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Study on the slope dynamic
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progressive failure of the slip
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The strength of a rock-soil mass shows complex and obvious weakening
characteristics under seismic dynamic load. The previous stability analysis
methods of a seismic slope do not fully depict the attenuation law of
geotechnical materials and cannot truly reflect the stable state of a slope
under earthquake action. Based on the theoretical analysis of the
progressive failure mechanism and the evolution law of a seismic slope, the
adverse effect of progressive failure on slope stability is clarified. According to
the progressive failure process of a slope under dynamic load, the strain-
softening model and vibration deterioration model are introduced to
represent the attenuation law of rock strength parameters, and a calculation
method of seismic slope stability coupled with vibration disturbance and
progressive failure is proposed. The method considers the strength
parameter characteristics of a rock-soil mass in different stages and is
combined with the vector sum method to obtain the time-history curve of
the slope safety factor under earthquake action, which makes the evaluation
result of slope stability more accurate and reliable. The numerical examples
show that this method can effectively reflect the dynamic stability of seismic
slopes, and solve the problem that the traditional calculation methods are
difficult to characterize the strength attenuation characteristics of rock and soil
mass. If these characteristics are not considered, the calculation results will be
unsafe.

KEYWORDS

slope engineering, earthquake, progressive failure, strain-softening, vibration
deterioration

Introduction

Slopes exist widely in the fields of water conservancy and civil engineering, and many
large-scale projects are constructed in areas where earthquakes frequently occur (Xu and
Xu. 2013). At present, global seismic activity is experiencing a relatively active period.
According to the statistics, there were 115 earthquakes above six magnitudes in 2021. A
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serious destructive earthquake can easily trigger deadly
landslides. Once a slope is damaged during an earthquake,
many casualties may occur, and the economy will suffer
severe losses (Valentin et al.,, 2016; Ma et al., 2021).

To avoid or reduce landslide disasters triggered by
earthquakes, accurate evaluation of slope stability under
earthquake action is the theoretical foundation of disaster
prevention and anti-seismic supporting systems design (Du
et al, 2022). The current seismic slope stability analysis
methods mainly include theoretical analysis, numerical
simulation and model test (Zhang et al, 2021; Yu et al,
2022). the of

repeatability, time-saving, high efficiency, and low cost and

Numerical simulation offers advantages
has received widespread attention of scholars around the
world. This category includes the pseudo-static method (Baker
et al., 2006) and the seismic time-history analysis method (Pang
et al, 2021). In the pseudo-static method, the dynamic inertia
force of an earthquake is simplified as the product of the constant
acceleration in the horizontal and vertical directions and the
slope mass; then the static safety factor is solved generally with
the limit equilibrium theory. This simple and convenient method
has been widely applied in the stability analysis of seismic slopes
(Karray et al., 2018; Zhao et al., 2020). However, it neglects the
dynamic nonlinear behavior and evolution law of rock-soil mass
and cannot reflect the mechanical response of a slope under
cyclic load (Macedo and Candia 2020). After comparing the
difference in calculation results of the pseudo-static method and
the nonlinear dynamic approach, Bolla and Paronuzzi (2021)
believed that the former was not suitable for the dynamic stability
analysis of a rock slope. In the seismic time-history analysis
method, the safety factor of each dynamic step is obtained
through the dynamic stress field of the slope during the
earthquake duration. This method can reflect the evolution of
the dynamic process over the duration of the seismic event. The
results of the time-history analysis method are more realistic and
abundant and have gradually come to occupy a dominant
position in the numerical analysis of seismic slope stability
(Guo et al., 2011; Koo et al., 2016).

In the numerical simulation of the seismic slope, applying
the peak or residual strength of a rock-soil mass for design and
analysis will cause landslide hazards or unnecessary supporting
waste. Therefore, it is of great significance to evaluate the slope
stability with a reasonable and reliable constitutive model, of
which the determination depends on the failure mechanism and
essential features of the seismic slope. Due to the dynamic cyclic
loads of earthquakes, the failure features of dynamic slopes tend
to be more complex than static slopes. The failure mechanism
of the slope under the earthquake can be summarized in two
aspects (Eberhardt et al., 2004; Song et al., 2020; Negi et al.,
2022). 1) The dynamic cyclic load reduces the strength
parameters of a rock-soil mass, making the anti-sliding force
of the slope smaller. For natural or man-made reasons, when
the cyclic loading acts on the rock and soil, it may lead to the
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slow deterioration of strength and fatigue failure. Wang Y. et al.
(2010) carried out uniaxial tensile tests on granite under cyclic
loading, and the research showed that the dynamic strength
under cyclic loading was lower than the failure strength under
monotone loading. With an increase of cycling times, the rock
damage and softening phenomenon occurred. 2) Under various
adverse factors, slope failure is a progressive process from intact
to local damage to overall penetration failure (Du et al., 2020).
Many scholars believe that the dynamic failure mechanism of
seismic slopes is that the cracks first appear in the structural
plane or slope foot (local damage), then expand, deepen and
penetrate with the continuous seismic hit, causing further
damage to the surrounding rock mass. Finally, the seismic
slope develops to the overall penetration failure, which
shows that the entire sliding surface is penetrated (Song
et al, 2020). Quinn et al. (2012) analyzed the progressive
failure development of clay slope and the relationship
between the failure surface and vibration time, indicating
that the cyclic load caused by earthquakes makes the
developing failure surface propagate freely toward overall
failure.

Using the dynamic load mechanism, many scholars have
examined the numerical relationship between the slope failure
mechanism and strain-softening features and suggested the
which the
progressive slope failure features (Di et al., 2017; Wang et al.,

strain-softening model, successfully ~captures
2021). These results show that considering the strain-softening
features of a rock-soil mass can provide a reasonable simulation
of the slope failure process. The strain-softening model is widely
used in slope stability analysis, but it only reflects the elastoplastic
variation features of rock-soil mass strength, ignoring the
vibration deterioration effect of the potential slip surface of a
seismic slope under dynamic load. Actually, after the failure
surface of the slope is generated, the residual strength of the rock
mass (especially the friction force) still provides a large anti-slip
force. Under the cyclic shear action of a dynamic load, wear and
passivation will inevitably lead to further attenuation of the
residual shear strength parameters of the failure surface (Cao
etal.,, 2008). Some scholars have carried out dynamic cyclic shear
tests on the structural planes of rock mass and analyzed the
deterioration law of structural plane strength, indicating that
cyclic shear load greatly reduces the shear strength of joints (Lee
etal, 2001; Jafari et al,, 2004). Based on the classical wear theory,
Li et al. (2019) proposed a constitutive model for the shear
characteristics of rock joints under cyclic loads, which is more
practical than empirical models and can quantitatively evaluate
the shear characteristics of rock joints with asperity degradation
and debris backfilling. Ni et al. (2013) proposed a vibration
deterioration model of the structural plane through a cyclic shear
test, but the calculation method of this model is only applicable to
the original joints, not to the secondary joints generated in the
failure process. Under the cyclic shear of a dynamic load, the
phenomenon of abrasion and passivation will inevitably lead to
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FIGURE 1
Sketch of progressive failure of the slope.

the reduction of the shear strength parameters, subsequently
further weakening the stability of a rock-soil mass and directly
inducing landslides (Fan et al., 2017).

The failure process of the rock-soil mass in a seismic slope is
of complexity that during the progressive failure process, the
geotechnical materials at different positions may be in the peak,
softening, or residual state, accompanied by the vibration
deterioration phenomenon of the original joints and
secondary cracks. The pre-existing research findings neither
effectively reflect the strength weakening law of a rock-soil
mass during the earthquake nor fully consider the strain-
softening and vibration deterioration features of a seismic
slope. Therefore, based on the failure mechanism of
earthquake slope, the progressive failure process of slip surface
and its influence on slope stability are discussed in this article
under earthquake. A stability calculation method of the seismic
slope is proposed that considers slip surface progressive failure,
combined with the vector sum method of dynamic time-history
analysis. This calculation integrates the dual factors of strain-
softening and vibration deterioration under the earthquake in the
process of dynamic slope stability analysis. In this method, the
corresponding constitutive relation is endowed according to the
state of the geotechnical materials and can improve the accuracy
and reliability of calculation results.

Progressive failure process of seismic
slope

Tension-shear progressive failure process

Wang J. et al. (2010) found that the slope instability is
composed of top tension and foot shear damage through the
slope survey results and numerical simulation in Wen Chuan.
Shinoda et al. (2015) found that obvious tension cracks exist at
the rear edge of the dynamic slope based on the shaking table
model test. Zhou et al. (2019) developed a closed-form method to
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FIGURE 2
Sketch of stress concentration of slip surface. (A,B) Shear
failure stage (A) and tension shear failure stage (B).

assess the seismic stability of slopes with zero tensile strength.
The aforementioned research results show that during the
process of slope instability damage under the seismic dynamic
load, both shear damage and tension damage occur, as shown in
Figure 1.

Suppose that points 1 to 6 of Figure 1 are on the potential slip
surface, where points 1 and 6 are in the shearing and tension
failure stages, respectively, forming the failure surface. Points
2 and 5 are in the shearing and tension plasticity stages,
respectively, and the strength parameters of the rock-soil mass
change with strain. Points 3 and 4 are in the elastic stage, and the
strength parameters remain the same (Wang et al., 2018). The
plastic and elastic section of the potential slip surface is defined as
the lock-up segment. Under the action of the earthquake, the
slope slip surface expands gradually from the foot and the top of
the slope to the inside, the length of the lock-up segment
decreases, and the degree of failure is large. Finally, the slip
surfaces completely penetrate, causing the landslide disaster.

Mechanism of dynamic slope failure

The horizontal and vertical vibration acceleration generated
by the earthquake vibration leads to damage and destruction of
the slip surface. Assume the additional stress F assumed by the
earthquake to the slider is:

F=Wa/g (1)

where W is the weight force of the landslide body, kN; g is gravity
acceleration, ¢ = 9.8 m/s* and a is seismic dynamic
acceleration, m/s>.

The horizontal load Fj, and vertical load F, of the dynamical
load are, respectively:

Fh = Wah/g,
{FV =Wa,/g, @
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where aj, and a, are the horizontal and vertical direction
accelerations, m/s>.

The following is based on the study of the dynamic failure of
slopes under earthquakes. It is considered that the dynamic load
of an earthquake generates the horizontal thrust and increases
the sliding force of the slope and has a tensile effect on the slip
surface. The vertical seismic load applies tension in the vertical
direction to the slip surface (Che et al, 2016), as shown in
Figure 2. When the concentrated stress at the end of the failure
surface is greater than the crack initiation stress, the rock-soil
mass will deform and damage, promoting the slope failure
surface to expand inward. Then, the length of the lock-up
segment in the potential slip surface decreases continuously,
inducing the stability coefficient to steadily decline.

The concentrated stress of the free face is equal to the product
of normal stress of the slip surface and stress concentration
coefficient. According to the manual of stress concentration
factors (STCM Science and Technology Committee of the
Ministry of Aviation Industry, 1990), the stress concentration
coefficient y with deep gaps on one side is:

(o)

Y= 3)

(’—’ + l)arctan\/E + \/E
P P P

where b is the length of potential slip surface lock-up segment, m;

and p is the curvature radius at the end of the failure surface, m.

Under the cyclic shear loadings, seismic waves result in the
fragmentation of the rock-soil body and reduce the rock-soil
mass integrity and strength parameters (Alfaro et al., 2012).
Moreover, in the process of progressive slope damage, the
failure surface still has residual strength, which can provide
part of the anti-slide force. Lee et al. (2001) suggest that cyclic
shear of a dynamic load will cause wear and passivation of
rock mass discontinuities, and the relative velocity produced
by the rock mass motion will also reduce the failure
surface friction factor. As a result, the shear strength
parameter of the failure surface will further attenuate under
the earthquake.

Constitutive model

According to the analysis of the aforementioned seismic
slope failure process, the strain-softening and failure surface
vibration deterioration models are proposed to reflect the
progressive failure process of slope under the earthquake
action. The progressive failure of the slope is closely related
the
materials. The strain-softening constitutive model can

to strain-softening characteristics of geotechnical
effectively simulate the progressive failure process of the
slope and has been the most commonly adopted model

(Wang et al, 2021). The cyclic shear action of seismic
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FIGURE 3
Sketch of strain-softening model strength attenuation.

loads leads to the dynamic deterioration of the mechanical
properties of the rock mass structure, which will inevitably
affect the stability of the seismic slope. These influence factors
are considered comprehensively in the vibration deterioration
model that quantitatively describes the phenomenon of wear
and passivation and can accurately characterize the change of
failure surface strength under cyclic shear load (Ni et al,
2013).

Strain-softening model

Progressive failure has a great influence on the position and
stability of the slip surface (Eberhardt et al., 2004). Instead of
the elastoplastic model, the strain-softening model is used to
simulate the characteristics of the rock-soil mass strength
the
characterize the two post-failure behaviors of shear softening

parameters changing with plastic strain and to
and tensile softening of the slope. The essence is to establish a

functional relationship between strength and softening
parameters in the Mohr-Coulomb yield criterion so that it
can reflect the weakening of the strength parameters of
geotechnical materials with the development of the yield
process (Di et al., 2017).

The strain-softening model can reflect the attenuation
characteristics of the rock-soil mass strength from the elastic
to the failure stage, but the process is very complicated. To
simplify the analysis, the simple and practical linear strain-
softening Mohr-Coulomb model is adopted by most scholars
(Wangetal., 2018). Based on the FLAC3D program theory in this
article (Itasca 2013), we establish an attenuation function of the
cumulative plastic shear strain ¢ and tensile strain ¢, as the
independent variable. Cohesion ¢, internal friction angle ¢,
dilatancy angle v, and tensile strength o, are the dependent

variables shown in Eq. 4.
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c=c(g&),

¢ =9(c)

v = W(Ss): (4)
o = 04 (&).

This function must be obtained through a reasonable
laboratory test and inversion method. The common inversion
method is to input the preset attenuation function into the
the
simulation results are consistent with the actual laboratory test

numerical simulation software for simulation. If
results, the attenuation functions are considered to approach the
real strain-softening curve, and the next step of slope stability
analysis can be carried out. The preset attenuation function curve
is represented by the linear piecewise function, as shown in
Figure 3. After the plastic shear strain is generated in the rock-soil
mass of the slope, the rock-soil mass shear strength parameters
attenuate to the residual strength parameters until shear failure.
Meanwhile, if tensile yield occurs in the rock-soil mass, the tensile

strength drops to zero after the ultimate tensile strain &y

Vibration deterioration model

The failure surface strength parameter attenuates under
seismic loading, which is a complex dynamic process.
According to the previous research results (Crawford and
Curran 1982; Wang and Zhang 1982), the impact of dynamic
load on the strength of the rock mass discontinuities is mainly
derived from vibration wear and relative velocity. The cyclic
shear action of seismic dynamic loads will lead to the gradual
wear and passivation of a rock and soil mass structure. The
strength parameters decrease with it, and the relative velocity of
rock mass generated by movement will also reduce the friction
coefficient of discontinuities. Ni et al. (2013) obtained the
attenuation law of the shear strength parameters of the rock
structure surface under the dynamic cycle load through a shaking
table cyclic wear test and proposed using a vibration
deterioration coefficient D(f) that varies with dynamic time to
quantitatively describe the attenuation characteristics of the
failure surface strength parameter under earthquake. D(f)
mainly quantitatively describes the influence of vibration wear
and relative velocity on the strength of discontinuities, which are
assumed to be relatively independent during the duration of the
earthquake. The relationship between D(f), the cyclic shear
amplitude J(f), cycle-index K(f), and relative speed V(f) is
expressed as follows:

D(t) = [Ro +(1-Rp)e”® + (1 —RO)(I _ ehl(t))e—aK(t)] [Po
+(1- po)e—m\V(t)l]

(5)

where [Ro+(1-Ro)e”@+(1-Ry) (1—e”)e k@] is the effect of

vibration wear; [Py+(1-Py)e™V®l] is the effect of relative
velocity, which is a negative exponential decay law, wherein,
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P, is the convergence value of the relative motion velocity
influence coefficient; Ry is the convergence value of the cyclic
shear amplitude influence coefficient; and a, b, and m are all test
parameters, determined by the shaking table cyclic wear test of
the structural plane. Due to limited space, the parameters are
determined according to the process shown in the literature of Ni
et al. (2013). In the earthquake duration process, D(t) is the
dynamic variation, and its value is determined by three dynamic
response values of J(f), K(t), and V(¢).

The shear strength of the failure surface unit at any time may
be expressed as:

T(t) = 14D (t) = o (t) tan (pr(t) +¢D(8), (6)

where 7y is the residual shear strength of the failure surface and
o(t) is the normal stress acting on the failure surface at t. At any
dynamic moment, the strength parameters of the failure surface
can be calculated by Eq. 7.

{ o(t) = arctan[tan (pr(t)], %)

c(t) = ¢sD ().

Therefore, simply by obtaining the mathematical expression
of the vibration deterioration coefficient D(t), we can calculate
the shear strength parameters in the failure surface at any time
and then provide a basis for the accurate analysis of the slope
stability state.

To sum, the essence of slope instability is a progressive failure
process from local failure to overall instability. In the evolution
process, these strain-softening and vibration deterioration
phenomena will have a significant effect on the seismic slope
anti-slide force, which is negative to slope stability.

Slope dynamic stability analysis

According to the aforementioned analysis results, if the
attenuation characteristics of rock-soil mass strength parameters
are not considered under earthquake action, the safety factor
calculated by the ideal elastoplastic model may be too large,
creating a very dangerous situation. The calculated safety factor
meets the engineering requirements, but the slope fails in actuality.
An incorrect safety factor has a serious adverse impact on the
prevention of landslide disasters. Therefore, this section provides a
numerical calculation method for stability analysis of a seismic slope
that considers the weakening of geotechnical strength parameters,
combined with the vector sum method.

Dichotomy strength reduction method
In this article, the strain-softening model, which considers

that the strength parameters vary with the plastic strain, reflects
the progressive failure process of the slope, but the FLAC3D
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Overall slope sliding
trend direction d

FIGURE 4
Sketch of safety factor solving by vector sum method.

built-in strength reduction method conflicts with the attenuation
mode of strength parameters caused by the strain-softening
model. Therefore, the dichotomy strength reduction method
(Zhang et al,, 2013) and maximum shear strain increment are
used to search for potential slip surface of the slope to obtain the
static safety factors and critical slip surface position of the slope.

The steps for calculating slope stability by the dichotomy
strength reduction method are as follows: 1) preset the upper
limit value K.y, the lower limit value K,;, of the safety factor,
and the critical value # of the difference between the K., and
Kains 2) let Ky = (Kpax + Knin)/2 and conduct a numerical
simulation calculation to judge whether the slope model
converges. If convergent, Kyin = Ky Kiax = Kiax If it does
not converge, Kyax = Ky, Kinin = Kiins 3) repeat step 2 repeatedly
until the value of K,y — Kiin is less than # and terminate the
calculation of the whole strength reduction method. At this time,
(Kmax + Kimin)/2 is the final safety factor, and the maximum shear
strain increment position of the corresponding numerical model
is the critical sliding surface.

Vector sum method

As a dynamic cyclic load, an earthquake has an inertia force
and cyclic shear action on the slope; therefore, the safety factor of
the slope must be a dynamic variable. To reflect the time-history
features of slope under earthquake action, the vector sum method
proposed by professor Ge (2008) completely meets the balance
conditions of the limit equilibrium methods without the
reduction of strength parameters and iterative calculations. Its
physical significance is clear, which can reflect the duration
process of safety factors and analyze slope dynamic stability
perfectly (Yang et al.,, 2021). The analysis procedure is as follows:
given a point A in potential slip surface, o, 6, and o,, are the
stress vector, tangential stress, and normal stress of point A,
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respectively, and o, and o, are the tangential and normal
components of g, at point A, as shown in Figure 4.

o, =on (8)

where o is the stress tensor of point A and # is the unit normal
vector of the tangent plane of point A.

Define the overall slope sliding trend direction d as the vector
sum direction of the tangential stress o; of each point on the slip
surface. The expression is:

d= La,ds 9)

where ds is the micro-segment length of the slip surface.
The anti-sliding force vector of point A is g, its tangential
component is oy, and the normal component is o,

0; = (c-o,tang)d, (10)
U; = -0, (11)
6.=0,+0, (12)

where d, is the unit vector of tangential anti-sliding force vector
direction of point A and o,, is the normal stress of the slip surface
applied by a sliding body. Since the slope is generally under
pressure state, when on > 0, it indicates that the slip surface is
under tensile stress, therefore set on = 0.

The vector sum method safety factor Fj is defined as the ratio
of the algebraic sum of the total anti-sliding force vector
projection and the overall sliding force vector in the direction
of the overall potential sliding trend of the slope. Therefore, the
safety factor Fj is:

B [ [o.(-d)]ds

[ (o.dyds (13)

s

where Js[as’(—d)]ds, Is(asd)ds are the algebraic projection sum of
the anti-sliding force and the sliding force vector in the direction
of the overall potential sliding of the slope, respectively.

Seismic slope stability evaluation index

The vector sum method can describe the dynamic change
characteristics of seismic slope stability, but the overall slope
stability cannot be evaluated directly under earthquake action.
Therefore, it is necessary to calculate the equivalent safety factor
of the slope with other algorithms and evaluate the slope stability.

To directly reflect the impact of the progressive failure
process on slope stability, the average safety factor Fgis used
to evaluate the seismic slope stability. The time-history curve of
the safety factors is discretized and takes the average value. The
average safety factor Fiis as follows:

F, = LinFs

F, (14)
n
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FIGURE 5

Typical workflow of seismic slope stability evaluation
method.

Maximum shear strain
increment

Dichotomy strength
reduction method

Vibration
deterioration model

where 7 is the total number of discrete points of curves and F; is
the ith safety factor on the curves.

The instability probability Py is defined as the ratio of the
number of safety factors less than 1 to the total number in the
discretization curves, reflecting the uncertainty of slope
instability during the earthquake (Falamaki et al, 2021). The
expression is as follows:

P_m
T

) (15)

where m is the number of safety factors less than 1 in the discrete
curve.

Typical workflow

A seismic slope stability analysis method considering the
progressive failure of slip surface is proposed that reflects the
stability state of the seismic slope, according to the characteristics
that that different states of the rock-soil mass show diverse strength
properties. The method combines the strain-softening model, the
vibration deterioration model, and the vector sum method. The
flowchart is shown in Figure 5. The specific steps are as follows:

1) Establish a numerical model according to slope geometry.

2) Determine the physical and mechanical parameters of the
rock-soil mass and the expression of the strain-softening
model.

3) Combine these values with the dichotomy strength reduction
method, and locate the position of the critical slip surface of
the slope according to the maximum shear strain increment.
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FIGURE 6
Slope numerical model.

4) Repeat the static analysis for the numerical model to obtain
the initial state before the earthquake.

5) Determine the vibration deterioration model of the failure
surface according to the cyclic shear test of the rock mass
structural plane.

6) Input the seismic load into the numerical model and select the

ideal

vibration deterioration constitutive models according to

corresponding elastoplastic, strain-softening, or
the rock-soil mass state.

7) Based on the vector sum method, calculate the safety factor of
the critical sliding body at each step. Obtain the time-history
curve of the dynamic safety factor.

8) Calculate the average safety factor and instability probability
of the time-history curve to determine the stability state of the

seismic slope.

Numerical calculation and example
verification

Numerical model and parameters

The following example will briefly explain the impact of the
progressive failure of seismic slope stability. A simplified slope
model is adopted in this article to explain the research process
because of the large calculation workload of the actual
engineering model. However, the method in this article is not
limited to this simple model and is still applicable to slopes with
multiple strata and structural planes. The numerical model of the
slope is established by FLAC3D, as shown in Figure 6. The slope
height is 10 m, and the slope angle is about 60°. The numerical
slope model is divided into 10,536 units and 22,212 nodes.

The physical and mechanical parameters of the rock-soil
mass are shown in Table 1 (Wang et al,, 2018). The strength
parameters selection process of the numerical unit is shown in
Figure 7. All units in the model are searched to obtain their
cumulative plastic shear and tensile strains at each step. The unit
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TABLE 1 Mechanical parameters of the rock mass.

Unit weight Elasticity modulus E/MPa

y/(kg'm™) Iz
2000 15.0 0.3
Internal friction angle /()  Internal friction angle Dilatancy angle
#/0) o/ ()
20.0 16.0 10.0
Units status Rock mass parameter model
v
v
§ | Elastic stage |< ----- i Ideal elastoplastic model |
a
gl 4
=
& | Plastic stage |<- ----- { Strain-softening model |
g
2 | Failure stage |<~ ----- | Vibration deterioration model |
=
FIGURE 7

Parameters selection of seismic slope numerical units.

in the elastic stage obeys the ideal elastoplastic model, and the
strength parameters remain the same. When the plastic
deformation occurs, the strength parameters are attenuated
according to the strain-softening model shown in Figure 3.
When partial units reach the ultimate plastic strain, which is
the failure stage, many cracks occur in the rock-soil mass, and the
bearing capacity of the slope is mainly provided by the lock-up
segment and the failure surface strength parameters (Cao et al,,
2008). The strength parameter of the cracks becomes the residual
strength. Therefore, under the action of earthquakes, the
numerical unit strength parameters of the failure stage are
further attenuated according to the vibration deterioration
model. From the failure of the units to the end of the seismic
load, the shear strength parameters of these units at each step are
the product of the residual strength and the vibration
deterioration coefficient.

Critical slip surface search

Static slope stability is calculated based on the dichotomy
strength reduction method, and the static safety factor of the
elastoplastic model is 1.26, which coincides with the result of the
built-in strength reduction method (1.27). This result shows that
the dichotomy strength reduction method is reasonable and
reliable. Under the critical state, the slip surface position of
the elastoplastic model and strain-softening model obtained
by the dichotomy strength reduction model is shown in
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FIGURE 8

Critical slip surface obtained by dichotomy strength
reduction method. (A,B) Elastoplastic model (A) and strain-
softening model (B).

Figure 8. It can be seen that the calculated critical slip surface
of the slope with the strain-softening model is shallower and has
less stability than that of the elastoplastic model because the
progressive failure characteristics of geotechnical materials are
considered.

Based on the aforementioned critical slip surface, the slope
safety factors calculated by the three analysis methods are shown
in Table 2. The safety factors calculated by the vector sum
method and the two strength reduction methods are almost
the same, which shows that solving the slope safety factor by the
vector sum method is credible.

Dynamic stability analysis

Three models, including elastoplastic, strain-softening,
and strain-softening + vibration deterioration, are taken to
analyze the numerical slope model and describe the influence
of rock-soil mass strength parameter attenuation on slope
dynamic stability during a progressive failure. Among them, a
simple harmonic vibration wave is used to simulate the
seismic load, and acceleration time history is a =
Acos(2mft), A =
acceleration amplitude under seismic intensity VIl. The

1.25m/s>, which is equivalent to the

seismic wave frequency f= 2 Hz, and the duration is 5s.
The vertical acceleration amplitude is 1/2 of the horizontal
acceleration; the vertical peak acceleration takes 0.63 m/s’
(Ling et al., 1997).
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TABLE 2 Safety factors calculated by different methods.

Safety factor Built-in strength reduction method

Elastoplastic model 1.27

Strain-softening model —

113.3000E-02
2.5000E-02
1.5000E-02
5.0000E-03
1.3649E-05

45 —— Sliding resultant vector
4'0 —— Anti-sliding resultant vector
2.0
1.5
l
=
1.0
0.5
0.0, D
0

12[]3S 4 5 6

FIGURE 9

Static/dynamic slope response based on the elastoplastic
model. (A—D) Maximum shear strain increment in the static state
(A), maximum shear strain increment in the dynamic state (B),
algebraic sum of the sliding force vector and anti-sliding

force vector (C), and dynamic time history safety factor (D).

The dynamic stability analysis is based on static analysis.
First, based on FLAC3D numerical analysis software, static
boundary conditions and physical and mechanical parameters
are set in the model, where the initial state before the
earthquake is obtained by static analysis. Second, the input
dynamic load, dynamic boundary conditions, and damping
type are defined. In this article, viscous boundary conditions
are used to absorb incident waves on the boundary, and
Rayleigh damping is used to make the model converge
faster, where the minimum critical damping ratio is set at
0.05, and the center frequency is set at 30 Hz (Itasca 2013).
Third, all units in the model are searched to obtain their
cumulative plastic shear and tensile strains at each step. The
corresponding ideal elastoplastic, strain-softening, or vibration
deterioration constitutive models are selected according to
Figure 7, based on the rock-soil mass unit state. Then,
regarding the critical sliding body obtained from the static
analysis as the analysis object and the sliding direction of the
unit on the critical slip surface as the direction of shear stress,
the potential critical slip surface in Figure 8 is discretized into
several units. Finally, the safety factor is calculated by the vector
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FIGURE 10

Dynamic response of slope based on the strain-softening
model. (A—F) Maximum shear strain increment in the dynamic
state (A), change of cohesion (B), change of internal friction angle
(C), change of tensile strength (D), algebraic sum of the

sliding force vector and anti-sliding force vector (E), and dynamic
time history safety factor (F).

sum method to obtain the time history safety factor curve and
stability evaluation results of the seismic slope.

When using the elastoplastic model for calculation under
the static condition, the maximum shear strain increment is
0.015, with only local damage in the slope foot, as shown in
Figure 9A. Under the action of the dynamic load, according to
the critical slip surface shown in Figure 8A, the dynamic
response law of the seismic slope is calculated by the vector
sum method, as shown in Figures 9B-D. It can be seen that the
local damage of the seismic slope extends to the inside,
compared to the static conditions, and the maximum shear
strain increment increases to 0.061. During the seismic
dynamic process, the minimum safety factor is 0.30, and the
maximum safety factor is 2.40. The corresponding times are
0.56 and 1.22 s, respectively. After the action of dynamic load,
the final safety factor of a seismic slope tends to be 1.19, which is
not much different from the factor before the dynamic load.
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FIGURE 11

Dynamic slope response based on strain-softening +

vibration deterioration model. (A—D) Vibration deterioration
coefficient (A), maximum shear strain increment in the dynamic
state (B), algebraic sum of the sliding force vector and anti-
sliding force vector (C), and dynamic time history safety factor (D).

When using the strain-softening model for calculation, the
response law of a seismic slope is shown in Figure 10. After the
dynamic calculation, the sliding band formed by the maximum
shear strain incremental cloud map is the same as the critical slip
surface position of the static state search. Relative to the
elastoplastic model, the slope plastic yield surface continues to
expand, reaching a maximum shear strain increment of 0.588.
The cohesion of some units on the slope slip surface is reduced to
6 kPa, and the internal friction angle is reduced to 16", causing
obvious shear failure of the slip surface. The tensile strength of
some units in the foot and the rear edge of the slope is reduced to
0 to reach the ultimate plastic tension strain, causing tension
damage. The tension crack of the rear edge of the slope top is
formed, following the progressive destruction law of the seismic
slope mentioned before. During the seismic dynamic load
process, the minimum and maximum safety factors of the
slope are 0.29 and 2.52, respectively, and the corresponding
times are 0.70 and 0.26s. After the dynamic load, the final
slope safety factor tends to be 1.03, obviously less than the
one calculated by the elastoplastic model. The seismic slope
tends to the critical failure state.

Based on the strain-softening model, the failure state
occurs when the rock-soil mass unit reaches the ultimate
plastic strain. Combined with the vibration deterioration
model, according to Eq. 7, the strength parameters of the
units of the failure stage were reassigned by Fish language. The
vibration deterioration coefficient expression is generally
obtained through the shaking table cyclic wear test of the
rock structure plane. To simplify the analysis process, the
vibration deterioration factor D(t) of the failure surface can be
replaced by the result of a dynamic load test on the rock
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structure surface obtained by Ni et al. (2013) under a VII
degree earthquake intensity (A = 1.25m/s?). The vibration
deterioration factor of the slope failure surface is shown in
Figure 11A.

Considering the strain-softening and vibration deterioration
characters of the seismic slope at the same time, the dynamic
response law of a slope is shown in Figures 11B-D. It is known
that the slope shear plastic yield surface is further developed, and
the maximum shear strain increment reaches 0.603. During the
seismic dynamic load process, vibration deterioration
phenomena appear in the strength parameters of the failure
surface. According to Eqs 10-12, the attenuation of the shear
strength parameter results in the anti-sliding vector g, declining.
Compared to the sliding force vector fs(asd)ds, the slope anti-
slide force vector f s[0:(-d)]ds falls, resulting in the overall slope
safety factor dropping. The minimum and the maximum safety
factors are 0.27 and 2.45, respectively, and the corresponding
times are 0.70 and 0.26 s; the time is consistent with the strain-
softening model. The final safety factor tends to be 0.67,
indicating that the slope is in a destructive state.

Under the aforementioned three models, the calculated
seismic slope stability evaluation indicators are shown in
Table 3 according to Eqs 14, 15. Without considering the
progressive slope damage, the elastoplastic model is used for
numerical calculation, and the average safety factor and the
instability probability of the seismic slope are 1.11% and
28.57%, respectively. When considering the progressive
failure under the earthquake, the average safety factor of
the this

significantly to 0.88, the instability probability increases

seismic slope calculated in method drops
significantly to 73.42%, and the slope becomes unstable.
For seismic slope engineering with strict safety grades, a
shaking table cyclic wear test should be carried out to
determine the model parameters of the failure surface
vibration deterioration. Meanwhile, considering the strain-
softening and failure surface vibration deterioration
characteristics of a rock-soil mass is crucial to truly

characterize the stability state of a seismic slope.

Discussion

In the numerical simulation of slope engineering, a proper
constitutive model is crucial for the accurate evaluation of slope
stability. However, under different stress-strain states, the
mechanical properties of geotechnical materials show
significant differences, leading to a unified constitutive model
that cannot be adopted to express their mechanical response
features under external forces (Cheng and Lau, 2008). The
stability of the seismic slope is the result of the joint action of
internal and external factors. Under the cyclic shear action of a
seismic load, there is both a strain-softening effect in the

geotechnical materials in the slope and a wear and passivation
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TABLE 3 Stability evaluation index under different models.

Model types

Elastoplastic model 1.11

Strain-softening model 0.99

Strain-softening + vibration deterioration model 0.88

phenomenon in the rock mass structure (Ni et al, 2013).
Previous studies have ignored the interrelation between rock-
soil materials and dynamic load in a seismic slope and have not
fully considered the influence of dynamic loading on the strength
deterioration of a rock-soil mass in a seismic slope.
According to the failure mechanism of a slope subject to
the
deterioration models are integrated into the numerical

an earthquake, strain-softening and vibration
simulation. The corresponding constitutive relation is
given based on the state of geotechnical materials, then the
stability analysis method of a seismic slope that considers the
progressive failure of slip surface is proposed. This method
has the following advantages. 1) The strain-softening model
and vibration deterioration model are introduced to
quantitatively characterize the strength of a rock-soil mass,
and a bridge between numerical simulation and material
parameter assignment is constructed. These two models
describe the features of geotechnical materials at different
stages under the action of seismic dynamic loading, which
can accurately describe the rock-soil strength variation of a
seismic slope. 2) The strain-softening model, vibration
deterioration model, and vector sum method are
reasonably integrated to obtain the dynamic time-history
safety factor of the slope under the action of the
earthquake, which can represent the stability state of
seismic slopes more comprehensively and reliably. 3) As
shown in Figures 10B-D, the proposed method can obtain
the contour figure of rock-soil mass strength parameter
variation, which can reflect the failure features inside the
slope. This result shows the formation process of a slip
surface on a slope and is of great value to the research of
slope failure mechanism and progressive development
process. 4) The effectiveness of the proposed method is
further illustrated through an example. If the traditional
elastoplastic model is used to calculate the stability of the
seismic slope, the strength weakening and progressive failure
features in the slope failure process will be ignored, and the
Based on the

aforementioned analysis, the method in this article can

calculation results are a little unsafe.

reasonably calculate the safety factor of the seismic slope
by considering the internal and external factors of the
earthquake and has a good application prospect in
accurately evaluating the seismic slope stability.
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Instability probability Py

28.57%
56.48%
73.42%

Although the stability results of the seismic slope
calculated by the proposed method are more reasonable
and reliable than those of existing studies, there are still
some limitations and deficiencies. 1) There are some
simplifying assumptions in the calculation. For example,
the strain-softening model is simplified into a linear
piecewise function, which will lead to certain calculation
errors between the calculation results and the actual
stability. This is a defect in all slope stability calculation
methods. 2) The vibration deterioration model is related to
the properties of rock mass structure and dynamic load
conditions, and the expression is relatively complex. The
vibration deterioration model needs to be further explored
by more shaking table cyclic shear tests for a more general
mathematical expression. 3) Construction of the strain-
softening and vibration deterioration model requires
various rock mechanics tests, especially cyclic shear tests.
The the the the

constructed model, but the lower the efficiency. Therefore,

richer experiment, more accurate
seeking the balance between accuracy and efficiency of
the constructed model will be the focus of the next

research stage.

Conclusion

The progressive failure mechanism of a seismic slope can be
described according to the characteristics of the action of seismic
loads on geotechnical materials. Strain-softening and vibration
deterioration models are introduced to characterize the
progressive failure process of the plasticity failure stage, which
can accurately describe the attenuation of the rock-soil strength
of a seismic slope.

The strain-softening and vibration deterioration models
are embedded in the seismic slope stability calculation and
allow for selecting an appropriate rock-soil mass constitutive
model according to the stress-strain state of the slope. A
seismic slope stability analysis method that considers
progressive failure and is combined with the vector sum
method is formed using the dichotomy strength reduction
method to locate the position of the critical slip surface of the
slope and then calculate the dynamic time history safety

factor. The proposed method can represent the stability
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state of seismic slopes more comprehensively and reliably
than existing methods.

This method is used to analyze the dynamic stability of the
calculation examples. The seismic slope produces shear and
tension failure, which verifies the progressive failure evolution
of the slip surface of the seismic slope. The comparative analysis
of the safety factor in the three models shows that the calculation
results using the traditional elastoplastic model are unsafe, which
verifies the necessity and rationality of considering strain-
softening and vibration deterioration when analyzing the
dynamic stability of a seismic slope.
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