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Abstract: The slip surface is an important control structure surface existing in the landslide. It not
only directly affects the stability of the slope through the strength, but also affects the stress field by
affecting the propagation of the stress wave. Many research results have been made on the influence
of non-continuous stress wave propagation in rock and soil mass and the dynamic response to seismic
slopes. However, the effect of the continuity of the slip surface on the slope dynamic stability needs
further researches. Therefore, in this paper, the effect of slip surface on the slope’s instantaneous
safety factor is analyzed by the theoretical method with the infinite slope model. Firstly, three types of
slip surface model were established, to realize the change of sliding surface continuity in the infinite
slope. Then, based on wave field analysis, the instantaneous safety factor was used to analyze the
effect of continuity of slip surface. The results show that with the decreasing of slip surface continuity,
the safety factor does not simply increase or decrease, and is related to slope features, incident wave
and continuity of slip surface. The safety factor does not decrease monotonically with the increasing
of slope angle and thickness of slope body. Moreover, the reflection of slope surface has a great
influence on the instantaneous safety factor of the slope. Research results in this paper can provide
some references to evaluate the stability of seismic slope, and have an initial understanding of the
influence of structural surface continuity on seismic slope engineering.

Keywords: instantaneous safety factor; discontinuity; stress wave; infinite slope model

1. Introduction

Earthquake is one of important factors that may lead to landslides or collapses; as a typical
secondary disaster of earthquake, the seismic slope disaster has attracted much attention.
The mechanical properties of slip surface controls the stability of slope, and therefore, the effect
of slipping surface’s discontinuity on slope stability will be studied in this paper.

In soil or rock mass, there are a large number of discontinuous interfaces, which have
a variety of forms of existence and mechanical properties. In the dynamic geotechnical engineering,
the discontinuous interfaces not only change the mechanical properties of the geo-material [1],
but also significantly affect the propagation of stress waves [2]. For some discontinuous interfaces,
which can be considered as a medium interface, the displacement field, stress field, is continuous
on the discontinuous interface, but the wave impedance is significantly different on both sides of
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interface. Stress wave’s propagation on the medium interface has been studied in the early time [3,4].
However, some discontinuous interfaces in rock mass should not be regarded as the bonded interface,
and the displacements of two rock wall of joint are discontinuous. Mindlin [5], and Kendall and
Tabor [6] discussed the wave propagation characteristics on the natural discontinuous interface in rock
mass. Schoenberg [7] proposed the displacement discontinuity method (DDM) which is used to solve
the wave’s propagation behavior on the displacement discontinuous interface. By the DDM, Gu [8]
analyzed stress wave’s reflection, transmission, conversion and energy’s conversion or attenuation
regularities of the fractures in the rock mass by a theoretical method. Liu et al. [9] analyzed the stress
wave’s reflection and refraction on a natural rock joint. Pyrak-Nolte et al. [10,11], Suarez-Rivera [12],
Daehnke and Rossmanith [13], Fumitaka and Yoshioka [14] and many other scholars validated and
developed the DDM theory through experiments, and analyzed the propagation law of stress wave
in various discontinuous planes of rock masses. In view of the nonlinear behavior of mechanical
deformation of displacement discontinuous interface in rock mass, the nonlinear stiffness joint’s stress
propagation behaviors are analyzed [15,16]. Based on these researches, the displacement discontinuous
interface and bonded interface have different degrees of continuity, and the effect of continuity of
discontinuous interfaces on seismic slope engineering has rarely been discussed.

For seismic slope stability analysis or fail mechanism research, dynamic response analysis is
an important method; especially the instantaneous safety factor is an intuitive and effective parameter
to evaluate slope stability property on the time history [17]. Many researches pay attention to the
effect of mechanical properties of discontinuous interfaces. For example, Ni et al. [18] analyzed
the instantaneous safety factor response of bedding rock slope by the 3D discrete element method
simulation, which considered vibration degeneration of slip surface. Similarly, Liu et al. [19] considered
the vibration deterioration effect of slope’s slip surface in the slope dynamic response research;
the vibration deterioration of slip surface not only occurred during the strong earthquake, but also
happened in the microseisms. Except the numerical methods, the physical model experiments are also
used to analyze the effect of discontinuous surfaces on the seismic slope by the instantaneous safety
factor. Yang et al. [20] studied the dynamic behavior of double-sided high slope by the shaking table
experiment; the slip surface was regarded as the displacement discontinuous interface, based on stress
wave field analysis, and the instantaneous safety factor can be calculated under the action of actual
seismic wave by the Hilbert-Huang transform (HHT) method. Based on this method, Fan et al. [21]
analyzed seismic stability of bedding rock slope within weak intercalated layers by the shaking table
test, and the instantaneous safety factor was calculated by the stress components in weak intercalation.
As a result of the literature, the effects of dynamic properties of slip surface draw much attention,
but these studies mostly analyzed the effect of one type of discontinuous interface in the slope, and did
not discuss the influences of continuity’s changing.

The research work in this paper is to study the influence of the continuity of slip surface on slope
stability. The infinite slope model is used to analyze the slope of instantaneous safety factor; this model
has been successfully adopted for solving different problems in geotechnical engineering [22-24].
Based on mechanical properties of discontinuous interface, three types of slope model have been
established in the research. The effects of slip surfaces” continuity on the slope’s instantaneous safety
factor are discussed by the parameter analysis, and the features of slope, incident wave and the
deformation stiffness coefficients of slip surface are studied.

2. Modeling and Solutions

In this research, according to the continuity of the discontinuous interface, the potential slip
surface of slope is summarized into three types:

Type 1: Continuous medium model where the mechanical properties of sliding surfaces are
continuous in space. For example, the uniformly continuous soil slope before failure of the potential
slip surface did not have any discontinuity.
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Type 2: Medium interface model. For example, on the interface between stratums, there is no
relative displacement between rock walls.

Type 3: Displacement discontinuity model, the displacement of slope’ slip surface is discontinuous,
and related to the stress on the slip surface, such as the rock joint in the rock mass.

From type 1 to type 3, the continuity of the slip surfaces decreases gradually, and influences stress
wave propagation in different ways. According to the continuity characteristic of these three types of
slip surfaces, three infinite slope models (models I, II and III) are established to analyze the influence
of sliding surface’s continuity on the instantaneous safety factor. As shown in Figure 1, the coordinate
systems’ X-axis is located at the slip surface, and the Y-axis is vertical to the slip surface. The thickness
of sliding body (cover layer) is I, the slope angle is 6, and the vertical thickness of sliding body is
z = h/cos 8; gravity of slope slice is W = <zb (y is the unit weight, and b is the width of slope slice),
balances with shear force are Q;, T, and Qg, push forces are E;, and Eg, and normal pressure is P
(Figure 1a). The strength of slope slip surface adopts the Mohr—Coulomb model, where cohesion is c,
and friction coefficient is tan ¢. The safety factor Fs of statically balanced slope is:

_ yzcos?ftan g +c

Fs 1)

Yz sin 0 cos 0

777777777 ~..\\‘ TCY([)//fBY(I) ;'Cv,?‘
U Nomn”

Figure 1. The infinite slope model for instantaneous safety factor analysis: (a) static balance;
(b) model I—continuous geo-material; (c) model II—interface between different geo-media; (d) model
III—displacement discontinuous interface.



Mathematics 2019, 7, 58 4 0of 20

The first infinite slope model (model I) for instantaneous safety factor analysis is a continuous
medium model (Figure 1b), the slope medium is continuous, and there is no waveform transformation
and energy decomposition on the potential slip surface. The second model (model II) assumes that the
slip surface is the interface between two mediums (Figure 1c), the upper medium with a thickness of
h is the slip body (or cover layer), and the bottom medium is the basement layer. Moreover, the slip
surface of third slope model (model III) is the displacement discontinuous interface in the slope model
(Figure 1d). For these models, there are some assumptions:

(1) For model I, the potential slip surface is continuous, and the slope surface is the only boundary.
Additionally, if there is no external load or constraint on the slope surface, it is treated as a free surface,
and can be expressed as: O'y‘y:h = Tyy ’y:h = 0, where 0y, and Ty are the stress components in the
slope medium;

(2) For model 1II, the boundary conditions of slip surface for stress wave’s propagation satisfy:
O.Cy‘y:() = 0'By|y:0, Tny|y:0 = TBxy|y:01 uc|y:0 = Up |y:O and vC|y:O = UB |y:0, where (O'Cy, ’L'ny)
are the stress components in the slope cover layer, and (U'By, TBxy) are the stress components in
the slope basement layer; (uc,vc) is the displacement in the slope cover layer, and (up, vg) is the
displacement in the slope basement layer). Additionally, the slope surface is also treated as a free
surface, which satisfies: ‘TCy‘y:h = Tny’y:h =0

(3) For model III, the boundary conditions of slip surface for stress wave’s propagation
satisfy: O'Cy‘y:() = UBV‘y:O’ Tny|y:0 = TBxy’y:O’ ky (Mdyzo — Ug |y:0> = 0'Cy|y:0 and
ks <0C|y:0 — UB\y:()) = Tny|y=0, where k;, and ks are the normal and shear stiffness coefficients
of slope slip surface. Moreover, the slope surface is also treated as a free surface, which satisfies:
‘TCy‘y:h = TCW’y:h =0.

For the infinite slope model, the incident P-wave (the pressure wave) and SV-wave (the shear
wave in model plane) are used in the slope model within any angle in the natural range [0, 77/2].
Before calculation, the instantaneous safety factor of slope, and the stress wave field in the cover layer
and basement layer should be analyzed. In model I, the stress wave field is mixed with the incident
wave (P- or SV-wave), reflected P-wave and SV-wave. However, in models II and III, the stress wave
field is superposed with the upward P-wave, SV-wave, downward P-wave and SV-wave in the cover
layer, and the wave field of basement layer is superposed with the incident wave (P- or SV-wave),
downward P-wave and SV-wave. The symbols of stress wave’s amplitudes, propagation direction
angle, and wave number of each stress wave in the medium are shown in Table 1.

Table 1. Symbols of stress wave’s equations.

St P-Wave SV-Wave
ress
Medium
Wave . Wave Wave . Wave Wave
Amplitude Number  Velocity Angle Amplitude Number Velocity Angle
Iﬁfjg ! Apy a Asvu 1
Model I a Kp Cp Kg Cs
Reflected
wave Apd &2 Asva B2
Incident
A A
Basement wave BPu . c a0 BSVu ) c B1
layer Downward o o . 5
Model wave Agpd ap Apsvd B2
1L, 1T
Cover UVI?,:Vjerd Acpu Acsvu
laver Kcp Ccp a3 -  Kcs Ccs B3
4 Downward A A
CPd Csvd

wave

The wave field in the slope can be obtained by the elastic wave theory, and the boundary
conditions of free surface and the continuous conditions of potential slip surface are used to obtain the
solutions. The detailed solution processes are presented in Appendix A. When the amplitudes of stress
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wave are obtained, the stress components on slip surface can be calculated under the certain incident
wave (by Equation (A15)), and the instantaneous safety factors can be written as:

Es(t) = (vz Cosz'G +ou(t)) tang + ¢ ?
yzsin 0 cos 0 + T5(t)

where (0, T5) are the normal stress and shear stress along the slip surface (as shown in Figure 1).

3. Dynamic Response of Instantaneous Safety Factor

By Equation (2), the instantaneous safety factor Fs of infinite slope model can be obtained.
As shown in Figure 2, when the P- or SV-wave is incident into the slope models with 30° angle
(amplitude: 2.0 m/s?, frequency: 10.0 Hz), the safety factors of slope models I, Il and III all fluctuate
periodically over time, and the period equals to the period of incident wave (this can be recognized as
the analytical solutions of Fs(t)). In addition, the differences of slip surface’s mechanical continuity,
causing the instantaneous safety factor to fluctuate with different amplitudes and phases. As we
know, in the stability analysis of seismic slope engineering, the extreme values of Fs are important
variables to evaluate slope’s stability; therefore, the peak value Fs,, valley value Fs,,;,, and wave
range AFs = Fsy;y — Fsi, will be discussed. Characteristic parameters of slope models and incident
stress waves to slope stability will be calculated and compared in the follow sections.

e
7 r --P-wave, ModelI | 1
i —SV-wave, Model |
[ --P-wave, Model II
S 6r —SV-wave, Model I1 ]
= | —P-wave, Model III|
5 --SV-wave, Model III
c
~ 0
>4
2
cc L
ZEY
2 »\
1 L L L |

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
Time (s)

Figure 2. Instantaneous safety factor Fs (the dynamic parameters of model I are Cp = 2500 m/s,
Cs=1600m/s, p = 2200kg/m? Ccp = 2500m/s, Ccs = 1600m/s, pc = 2200kg/m3,
Cpp = 3560 m/s, Cgg = 2285 m/s, and pp = 2200 kg/ m?3 are dynamic parameters for models II and III).
(These values are roughly the mechanical parameters of hard sedimentary rocks in medium hardness.)
The thickness of sliding body is i = 5 m, slope angle is 6 = 35°, and slip surface’s mechanical strengths are
C =1 x 10° Pa, and @ = 30° here. For model III, the normal stiffness and shear stiffness are k,, = 1 x 108
Paand k; = 1 x 108 Pa.

3.1. Effect of Slope Features

The slope angle, thickness of slip body, and mechanical parameters are the key variables that
will affect the safety factor for a slope model. Based on the sensitivity analysis of the slope angle,
the thickness of sliding body and the impedance ratio between the basement layer and cover layer,
the influence of continuity of slip surface on the instantaneous safety factor is studied by the comparison
method between models I, II and III. The model parameters of slope models are shown in Table 2;
the slope angle changes in the range of 0-90° in case 1 (for soil slopes, there is a natural resting angle,
but for rock slopes, the slope angle can be close to 90°), cover layer (or sliding body) thickness range
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(1.0-15.0 m) in case 2, and the wave impedance ratio (only for models II and III) between the basement
layer and cover layer changes in the range of 1.0-49.0 in case 3. The ranges of cover layer’s thickness
and the wave impedance ratio are determined by trial calculation, that is, the safety factor is basically
stabilized with the change of these parameters.

Table 2. The variables and parameters of slope features effect analysis (P- and SV-waves).

Mechanical

Cases Analysis Variable Slope Model Dynamic Properties Incident Stress Parameters of
Features Type Wave Parameters .
Slip Surface
Cp =2500 m/s, Cs = 1600 m/s, _ 5
! and p = 2200 kg/m> c ;1}3]02 Pa
1 Slope angle: h=50 i Cep =2500m/s, Ccs = 1600 m/s,
6= 0-90° TIIM " pc =2200kg/m’, Cpp = 3560m/s, C=1x10°P,
- Cps = 2285m/s, and e a
p5 = 2500 kg/m? Amplitude: kn = ki-P: 1% 10° Pa
2.0m/s?
I Cp =2500m/s, Cs = 1609 m/s, and Incident angle: 30° C—1x105Pa
p = 2200 kg/m* Frequency: 9 =30°
Thickness of cover . I Ccp = 2500 m/s3, Ces = 1600 m/s, f=10Hz
layer: h=10-150m  ¢=350 pc =2200kg/m?®, Cpp = 3560m/s, C=1x10°Pa
I Cps = 2285 m/s, and 7 300
o = 2500 kg/m? Ky = k:P: 1% 10° Pa
Wave impedance = 35.0° 11 Cep =2500m/s, Ccs =1600m/s, C=1x10°Pa
3 L pc = 2200 kg/m?, Cgp = r;-Ccp, ano
ratio: r, = 1.0-49.0 h=50m ——————— 3 ¢ =30
I Cps = rz:Ccs, and pp = 2500 kg/m’ ky =k =1x10° Pa

The safety factor of infinite slope will decrease with the slope angle, and the regularity also exists
for the dynamic slope model; as shown in Figure 3, the peak value of dynamic slope safety factor
decrease with slope angle nonlinearly, and the wave range decreases. Figure 3a is the comparison
of instantaneous safety factor between models I and II; the slip surfaces change from the continuous
state to the medium interface. Whether it is the incident P-wave or SV-wave, this change makes the
peak safety factor Fsy,; higher and the valley safety factor Fs,,;, lower. Figure 3b is the comparison of
instantaneous safety factor between models II and III; the slip surfaces change from the interface of
the medium to the displacement discontinuous interface. For this change, the variation of extreme
instantaneous safety factor is different for the incident P-wave and SV-wave; when the P-wave is
incident into the slope, the peak safety factor Fs,;,x become higher and the valley safety factor Fs,,;;,
becomes lower. However, when the SV-wave is incident into the slope, the peak safety factor Fs
becomes lower and the valley safety factor Fs,,;, becomes higher.

In Figure 3, there are some singular points existing for the extreme instantaneous safety factor
curves, when the slope gets close to the horizontal direction and the critical angle for stress wave’s
propagation. In Figure 3, when the slope angle is close to a certain value, the peak value trends to
the positive infinity, and the valley value trends to the negative infinity. That is because the shear
stress caused by gravity on the slip surface is close to the shear stress caused by the stress wave.
The singular point also can be caused by the incident angle close to the critical angle of stress wave.
With the increase of slope angle, the incident angle increases simultaneously; when the incident angle
is close to the critical angle (here it is 40°), the singular points will occur by the non-uniform interface
wave’s generation.

For the static problem, the safety factor of slope will decrease with slip body’s thickness
monotonically, but it is becoming more complex for dynamic situations. As shown in Figure 4,
for models I and II, the peak safety factor and the valley safety factor all decrease with thickness
monotonically, but for model III, as shown in Figure 4b, the peak value will appear in the manner of
decrease—increase—decrease with the incident SV-wave, and in a certain range, the critical points exist;
and when thickness of sliding body is close to critical points, the peak value increases rapidly, and the
valley value becomes negative. By the comparison between models I, I and I1J, it can be found that if
the slip surface changes from the continuous state to the interface of the medium, whether it is the
incident P-wave or SV-wave, this change makes the peak safety factor Fs;;;x higher and the valley
safety factor Fs,,;;, lower. Moreover, if the slip surface changes from the interface of the medium to the
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displacement discontinuous interface, the variation of extreme instantaneous safety factor is different
for the P-wave and SV-wave; with the incident P-wave, the peak safety factor Fs;,x becomes higher
and the valley safety factor Fs,,;, becomes lower; however, when the SV-wave is incident into the
slope, the peak safety factor Fs;,;x becomes lower and the valley safety factor Fs,,;, becomes higher.

For the slope models II and III, wave impedance of material is an important factor for slope’s
instantaneous safety factor. In most situations, the wave impedance of basement layer is larger than
cover layer’s wave impedance; therefore, the wave impedance ratio r, = Zp/Z¢ is considered as the
variable to analyze the dynamic response of safety factors. From Figure 5, it can be found that peak
safety factor increases with the wave impedance ratio r;, and the valley safety factor decreases with
the wave impedance ratio r,. When the slip surface changes from the interface of the medium to the
displacement discontinuous interface, the peak safety factor Fs,» becomes higher for the incident
P-wave and the valley safety factor Fs,,;, becomes lower for the incident SV-wave.

20 [ T T T T
186 s Model LP-wave |
L max
16E +Is Model I, P-wave |
r min
L: 14 7 Fsmax,Model ILSV-wave | 1
§ 12E Fsmm,Model ISV-wave | ]
Q r __Fs _Model II,P-wave
= 10 r max |
ok s . Model II,P-wave
= gL min 3
L °f _Fs Model II,SV-wave| ]
< 6 b max |
v +Fs  Model I,SV-wave |
4 E min 1
20 [Tttt _ 7
0 PR il PR

s PRI PSS ] PEFTE SRS SrArErar Srararard || PR ST S P TS ITATETTE AP R I BT |
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(a)
20 L B B B L UL
18F __Fs ,Model II,P-wave ]
max
16F +Fs . Model II,P-wave ]
min
L: 141 anm’MOdel I,SV-wave |
— Fs . Model II,SV-wave
ol12F min 4
k3t s Model III,P-wave
Q:E 10F max 1
= +Fs . ,Model III,P-wave
8 L min ]
& s Model III,SV-wave
4 max
v 6f +Fsmm,Model 1ILSV-wave | 1
4k ]
2 [ ~ 4
0 s il BT

FENIEN EETSET S STErr SrY PR i SR SrErSrar Srararary §] P AT ol b b L
0 01 02 03 04 05 06 07 08 09 1 1.1 1.2 1.3 14 15 1.6
Slope angle (Rad)

(b)

Figure 3. Instantaneous safety factor vs. slope angle, and the incident direction keeps constant:
(a) comparison between models I and II; (b) comparison between models II and III.
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Figure 4. Instantaneous safety factor vs. thickness of slip body: (a) comparison between models I and
II; (b) comparison between models II and III.

—Fs Model 11, P-wave ]
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i
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max 1
__Fs . Model II, SV-wave | ]
min 4

__Fs  Model IlI, P-wave
max
__Fs _ Model III, P-wave

min

_Fs  Model III, SV-wave|
max

| %/ Fs . Model III, SV-wave C ]
3 ; min 1

1 I T T R R R R R B B
0 5 10 15 20 25 30 35 40 45 5C
Wave impedance ratio r,

Safety factor Fis
<

Figure 5. Instantaneous safety factor vs. wave impedance ratior, (r, = Zg/Z¢).
3.2. Effect of Incident Stress Wave

In order to analyze the influence of incident wave on the instantaneous safety factor,
the amplitudes, frequency and incident angle will be taken as the investigated variables in the following
discussion. The model parameters of slope models are shown in Table 3, the incident wave’s amplitude
changes in the range of 0.1-6.0 m/s? in the case 4, the wave’s frequency range is 5-200 Hz in case 5,
and the incident angle (P- and SV-waves) changes in the range of 1.0-90.0° in case 6. (The ranges of
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wave’s amplitudes and frequency ensure that Figures 6-8 can show the change of instantaneous safety
factor more completely.)

The influence of the frequency of incident wave on the instantaneous safety factor is nonlinear.
Based on the comparison of models I and II, as shown in Figure 6a, when the slip surface changes
from the continuous surface to interface of medium, the peak safety factor becomes higher and the
valley safety factor becomes lower, and the trend changes from monotonous to a more complex
form—first increase and then decrease. When the slip surface changes from interface of medium to
displacement discontinuous surface, as shown in Figure 6b, the trend of extreme value of instantaneous
safety factor becomes more complex, and a singular point exists. The peak value increases when the
frequency is close to the singular point, and the valley value decreases when the frequency is close to
the singular point.

With the increase of incident wave’s amplitude, more wave energy will transmit into the slope
body, the fluctuation range of instantaneous safety factor becomes larger, the valley value becomes
lower, and the peak value becomes higher. As shown in Figure 7, the effect of slip surface’s continuity
properties is similar to the above analysis. In addition, as the stress wave’s amplitude increases,
the valley value of instantaneous safety factor will be negative value, and this phenomenon caused by
the dynamic shear stress is larger than the static shear stress on the slip surface.

Table 3. The variables and parameters for stress wave’s effect analysis (P- and SV-waves).

, Mechanical
Cases Analysis Variable Wave Model Dynamic Properties Slope Models Parameters of
Parameters Type Features .
Slip Surface
I Cp:2500rri/s,C5:16030m/s, C—1x10°Pa
X and p = 2200 kg/m o
Incident wave’s f=10Hz ¢ =30
4 amplitude: Incident I Cep = 2500 m/ S,; Ccs = 1600 m/s,
0.1-6.0 m/s? angle:30° — pc=2200kg/m’, Cgp = 3560m/s,  C=1x10°Pa
I Cps = 2285 m/s, and _q) 300
— 3 =
P = 2500 kg/m , ki =k =1x10°Pa
Coverlayer’'s " = 777 77
Incident 1 Cp =2500m/s, Cs = 160;) m/s, and thickness: C=1x10°Pa
. , wave’s p = 2200 kg/m: h=5m ¢ = 30°
5 I“Cflizr:e‘::;’_e S amplitude: I Cep = 2500 m/s, Cs = 1600m/s, Slope angle:
- 2 — _ 3 - = 35° -
f=5-200 Hz 20m/s pc=220kg/m , Cpp =3560m/s, C=1x10°Pa
Incident it Cps = 2285 m/s, and o 30°
. 30° — 3 =
angle: 30 pp = 2500 kg/m K = ke = 1 x 10° Pa
Incident I Cp =2500m/s, Cs = 1600 m/s, and C=1x10°Pa
Incid 1 . wave's p = 2200 kg/m ¢ =30°
6 neident angle: 090 - Dlitude: Ccp = 2500 m/s, Cs = 1600 m/s,
2.0 m/s? I oc = 2200 kg/m?, Cgp = 3560m/s, C=1x10°Pa
f=10Hz Cps = 2285m/s, and ¢ =30°
T 0B = 2500 kg/m> kn =ks =1x10° Pa

The effect of incident angle on the instantaneous safety factor is complicated; under superposition
of reflected wave on the slope surface, and the reflected and the transmitted waves on the slip surface,
the extreme value of instantaneous safety factors changes with the incident angle nonlinearly. As shown
in Figure 8, when the slip surface changes from the continuous interface to the interface of medium,
the peak value becomes higher for the incident P-wave, and the valley value becomes lower. When
the slip surface changes from the interface of medium to the displacement discontinuous interface,
the peak value becomes higher for the incident P-wave, and the valley value becomes lower for the
incident P-wave and higher for the incident SV-wave. In particular, for the same changes, with the
incident SV-wave, the peak value becomes higher in the range of smaller incident angles, and becomes
lower in the larger incident angle range (Figure 8). For the slope models II and 111, the critical angle
exits with the incident SV-wave, and the singular point will occur.
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Figure 8. Instantaneous safety factor vs. wave incident angle: (a) comparison between models I and II;
(b) comparison between models II and III.

3.3. Effect of Deformation Stiffness of Slip Surface

For displacement discontinuous slip surface, the deformation stiffness will influence stress wave’s
propagation significantly. The model parameters of slope models are shown in Table 4, and the stiffness
coefficient k, = ks is used as a variable to analyze the effects of slip surface’s continuity (in case 7).
According to previous studies, when the displacement discontinuous surface deformation stiffness
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coefficient increases to infinity, the discontinuous interface will become the interface of medium. Thus,
the deformation stiffness analysis of model III will be compared with models I and II separately.

Table 4. The variables and parameters for effect analysis of deformation stiffness of discontinuous
surface (P-, and SV-waves).

Analysis Model . . Stress Wave Slope Models” Mechanical
Cases . Dynamic Properties Parameters of
Variable Type Parameters Features R
Slip Surface
Ccp =2500m/s,
CCS =1600 m/s,
Integral pc = 2200 kg/m?3, Amplitude: Cover layer’s
stiffness Cpp = 3560m/s, Cpg = 2285m/s, 2.0m/s? thickness: C—1x10°Pa
7 coefficient: I and pp = 2500 kg/m?, Incident angle: 30° h=5m o 30°
kn =ks = or Frequency: Slope angle: ¢ =
0-5x10%Pa Ccp = Cpp =2500m/s, f=10Hz 6 = 35°

Ccs = Cps = 1600 m/s, and
oc = pp = 2200 kg/m3

Because the deformation stiffness coefficient of sliding surface controls the transmission of stress
wave energy, the fluctuation range of safety factor is equal to zero when the stiffness coefficients
ky = ks = 0. As shown in Figure 9, the instantaneous safety factor does not monotonically increase
or decrease as the stiffness coefficient increases. Based on the comparison of slope models I and
III (Figure 9a), the slip surface’s deformation stiffness makes the continue interface become the
displacement discontinuous interface, and the instantaneous safety factor of model III will be close to
the value of model I when the deformation stiffness coefficient trends to infinity. From the continuous
slip surface to the displacement discontinuous surface, the peak value Fs,,, increases and the valley
value Fs,,;;,, decreases with the incident P-wave, and the peak value Fs;x decreases and the valley
value Fs,,;, increases with the incident SV wave. This variation is established when the deformation
stiffness value is greater than a certain value; when the deformation stiffness value is less than a certain
smaller value, the variation becomes opposite. These regularities also apply to the change from the
medium interface to displacement discontinuous surface, as shown in Figure 9b.

—
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Figure 9. Instantaneous safety factor vs. deformation stiffness k = k;, = k;: (a) comparison between
models I and II; (b) comparison between models II and III.

4. Discussion

Based on the above analysis, the effect of the continuity of slip surface on the slope safety factor
was studied preliminarily. In engineering, the discontinuous surface is widely found in rock and soil,
usually manifested in the form of surface of stratum, fracture, joints or faults. For dynamic geotechnical
problems, discontinuous surfaces not only affect the mechanical properties of rock mass, but also
significantly affect the propagation of stress waves. Therefore, a large number of literatures have
carried out the in-depth analysis of the stress wave propagation behavior of non-continuous surface
of rock and soil. In the earlier research, the medium interface is used to describe the phenomenon
of stress wave propagation [3,4], but with the further study of rock mechanics, it is found that
the mechanical deformation of rock mass structure is very complex, showing strong nonlinear
properties. The displacement discontinuous model is generally used to describe the propagation
of stress waves [7-16]. Because these two typical discontinuous surface models can describe the stress
wave propagation behavior of most discontinuous surface in rock or soil, it is used to describe the
stress wave behavior of sliding surface in slope.

According to properties of slip surface, the slope models were divided into three types.
From model I to model III, as shown in Figure 10, the continuity of the slip surface gradually decreases,
and the transmittance of stress wave energy is also gradually decreasing. However, the safety factor of
the slope does not increase or decrease monotonously with the decrease of slip surface’s continuity.
Through the analysis in the previous section, it is found that when the slip surface changes from the
continuous surface to the medium interface, the peak value of the instantaneous safety factor Fs;ux
becomes higher when the P-wave or SV-wave are incident on the surface, and the valley value Fs,y,;,
becomes lower. Further, if the slip surface changes from the medium interface to the displacement
discontinuous surface, the change of safety factor depends on the type of incident wave. With the
incident P-wave, the peak value Fs,,,y of the instantaneous safety factor becomes higher, and the valley
value Fs,,;;, becomes lower; however, with the incident SV-wave, the Fs,;,, of the instantaneous safety
factor becomes higher, and the Fs,,;, becomes lower. These changing rules can be applied in most cases,
it becomes different when the incident angle of stress wave becomes smaller, or when the deformation
stiffness coefficient of slip surface becomes smaller (as shown in Figures 8 and 9). Therefore, it can be
seen that the effect of slip surface’s continuity on slope stability is complex and variable. Specifically,
the wave field superimposed by the reflected, refracted and interference waves, so that the stress
components on the slide surface are related to the incident wave type, incident angle, slope dimension
and mechanical properties. The method in this paper is an accurate and effective method to analyze
the influence of the continuity of sliding surface on the dynamic response of infinite slope.
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Figure 10. Continuity changes of models I, Il and III (i = x, ).

The infinite slope model is used as the basic model to solve the solution, so that it has the better
boundary condition to consider the reflection of slope surface as a free surface. For the general slope,
the irregular shape of slope surface cannot help obtain the theoretical solution, which makes the
numerical simulation and the physical model experiment become very necessary [18-21]. In some
literatures, the reflection of the slope surface is not considered [20,21], and the assumption that the
slope surface can absorb stress wave is made The influences of slope surface’s reflection are analyzed
in Figures 11 and 12.

As shown in Figure 11, without the interference of slope surface, the changing curves of slope
instantaneous safety factor become monotonous, the peak value decreases with frequency and the
valley value increases with the frequency monotonically. Within a lower frequency range, the valley
value in the case of non-reflection surface is lower than that in the case of reflection surface. However,
within a higher frequency range, the valley value of safety factor in the case of non-reflection surface is
larger than that in the case of reflection surface. Therefore, the influence of incident wave frequency
on slope safety should be analyzed in different ways, according to the slope surface’s reflection
or non-reflection.

As shown in Figure 12, without the interference of slope surface, the changing curves of slope
instantaneous safety factor are similar to those in the case of considering the reflection of slope surface.
With the increasing of wave’s amplitude, the peak value of safety factor increases, and valley value
decreases. Moreover, the changing rate of safety factor in the case of non-reflection surface is larger
than that in the case of reflection surface.

By this investigation, we found that the continuity of slip surfaces in the engineering site is an
important factor for seismic slope stability, which should be analyzed carefully. Continuity of slip
surface, the features of slope and characteristics of incident waves can control the slope safety factor in
different ways. Additionally, for the infinite slope, the methods proposed in this paper can analyze the
influence of continuity of slip surface on stability. Based on the method and model in this research,
the instantaneous safety factor can be obtained by theoretical methods with the incident simple
harmonic P-wave and SV-wave. Furthermore, this method can be used to acquire the instantaneous
safety factor of infinite slope under any earthquake action, the seismic wave can be decomposed into
series of harmonic waves by the time—frequency analysis method (like HHT based methods presented
in literature [20]), and the instantaneous safety factor can be obtained by the superposition of stress
components on the slip surface.
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Figure 11. Comparison of free slope surface with reflection and no reflection (instantaneous safety

factor vs. wave frequency): (a) model I; (b) model II; (c) model III.
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Figure 12. Comparison of free slope surface with reflection and no reflection (instantaneous safety
factor vs. wave amplitude): (a) model I; (b) model II; (c¢) model III.

5. Conclusions

In this paper, the influences of the stress wave propagation properties of the slip surface on slope
stability are analyzed and discussed. The main findings can be summarized as follows:

1. The instantaneous safety factor of the slope does not simply increase or decrease with the decrease
of the continuity of the slip surface, but significantly changes with the frequency of the incident
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wave, the incident angle and the deformation stiffness of the slip surface. However, in most cases,
some significant regularities can be found:

(a) When slip surface changes from the continuous surface to medium interface, it leads to
the higher peak value of instantaneous safety factor, and the lower valley value;

(b)  When slip surface changes from the medium interface to displacement discontinuous
surface, it leads to the higher peak value, and the lower valley value with the incident
P-wave, and leads to the lower peak value lower, and the higher valley value with the
incident SV-wave.

2. Without the reflection of slope surface, the changing trend of peak value and valley value of
instantaneous safety factor will become much simpler. Compared with instantaneous safety
factor considering the reflection of slope surface, at lower frequencies, the peak value becomes
higher and the valley value becomes lower; but at higher frequencies, the peak value becomes
lower and the valley value becomes higher.

3. Different from the static problem, as the slope angle and thickness of slip body increase, the
instantaneous safety factor will not monotonically decrease.

4. With the lower frequency and higher amplitude of incident wave, the valley value of
instantaneous safety factor will be lower, and more unstable for the slope. Additionally, this kind
of situation should be noticed in the engineering.

Based on this study, the continuity of structure surface should be investigated prior to the slope
stability analysis, which will affect the dynamic response of slope in different ways for different types
of structure surface.
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Appendix A

In the infinite slope model, the wave equations in the cover layer (the sliding body) can be
written as:
¢c = (Acpuemcpyy + ACPde—meyy)emxxeflwt (Al)

Pc = (ACSVueiKCSyy + ACSVdefiKcsyy>eiK"xefm (A2)

where the equation ¢¢ is the wave equations of P-wave containing upward and downward P-waves;
and ¢ is the wave equation of SV-wave containing the upward and downward SV-waves. The wave
numbers are Kcpy = Kcp- €08 &3, Kcsy = Kcs- €0s B3 and kx = Kcp-sinag = ks - sin 3. Additionally,
the wave equations in the basement layer are:

¢B = (ABPueiKpr]/ + ABPdefiKpry)einxefiwt (A3)

95 = (Apsvue™W¥ 4 Apgyge "o )eliere it (A4)

where the equation ¢ is the wave equation of P-wave in the basement layer containing incident and
reflected P-waves, and ¢ is the SV-wave equation containing the incident and reflected SV-waves.
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The wave numbers are kgp, = kpp- COS &1, Kpsy = Kps- COS f1 and ky = Kpp-sinayp = kpg - sin 1.
The displacement can be obtained by:

U=Vo+Vxy (A5)

where ; = (u,v,w); V = (aa—x, %, %) . Then, the strain—displacement relationship and Hoek’s law can
obtain the strain components and stress components. For the stress wave’s field solutions, the boundary
conditions of slope surface and the slip surface are used to solve the unknown amplitudes of stress
wave in the cover layer and the reflection waves in the basement layer.

For model II, the boundary conditions are:

UCY‘y:O = O-By|y:O
‘TCy’y:h =0 and Tny|y:o - TBXy|y:o (A6)
Ty, =0 ucly—o = uBl,—

UC‘y:() = Z)Bly:O

For model 111, the boundary conditions are:

Ucy|y:O = UB.‘/|y:O

ocyl._, =0 Tny| -0 TBxy| -0
vy and Y Y (A7)
TCXy’y:h =0 Fn (”C|y:0 B ”B|y:0> - “Cy|y:o
ks(vC|y:0 - vB|y:0) = Tny’y:()
Then, the equations for solving unknown amplitudes can be written as:
M-Ax = AppyT1 + ApsvuTa (A8)

where Ax = (Agpa, Agsvd, Acrd, Acpu, Acsva, ACSW)T,' M, T; and T, are the coefficients which are
the functions of slope configuration, dynamic parameters of geo-material, stress wave’s parameters,
and related to the type of model. For model II:

[ 2upKppy*+ —2xcpy e —2Kcpy’ic
KBpy>AB 2uipKpsyKx  —KcpyPAc —Kepy*Ac —2pcKesykx 2pcKesykx
+Kx2/\B —sz)\c _sz/\C
2 2 2
K, Ky"— Ky"—
—21pKppyKx PLBH:,?Z 2pcKkepykx —2jcKcpyKx ﬁzKZs 2 Lf'fés 2
x y y
—iKy iKpsy Ky Ky —iKcsy iKcsy
M= | . B ' . o ! A
ixgpy iy —ixcpy ixcpy —iKy —iky (A9)
72;4CKpr2 ) 72;¢CKpr2 ) )
—KepPAc | eTRendt —kcpPAc | eerh —opceTesileg iy 2pce™ s egy ey
*sz/\c *sz)\C
2 —ikcpyh ) ixcpyh —iKcgyh Ka?— ixcgyh K2 —
Hee KcpyKx Hee T Kepy Ky Hce ! Kcsy? HPce Kesy?
y y" )
2 2 2 T
T, = —[ 2upKkppy” + Kppy“Ap + Kx“Ap  2upKppykx —iky —ikgp, 0 0 } (A10)

T
T, = [ 2upKpsykx HBKx® — PBKpsy® ikpsy —ikx 0 0O } (A11)
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For model III:
[ 2uprep,? —2kcpy e —2Kcpy e
+xBpy*AB 21 pKpsyKx —xcpy*Ac —xcpyAc —2pcKesyKx 2pcKesyKx
+K%Ap —Ky?Ac —K2A¢
2 2 2
HBKBSY Hekx™— Hekx™—
—2upkgp, L ¢ -2 3
HBKBPyKx —HBsz HcKepyKx HcKepyKx ,“CKCSyz #CKCSyZ
2)ipKppy”
—ikutey + Ky 2Ap 21?;?(5;:’ ik ik —ikutccsy ikukcsy
+xppy2AB By
M=l N (A12)
tksKppy— 7}[31&2 _iksKCPy iksKCPy —iksky —iksky
2UBKBPyKx ik
—2pcxcry” ) —2uckep,? \ ) )
0 0 —Kepy*Ac e ikcrylt —Kepy*Ac eferh _pyceesMeeg i, 2pceesiMicg, iy
*sz/\c *szflc
—ikcpyh ixcpyh —ikcsyh K2 — ixcs,h K2 —
0 0 2pce” P Kkepykx —2puce™ M KepyKy puce ey 2 pce'csy 5
Kcsy Kcsy
2upKppy + 2upKppy® — iknkx 21 pKBpyKx '
Tl = — 2)L Y 2/\ Z’MBKprKx 2/{ 2/\ ik y 0 0 (A13)
KBpy“AB + Kx“AB +Kppy“AB + Kx“AB —1KsKBpy
T
MBKBs,®  —2UBKpsyKx HBKBS,>—
T2 = — _ZVBKBSny 2 ik 2 ik 0 0 (A14)
—UBKx —IKnKBsy UBKx® + 1KsKy

After the amplitudes of stress waves are obtained, the stress on the slip surface can be calculated as:

{ O'n(t) = O'By(t)’y:() (A15)

Ts<t) = TBxy(t) |y:0
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