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Abstract: Earthquakes are a major external factor that induce landslides. In order to systematically
study the dynamic effects and failure mechanism of anti-dip bedding rock slopes (the slope trend
is the same as the joint trend, while the slope dip direction is opposite to the joint dip direction)
under seismic action (as well as the spatial effects of the structural planes in the anti-dip bedding rock
slopes), three-dimensional (3D) discrete-element numerical calculations were performed to analyze
anti-dip bedding rock slopes with different slope angles, joint angles, and joint trends subjected to
the action of natural seismic and sinusoidal waves. The results were analyzed to investigate the
amplification effect, change in Fourier spectrum, failure mechanism, and permanent displacement of
the slope under the applied seismic action. The permanent displacement of the slope was calculated
using Newmark’s method and the results obtained were discussed and compared with those obtained
from a dynamic analysis performed using the 3D discrete-element method. The results showed that
the regularity of the spatial distribution of the amplification effect was less clear than that encountered
in the planar problem (unidirectional or bidirectional dynamical loading), and this leads to the effect
of having an overall rhythmical nature. The seismic wave decays in the high-frequency part from the
bottom up of the slope, while the dominant frequency of the seismic wave decreases. The value of
the permanent displacement obtained using Newmark’s method is much smaller than that obtained
using the dynamic 3D discrete-element analysis approach. The angle between the joint and slope
trends has a significant effect on the amplification effect, failure mode, permanent displacement, and
stability of slopes subjected to seismic action.

Keywords: anti-dip bedding rock slope; dynamic response; acceleration amplification factor;
three-dimensional discrete-element method; Fourier spectrum; permanent displacement

1. Introduction

Flexure toppling failure is widely found in anti-dip bedding rock slopes. According
to Goodman and Bray, the toppling failure modes of anti-dip bedding rock slopes can be
divided into three categories: block toppling, flexure toppling, and block–flexure toppling,
depending on the nature of the structural planes present [1]. To date, a large number of
studies have been conducted on these three failure modes in anti-dip bedding rock slopes
subject to static (self-weight) conditions. These include theoretical analyses [2–4], tests using
models and, for example, centrifuges [5–7], and numerical analyses [4,6,7]. Therefore, our
understanding of the stability (and mechanism responsible for the failure) of anticlinal rocky
slopes under static conditions is relatively mature. However, the dynamic response and
stability of anti-dip bedding rock slopes under dynamic effects (e.g., seismic and blasting
disturbance) are much more complicated compared to those under static conditions.
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The 8.0 Ms Wenchuan earthquake that occurred in 2008 induced more than 60,000 land-
slide hazards and caused more than 20,000 casualties [8]. The recently-initiated Sichuan–
Tibet Railway is a major engineering project that includes 12 potential problem areas along
its corridor, wherein the basic seismic intensity can reach up to 0.3 g or higher [9]. There-
fore, the need to undergo engineering and construction tasks in areas with high seismic
intensities, and also the need to generally prevent disasters occurring due to secondary
geological hazards such as landslides, have led to new and more stringent requirements
being placed on studies focused on the stability of rock slopes subjected to seismic action.

Compared to bedding rock slopes, anti-dip bedding rock slopes are generally more
stable under seismic action. However, once the seismic intensity reaches a certain critical
value, insidious processes are set in motion that can lead to disaster and the scale of the
instability may become enormous (deep failure). Therefore, it is of great engineering
significance to study the failure mechanisms and dynamic responses of anti-dip bedding
rock slopes under seismic action.

At present, the stability of anti-dip bedding rock slopes subjected to dynamic action
is mainly studied using pseudo-static methods, centrifugal model tests, and numerical
calculation. The pseudo-static methods usually simplify the problem by separating the
dynamic seismic action into inertia forces acting in two directions: the horizontal direction
(with the slope facing outwards) and the vertically upward direction. The limit equilibrium
and other methods are then used to make refinements compared to static conditions,
thus enabling the stability of the slope under the seismic action to be evaluated. This
approach thereby converts the original dynamic problem into a static equilibrium problem.
Pseudo-static methods are easy to implement and so they are widely used in engineering
practice [10]. However, they cannot be used to study the dynamic response of the slope
under dynamic action and so they cannot accurately describe the failure mechanism
involved. As a result, researchers usually apply pseudo-static methods in combination
with other methods to more comprehensively evaluate the stability of slopes under seismic
action [11–13].

Yagoda-Biran and Hatzor [11], for example, used a pseudo-static method to analyze
the ultimate equilibrium state of a single block in a slope and then deduced the relationship
between the failure mode of the rock mass and the slope angle, the width-to-height ratio,
and the friction angle. Guo et al. [12] derived an analytical solution for the stability of
anti-dip bedding rock slopes subject to dynamic action using limit equilibrium theory that
can be readily applied to shaking-table tests. Their method predicts that the slumping or
sliding of the blocks from the top of the slope to the foot gradually increases as the input
acceleration is increased, while the safety factor gradually decreases. Their results were
further shown to be in full agreement with the deformation characteristics and stability
conditions encountered in shaking-table tests. Zheng et al. [13] combined a pseudo-static
method with a genetic algorithm approach to create a new way of evaluating the dynamic
stability of anti-dip bedding rock slopes. They found that dynamic failure surfaces are
formed in the anti-dip bedding rock slope that are all step-like in nature and the form of
the slope’s failure surface and stability are closely related to the strength of the rock.

Shaking-table tests can realistically simulate the instability of rock slopes subject to
dynamic disturbance by, for example, earthquakes. Meanwhile, the dynamic effects and
failure processes in slopes can be analyzed by setting up appropriate displacement and
acceleration monitoring points in the test models. However, the experimental process
is time-consuming, costly, and complicated to operate. Shaking-table tests have been
carried out by previous researchers for different types of anti-dip bedding slopes (using
appropriate model ratios) based on seismically-unstable slopes that have already undergone
failure [14–16].

Fan et al. [14] investigated the dynamic responses and failure mechanisms of bedding
and anti-dip bedding rock slopes with siltized intercalation using shaking-table tests. Their
results suggest that both bedding and anti-dip bedding rock slopes begin to exhibit dynamic
response characteristics that are nonlinear when the intensity of the incoming seismic wave
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exceeds 0.3 g. Chen et al. [15] designed a test model based on Goodman’s mechanical model
and used it to investigate the failure modes of blocks under different dynamic conditions.
They found that the order in which blocks undergo toppling under the dynamic action
directly depends on their slenderness ratio. Ning et al. [16] studied the evolution of the
failure process in anti-dip bedding slopes subjected to seismic action using shaking-table
tests. In their work, they chose to use an engineering background for their slopes matching
the upper part of the Yalong River in China; they also verified their results by carrying
out numerical analysis. Their results indicate that the failure process in anti-dip bedding
slopes subjected to seismic action can be divided into four stages of evolution: tensile crack
development in the stratum, tensile crack formation at the top of the slope, formation of a
collapse zone, and instability.

When a slope is subjected to seismic action, the conditions experienced are understand-
ably complex. Under such circumstances, numerical simulations provide an easier way to
perform investigations compared to other methods and the results obtained can be more
mature and reliable. At present, a variety of numerical computational methods (e.g., finite-
element, discrete-element, and finite-difference methods) have been widely applied to
analyze the stability of anti-dip bedding rock slopes subjected to seismic action [17–19].

Zhang et al. [17] used the Universal Distinct Element Code (UDEC) software package
to conduct a dynamic 2D analysis of anti-dip bedding rock slopes subjected to different
natural seismic wave. Under different seismic effects, their results suggest a tensile state
dominated at the surface of the slope, and a shear state dominated at the toe or in the deep
part of topplings. Fan et al. [18] performed a dynamic analysis of anti-dip bedding slopes
with siltized intercalation using a finite-difference method and found that the slope first
undergoes shear failure in the siltized intercalation zone. Zheng et al. [19] used UDEC to
conduct a dynamic 2D discrete-element analysis of reinforced anti-dip bedding rock slope
(reinforced using pre-stressed cables) subjected to seismic action and compared the results
with those that were not reinforced. It was found that the use of pre-stressed cables is a
very effective way of reducing the deformation suffered by anti-dip bedding rock slopes
exposed to seismic activity.

In summary, a great deal of research has been conducted on the seismo-dynamic
response and stability of anti-dip bedding rock slopes using different methods, and some
significant results have been achieved. However, little research has been carried out
on the following two aspects: (i) Natural seismic waves occur in the form of U–P, E–W,
and N–S three-directional loading: the U–P waves are primary waves (P-waves), and
the E–W and N–S waves are east–west and north–south secondary waves (S-waves),
respectively. The research conducted so far has been limited to the conditions appropriate
to model experiments and 2D numerical simulations. Generally, therefore, only two of
the above components are considered. This simplifies the actual three-dimensional (3D)
space problem by approximating it as a plane-strain problem. Thus, the current approaches
cannot fully and correctly model the real instability state of anti-dip bedding rock slopes
in the presence of natural seismic waves. (ii) Current research focuses on ideal anti-dip
bedding slopes, i.e., slopes in which the dip direction of the joints is opposite to the dip
direction of the slope surface (180◦ difference) and so the joint trend is exactly the same as
the slope trend. However, in reality, there is usually a small angle (5–20◦) between the joint
and slope trends.

Therefore, in this paper, 3D discrete-element modeling is performed using the soft-
ware package 3DEC (ver5.20, Itasca, 2019, Minneapolis, MN, USA) in order to analyze
the dynamics of anti-dip bedding rock slopes with different joint angles and different
slope angles under the action of natural seismic and sinusoidal waves loaded in the E–W,
U–P, and N–S directions. Our aim is to reveal the real 3D dynamic responses of anti-dip
bedding rock slopes (and the mechanism responsible for their failure), and to obtain the
permanent displacements of the slopes, (which we can then compare to those obtained
using Newmark’s method).
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In addition, we also study the spatial effects of the structural planes to reveal the
amplification effects, failure modes, and permanent displacements of anti-dip bedding rock
slopes with different angles between their joint and slope trends.

2. Numerical Modeling Using 3D Discrete Elements
2.1. Overview

We want to evaluate the effect of varying the slope angle α, joint angle β, and the angle
γ between the joint and slope trends on the dynamic response and permanent displacement
of anti-dip bedding rock slopes subjected to dynamic action. Therefore, nine 3D discrete-
element models (pairwise correspondence, nine combinations, γ = 0◦) were first established
using slope angles α of 40◦, 50◦, and 60◦ and rock angles β of 50◦, 60◦, and 70◦ (Figure 1).
Eight 3D discrete-element models were subsequently built with γ values corresponding to
–20◦, –15◦, –10◦, –5◦, 5◦, 10◦, 15◦, and 20◦, while the other angles were fixed at α = 40◦ and
β = 70◦ (Figure 2).

Figure 1. Side view of the discrete-element model of the slope.

Figure 2. Three-dimensional view of the slope model.

The sizes of the 3D models correspond to 84 × 20 × 50 m (length × width × height),
and the structural planes are equidistantly spaced at 2 m. The slope dip direction is opposite
to the joint dip direction geometrically. The Mohr–Coulomb failure model was used for
the rock mass and the Coulomb slip failure model was used for the structural planes—the
relevant physical and mechanical parameters are presented in Table 1. The normal Kn
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and tangential Ks stiffnesses of the structural surfaces in the table were calculated using
the expressions:

Kn = 10max(K + 4G/3)/∆Zmin (1)

Ks = Kn(G/E) (2)

where K is the bulk modulus, G is the shear modulus, E is the Young’s modulus, and
∆Zmin is the minimum width in the direction of normal contact of the adjacent units in the
discrete-element model [20].

Table 1. Physical and mechanical parameters used for the rock mass and structural planes.

Density
(kN/m3)

Young’s
Modulus

(GPa)
Poisson’s

Ratio
Cohesion

(MPa)
Friction

Angle (◦)
Tensile

Strength
(MPa)

Dilation
Angle (◦)

Normal
Stiffness
(GPa/m)

Tangential
Stiffness
(GPa/m)

Rock mass 25.97 10.5 0.25 1.5 45 0.5 0 – –
Structural planes – – – 0.24 32 0.001 0 58.33 19.44

2.2. Setting the Dynamic Parameters

Unlike the general static case, when numerical analysis is performed under dynamic
conditions careful consideration must be given to the relevant dynamic parameters and
conditions so that appropriate values can be chosen. Usually, the model must first be run
under static (i.e., gravity-only) conditions until static equilibrium is reached. Thereafter,
the dynamic analysis can be performed.

The grid size of the model is set to 2 m in order to satisfy the relationship ∆l ≤ (1/10 ∼ 1/8)γ,
which is necessary to ensure the accurate propagation of the stress waves within the rock
mass [21], where ∆l—grid size and λ—wavelength. Rayleigh damping is also introduced
into the dynamic analysis to account for damping phenomena:

[C] = ξminωmin[M] + ξmin[K]/ωmin (3)

where [M] is the mass matrix, [K] is the stiffness matrix, ξmin is the critical damping ratio,
and ωmin is the circular frequency. In this paper, the values ξmin = 0.02 and ωmin = 5 Hz
are adopted.

The bottom of the model was chosen to be a viscous (no-reflection) boundary, that
is, separate dampers were set in the normal and tangential directions at the bottom of the
model to provide viscous normal and tangential traction, respectively. Free field boundaries
were adopted on the four sides of the model to simulate free field motion (Figure 3).

Figure 3. Schematic diagrams illustrating the dynamic boundary conditions imposed on the 3D
discrete-element models showing: (a) a side view of the model, and (b) a 3D spatial view.
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As the bottom of the model is set to be a viscous boundary, the dynamic load should
be converted from acceleration history to velocity history (by integration) and then to stress
history according to:

σn = 2(ρCp)vn (4)

τs = 2(ρCs)vs (5)

which are applied to the bottom of the model, where σn and τs are the applied normal and
shear stresses, respectively, ρ is the rock density, Cp and Cs are the speeds of the P- and
S-waves, respectively, and vn and vs are the normal and tangential velocities, respectively.

In this paper, two types of dynamic loads were used in the dynamic analysis corre-
sponding to sinusoidal and natural seismic waves. The whole dynamic process lasted 6 s.
The expressions for the acceleration history of the sinusoidal waves in the three directions
are all in the form: at = A sin(2π f t)—see Figure 4—the corresponding velocity history is
therefore given by vt = A cos(2π f t)/2π f ). In this paper, the parameter values adopted
are: f = 5 Hz for the frequency, because the main energy of the earthquake is concentrated
in this frequency band; and A = 3.14 m/s2 for the amplitude as these values correspond to
a natural Wechuan earthquake in 2008, of intensity Ms = 8.0 [22].

Figure 4. The input acceleration history of the sinusoidal wave used. The holding time is assumed to
be 5 s, the amplitude 3.14 m/s2, and the period (T) 0.2 s.

The natural seismic waves used for U–P, E–W, and N–S three-directional loading are taken
to have a 5 s acceleration history, which is derived from the Wolong seismic wave of the 2008
Wenchuan earthquake (Ms = 8.0, with an Arias intensity Ia = π

∫ Td
0 a(t)2 dt

/
2g = 5.85 m/s

and PGA = 9.28 m/s2)—see Figure 5. The input acceleration history must be baseline

corrected to suppress zero drift, that is, it must satisfy
∫ T∫

0
[a(t)]

2

dt2 = 0, which ensures

that the deformation failure of the model is caused only by the dynamic load.
In order to analyze the dynamic amplification effect and variation of the permanent

displacement of the slope under dynamic action, 23 XYZ three-directional acceleration
calculation points and 6 XYZ three-directional displacement calculation points located on
four straight lines were set up inside and on the surface of the slope (Figure 6). These were
used to monitor the changes in three-directional acceleration and displacement of the slope
model with time during the dynamic loading process.
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Figure 5. The nature of the input acceleration used in this work (Wolong waves of the Wenchuan
earthquake), showing: (a) the acceleration history with a holding time of 5 s and E–W, U–P, and N–S
PGA values of 9.28, 6.39, and −6.08 m/s2, respectively, and (b) the corresponding Fourier spectra
and earthquake dominant frequency range (1.5–6 Hz).

Figure 6. Spatial locations of the acceleration (A) and displacement (D) monitoring points and the
profiles upon which they are located in the slope model.

Referring to the previous related research methods, and considering the three-dimensional
space problem, which is the focus of this paper, the measuring points are distributed equidis-
tantly along the three directions of XYZ. Point A1 is located at the center of the bottom
of the model. Points A2–A7 and Points D1–D6 are located on the midline of the slope’s
surface (profile 1). Points A8–A13 are located on profile 2 which points in the Z-direction.
Points A14–A18 (along with A4) are located on profile 3 which points in the Y-direction.
Points A19–A23 are located on profile 4 which points in the X-direction.

3. Dynamic Response of the Slope
3.1. Analysis of the Amplification Effect

The dynamic response of the slope is most intuitively represented by specifying the
increase in acceleration experienced by each part of the slope compared to the initial input
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dynamic acceleration, i.e., the amplification effect. For the sake of simplicity and clarity,
the acceleration amplification factor (AAF) calculated using PGA values is usually used
to evaluate the amplification effect, i.e., the PGA value measured at a particular point is
compared (ratioed) with the PGA value of the initial dynamic input [23,24].

In this paper, the AAFs in the X-, Y-, and Z-directions are denoted by AAFx, AAFy, and
AAFz, respectively, and are calculated using the expressions:

AAFx = xPGAn/xPGA0
AAFy = yPGAn/yPGA0
AAFz = zPGAn/yPGA0

 (6)

where xPGAn, yPGAn, and zPGAn are the PGA values measured in the three directions at a
given point in the model and xPGA0, yPGA0, and zPGA0 are the input PGA values in the
three directions at the bottom of the model (point A1).

The regularity of the spatial distribution of the dynamic amplification effect inside the
model is considered first. Figure 7 shows the AAF results obtained using a slope model with
α = 40◦ and β = 60◦ when the slope is subjected to dynamic loading in the form of natural
seismic waves and sinusoidal waves. Overall, the AAFs produced using sinusoidal waves
are generally larger than those produced using natural seismic waves (and their spatial
variation pattern is also more obvious). We can compare these results with those obtained in
previous research where the amplification effect in anti-dip bedding rock slopes subjected
to seismic action was derived using test models and numerical simulations [17,24,25].
According to Figure 7a,b, the slope does not exhibit a single ‘elevation effect’ under the
action of three-directional dynamic loading. More specifically, in the plane problem, the
AAFs increase monotonically as the elevation increases—here, however, the maximum
values appear in the middle and upper parts of the slope (i.e., points A5 and A9). Similarly,
it can be found that the ‘surface effect’ that occurs in the plane problem (in which the
larger AAF values are encountered closer to the surface of the slope) does not appear
under three-directional loading conditions. Instead, according to Figure 7c, the largest AAF
values are concentrated at the trailing edge (i.e., points A16–A18) and are further away
from the slope surface. We also note that, on the whole, the three-directional accelerations
along profiles 1, 2, and 3 do not increase monotonically. Instead, a pattern of increasing
(decreasing) values at first followed by decreasing (increasing) values is found.

According to elastic wave scattering theory, the seismic S-wave is split when it interacts
with a structural plane and is decomposed into a reflected S-wave and refracted P-wave.
When a wave propagates from the bottom of the slope to the top it passes through several
structural planes and so a complex vibrational wave field is formed within the slope. As a
result, a rhythmic pattern of variation is generated in the AAFs. According to Figure 7a,b,
we find that AAFz > AAFy in the upper part of the slope and vice versa in the lower part.
This coincides with the regularity of the results derived from shaking-table tests conducted
by previous workers [26]. This phenomenon can also explain the large amount of horizontal
throwing failure that occurred on the slopes during the Wenchuan earthquake. Figure 7d
further shows that the high AAF values are concentrated on one side of the slope (point
A20), i.e., they are not axisymmetric along the width direction of the slope (X-direction).

Overall, the spatial distribution of the slope amplification effect in the case of three-
directional dynamic loading is much less regular than that in the case of the planar problem
(one- or two-directional dynamic loading). The AAFs in each direction also have larger
increases compared to those in the planar problem. Intuitively, this is also a reflection of
the complexity of the propagation and mutual superposition effects of the three-directional
seismic waves within the rock mass of the slope.
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Figure 7. Variation of the acceleration amplification factors at different acceleration monitoring points
due to the action of natural seismic and sinusoidal waves for points along profiles: (a) 1, (b) 2, (c) 3,
and (d) 4.

In order to investigate the effect that the regularity of the structural planes has on the
slope amplification effect, the variation of the AAFs in the upper part of slopes subjected
to the action of sinusoidal waves was studied for different values of γ (angle between the
joint and slope trends; the slope and joint angles were fixed at 40◦ and 70◦, respectively).
The results are shown in Figure 8. It can be seen that the amplification effect is strong in
the upper part of the slope (Figure 8b) when γ is small (−5◦ to 5◦). Then, as γ increases,
the AAF values tend to decrease and then increase again when a certain angle is reached
(~15◦). That is, there is a certain regularity in the AAF values (showing an overall decrease
at first and then increasing again). This phenomenon can also be used to visualize the
direct relationship between energy dissipation and angle of incidence when a seismic wave
is reflected/refracted. It also confirms that the spatial effect of the structural planes is
an important factor that cannot be neglected when studying the dynamic response of an
anti-dip bedding slope subjected to earthquake activity.

The effect of slope geometry (i.e., slope angle α and joint angle β) on the amplification
effect was also investigated. The point A8 at the top of the slope was selected for this
purpose. Figure 9 shows surface plots of the AAF results for slopes subjected to sinusoidal
and natural seismic waves for different values of α and β. Overall, in both cases, the
magnitudes of the components decrease in the order AAFz > AAFy > AAFx. In fact, the
AAFx component essentially remains constant and does not vary much as α and β are
changed. Thus, the geometry of the slope has a stronger influence on the diffraction
and superposition of seismic waves in the YZ-plane (while it has almost no effect in the
XY-plane). The trends in AAFy and AAFz are basically the same, i.e., they both increase and
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then decrease as the slope angle α increases, and decrease and then increase as the joint
angle β increases. The largest values of AAFy and AAFz occur when α = 50◦ and β = 50◦ and
70◦, and the smallest values occur when α = 50◦ and β = 60◦. It is not difficult to find that
both the slope angle α and the joint angle β have significant effects on both AAFy and AAFz,
because they directly determine the way seismic waves propagate within the rock and the
intensity of diffraction, which is intuitively reflected in the magnitude of AAF. In addition,
by comparison, it is found that the joint angle β has more influence on AAF compared with
the slope angle α, because the rock layers are evenly distributed in the slope, and their
quantity is much larger than the slope surface of the slope, so it has more influence on AAF.

Figure 8. Variation of the peak acceleration amplification factors at four different points in slopes
subjected to the action of sinusoidal waves. The values are plotted as functions of the angle γ and the
points chosen are: (a) A5 and A9, and (b) A7 and A8.

Figure 9. Variation of the three-directional peak AAF values at point A8 with slope angle α and joint
angle β: (a) under the action of sinusoidal waves, and (b) under the action of natural seismic waves.

3.2. Fourier Spectra

The acceleration histories can be transformed into Fourier spectra by applying a fast
Fourier transformation (FFT) algorithm to the data. The Fourier spectra allow certain
features of the dynamic response of the slope to be readily visualized. We are specifically
interested in the variation of the Fourier amplitude with frequency and the earthquake
dominant frequency (EDF). Three points in a model with α = 50◦ and β = 70◦ were chosen
for Fourier analysis (A8, A10, and A12 along profile 2). Figure 10 shows the resulting
Fourier spectra together with the corresponding ones generated for the input seismic wave.
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(The data in Figure 10 are arranged to emphasize how the form of the seismic vibration
changes as it migrates upwards from the input level to points A12, A10, and then A8.)

Figure 10. Fourier spectra components and their dominant frequencies at different elevations within
a slope subjected to the action of a natural seismic wave. The data are arranged in order of increasing
elevation from bottom to top (points A12, A10, and A8 along profile 2).
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Consider first the component of the Fourier spectrum in the X-direction. As can be
seen, the EDF and amplitude of the Fourier spectrum in the X-direction vary little from the
bottom of the slope (point A12) up to point A10: the former remains around 1–6 Hz and
the latter remains around 9. However, as we move up to point A8, the Fourier amplitude is
sharply amplified to 68.3 and the EDF is reduced to 0.29 Hz.

In the Y-direction, the EDF of the Fourier spectrum gradually increases as the input
wave migrates to A10 while the Fourier amplitude slightly decreases. At point A8, however,
the EDF shows double- or even triple-peak characteristics and the Fourier amplitude of the
seismic component around 10 Hz is amplified to about 32. Moreover, the low frequency
part (~1.27 Hz) is also amplified. The EDF of the Fourier spectrum in the Z-direction seems
to decrease from bottom to top and reaches a minimum value of 1.2 Hz at point A8 (top of
the slope). The Fourier amplitude essentially just fluctuates between 1.2 and 2.

In the planar problem, the Y- and Z-directions are equivalent to the horizontal and
vertical directions, respectively. It is not surprising, therefore, that the patterns of Fourier
amplitude variation found in these two directions are similar to the results obtained in
previous table-shaking experiments [26]. On the whole, the seismic wave propagates from
the bottom of the slope to the upper parts through reflection and refraction at the structural
planes. The superposition effect of the seismic waves leads to the displacement response of
the slope and hence relative motion of the rock masses. The more work that is conducted,
the greater the amount of energy dissipation that will take place. As a result, high-frequency
seismic waves with higher energy are generally more strongly attenuated and the EDF
decreases correspondingly. Therefore, the dynamic response of the anti-dip bedding rock
slope is stronger (and so more likely to become unstable) under the action of low-frequency
seismic waves. This also explains why the AAFs of the slopes shown in Figure 7 are larger
under the action of the sinusoidal wave (whose frequency is fixed at a low value of 5 Hz)
than under the action of the natural seismic wave, (which contains frequency components
that are much higher than 5 Hz).

4. Mechanism Responsible for Slope Failure under Seismic Action

The mechanism that leads to the failure of an anti-dip bedding rock slope subject to
earthquake activity can be investigated by monitoring the displacement of the slope in the
Y-direction as a function of time. Figure 11 presents contour plots of displacement data
calculated for a slope with α = 40◦ and β = 60◦ by a cross parallel to the Y-axis through the
center of the model. In the figure, the critical displacement value is taken to be 2 cm.

According to Figure 11, failure begins to occur under the seismic action at the leading
edge of the slope. Furthermore, the failure surface is step-like, showing that the failure
process has the characteristics of flexure toppling on the whole. As time progresses, a free
surface is generated after the flexure toppling of the front edge and thus the rear part of the
slope starts to undergo flexure toppling failure. The failure surface is therefore continuously
extended to the rear part of the slope body. After the 5 s seismic loading wave had ended,
the slope was already in a destabilized state. However, the slope displacement continued
to develop beyond this point until the slope was completely destroyed.

These results should be compared with the results of shaking-table experiments
conducted by previous authors [25]. In the current paper, it is found that the seismic wave
induces the anti-dip bedding rock slope to start to fail at the bottom of the slope. In contrast,
previous work has suggested that failure is due to the opening up of the structural planes at
the top of the slope, which leads to the generation of tension cracks. It can thus be seen that
the component of the seismic waves in the X-direction cannot be neglected. Furthermore, it
is not just related to the stability of the anti-dip bedding rock slope, it also directly affects
its failure mode.

The influence of the spatial effect of the structural planes on the failure mode of the
slope was also investigated. Figure 12 shows the displacement (again in the Y-direction)
of a slope with α = 40◦ and β = 70◦ for different angles γ between the joint and slope
trends. This time, the slope is subjected to the action of sinusoidal waves. In these plots,
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the critical displacement value is once again taken to be 2 cm. When γ = 0 (Figure 12a),
the failure surface has a regular step-like shape. However, when γ 6= 0, the failure surface
becomes irregular.

Figure 11. Contour plots of the displacement in the Y-direction of a slope (α = 40◦ and β = 60◦)
subjected to a natural seismic wave. The plots show the displacements in the plane corresponding to
x = 10 m at different times after the onset of the seismic disturbance: (a) 1 s, (b) 2 s, (c) 3 s, (d) 4 s,
(e) 5 s, and (f) 6 s.

It is also noticeable that, on the whole, the depth of the failure surface increases as the
value of γ increases. At the same time, the scope of the slope instability becomes wider.
Consequently, the slope will be less stable when subjected to dynamic action. When γ 6= 0,
the maximum displacement occurs around the upper shoulder of the slope, indicating that
the most dangerous region of the slope (when it is subjected to dynamic action) is located
in the upper part of the slope. Therefore, in areas of high seismic activity, it is essential
that the statistics of the structural planes of an anti-dip bedding rock slope are thoroughly
investigated before assessing the level of geological hazard present. This is because the
spatial effects of the structural planes will directly affect the stability of the slope when it is
subjected to seismic action.
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Figure 12. Contour plots of the displacement in the Y-direction of a slope (α = 40◦ and β = 70◦)
subjected to a sinusoidal wave. The plots show the displacements in the plane corresponding to
x = 10 m at the end of the period of disturbance (t = 5 s) for different values of γ: (a) 0◦, (b) 5◦, (c) 10◦,
(d) 15◦, and (e) 20◦.

5. Permanent Displacement of the Slope
5.1. Newmark’s Method

Some time ago, Newmark proposed an analysis method for dam slopes in which the
stability of the slope under seismic action depends only on the permanent displacements it
undergoes [27]. A pseudo-static method was subsequently used to derive an expression
for the permanent displacement assuming the geotechnical object acts as a rigid body.
Newmark thus found that the permanent displacement D only depends on the action of the
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seismic waves and safety factor of the slope under static forces. Based on this, an expression
can be derived for D of the form,

D =

T∫
0

T∫
0

[a(t)− Ng] dt2 (7)

where at is the acceleration history and Ng is the horizontal critical acceleration, calcu-
lated using:

N = (SF− 1) tan α (8)

where α is the slope angle and SF is the safety factor of the slope under static conditions.
Newmark’s method is simple and easy to use. Other researchers have subsequently
modified and improved the method and applied it to evaluate the stability of slopes and
landslides [28,29].

As Newmark’s method can only consider the acceleration history in a single direction,
in this work (for the sake of convenience later), the E–W direction of the Wolong seismic
waves was selected for analysis purposes. This corresponds to the slope direction of
displacement (i.e., the Y-axis). Furthermore, the displacement data for monitoring point D6
on the slope were chosen for analysis. Nine models were analyzed in all (Table 2).

Table 2. Model-related parameters and permanent displacements calculated using Newmark’s method.

Model Number α (◦) β (◦) SF N (m/s2) D (cm)

1 40 50 7.88 5.77 0.00030
2 40 60 6.46 4.58 0.00090
3 40 70 3.99 2.51 0.12
4 50 50 5.66 5.55 0.043
5 50 60 4.07 3.66 0.015
6 50 70 2.71 2.04 0.76
7 60 50 3.95 5.11 0.72
8 60 60 2.70 2.94 0.15
9 60 70 2.02 1.77 0.64
1 40 50 7.88 5.77 0.00030
2 40 60 6.46 4.58 0.00090

The SF values in the table were obtained via limit equilibrium analysis. Figure 13
illustrates the process used to find the permanent displacement using Newmark’s method
(taking model No. 2 as an example). The permanent displacements thus obtained for each
model are also shown in Table 2. It can be seen that the permanent displacement of the
slope D tends to increase as the values of α and β increase. However, changing the angle α
exerts a stronger influence compared to changing β because the surface of the slope is a free
surface. Thus, the slope’s dip angle is inevitably the most important factor determining
the displacement of individual points on the surface. In addition, the larger the joint angle
β, the larger the topping moment and hence the lower the stability. Therefore, a larger
permanent displacement will occur. The largest permanent displacement, 0.76 cm, occurred
in the slope with α = 50◦ and β = 70◦; the smallest, 0.0003 cm, in the slope with α = 40◦ and
β = 50◦.
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Figure 13. Example of the use of Newmark’s method: (a) acceleration history (Y-direction) at point
A6, (b) corresponding relative velocity history, and (c) cumulative displacement history.

5.2. Displacements Calculated Using the 3D Discrete-Element Method

The permanent displacements of the slopes can also be obtained using the dynamic 3D
discrete-element method. The monitoring point D5 was selected for this purpose. Figure 14
shows the displacement histories of the nine slopes listed in Table 2 (in the Y-direction at
point D5) when the slopes are subject to the natural seismic wave.
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Figure 14. Displacement history of point D5 in the Y-direction for different slopes subjected to the
action of a natural seismic wave. The slopes are labeled α_β according to their α and β angles.

The results shown in Figure 14 imply that the displacement histories of each of the nine
slopes do not converge, i.e., the slopes all become unstable. Moreover, there appears to be a
critical time in the displacement histories Tc that occurs at ~2.9 s. Before Tc, the displacement
at point D5 increases relatively slowly and so the curves have small gradients. After Tc,
however, the rate of displacement suddenly becomes much faster (larger gradients), which
means that the slopes experience accelerated rates of destabilization. Figure 14 also shows
that the magnitudes of the slope displacements increase as the values of α and β increase.
However, both α and β seem to have a similar degree of influence.

The effect of varying the angle γ on the permanent displacement of the slope was also
studied (Figure 15). In this case, the sinusoidal wave was applied to one particular slope
(with α = 40◦ and β = 70◦) and the angle γ between the joint and slope trends was varied
from 0◦ to 20◦. The displacement history at point D5 in the Y-direction was then calculated
while the wave was applied.

Figure 15. Displacement history of point D5 in the Y-direction for slopes subjected to the action of a
sinusoidal wave. Each slope has α = 40◦ and β = 70◦ but different values of γ.

As can be seen from Figure 15, the displacement at D5 under the action of the sinusoidal
wave develops uniformly with time. That is, the displacement curves do not feature a
critical time, Tc, similar to that shown in Figure 14. With the loading of the sinusoidal wave,
the displacement exhibits an ‘S’ type fluctuation, that is, the local parts of the displacement
history decrease and then increase. As γ is increased, the permanent displacement tends
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to increase at first and then decrease. When γ is increased from 15◦ to 20◦, the permanent
displacement decreases sharply and is very similar to that produced when γ = 0◦. This
regularity exactly matches that found in Section 3.1 (i.e., the way in which the acceleration
amplification coefficient in the Y-direction varies with γ).

5.3. Comparison of Results and Discussion

The permanent displacement of point D5 in the Y-direction has thus been found
for different slopes using Newmark’s method and the 3D discrete-element method. It is
instructive, therefore, to compare these results (Figure 16).

Figure 16. Comparison of the permanent displacements of point D5 (in the Y-direction) under the
action of a natural seismic wave as calculated using Newmark’s method and dynamic 3D discrete-
element method.

The comparison shown in Figure 16 highlights the fact that the permanent displace-
ments derived using Newmark’s method are significantly smaller than those obtained
using the 3D discrete-element method. In fact, the largest differences between the two sets
of predictions correspond to four orders of magnitude (models 1 and 2)—even the best
correspondence amounts to an order of magnitude difference (model 7). Xiao et al. [30]
also compared their results obtained for cascading landslides using a 2D discrete-element
method (UDEC) with those obtained using Newmark’s method and found better corre-
spondence. However, in contrast to the comparative study conducted by Xiao et al., we
have conducted a comparison between the 3D discrete-element method and Newmark’s
method of anti-dip bedding rock slopes by permanent displacement. Therefore, the results
obtained in this paper are the product of a more comprehensive analysis. That is, we took
into account the following factors:

1. Compared with bedding slopes (or landslides), anti-dip bedding slopes are more
stable under static conditions and have higher safety factors (SF). On the other hand,
Newmark’s method is based on the assumption that sliding failure occurs with a
straight failure surface. This is obviously contrary to the flexure toppling failure mode
of anti-dip bedding rock slopes.

2. Newmark’s method is based on a pseudo-static method and assumes that the geotech-
nical object can be regarded as a rigid, nondeforming body. In reality, the geotechnical
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object will deform and the 3D discrete-element method takes this into account. As a
result, the displacement obtained using our method will be larger.

3. Newmark’s method is based on the assumption that the problem can be treated in
a single plane; the seismic waves and displacements are also considered to be in
the same horizontal direction. In this paper, we consider the loading caused by the
seismic waves in the X-, Y- and Z-directions. This means our model can account for
3D spatial effects that cannot be treated using a simple single-plane approach.

In summary, although Newmark’s method is simple and easy to operate, it cannot
be used to objectively and accurately determine the permanent displacement of anti-dip
bedding slopes subject to 3D seismic loading (and hence their stability). Instead, a more
mature and complex analysis method needs to be used.

6. Conclusions

In this paper, 3D discrete-element numerical software (3DEC) is used to analyze the
dynamic response and failure mechanism of anti-dip bedding rock slopes with different
slope angles, joint angles, and angles between the joint and slope trends. The slopes were
subjected to the action of natural seismic waves and sinusoidal waves loaded in three
directions. The permanent displacement of the slope was also calculated using Newmark’s
method. The following conclusions can be drawn:

1. When the slope is dynamically loaded using a 3D seismic wave, the 3D acceleration
magnification coefficient of the slope is not very regular; there is also no sign of
obvious ‘elevation’ and ‘appearance’ effects. Instead, it shows rhythmicity. The peak
acceleration amplification effect is more significant under the action of sinusoidal
waves. As the angle between the joint and slope trends increases, the amplification
effect of the slope first decreases and then increases.

2. As the seismic wave propagates within the slope, the amplitudes of the low-frequency
parts of the seismic wave are generally amplified and the earthquake dominant
frequency tends to decrease. The EDF in the Y-direction also diverges, forming 2 or
3 peaks.

3. When subjected to seismic action, the slope starts to fail in the lower part of the slope
and failure progresses from bottom to top. The failure surface is step-like, showing
the characteristics of flexure toppling. When the angle between the joint and slope
trends is nonzero, the failure surface becomes more irregular. Moreover, as this angle
increases, the depth of the failure surface increases and the scope of the unstable part
of the slope becomes wider.

4. The permanent displacement of the slope increases as the slope and joint angles
increase. Under the action of natural seismic waves, the displacement of the slope in
the Y-direction develops slowly at first and then accelerates at a critical time Tc. As
the angle between the joint and slope trends increases, the permanent displacement
of the slope increases and then decreases.

5. Newmark’s method only considers the action of seismic waves in one direction
(i.e., the method is only useful for planar problems). The displacement results ob-
tained using the method are much smaller than those obtained using the dynamic
3D discrete-element method. The results obtained using Newmark’s method are
therefore overly conservative.
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