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Based on the two-dimensional discrete element software UDEC, this article studied the
dynamic response laws of rock slopes with inverse nonpersistent joints by the combination
of different dip angles and spacing of joint and length of rock bridge under earthquake. The
results showed that the existence of the joint surface had a significant impact on the
dynamic response of the slope. When the dip angle of inverse nonpersistent joint increases
or the joint spacing decreases, the PGA amplification factor of each monitoring point on the
slope surface increases, and the influence range is mainly concentrated in the middle of the
slope surface to the slope shoulder. Along the horizontal direction of the slope, closer to the
shoulder of the slope, the PGA amplification factor increases with the increase of the joint
dip angle and the decrease of rock bridge length and joint spacing; along the vertical
direction, the PGA amplification coefficient curve increases first, then decreases, and then
increases with the change of elevation, and the dynamic response of slope reacts the most
violent where the joints are densely developed.

Keywords: rock slope, earthquake, dynamic response, rock bridge, inverse non-persistent joint, UDEC

INTRODUCTION

Rock slope damage caused by the earthquake is a common geological disaster (Li et al., 2007). In the
last century, the failure of rock slopes accounted for nearly 30% of all kinds of natural geological
disasters caused by earthquakes. With the acceleration of the development in the western region of
China, especially the construction of a number of large-scale infrastructure projects, the geological
problems of rock slope disasters caused by earthquakes in the fields of highways, railways, cross-basin
water transfer, and promoting urbanization in mountainous areas will be more prominent.
There are many factors controlling the seismic dynamic stability of rock slopes (Zhang et al.,
2016), among which the spatial development characteristics and physical and mechanical properties
of the internal structural plane play a major role. A large number of joints are usually developed in
the rock mass, and the joints of the rock mass are not completely penetrated. The rock mass is cut
into discontinuous bodies. At present, many scholars have made in-depth discussions on the
influence of the bedding joint fissures developed in the rock mass on the stability of the slope rock
mass and achieved certain results (Kang, 2018; Lin et al., 2019). However, in reality, the joints are
abundant, and the research on the anti-dip discontinuous joints distributed in the slope is rarely
reported. In addition, due to the suddenness and unpredictability of the earthquake, the dynamic
response characteristics of the anti-dip discontinuous rock slope are very complex. In-depth
exploration of this problem has very important practical significance and engineering value for
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TABLE 1 | Physico-mechanical parameters of the model slope.

Dynamic Response of Joint Slope

Category Density p Cohesion Internal friction Bulk Shear Normal Tangential stiffness
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TABLE 2 | Model parameters.
FIGURE 1 | Diagram of the model and monitoring points of slope. Model L /m L /m « /() D/m
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2 50 25 45
dynamic stability evaluation, earthquake-induced landslide risk 3 50 50 30
prediction, and engineering treatment of anti-dip intermittent ~ * %0 25 %0 %
5 50 25 30 17.5

jointed rock slope.

At present, the research methods of rock slope stability and
dynamic response under earthquakes mainly include slope
failure mechanism research based on earthquake damage
experience (Guoxinag, 2012) (Guo et al, 2017), physical
model test based on the shaking table test (Runqiu et al,
2013; Fanetal., 2016; Yang et al., 2018), and dynamic response
research based on numerical analysis (Liu et al., 2012). At first,
the research on slope stability from the perspective of actual
seismic damage investigation mainly focused on the
description and introduction of seismic damage (Yang,
2018). With the aggravation of seismic disasters, some
scholars investigated the relationship between earthquakes
and slope failure from the perspective of seismic damage
statistics (Wang, 2001; Runqiu and Weile, 2008; Yin, 2009).
Wang et al. put forward two improved calculation formulas for
predicting the seismic collapse of rock and soil slopes by
calculating and analyzing the comprehensive index values
and comparing the calculated results with the seismic
damage performance of natural slopes in historical
earthquakes in China (Wang, 2001). Yin studied the
development and distribution of geological disasters
triggered by the ’5.12" Wenchuan earthquake (Yin, 2009). It

was concluded that terrain slope is one of the controlling
factors for the development of geological disasters, and
most disasters are concentrated in the range of 20°-50°.
Based on the statistics of collapse disasters in Wudu District
of Gansu Province during Wenchuan earthquake, Chen
pointed out that the thick strata with developed joints were
the main factor inducing collapse (Chen, 2011). The shaking
table test is an important means to simulate the response of the
model under seismic load in the laboratory. The response of
the model is studied by the similarity principle and
dimensional analysis method (Xu, 2008; Xu, 2010; Xiao
et al.,, 2017). Xu et al. designed and completed a 1:10 scale
large-scale shaking table model test of the slope, revealing the
instability mechanism of slope under seismic action (Xu,
2008). Yin focused on dissecting three typical examples of
Niujuangou landslide-debris flow in Yingxiu, Wenchuan,
located in the southwest part of the seismic rupture zone
(initial epicenter), Beichuanchengxi landslide located in the
middle part of the seismic rupture zone, and
Qingchuandonghekou landslide-debris flow located in the
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FIGURE 3 | Diagram of the model dimension and nonpersistent joint in
the slope (unit: m).

northeast part of the seismic rupture zone, and analyzed the
high-speed and long-distance characteristics of the seismic
landslide (Yin, 2009). Xu et al. designed and completed a large-
scale shaking table test with a ratio of 1:100 based on the
typical slope of the " 5 - 12 " Wenchuan earthquake disaster
area and systematically studied the seismic dynamic response
characteristics of the model slope (Xu, 2010). Based on the
prototype slope, Fu et al. designed a large-scale shaking table
model test. By monitoring the axial force of anchor cable, soil
pressure of pile body, slope acceleration, and slope
displacement time history, they studied the seismic dynamic
characteristics of the composite structure of the multi-level
anchor cable frame beam and double-row anti-slide pile to
strengthen the rock slope with a weak interlayer (Xiao et al.,
2017). On the other hand, with the development of computer
technology, numerical simulation technology has been widely
used in seismic dynamic stability analysis of rock slopes (Liu
et al., 2004; Potyondy and Cundall, 2004; Li, 2007; Guo et al.,
2011; Camones et al., 2013). Liu et al. used UDEC to simulate
the dynamic response of Huangmailin Phosphorite rock slope
under explosion and compared with the field-measured
results. The results showed that the numerical simulation
results are in good agreement with the measured results
(Liu et al, 2004). Li et al. compared the limit analysis
method and the finite element numerical simulation method
to solve the failure mechanism of the slope under earthquake
action. The results showed that the numerical simulation
method can better estimate the failure mechanism of the
slope (Li, 2007). Guo et al. used the dynamic finite element
method (DFEM) to analyze the vibration characteristics and
dynamic response of rock and soil slope under seismic load,
and combined DFEM with the vector sum analysis method
(VSAM), the safety factor of slope at any time can be easily
obtained (Guo et al., 2011). However, it involves engineering

Dynamic Response of Joint Slope

geology, seismic engineering, rock mechanics, and other
disciplines, and the physical and mechanical properties of
the research object are complex. Therefore, it is urgent to
further deepen the understanding of the failure mechanism
and dynamic response law of anti-dip intermittent jointed rock
slopes under earthquake action.

In recent years, the two-dimensional discrete element software
UDEC has shown significant advantages in simulating the
response of jointed rock systems and rock masses under
dynamic load conditions, and thus it has gradually become a
powerful tool for geotechnical analysis and research. Based on
UDEC 7.0, this article will study the influence of joint inclination,
rock bridge length, and joint spacing on the dynamic response of
anti-dip discontinuous jointed rock slopes under seismic
conditions by inputting seismic waves, which provides a
reference for the dynamic stability evaluation of such rock slopes.

DISCRETE ELEMENT NUMERICAL MODEL
CONSTRUCTION

Material Model and Parameter

Determination

The numerical simulation uses UDEC 7.0 software. The slope
constitutive model adopts Mohr-Coulomb model of the general
rock model, considering plastic characteristics. The joint adopts
contact-Coulomb slip model (joint model area), which needs to
input joint cohesion and joint friction angle, joint normal stiffness
and joint tangential stiffness, and other parameters. Among them,
combined with the actual rock mass parameters, referring to the
discrete element simulation analysis of Shentong (Shen et al,
2014), the normal stiffness of the joint will be determined which
used the formula proposed by Cho (Cho et al., 2007):

k- H[K+ (4/3)G

1<n<10),
AZmin :| ( =n= 0)

where k,, is the normal stiffness of the joint, Z,,,;, is the minimum
width of the area adjacent to the contact surface in the vertical
direction, and K and G are the bulk modulus and shear modulus
of the block, respectively. Considering the calculation efficiency,
the maximum side length of the grid is set to 15 m. After many
trial calculations and checks, the parameters are determined in
Table 1.

Boundary Condition Setting and Seismic

Wave Input

First, the velocity in the y-direction is fixed at the bottom of the
model, and the velocity in the x-direction is fixed at both sides.
The slope top and slope surface are free boundaries, and then the
self-weight balance is calculated. In the dynamic response
analysis of slope under seismic action, it is necessary to input
seismic waves at the bottom of the model. In order to prevent the
reflection of seismic waves at the boundary of the model, it is
necessary to set the two sides of the model to the free field
boundary and the bottom boundary to the viscous boundary.
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model one

model three

model five

FIGURE 4 | Sketches of simulation models. (A) Model 1 (B) Model 2. (C) Model 3. (D) Model 4. (E) Model 5.

model two

model four

Considering the complexity of the real slope geological
structure, after reasonable generalization, the rock slope model
with anti-inclination discontinuous joints is established, as shown
in Figure 1. There are 21 monitoring points along the slope
surface, horizontal direction, and vertical direction to monitor the
acceleration of rock mass.

The first 60 s of the seismic wave measured at Mianzhuqing
platform station in 2008 Wenchuan earthquake is used as the
bottom of the horizontal seismic wave input model, and the
acceleration time history curve is shown in Figure 2.

Slope Model Scheme
In UDEC, there are generally three steps to generate the final
model:

1) Generate model geometry.
2) Define the constitutive model and material parameters.
3) Specify boundary conditions and initial conditions.

The influence of joint dip angle, rock bridge length, and joint
spacing on the dynamic response of slope is studied by establishing
five models with different joint dip angles, rock bridge length, and
joint spacing. The parameters of each slope model are shown in
Table 2, and the schematic diagram of slope model size and slope
anti-dip discontinuous joint parameters is shown in Figure 3.
Among them, D is the joint spacing, L; is the joint length, L, is
the rock bridge length, and « is the joint dip angle (counterclockwise
direction). The slope model with different joint dip angles, rock
bridge length, and joint spacing is shown in Figure 4.
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STUDY ON THE DYNAMIC RESPONSE OF
SLOPE

According to the model set in Figure 4 and the monitoring point
layout scheme in Figure 1, the acceleration time history curves of
21 monitoring points are obtained, and the dynamic response of
slope under earthquake is studied. In this article, the PGA
amplification factor is wused to analyze peak ground
acceleration (PGA). The ratio of peak acceleration of dynamic
response to peak acceleration of the input seismic wave is defined
as the PGA amplification factor.

Effect of Joint Inclination Difference

Under seismic action, the PGA amplification coefficients of nine
monitoring points on the slope surface are shown in Figure 5A.
The horizontal distance of monitoring points in the figure refers
to the horizontal distance between the monitoring points and the
origin of the lower-left corner coordinate of the model (as shown

in Figure 3). The PGA amplification coefficients of monitoring
points (points 9, 10, 11, 12, 13, and 14) along the horizontal
direction of the slope are shown in Figure 5B. The PGA
amplification coefficients of monitoring points (points 12, 15,
16,17, 18, 19, 20, and 21) along the vertical direction of the slope
are shown in Figure 5C. The joint dip angles of Model 1 and
Model 2 are 30°and 45°, respectively, and there is the only
difference in joint inclination between the two models.

It can be seen from Figure 5A that the PGA amplification first
increases, then decreases, and then increases on the slope surface,
and the acceleration amplification effect is the most significant at
the shoulder position. When the dip angle of anti-dip
discontinuous joints increases, the PGA amplification
coefficient of each monitoring point on the slope surface
increases, and the changing trend is significant from the
middle of the slope surface to the top of the slope, while the
change is relatively insignificant from the foot of the slope to the
middle of the slope surface.
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The dynamic response of the degree of rock mass along the
horizontal direction is significantly correlated with the
distance between rock mass and slope surface. As shown in
Figure 5B, the PGA amplification coefficient decreases from
the shoulder to the middle of the slope top and increases from
the middle of the slope top to the trailing edge of the slope.
With the increase of the joint dip angle, the PGA amplification
coefficient of each monitoring point along the horizontal
direction increases.

In the elevation direction, as shown in Figure 5C, with the
increase of the joint surface, the maximum value of the PGA
amplification coefficient increases. Due to the existence of the
anti-inclined discontinuous joint surface, the PGA
amplification coefficient does not show a monotonous
increase with the increase of slope height but experiences a
process of first increase, then decrease, and then increase, and
the decrease occurs near the structural surface, indicating that
when the seismic wave passes through the anti-inclined joint

surface, the joint surface plays a certain degree of attenuation
in its propagation.

Effect of Length Difference of Rock Bridge
The rock bridge lengths of Model 1 and Model 3 are 25 and 50 m,
respectively, and only the rock bridge lengths are different
between the two models.

It can be seen from Figure 6A that the PGA amplification
coefficients of each monitoring point along the slope surface are
basically the same, indicating that the difference in rock bridge
length has no obvious effect on the PGA amplification coefficients
of monitoring points along the same slope surface.

In the horizontal direction, as shown in Figure 6B, with the
increase of the length of the rock bridge, the PGA amplification
coefficient of the slope decreases slightly, indicating that the
increase of the length of the rock bridge has an influence on
the dynamic response of the slope along the horizontal direction
under a certain range.
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Compared with the long slope, the slope with a shorter rock
bridge length has bad slope stability, as shown in Figure 6C. In
general, in the elevation direction, the PGA amplification
factor is larger, and the length of the rock bridge is in
negative correlation with the PGA amplification factor of
monitoring points. The shorter the length of the rock
bridge is, the greater the PGA amplification factor is, and
the changing trend is significant from the middle of the slope
to the top of the slope.

Effect of Joint Spacing Difference

The joint spacings of Model 4 and Model 5 are 35 and 17.5m,
respectively, and there is the only difference in joint spacing
between the two models.

Joint spacing will affect the integrity of rock mass, thereby
affecting slope stability. It can be seen from Figure 7A that when
the anti-dip intermittent joint spacing decreases, the PGA
amplification coefficient of each monitoring point on the slope
surface increases, and the changing trend is significant from the

middle of the slope surface to the shoulder of the slope, while the
change is relatively insignificant at the foot of the slope. It can be
seen that the smaller the joint spacing is, the worse the stability of
the slope near the dense joint development is, and thus it is more
prone to failure.

Overall, as shown in Figure 7B, along the horizontal direction,
with the decrease o joint spacing, the PGA amplification
coefficient of each monitoring point of the slope increases
slightly, but the influence range is mainly limited to the
middle of the slope top to the trailing edge of the slope.

In the elevation direction, as shown in Figure 7C, there is a
negative correlation between the joint spacing and the PGA
amplification coefficient of the monitoring point. The smaller
the joint spacing is, the greater the PGA amplification coefficient
is, and the changing trend is the most significant in the middle of
the slope. In general, the more intensive the joint surface
develops, the worse the integrity of the slope rock mass and
the worse its stability are; so, the seismic dynamic response is
stronger.
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It is concluded that when the seismic wave propagates in the
fractured slope, the stress wave will produce reflection and
refraction when it encounters intermittent joints. When the
stress wave propagates to the surface of the slope, it will also
produce reflection and refraction in the surface of the rock mass,
which makes the stress wave in the rock mass occur local
superposition, thus aggravating the dynamic response of the
slope and making the slope stability worse.

CONCLUSION

Based on the two-dimensional discrete element software UDEC,
this article has studied the dynamic response law of anti-dip
intermittent jointed rock slopes with different combinations of
joint inclination, rock bridge length, and joint spacing under
seismic action.

The results have shown that the existence of the joint surface
has a significant impact on the dynamic response of the slope.
When the anti-inclined intermittent joint angle increases or the
joint spacing decreases, the PGA amplification coefficient of each
monitoring point on the slope surface increases, and the influence
range is mainly concentrated in the middle of the slope surface to
the shoulder. Along with the horizontal direction of the slope,
closer to the shoulder, the PGA amplification coefficient increases
with the increase of the joint dip angle and the decrease of rock
bridge length and joint spacing. In the vertical direction, the PGA
amplification coefficient curve generally shows a trend of first
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