal structure plane 10 1 0.7 0.3 10
Vertical structural plane 10 1 0.3 0 8

Frontiers in Earth Science | www.frontiersin.org September 2021 | Volume 9 | Article 6831938

Tian et al. Dynamic Failure Mechanism of Dangerous Rock

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


To sum up, for the given penetration rate of 62.5% and a
mudstone cavity depth of 6 m the horizontal layered dangerous
rock slope is more severely damaged under the action of 25 s
longitudinal earthquake wave. The destruction time is
concentrated between 2 and 12 s, and the failure mode is fall-
slip-rotation destruction.

Caving Time Analysis
The coordination number is defined in geotechnical engineering
as the average contact number of particles (Jiang and Hu, 2010; Li
and Wang, 2013), and is calculated as coordination number �
2 times the number of particles in contact/number of particles.
Consequently, the coordination number reflects the physical
properties such as the friction coefficient and elastic modulus
of the contact model between particles. Based on the failure
process (Figure 8), the specific caving sequence and strength
attenuation of the rock block can be further refined by the
coordination number. We monitor the particle coordination
value of each model in the unit of rock block, and constrain
the time history curve (Figure 9A). The modelled coordination
values are between 6 and 11 (Figure 9A). The variation of the
coordination number decreases with ongoing duration of the
earthquake, as the stability of the slope gradually decreases. The
slope model has a large attenuation of the coordination number
in the anti-failure time period, and the coordination number
largely fluctuates in the interval of strong earthquake intensity
(8–15 s). The coordination value of each rock block tends to be
stable prior to structural plane failure and again after the failure.
Therefore, the structural plane attenuation of a rock mass during
an earthquake is related to the intensity of the earthquake. The
2–1 rock block has the largest attenuation of the coordination
number during the earthquake. Starting from 2 s, the
coordination number decreases from 9.5 to 6.1. The decrease
is related to large local fragmentation and destruction at ca. 5 s

(Figure 8C). The coordination number decrease of the remaining
rock blocks is between 0.6 and 2.5. The attenuation of the
coordination number gets weakened with increasing elevation
in the slope, with the uppermost rock blocks 4–1 and 4–2 yielding
the lowest decreases of 0.6 and 1.2. The attenuation trend of the
coordination number is consistent with the failure mode
(Figure 8), thus confirming the specific caving time of each
rock block in each model from the perspective of numerical
simulation.

Combining fracture mechanics and Newton’s second law
can completely obtain the dynamic stability of the dangerous
rock and the caving time of the dangerous rock. In order to
verify the reliability of the equation, and to affirm the
rationality of the PFC method for this type of slope
simulation, we compare the caving time of the dangerous
rock obtained by the simulation with the value calculated
from the seismic stability coefficient equation (Figure 9B).
The diagram indicates an increase of the caving time from
bottom to top in the slope. However, after a maximum
defined by the 3–1 block the caving time generally
decreases. The diagram documents that the caving time
estimated from the PFC simulation is consistent with the
data calculated from the stability coefficient equation, thus
proving the rationality of the modelling and the numerical
method.

Hilbert-Huang Time-Frequency
Characteristic Analysis
Vibration Signal HHT Result
Hilbert-Huang Transform (HHT) is generally used to analyze the
time-frequency characteristics of the acceleration histories
obtained from the PFC3D simulations. Therefore, we apply
HHT three-dimensional signal processing technology to

FIGURE 7 | 3D particle flow model.
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FIGURE 8 | Diagram of the failure process of dangerous rocks.

FIGURE 9 | (A) Coordination number and (B) destruction time.
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analyze the slope vibration frequency during PFC simulation
(Tian et al., 2020a). The HHT calculation results are obtained
from the vibration acceleration during PFC simulation by the
Hilbert transform. The steps are as follows:

1) Application of Empirical Mode Decomposition (EMD) to
decompose complex signals into a finite number of
intrinsic mode functions (IMF).

2) Calculation of Hilbert transformation on each intrinsic mode
function component to obtain the instantaneous frequency
and amplitude of each IMF component over time. The Hilbert
transformation on the component c(t) is defined as:

H[c(t)] � 1
π
P∫∞

−∞
c(t′)
t − t′ dt′ (28)

c(t) is the modal component; H the Hilbert spectrum and p the
Cauchy principal value.

The equation for the calculation of the analytical signal z(t) is:

z(t) � c(t) + j(H)[c(t)] � a(t)ejΦ(t) (29)

The amplitude function can be obtained from the equation:

a(t) � �������������
c2(t) + H2[c(t)]√

(30)

and the phase function from:

Φ(t) � arctan
H[c(t)]
c(t) (31)

The instantaneous frequency is calculated from the equation:

f (t) � 1
2π

dΦ(t)
dt

(32)

After applying the Hilbert transformation to each IMF
component H becomes:

H(ωt) � Re∑n
i�1

ai(t)ejΦ(t) (33)

where Re means take the real part. The Hilbert spectrum can be
obtained by expressing the above equation as a function of time
domain and frequency domain. The Hilbert energy spectrum is
constrained by integrating the square of the amplitude against
time:

E(ω) � ∫T

0
H2(ωt)dt (34)

where E is the Hilbert energy spectrum.
The Hilbert energy spectrum expresses the energy

accumulated by each frequency in the entire time length.
We select the rock blocks of the internal macro chain No. 2 in the

dangerous rock model (Figure 5B) as the vertical object in the
calculation (1–2 block, 2–2 block, 3–2 block, 4–2 block). The basal
blocks (1–1 block, 1–2 block) are used as the horizontal object. The
HHT transform is used to obtain the HHT three-dimensional time-
frequency diagram including time domain, frequency domain and
amplitude (Figure 11). The instantaneous Fourier dominant
frequency corresponding to the obtained maximum amplitude is
extracted (Figure 10). The instantaneous dominant frequencies of
the modelled rock blocks during the earthquake occur below 10Hz.
Themain frequency is increasing from the external macro chain two
to the internal macro chain 1, and as the elevation increases, the
main frequency significantly increases from 1.3 to 8.3 Hz in the
internal macro chain 2.

The comparison of the caving time calculated from the HHT
main peak and the PFC caving time generally shows a close
correspondence for each rock block (Figure 11A),
documenting the applicability of the HHT three-dimensional
time-frequency diagrams. Some minor variations of blocks 1–1
and 1–2 are related to collision between the rock blocks. In the
25 s seismic wave, the maximum vibration amplitude of the
main peak of the bottom rock block 1–1 is 11.5 m/s2, and the
maximum vibration amplitude of the main peak of the rock
block 4–2 from the top of the slope is 33.2 m/s2 (Figures
11B–F). The data indicate an effect of the elevation on the
maximum vibration amplitude of the main peak. The main
frequency bands of rock blocks occur between 0 and 160 Hz.
The frequency band increases from 0 to 30 Hz to 0–160 Hz
from block 1–1 to block 4–2, indicating that also the width of
the frequency band is related to the elevation of the block. Each
rock mass exhibits high-frequency amplitude fluctuations,
ranging from 0 to 12 m/s2. Multiple main peaks mainly
occur in the 1–2 block (Figure 11C). The detected five main
peaks indicate a large dynamic response of this block.

The diagrams indicate that during strong earthquakes, due
to the existence of the elevation amplification effect, the
dynamic response of the dangerous rock is intensified, the
possibility of interaction increases, and the frequency bands
of the dangerous rock slope will be widened. At the same
time, high-frequency effects also appear, and the signal wave
of the bottom rock layer will have multiple main peaks. Based
on our new data we recommend that in earthquake disaster
protection projects the structural surface cracks between
individual rock blocks should be treated with more care to
avoid amplitude energy fluctuation caused by the mutual
vibration of the rock blocks. In addition, the stability control

FIGURE 10 | Instantaneous Fourier frequency change graph.
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of the single dangerous rock should be strengthened. For a
model with a crack penetration rate of 62.5% on the structural
plane the resonance effect of 0–160 Hz should be considered during

earthquakes. Especial attention should be paid to the impact of low-
frequency (0–10 Hz) and high-frequency (250 Hz) earthquakes on
the failure of slopes consting of horizontally layered dangerous rocks.

FIGURE 11 | HHT Time-frequency spectra.
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CONCLUSION

Based on fracture mechanics and material mechanics we have
established a novel calculation method for the interlayer load
and stability coefficient of horizontal layered dangerous rocks
during strong earthquakes. The method can not only reveal
the stability attenuation law of horizontally layered rock
slopes, but also constrain the timing and the complete
evolution of failure of individual rock blocks during
earthquakes.

Application of the new method to the case study, a slope
of dangerous horizontally layered rocks that is exposed
along the Provincial Highway 205 in Sichaun (China),
shows that with ongoing duration of the 2008 Wenchuan
earthquake the stability coefficients of the individual rock
blocks gradually decrease and the dangerous rock blocks
already collapse prior to the maximum of the seismic
acceleration.

A three-dimensional horizontal layered rock slope model, using
PFC3D, was established to simulate the failure of the studied slope.
The results of the simulation are basically consistent with the
calculated data and document a fall-slip-rotation failure of the
slope during the earthquake.

Based on our HHT three-dimensional time-frequency analysis,
we recommend to treat structural surface cracks between the rock
blocks with more care in earthquake disaster protection projects.
Moreover, we propose to pay more attention to the impact of low-
(0–10 Hz) and high-frequency (250 Hz) earthquakes on the
destruction of slopes of dangerous rocks.

Our current simulations and calculations only consider the
effects of longitudinal seismic waves. To simulate earthquake
damages more precisely further refinement, implementing
transversal waves, is required.
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