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Abstract

Earthquake is one of the primary factors that triggers the failure of slopes and the landslides in the mountainous area. In this study,
an efficient method for the seismic slope stability analysis and seismic failure process simulation is proposed. The seismic slope
stability and the failure process of a two-dimensional slope model are analyzed via the explicit finite element method with the
influence of the dynamic mechanical behavior of soil and the frictional resistance characteristic of the slope rupture surface. A
dynamic visco-elasto-plastic constituted model for soil is established and written in FORTRAN as a user subroutine of the finite
element method code of ABAQUS. The validation of the visco-elasto-plastic constituted model and the explicit finite element
method are compared with the experimental results and the implicit method. The seismic factor of safety and the sliding distance
of the soil slopes under the natural earthquake conditions are calculated via the dynamic visco-elasto-plastic constituted model
and the explicit finite element method. The influence of the ground motion characteristics on the seismic slope stability is
analyzed in this study via the specified elastic response acceleration spectrum. The analysis results of this paper suggest that
the seismic slope stability analysis and the progressive failure process of the slope under the seismic condition can be analyzed by
the explicit finite element method efficiently. The results show that the dynamic mechanical behavior of soil and the ground
motion characteristics are both critical influence factors for the seismic slope stability. The frictional resistance characteristic of
the slope rupture surface is the principal influence factor for the sliding distance of the slope, and it also has more influence on the
sliding distance of a high slope than that of the small slope.

Keywords Earthquake - Seismic slope stability - Slope failure process - Large deformation - Explicit finite element method

Introduction

The ground motion induced by the earthquake is a vital influ-
ence factor for the slope stability problem, and many land-
slides and failure of slopes will be triggered by a strong seis-
mic event in the mountainous area. Landslides are the primary
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geological disasters which are induced by the earthquake in
the mountainous area. These geological disasters can take a
heavy toll on the buildings and transportation of the human
society, and it may cause economic losses and casualties more
than that of the earthquake (Yin et al. 2009; Yin et al. 2011).
The loose deposit yield by the landslides will be accumulated
in the gully, and it is also the most important source for the
geological disaster of debris flow (Tang et al. 2009; Lin et al.
2003).

The process of slope failure and the sliding distance of the
slide mass of landslide are two essential influence factors for
the damage of landslides. However, the failure process of
slope and the sliding distance of the slide mass cannot be well
analyzed using the existing methods. The factor of safety
(FOS) is an essential parameter to determine the slope or land-
slide stability, and several methods have been suggested for
FOS calculation, including analytical and numerical methods.
The limit equilibrium method (LEM) is a general analytical
method for the slope stability analysis and FOS calculation,
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Fig. 1 Relationship of shear modulus and damping ratio versus equivalent shear strain in % for soil and comparison with the theoretical prediction of

Hardin’s function

e.g., the circular slip surface method or the general methods of
slices (Bishop 1955 and Bishop and Morgenstern 1960;
Morgenstern and Price 1965; Spencer 1967; Janbu 1954,
Sarma 1979; Fredlund and Krahn 1977). The limit analysis
method is a semi-analytic method for the problem of slope
stability analysis. The stability of three-dimensional undrained
slopes was analyzed by AJ. Li et al. (2009a, 2009b) using the
numerical limit analysis method. The FOS of a slope also can
be calculated via the numerical method with the strength re-
duction method (SRM), e.g., finite element method (FEM) or
finite difference method (FDM). SRM is a method that the
original shear strength parameters (e.g., cohesion ¢ and fric-
tion angle ) of soil mass are divided by the strength reduction
factor (SRF) to bring the slope to the point of failure. The
shear strength parameters of the soil mass are decreased grad-
ually by SRF until the slope becomes unstable, and the value
of SRF when the failure which is initiated is equal to FOS for
the slope (Zienkiewicz et al. 1975; Duncan 1996; Dawson
et al. 1999). The numerical method has several advantages
over the analytical method (e.g., LEM) for slope stability
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analysis, e.g., finding the critical failure surface automatically.
The relationship between the LEM and SRM in slope stability
analysis was discussed by Dawson et al. (1999).

The problem of seismic slope stability and the failure pro-
cess of slope due to earthquakes is rarely investigated. The
theory and method for FOS calculation of the static slope
stability analysis cannot be applied to the seismic slope stabil-
ity analysis directly. The pseudo-static method (PSM) is a
simplified method for the seismic slope stability analysis.
The influence of the earthquake is considered by applying
the inertial force to the slope in PSM, and the dynamic process
of the earthquake is also neglected in PSM (Leshchinsky and
San, 1994; Shukha et al. 2006; Travasarou and Bray 2009). In
recent years, some researchers combine PSM with the analyt-
ical or numerical method to investigate the seismic slope sta-
bility problem (Conte et al. 2000; Nouri et al. 2006; Li et al.
2009a; Bandini et al. 2003). PSM is also applied for the reli-
ability analysis of the seismic slope stability problem (Huang
etal. 2018). The possibility of seismic amplification problems
in the slopes to be analyzed through two-dimensional
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Fig. 2 Dynamic stress-strain relationship of silty loess predicted by the dynamic visco-elasto-plastic constituted model to compare with dynamic triaxial

testing data

@ Springer



Seismic slope stability and failure process analysis using explicit finite element method 1289

Fig. 3 Dimension and FEM mesh | 3H

2H

for the slope stability analysis !

Seismic acceleration amplitude loading boundary

modeling or two different nonlinear 1-D codes was studied by
A. Cavallaro et al. (2008, 2019). The mechanical behavior of
geomaterial under the seismic condition is another essential
influence factor for the seismic slope stability analysis.
However, it has been neglected in the seismic slope stability
analysis via PSM and LEM. The detail and the application of
PSM are reviewed and discussed by RW. Jibson (2011). In
this study, an efficient method for the seismic slope stability
and failure process analysis is proposed. The mechanical be-
havior of soil and the dynamic process induced by the earth-
quake are taken into account to analyze the seismic slope
stability and failure process using the explicit finite element
method (EFEM) and SRM.

Theory and method

The explicit dynamics analysis procedure of EFEM is based
upon the implementation of an explicit integration rule, and
the equations of motion are integrated using the explicit
difference integration rule. The nonlinear iterative algo-
rithm in the implicit method is not used in the nonlinear
solution of EFEM. The explicit integration of the motion
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Fig. 4 Relationship of maximum displacement of slope versus SRF yield
by different methods

equations through time by using many small-time incre-
ments and the solution procedure of EFEM is conditionally
stable. The use of small increments is advantageous to the
solution of EFEM, and the solution of EFEM can be
proceeded without iterations and without requiring tangent
stiffness matrices to be formed (Bathe and Wilson 1976).
Therefore, the stable computation process and the precise
solution will be yielded by EFEM with small timesteps and
uniform FEM mesh. EFEM is ideally suited for analyzing
high-speed dynamic and large deformation problems
(Johnson 2011). The problem of multiphase flow and heat
transfer also can be analyzed, simulated, and evaluated via
EFEM (Xue et al. 2020, Liu et al. 2020).

A dynamic visco-elasto-plastic constituted model for soil is
established in this study to analyze the seismic slope stability
problem. The visco-elasto-plastic behavior is predicted by the
Kelvin cell in series with a plastic cell corresponding to the
Mohr-Coulomb criterion. The visco-elastic stress-strain rela-
tion is as follows:

Oij = 2Ge’:‘ij + )\Evﬁsij + 27765'ij + 777\&‘.\, (1)

where K and G are the bulk and shear modulus, and 7% and 76
are the dynamic viscosity for volume and shear deformation.
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Fig. 5 Comparison of FEM mesh deformation calculated by IFEM,
EFDM, and EFEM with /=30 m
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Table 1 Soil parameters used in ] - ]
the various analysis section Section Gmax (MPa) Poisson’s ratio v Vref Dinax c (kPa) ©(°)
Comparison 29.2 0.2 0.03 0.159 - -
Static 40 0.25 0 0.0 30 20.0
Seismic 40 0.25 0.1 0.2 30 20.0
. . 10
t .
The values of 7g and 7g are determined by the following A— SETERTE sin(2nt) (5)
. X e

formula (Clough and Penzien 1975):

26D 2KD 2
Ng = 27‘[]‘ g = 27_[]('

where D is the damping ratio, and f'is the frequency of the
structure. The following function for the relationship of the
shear modulus reduction versus cyclic shear strain was sug-
gested by Hardin and Dmevich (1972a, 1972b):

G/Gmax = 1/(1 47/ Vrer) 3)
D/Dmax = (7/7ref)/(1 +7/7ref) (4)

where 7, is reference shear strain, and the shear modulus and
damping ratio reduction factor G/G.x and D/Dy,., are 0.5
when =, Figure 1 shows the relationship of the shear
modulus reduction versus equivalent shear strain in % for sand
(Seed et al. 1986), clay (Sun et al. 1988), and silty loess (this
study) compared with the theoretical prediction of the
Hardin’s function. The mechanical behavior of soil would
be linear elastoplasticity (no dynamic characteristics of soil
will be taken into account) if the reference shear strain
Yeef — o0 and the damping ratio D =0. The shear modulus of
the soil will be decreased rapidly if the value of 7,¢ is small.
The dynamic parameters of the soil for seismic slope stability
analysis in this study are as follows: the reference shear strain
Yref = 0.1, and the maximum damping ratio D, = 0.2.

Compare with the equivalent linear method (Schnabel
et al. 1972), the analysis procedure of the dynamic consti-
tuted model for soil via EFEM is entirely nonlinear. A ver-
ification example of the soil dynamic stress-strain relation-
ship is calculated using one 4-node plane strain and reduced
integration element. A sine acceleration amplitude is loaded
in the vertical direction of the element, and another vertical
direction is fixed. The function of the sine acceleration am-
plitude is as follows:

Table 2 The main characteristics of the input earthquake motions

where A is the value of acceleration amplitude, ¢ is the
vibration time, and the maximum acceleration of the sine
amplitude is 0.2 m/s’. A dynamic triaxial test result of
the silty loess from the loess plateau in the northwest of
China is used to compare with the dynamic stress-strain
relationship predicted by the dynamic visco-elasto-plastic
constituted model proposed by this paper (see Fig. 2).
The properties of the silty loess are as follows: the max-
imum shear modulus G, =29.2 MPa, the maximum
damping ratio Dp,x =0.159, the reference shear strain
Yrer = 0.03, and the Poisson’s ratio v =0.2. A sine wave
with frequency f= 1.0 is also used in the dynamic triaxial
test. The stress-strain relationship predicted by the dy-
namic visco-elasto-plastic constituted model shows that
no hysteresis loop phenomenon appears in the dynamic
mechanical behavior of soil if the damping ratio D . =
0.0, and the linear elastic stress-strain relationship will be
yielded if reference shear strain ~y,.f— co. Thus, the dy-
namic characteristics of soil will be neglected, and the
mechanical behavior of soil is linear elastic if the
damping ratio D=0 and the reference shear strain
Yref — .

The undrained cyclic laboratory behavior of sandy soils by
cyclic triaxial tests was studied by F. Castelli et al. (2019). The
level of strain is studied by P. Capilleri et al. (2014) and F.
Castelli et al. (2016) using resonant column tests and cyclic
torsional shear tests. The FOS of the soil slope is calculated
via SRM in this study. The same factor SRF is applied to both
of the shear strength parameters (¢ and ¢) and dynamic pa-
rameters of the soil (Dyax and 7r.¢). The dynamic soil property
also reduced by the same factor SRF, which is applied to the
shear strength parameters of the soil. The reduced strength
parameters (c; and ¢, and dynamic parameters (Gpax and

Earthquake record Imperial Valley (USA) Kobe (Japan) Loma Prieta (USA) Kocaeli (Turkey)
Recording station USGS station 5115 Kakogawa (CUE90) CDMG station 47,381 Yarimca (KOERI330)
Date of occurrence Oct. 15, 1979 Jan. 16, 1995 Oct. 18, 1989 Aug. 17, 1999
Significant duration (s) 8.92 12.86 11.37 15.62

Max. acceleration (g) 0.315 0.345 0.367 0.349
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Yref) are given by

c tan
¢ =SRp’ Y= arctan (ST{?)’ Gmaxf
Gmax

Vref
= SRE’ Vreff = SI{F (6)

The dynamic visco-elasto-plastic constituted model for soil
is written in FORTRAN as a user subroutine and loaded into
the finite element method code of ABAQUS with the subrou-
tine interface VUMAT of EFEM module (Simulia 2017).
Comparing with the equivalent linear method (Schnabel
et al. 1972), the dynamics analysis procedure of the dynamic
constituted model for soil via EFEM is entirely nonlinear. The
stability and failure process of the two-dimensional plane-
strain soil slope is analyzed, the slope magnitude (height/
run) is 1:2, and the dimension and FEM mesh of the slope
are shown in Fig. 3. The acceleration due to gravity is set to
9.81 m/s? in this study, and the large deformation model is
used in EFEM calculations. The elastic properties of the soil
are as follows: Young’s modulus £ = 100.0 MPa, Poison ratio
v=0.25, and unit weight v=20.0 kN/m>. The soil’s strength
parameters of the slope are as follows: cohesion ¢ =30 kPa,
and friction angle ¢ =20.0°. The initial gravity field is
established before the seismic slope stability analysis. The
slope stability problem in two-dimensional plane strain and
static condition with =30 m and nonassociated flow rule
(dilation angle 1) = 0) is analyzed using the implicit finite ele-
ment method (IFEM) and explicit finite difference method
(EFDM) to compare with the results yield by EFEM. The
FEM code of ABAQUS, the slope stability analysis code of
SLOPE64 (Griffiths and Lane 1999; Griffiths 2015), and the
FDM code of FLAC (ITASCA 2015) are used for EFEM,
IFEM, and EFDM calculation respectively. The dynamic
characteristics of soil are not considered (V,.f— o and D =
0) in the static slope stability analysis. The relationship of
maximum displacement of slope versus SRF yield by the dif-
ferent methods is shown in Fig. 4. A comparison of FEM
mesh deformation calculated by IFEM, EFDM, and EFEM
is shown in Fig. 5.

The deformation of the slope calculated by EFEM (large
deformation model) is larger than that of IFEM and EFDM
(small deformation model). The slope cannot be brought to

Time (sec)

complete failure by SRM and EFEM in the static condition.
However, the calculation of slope stability using IFEM will be
stopped due to non-convergence of the nonlinear iterations
when the slope is brought to failure by SRM. So, the non-
convergence option is a suitable indicator of the slope failure,
and the values of FOS can be easily determined by this crite-
rion when the slope stability is analyzed using IFEM under
static conditions. However, it is difficult to determine the fail-
ure of slope and the values of FOS under static conditions
(neglect the dynamic characteristics of the soil) via EFEM.
In this study, the phenomenon of sustained deformation of
the slope during the calculation is taken as an indicator of
failure for FOS determination of seismic slope stability anal-
ysis. Soil parameters and its values used in the various analy-
sis sections are shown in Table 1.

Seismic slope stability analysis

The failure process of a soil slope under the seismic condition
with the dimension A =30 m is analyzed via EFEM. The
seismic acceleration amplitudes are used to simulate the seis-
mic load of the earthquake. The vertical and horizontal
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Fig. 7 Elastic response acceleration spectra (damping value is 5%) of
four earthquake events
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Fig. 8 Relationship of maximum displacement of the slope due to different earthquake events versus SRF with associated and nonassociated flow rule

components of the seismic boundary condition are both set to
the same acceleration amplitude and loaded on the bottom
boundary of the slope (shown in Fig. 3). The two lateral
boundaries of the slope are set to the zero-acceleration bound-
ary. The initial gravity field is established before the seismic
slope stability analyses. Four seismic acceleration amplitudes
obtained from four earthquake events are used to analyze the
problem of slope seismic failure process, respectively. The
four earthquake events are as follows: the Imperial Valley
earthquake (USA 1979), the Loma Prieta earthquake (USA
1989), the Kobe earthquake (Japan 1995), and the Kocaeli
earthquake (Turkey 1999) (Seismosoft 2016), and the accel-
eration amplitudes are shown in Fig. 6. The elastic response
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Fig. 9 Relationship of maximum displacement of the slope due to
Kocaeli earthquake versus SRF with different values of 7,.¢
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acceleration spectra of the four earthquake events with 5%
damping value are shown in Fig. 7. The four seismic acceler-
ation amplitudes have similar peak acceleration but have dif-
ferent elastic response acceleration spectra and ground motion
characteristics. The peak response period 7, of the Kocaeli
earthquake acceleration amplitude is larger than that of the
others, but the maximum response acceleration [, of the
Kocaeli earthquake response spectrum is lower than that of
the others significantly. The main characteristics of the input
earthquake motions are shown in Table 2.

The contact interaction behavior is considered in this study
to investigate the influence of the frictional characteristic of
the slope rupture surface on the sliding distance of the slide

1.5
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1.3 t
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Fig. 10 FOS of slope yield by EFEM, IFEM, and EFDM with different
values of Yyer
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mass. The interior elements contact interaction technology
and Coulomb’s law of friction are used to simulate the contact
behavior of the slope rupture surface. The normal and shear
contact stiffness is both rigid; i.e., the friction coefficient p is
the unique friction parameter in this study. The element dele-
tion technology is used to remove the distort element in the
process of seismic analysis, and the rupture surface and sliding
process of the slope can be calculated by this method. The
relationship of the maximum displacement of the slope due
to the different earthquake events versus SRF is shown in
Fig. 8. The data points (labeled with the values of SRF) of
the curves in Fig. 8 are the last points before the slope sliding;
i.e., the values of SRF of those points are the values of seismic
FOS of the slope. The results yielded by the seismic slope
stability analysis show that the values of FOS under the
Kocaeli earthquake are smaller than that of the others. It indi-
cates that the characteristic of the ground motion (response
spectrum) has a positive influence on the seismic slope stabil-
ity. Figure 9 shows the relationship of the maximum displace-
ment of slope with =30 m due to the Kocaeli earthquake
versus SRF with different values of the reference shear strain
Yrer- The displacement of the slope is increased with the

increase of the values of SRF. However, the failure of the
slope does not appear if the characteristics of soil dynamics
are neglected (y,.r— o0 and D = 0) in the seismic slope stability
analysis. This phenomenon indicates that the dynamic mechan-
ical behavior of soil must be considered in the seismic slope
stability analysis. The values of seismic FOS of the slope yield
by EFEM (ABAQUS) with the Kocaeli earthquake amplitude
and different values of ~,.r compared with the values of static
FOS of slope yield by IFEM (SLOPE64) are shown in Fig. 10.
The value of seismic FOS of the slope is close to the static FOS
of the slope when the value of 7, is fairly large, and the value
of seismic FOS of the slope decreases as the value of ¢ de-
creases. As mentioned above, the reference shear strain s is
an essential parameter for the seismic stability analysis of the
slope, and the earthquake will have few influences on the slope
stability if the dynamic characteristics of soil are neglected
(Yrer — 0) in the seismic analysis of the slope.

Horizontal displacement, velocity, and acceleration re-
sponse of the slope crest versus the seismic duration
(Kocaeli earthquake) with different values of SRF are shown
in Figs. 11, 12, and 13, respectively. The slope velocity re-
sponse during the earthquake shows that the velocity of slide

Fig. 11 Horizontal displacement 5.0 —
of slope crest versus seismic —~  F T SRF=1.0
duration (Kocaeli earthquake) E 40 F SRF=1.21
with different values of SRF g L ——SRF=1.22
g 3.0
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mass has a significant increase when the failure of the slope
has occurred, and the slide mass comes to slow down due to
the frictional resistance and decrease of the gravitational po-
tential energy. The slope acceleration response during the
earthquake shows that the acceleration response amplitude
of the slope crest has a high-frequency fluctuation when the
failure of the slope has occurred, and the slide mass will speed
up to slip. The mesh deformation, displacement contour, and
velocity contour of the slope during the seismic process of
Kocaeli earthquake with associated flow rule (¢ = %) and non-
associated flow rule (¢ = 0) when the slope is brought to fail-
ure by SRM are shown in Figs. 14 and 15. The computation
results show that the failure of the slope under the seismic
condition is a progressive failure process, and different slip
surface and failure mechanism of the slope are yielded by
associated (¢ =) and nonassociated flow rule (¢ =0).

The frictional resistance characteristic of the slope rupture
surface is a crucial influence factor for the sliding distance D
of the slide mass. In actual situations, the frictional resistance

@ Springer
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60.0

(b) Nonassociated flow rule (y = 0)

characteristic of the slope rupture surface is influenced by
several factors, such as water, air, and thermal decomposition
(Goren et al. 2010). The seismic slope stability analysis with
H=30 m, SRF=1.20, ¢)=0, and different values of p is
processed to investigate the influence of frictional resistance
characteristic of the slope rupture surface on the sliding dis-
tance of the slide mass. The mesh deformation of the slope due
to the seismic process of Kocaeli earthquake with different
values of friction coefficient y is shown in Fig. 16.

The calculation results show that the sliding distance of the
slide mass after the earthquake is influenced by the friction
coefficient 4 significantly. The maximum value of the sliding
distance D approaches the slope height if the value of friction
coefficient y1 between 0.1 ~0.2. A short sliding distance is
yielded, and the main body of the slide mass is still laying
on the slope after the failure of the slope if the value of friction
coefficient p is larger than 0.2. The seismic response (hori-
zontal acceleration, velocity, and displacement) of the slope
crest versus the seismic duration with different values of
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Fig. 14 State of slope during the seismic process of Kocaeli earthquake (scale factor is 1.0) with the values of SRF =1.23 and associated flow rule

(p=1)
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Fig. 15 State of slope during the seismic process of Kocaeli earthquake (scale factor is 1.0) with the values of SRF = 1.20 and nonassociated flow rule

@=0)

friction coefficient p is shown in Fig. 17. The acceleration
response amplitude of the slide mass with low frictional resis-
tance characteristic has more significant fluctuation than that
of the high resistance characteristic when the slope is sliding.
The value of the slip velocity of the slide mass with low
frictional resistance characteristic is higher than that of the
high resistance characteristic.

The values of slope sliding distance D calculated with
the different values of friction coefficient i are shown in
Table 2, and the relationship of slope sliding distance D/H
versus values of friction coefficient y is shown in Fig. 18.

Fig. 16 Mesh deformation of
slope due to seismic process of
Kocaeli earthquake (scale factor
is 1.0) with different values of
friction coefficient p

The maximum slope sliding distance is decreased signifi-
cantly with increasing values of the friction coefficient .
However, the high slope still yields a large sliding distance
due to earthquake than that of the small slope with a high
frictional resistance characteristic of the slope rupture sur-
face. The relationship of D/H versus p shows that the fric-
tional resistance characteristic of the slope rupture surface
has more influence on the sliding distance of a high slope
than that of a small slope. The values of slope sliding dis-
tance with different values of friction coefficient are shown
in Table 3.

(b) u=0.15
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Fig. 17 Seismic response of slope
crest versus seismic duration with
different values of friction
coefficient j1

Table 3
friction coefficient y (m)

0.6

04 r
02 r

0.0

Horizontal acceleration (g)
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10.0 20.0 30.0 40.0 50.0 60.0
Time (sec)

(a) Horizontal acceleration

4.0
3.0
2.0
1.0
0.0

Horizontal velocity (m/s)

-1.0

-2.0

o u=0.2

0.0

40.0

10.0 20.0 30.0 40.0 50.0 60.0
Time (sec)

(b) Horizontal velocity

30.0
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10.0

o
=}

Horizontal displacement (m)

-10.0

0.0

The values of slope sliding distance D with different values of

Friction coefticient p 0.1 0.15 0.2 03
Height of the slope A (m)

30 51.92 3226 24.47 19.78
50 91.12 65.53 51.64 49.76
100 284.66 181.01 131.81 128.32

10.0 20.0 30.0 40.0 50.0 60.0
Time (sec)

(c) Horizontal displacement

Influence of ground motion characteristics
on seismic slope stability

The specified segment response acceleration spectrum is used
to create the artificial seismic acceleration amplitudes. The
influence of the ground motion characteristics (7 and Apax)
on seismic FOS of the slope is analyzed via the artificial seis-
mic acceleration amplitudes and nonassociated (¢ =0) flow
rule. The specified elastic response acceleration spectrum with
5% damping value and its fitting curve for the artificial
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Fig. 18 Relationship of slope sliding distance D/H versus values of
friction coefficient p

seismic acceleration amplitude creation are shown in Fig. 19.
The descent section of the segment response acceleration
spectrum is predicted by the function as follows (State
Economic and Trade Commission, PRC 2000):

B = Boax (Te/ T)*° (7)

where [ is the response acceleration of a single degree of
freedom elastomer with 5% damping value, 3.« is the peak
response acceleration, 7 is the starting point of the peak re-
sponse stage (Tp=0.1 s in this study), and T, is the peak
response period (Newmark and Hall 1982; Gupta 1990).
Several artificial seismic acceleration amplitudes are created
using the computer code SIMQKE GR (Piero 2012) with

1.5
—Amax=0.3g, fmax=1.0 and Tg=0.5
Fitting
1.2 f
2 ﬁmax
c b o o - - e e —
% f"" :\
g 09T /1 AN 0.6
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@ | 1
@ 1 1
g 0.6 "/ 1 1 3
§ // : : \\
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1 1
1 1
1 1
| TO | Tg
0
0.01 0.1 1 10

Period (sec)

Fig. 19 Artificial specified elastic response acceleration spectrum
(damping value is 5%) and its fitting curve for artificial seismic
acceleration amplitude creation
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different peak response period 7, and peak acceleration A
via fitting the artificial specified elastic response acceleration
spectrum (shown in Fig. 19). The artificial seismic accelera-
tion amplitudes are shown in Fig. 20.

The relationship of the seismic FOS of the slope versus the
different values of response spectrum characteristic (7, and
Amax) 18 shown in Fig. 21. The influence of response spectrum
characteristics (7, and A,,) on the seismic FOS of the slope
with the height of 30 m and 50 m is shown in Fig. 21. The
values of the FOS are decreased with the increase of the values
of T, and Ay, but the peak response period 7T, has more
impact on the seismic stability of slopes. Therefore, the failure
risk of the slope under the seismic condition will be increased
significantly if a long peak response period and high acceler-
ation earthquake event have occurred. The seismic displace-
ment response of slope due to the earthquake is increased with
the increased value of the coefficient (... However, the peak
response acceleration [y, of the response spectrum has few
influences on the seismic slope stability. A comparison of the
results obtained by the EFEM (peak acceleration A, =0.3 g)
and PSM (horizontal inertia force A, =0.3 g) shows that the
values of FOS yielded by the EFEM is close to that of PSM if
the peak response period of the earthquake 7 is very long. In
other words, the results of the slope stability analysis obtained
by PSM could be conservative due to the neglection of the
dynamic process of the earthquake and the mechanical behav-
ior of geomaterial.

Conclusion

The dynamic mechanical behavior of soil and the ground mo-
tion characteristics are considered to analyze the seismic slope
stability problem using EFEM. An efficient method to analyze
the slope stability and progressive failure process under seis-
mic condition is proposed in this paper. The following con-
clusions can be stated:

IFEM has more advantages than EFEM in static slope
stability analysis. However, the seismic stability and the
progressive failure process of the slope under the seismic
condition can be predicted using EFEM more efficiently.
The dynamic mechanical behavior of soil has a signifi-
cant influence on the seismic stability of the soil slopes.
The failure of a soil slope due to a seismic event has a
strong relationship with the strength and dynamic me-
chanical behavior of soil, and the seismic FOS of the soil
slope should be determined by both of the strength and
dynamic parameters of soil. The seismic FOS of the slope



Seismic slope stability and failure process analysis using explicit finite element method

1299

0.4

Fig. 20 Artificial seismic
acceleration amplitudes with
different peak response period 7,
and peak acceleration A ¢
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cannot be yielded via SRM if the dynamic mechanical
behavior of the soil is neglected.

Moreover, the frictional resistance characteristic of the
slope rupture surface is the principal influence factor for
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(b) with different values of Amax (7z=0.5s)

30

the seismic failure process and sliding distance of the
slope, and the frictional resistance characteristic has more
influence on the sliding distance of a high slope than that
of a small slope.

Fig. 21 Influence of 1.6 T
characteristic of response IFEM <:> EFEM OH=30m BH=50m
spectrum on seismic FOS of slope T4 — '
with various slope height and 10 L ! —
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The slope will have more seismic failure risk if the
ground motion has a long peak stage duration and high
acceleration magnitude. The prediction and evaluation of
the potentially affected area for the landslides disaster
also can be analyzed via the way suggested in this paper.
Future research works will further investigate the seismic
failure process of the soil slope in three dimensions.
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