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Abstract

This paper aims to propose run-out distance predictive models for clay slopes using the material point method
(MPM), which can simulate the progressive failure process of slopes considering the strain softening effect of soils.
A suite of 100 ground motions is selected from the NGA-West2 database and then scaled for conducting the
dynamic analysis of slopes. The permanent slope displacements (D) can be classified into two categories, namely
the “un-failure” category with D smaller than 0.4 m and the “failure” category with D in the range of 10 m to 15 m. It
is found that peak ground velocity (PGV) exhibits the highest correlation with D for the “un-failure” category,
whereas all ground-motion intensity measures (e.g., PGV, peak ground acceleration) are less correlated with D for
the “failure” category. Therefore, the run-out distance of collapsed clay slopes is more related to the failure model
rather than the triggering shaking intensities. Moreover, thousands of slope models with various slope angles, slope
heights (H), soil densities, and peak and residual strength parameters are developed based on MPM. The run-out
distances for the slopes being collapsed are then collected. Predictive models for different slope angles are
proposed, which predict the run-out distance as a function of H, unit weight, residual cohesion, and residual friction
angle. The proposed models are applicable for clay slopes with slope angles in the range of 30° to 45° and H in the
range of 10 m to 30 m.
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INTRODUCTION

Landslides are devastating geological disasters that frequently cause significant casualties and property
damage. Specifically, major earthquakes commonly induce landslides on a large scale. For example, the 2008
Wenchuan earthquake resulted in more than 15,000 landslides"”. To mitigate and prevent the coseismic
landslide disasters, it is necessary to conduct the slope stability analysis under seismic excitations.

When assessing the slope stability under seismic loading, the earthquake-induced permanent sliding
displacement is typically taken as the metric to evaluate the seismic performance. The original and modified
Newmark rigid-block approaches”* have been commonly used to calculate the sliding displacements. For
example, Rathje and Saygili” proposed a probabilistic framework to calculate the probability of slope
failures based on Newmark’s rigid-block approach. Nayek and Gade developed new data-driven
prediction models for the sliding displacement based on artificial neural networks. Existing predictive
models”" usually predict the permanent displacement as a function of ground motion intensity measures
(IMs) and the critical acceleration of the slope, which is determined by its soil parameters (e.g., slope height

(H), slope angle, and soil strength).

Based on relatively complicated stress-deformation analysis, several predictive models have been developed
to study the dynamic response of slopes in a more accurate way. Fotopoulou and Pitilakis"* used FLAC™ to
calculate the permanent displacements of slopes under earthquake loading and proposed a new
displacement model based on the numerical results. Cho and Rathje"* analyzed the permanent
displacements of 49 slopes subjected to more than 1,000 earthquake motions and proposed prediction
models for an earthquake-induced permanent displacement of slopes. However, the above studies mainly
focus on assessing the seismic stability of slopes while ignoring the post-failure behavior of slopes. In
addition, these studies were generally conducted by finite-element or finite-difference numerical
approaches, which cannot tackle large-deformation problems given mesh distortions.

The material point method (MPM) proposed by Sulsky"" is a relatively advanced numerical approach that
is capable of solving large-deformation problems. Compared with the finite-element or finite-difference
method, the MPM approach adopts the Lagrange particles with material information and Euler mesh. The
Euler mesh is used for effectively solving the momentum equations only. Therefore, the MPM approach can
avoid the mesh distortions and has been increasingly used in a variety of applications"**”, such as the
simulation of a massive Hongshiyan landslide triggered by the 2014 magnitude 6.5 Ludian earthquake in
China based on the coupled SEM-MPM method". Liu et al. proposed a chart tool to estimate the run-out
distance of slopes based on MPM"*2,

This paper, therefore, aims to propose MPM-based prediction models for estimating the earthquake-
induced run-out distance of clay slopes, which can estimate the run-out distance of slopes based on soil
strength and geometry parameters. The remaining part of this paper is structured as follows. First, the MPM
approach is introduced in detail, and the failure process of a clay slope under seismic loading, considering
the soil strain softening effect, is simulated. Second, the earthquake-induced horizontal displacement of
slopes is taken as the representative engineering demand parameter, and the influence of seismic loading
characteristics on the deformation of slopes is analyzed. The prediction model of the run-out distance of
homogeneous clay slopes is proposed based on numerical simulation results, and conclusive remarks are
provided finally.
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MATERIAL POINT METHOD

Theory and method

In MPM, all material properties are carried by particles, and no information is stored on the grid nodes. The
deformed grids are discarded at the end of each time step, and a new grid system would be utilized to solve
the equilibrium equations in the following time step. In other words, the grids are only used to solve the
momentum equations in MPM. Therefore, MPM can effectively avoid mesh-distortion problems. The
calculation process of the MPM scheme is illustrated in Figure 1.

The mass conservation equations based on the Lagrange scheme are illustrated as®:

dp
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where p is the density of the particle; v is the particle velocity; o is the Cauchy stress tensor; b is the unit mass

force of the particle; and # is the acceleration of the particle. The particle mass is constant in MPM,
indicating that the conservation of mass is inherent. It is worth noting that Equations (1) and (2) must be
satisfied within the solution domain. Yet, it is difficult to solve these equations directly, so the weak form of
the momentum equations considering the traction boundary conditions is used and expressed as:

[ piicudv +( po su dv — [ pboudV’ ~ [ pf udd =0 3)

where the definitions of the parameters are the same as those in Equations (1) and (2).

Simulation of seismic slope failure

The open-source code in MPM was modified to simulate seismic slope failure®. The schematic
representation of the numerical slope model based on MPM is shown in Figure 2, in which L, (i.e., distance
from slope toe to the right boundary) and L, (i.e., distance from slope toe to the left boundary) are 100 m
and 50 m, respectively, and the depth of basement (H,) is twice the height of slope (H,) to minimize the
wave reflections from the slope boundaries. The cell size is 1 m x 1 m x 1 m, with each cell containing four
material points. The space of the material points is 0.5 m. The acceleration of gravity increases linearly from
0 t0 9.8 m/s”.

In the current MPM model, the free-field condition is assigned to both sides to absorb the seismic waves.
The Lysmer-Kuhlemeyer transmitting boundary condition is added at the bottom of the slope model to
simulate the finite rigidity of the underneath bedrock layer. Such formulation of transmitting boundaries
can be found in existing studies (e.g., Feng et al."). The reasonableness of the above boundary conditions
can be verified by a one-dimensional s-wave propagation test on an elastic column, with the diagram and
monitoring points illustrated in Figure 3. The heights of these monitoring points (i.e., A1 to A5) are 0 m,
25 m, 50 m, 75 m, and 100 m, respectively.

Figure 4 shows the recorded wave velocities at five monitoring points when the bottom of the elastic
column is excited by a sinusoidal wave with the amplitude of 0.0623 m/s and shear wave velocity V, of
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Figure 1. The calculation process of MPM at each time step: (A) initial configuration; (B) incremental deformation; and (C) resetting
background mesh.
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Figure 2. Schematic representation of the numerical slope model.
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Figure 3. The diagram of an elastic column and the monitoring points from A1to A5.

232 m/s. From Figure 4B-E, it is clear that the input waves are the same as the reflected waves at the
monitoring points from A1 to A4. The maximum wave velocity at the top of the elastic column [Figure 4F]
is 0.124 m/s, which is twice the input velocity. In addition, it can be found that the time interval between the
input and reflected wave is equal to the ratio of the propagation distance to wave velocity at points A1 to
A4. For example, the time interval between the input wave and reflected wave is 0.43 s at the monitoring
point A3 [Figure 4D], corresponding to the propagation distance of 100 m and the shear wave velocity V, of
232 m/s. The above results indicate that the configuration of the boundary condition is reasonable.



Zhao et al. Dis Prev Res 2023;2:11 | https://dx.doi.org/10.20517/dpr.2023.14 Page 5 of 18
2 006 0.06231mv/s Input sine wave ‘E e 0.0623m/s om
= 0.04 E 004
‘S 002 g 002
2 =
5 000 ; 0.00

0.0 02 0.4 06 08 1.0 0.0 0.2 0.4 06 08 1.0
C Time (s) D Time (s)
Z 006 ' ' ' \ %m] 2 o00s [ A ' 50m
£ 0.04 E 004 043s
g’ £
g o0 g 002
S 000 £ 000
0.0 0.2 04 0.6 08 1.0 0.0 02 0.4 0.6 0.8 1.0
E Time (s) F Time (s)
:;‘ 0.06 75m :E‘o_m 0.124m/s 100m
£ 0.04 =008
£ e
5 002 3
g Zon
< o0 < 0.00
0.0 02 0.4 0.6 0.8 1.0 0.0 0.2 04 0.6 0.8 1.0
Time (s) Time (s)

Figure 4. (A) The input sinusoidal wave; and the recorded wave velocities at (B) point A1; (C) point A2; (D) point A3; (E) point A4;
and (F) point A5, respectively.

Therefore, the whole process of the earthquake-induced slope failure is simulated based on the modified
MPM. The slope model introduced by Feng et al. is considered herein as the demonstrated example, which
is shown in Figure 5""". Five monitoring points (i.e., D1 to D5) are also considered in the slope model, with
the heights of these points as 0 m, 5 m, 10 m, 15 m, and 20 m, respectively.

The Drucker-Prager strain softening constitutive model™”

is used herein to describe the dynamic behavior
of soils. The bedrock material is modeled as rigid. The formulations of the soil strain softening model are
expressed as follows!"”:

—nel

c=c+(c—c)e 4)

—ne?

p=0r+(pr—or)e (5)

V=W, +(Fp—F)e" (6)

where ¢, ¢,, and ¥, are peak strength parameters, and c, ¢, and ¥, are the residual strength parameters; &’
and » are the equivalent plastic strain and strain-softening parameters, respectively. The values of some
slope parameters are summarized in Table 1. The transmitting boundary is added at the bottom of the
bedrock, and then a sinusoidal wave with peak ground acceleration (PGA) of 0.2 g (shown in Figure 6) is
applied to the boundary of the slope model. Figure 7 shows the displacement-time histories recorded at the
five monitoring points (i.e., D1 to D5). As expected, the displacements of monitoring points in the upper
part of the slope (i.e., D4 and D5) are much larger than those of the other monitoring points.

The whole slope deformation process is represented by the equivalent plastic strain contours at different
time slots, as shown in Figure 8. At first, the slope is in a static condition, and the input wave is excited at
t=10s. The plastic strain tends to accumulate because of seismic shaking. At t = 14 s, a shear band is
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Table 1. The values of slope parameters assigned

Peak

Young's . . Soil Peak Residual M, Residual . Dilation
Poisson's . . . friction e Softening
modulus E ratio v density cohesionc, cohesionc, angle friction angle arameter angle
(MPa) (kN/m*) (kPa) (kPa) ” %o) 0, P Ty
P
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Figure 5. Schematic diagram of the slope geometry considered.
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Figure 6. Input wave for conducting dynamic analysis of a slope.
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Figure 7. The displacement-time histories recorded at the five monitoring points from D1to D5.
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Figure 8. Equivalent plastic strain contours for (A) £=14s; (B) £=18s; (C) £=22s; and (D) £=30 s, respectively.

initially formed in the upper and lower parts of the clay slope, as shown in Figure 8A. With the increase of
the equivalent plastic strain, the soil strength is reduced according to the softening rules. The upper part of
the slope starts to slide at t = 18 s, as shown in Figure 8B. The lower part of the slope starts to slide at
t =22, as shown in Figure 8C, and Figure 8D shows the permanent deformation of the slope. It is worth
noting that the equivalent plastic strain contours simulated are generally similar to those illustrated in the
reference of Feng et al. Consequently, the simulation results indicate that it is feasible to simulate the
earthquake-induced failure process of slopes based on MPM".

SLOPE DISPLACEMENT ANALYSIS BASED ON MPM

Influence of ground-motion IMs on slope displacement

In this section, the MPM approach introduced above is used to simulate the whole dynamic failure process
of a 15-m-high clay slope, which is schematically shown in Figure 2. The geometry and soil strength
parameters of the slope are enlisted in Table 2. The relationship between the maximum permanent
horizontal displacement (D) and ground-motion IMs is then analyzed based on the calculated results.

Subsequently, 100 ground motion records are selected from the NGA-West2 database (Ancheta et al.”").
Figure 9A shows the distribution of the spectral acceleration of the selected motions, and the median PGA
value of these ground motions is 0.29 g. Figure 9B shows the rupture distance and moment magnitude of
the selected ground motions. The moment magnitudes and rupture distances of the selected ground
motions vary from 5.17 to 7.9 and from 0.21 km to 36.34 km, respectively. These original ground motions
are further scaled so that a total of 200 acceleration-time histories are obtained for conducting the dynamic
analysis. Furthermore, IMs, including PGA, peak ground velocity (PGV), cumulative absolute velocity
(CAV), and Arias intensity (I,) of these motions, are calculated. Figure 10 shows the dynamic process of the
slope when subjected to the ground motion record with the record sequence number (RSN) of 143 in the
NGA-West2 database. A permanent maximum displacement of 12 m is observed at the end of shaking.
Consequently, based on the 200 acceleration-time histories collected, dynamic analyses are conducted for
the above slope model, resulting in 200 displacement data points in total.
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Table 2. Parameters assigned to the slope for conducting the numerical analysis
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Figure 9. (A) Spectral distributions of the selected ground motions; (B) the rupture distance and moment magnitude of selected ground
motions.
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Figure 10. The displacement contours of the 15-m-high clay slope for (A) t=15s; (B)t=20+s; (C)t=30s;and (D) t =55,
respectively.

Figure 11 illustrates the distribution of D vs. PGV for the 15-m-high clay slope based on the 200
acceleration-time histories collected. Taking the maximum D of 0.4 m as the threshold, we divide the
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Figure 11. The distribution of the permanent horizontal displacement D vs. PGV for the 15-m-high clay slope based on the 200
acceleration-time histories collected.

displacement data into two categories, representing the small and large deformations of the slope,
respectively. The slope could be considered as “un-failure” when the maximum D is less than 0.4 m.
Figure 12A shows the relationship between the maximum D and PGV for the small-deformation group of
the slope. It can be observed that the slope displacements generally increase with the increase of PGV. The
relationship between the permanent displacement and PGV for the large-deformation group of the slope is
illustrated in Figure 12B, from which it can be seen that the maximum permanent displacements are
distributed in the range of 10 m to 15 m. Such large deformation indicates that the slope is at the complete
"failure" status.

The results shown in Figure 12 clearly demonstrate that at the un-failure (i.e., small deformation) state, the
permanent displacement of a slope generally increases with increasing PGV, whereas PGV (or the ground-
motion intensity) has a relatively minor influence on the permanent displacement once the slope is at the
complete failure state. This is anticipated because the permanent displacement of collapsed slopes is mainly
determined by the failure modes rather than the triggering shaking intensities.

Figure 13 shows the correlation coefficient results of the maximum D for the slope with four ground motion
IMs, namely PGA, PGV, I, and CAV. For the “un-failure” category, the calculated correlations are in the
range of 0.29 to 0.87, in which PGA and PGV exhibit the lowest and highest correlations, respectively. This
observation is generally consistent with existing studies””. On the other hand, for the "failure” category, the
calculated correlations are in the range of 0.18 to 0.55, in which PGA and I, exhibit the lowest and highest
correlations, respectively. As expected, the correlations for the displacements of the "failure" category are
significantly lower than those of the "un-failure" category. Consequently, it is not feasible to derive the IM-
based predictive model for estimating D of the "failure" category, while on the other hand, PGV could be
considered as the appropriate predictor variable for predicting D for the “un-failure” category.
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Figure 12. The relationships between D and PGV for the 15-m-high clay slope at the (A) un-failure state and (B) failure state,
respectively.
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Figure 13. The correlation coefficients between the permanent horizontal displacement and ground motion IMs for the slope
considered.

Based on the results shown in Figure 12A, a two-order polynomial model is utilized to regress the
displacement data based on PGV and expressed as:

D =0.398(PGV)* —=0.115PGV —1.171 @)

where D denotes the permanent horizontal displacement of the slope in the unit of m, and PGV is in the
unit of cm/s. The standard deviation of the polynomial model is 0.09 m. This model can be used to estimate
D for the 15-m-high clay slope, considering the soil strain softening effect. The calculated displacement can
be further used to reflect the damage states (i.e., minor, moderate, or severe) of un-failure slopes.
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Influence of soil strength parameters on the slope displacement

The influence of the strain softening effect on the D of slopes is first analyzed. The ground motion record
with the RSN of 1080 in the NGA-West2 database is considered herein, which is further scaled to 0.05 g,
0.1g,0.15g,0.2¢, 03¢, 0.4 g and 0.5 g, respectively. These acceleration-time histories are then applied to
the 15-m-high clay slope, in which both the strain-softening and non-strain-softening constitutive models
are considered. For the non-strain-softening model, the cohesions ¢ and friction angle ¢ of clays are
considered strain-independent, with the constant values of 40 kPa and 20° assigned. The permanent
horizontal slope displacements vs. PGA are obtained and shown in Figure 14. It can be seen that when
strain softening is not considered, the slope displacements are all smaller than 0.5 m, indicating that the
non-strain-softening constitutive model would not properly reflect the dynamic performance of slopes. On
the other hand, when the strain softening effect is considered, an abrupt increase of D is observed for the
PGA ordinates larger than 0.15 g. In such cases, the slope is at the complete "failure” state, associated with
the observed D values larger than 10 m. In addition, given the relatively low correlation between D and
ground motion intensities for the "failure” state, D does not notably increase when PGA is greater than
0.15 g. The above results indicate that the strain softening effect of clays must be incorporated into the
modeling process to yield a reasonable estimate of D for the failure state of slopes.

The influences of the peak and residual soil strength values on the magnitude of D are subsequently
investigated. After that, we developed five slope models with different peak and residual soil strength
parameters based on the above 15-m-high clay slope to analyze the influence of peak and residual soil
strength parameters on D. The peak and residual soil strength parameters assigned for slopes I-V are shown
in Table 3. As listed in this table, different peak and identical residual strength parameters are assigned for
slopes I-III, whereas identical peak and different residual strength parameters are assigned for slopes of I,
IV, and V. The ground motion record with the RSN of 125 in the NGA-West2 database is considered as the
input motion herein, and its acceleration-time history is shown in Figure 15.

Figure 16A and B shows the maximum displacement-time histories for comparing the results of slopes I-III
and slopes I, IV, and V, respectively. The permanent displacements of slope I-V are 2.87 m, 2.51m, 2.12 m,
5.91 m, and 8.04 m, respectively. From Figure 164, it is clear that the variation of the peak strength
parameters has a minor influence on the magnitude of D. On the other hand, as shown in Figure 16B, as the
residual strength parameters decrease gradually, the permanent slope displacement increases dramatically.
Specifically, when ¢, and ¢, decrease from 10 kPa to 5 kPa and from 20° to 15°, respectively, the D values
increase from 2.87 m to 8.04 m. It is, therefore, indicated that the post-failure deformation of clay slopes is
predominately determined by the residual strength parameters rather than the peak strength parameters.

PREDICTIVE MODELS FOR THE RUN-OUT DISTANCE OF CLAY SLOPES

Besides the parameter D as introduced above, the run-out distance of the collapsed slopes, termed L,
hereafter, is also an important parameter in slope engineering. The information of L, is important for
conducting the risk assessment of landslide hazards, such as the chart method for estimating the run-out
distance of slope under excavation proposed by Liu et al.””. Note that L, is defined as the horizontal distance
between the furthest slope material point and the slope toe when the slope is completely damaged.

In this section, the relationship between two dimensionless parameters, L;/H and c,tang, /yH, is developed,
which is conceptually similar to Taylor’s slope stability chart”. A number of numerical analyses are
conducted herein to generate adequate data of L. Specifically, thousands of slope models with various slope
angles, H, soil densities, and peak and residual strength parameters are developed based on MPM. The
values considered for the geometry and strength parameters are summarized in Table 4. Specifically, the



Page 12 of 18 Zhao et al. Dis Prev Res 2023;2:11 | https://dx.doi.org/10.20517/dpr.2023.14

Table 3. The peak and residual soil strength parameters of slopes I-V

ID Peak cohesion ¢, (kPa)  Peak friction angle ¢, (°)  Residual cohesion c, (kPa)  Residual friction angle ¢, (°)
Slopel 125 275 10 20

Slopell 15 30 10 20

Slope Ill  17.5 325 10 20

Slope IV 125 27.5 7.5 17.5

SlopeV 125 275 5 15

Table 4. The values of geometry and strength parameters for generic clay slopes

Slope height H(m)  Slope angle £ (°)  Soil density y (kN/m®) Peak cohesion ¢, (kPa) Peak friction angle ¢, (°)

10 30 18 10 25

20 35 20 20 30

30 40 22 30 35

- 45 - 40 40
15 T T ' T T i o T

I 1
—=— Strain-softening

i — ¢ -Non-stram-softening |
—w

D (m)

Figure 14. The maximum permanent horizontal displacements of the clay slope considering both the strain-softening and non-strain-
softening constitutive models, respectively.

clay slopes with heights ranging from 10 m to 30 m and slope angles in the range of 30° to 45° are modeled.
The ratios of peak soil strength to residual soil strength values (e.g., c/c,) are assigned as 0.4 and 0.7,
respectively. The strain parameter 5 is assigned a value of 20. The elastic modulus and Poisson’s ratio are
assigned constant values of 100 MPa and 0.35, respectively. The number of the developed slope models is
1,152 (3 x 4 x 3 x 4 x 4 x 2 = 1,152). Note that the combination of different soil strength and geometry
parameters yields 150 statically unstable cases, which are eliminated from the slope database. In addition,
since seismic shaking intensities have a minor effect on the magnitude of L, a sinusoidal wave, rather than
real acceleration-time series, is taken as the input seismic loading. The sinusoidal wave having the PGA
value of 0.5 g and duration of 20 s, as shown in Figure 6, is utilized herein.
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Figure 16. Plots of maximum displacement-time histories for comparing the results of (A) slopes I-Ill and (B) slopes |, IV, and V,

respectively.

Dynamic analyses are thus conducted for the 1,002 statically stable slope models subjected to the sinusoidal
wave. The input wave is strong enough to make all slope cases collapse. Therefore, approximately 1,000 sets
of L;are obtained, which are subsequently used for developing the predictive model.

Figure 17 shows the relationships between the two dimensionless parameters (L/H and c,tang /yH) for
different slope angles. It shows that there is an obvious linear trend between L/H and ¢ tang /yH for each
slope angle. Therefore, it seems feasible to perform the regression process for individual slope angles. The
empirical data are then classified based on the four slope angles considered, and multiple empirical models
are proposed for predicting L/H based on simple linear regression. As shown in Figure 17, the fitting curves
match the empirical data reasonably well, with the resultant coefficients of determination (R?) values in the
range of 0.80 to 0.85. Consequently, the predictive models for L, for different slope angles have the

functional forms:

-B

[

c, tang,

I

+B H

(8)
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Figure 17. The relationships between L, /H and c,tang,/yH for clay slopes with (A) g = 45° (B) g = 40°; (C) § = 35° and (D) § = 30°,
respectively.

in which L; is the run-out distance of the collapsed slopes in the unit of m; ¢, is the residual cohesion in the
unit of kPa; ¢, is the peak angle of friction; y is the soil density in the unit of kKN/m’; H is the slope height in
the unit of m; and B, and B, are the regression coefficients, respectively. Table 5 summarizes the coefficients
of B, and B, together with the standard errors of the proposed models corresponding to different slope
angles.

Figure 18 shows the fitting curves of L/H vs. ctang, /yH for different slope angles. As expected, a larger slope
angle corresponds to a larger run-out distance for a given magnitude of ¢ tang, /yH. In addition, as listed in
Table 5, the coefficients of B, and B, generally decrease with increasing slope angles. Therefore, for a slope
angle different from these four values (in the range of 30° to 45°), a linear interpolation approach can be
used to estimate the approximate coefficients and the run-out distance.

DISCUSSION

The process of the homogeneous soil slope progressive failure is simulated by the MPM, and the
relationships between the permanent slope displacement and ground motion IMs are investigated. It is
found that the displacement data can be classified into two categories, namely the “un-failure” category with
D smaller than 0.4 m and the "failure” category with D in the range of 10 m to 15 m. For the “un-failure”
category, the slope is at the stable state, and D generally increases with the increase of ground-motion
intensities such as PGV. On the other hand, for the "failure" category, the permanent displacements are less
correlated with the ground-motion intensities. Based on the above results, predictive models are proposed
to estimate the run-out distance of generic clay slopes. The predictor variables employed include H, y, c,,
and ¢,. In engineering applications, the two residual strength parameters can be determined by either
conducting shear tests or using empirical formulas (e.g., Kanji 7).
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Table 5. Coefficients of the proposed predictive models of run-out distance

Slope angle (°) B, B, Standard error of regression (m)
45 49.55 1.22 134
40 71.73 1.29 1.49
35 99.13 1.42 1.61
30 Nn3.78 1.40 1.45
L) L]
10} —_—p=45°

0.0

1 .
0.010 0.015 0.020
crtangr/yH

Figure 18. The fitting curves of L;/H and c,tang, /yH.

The coefficient of friction is determined by the cohesions and friction angles of soil mass in MPM.
Therefore, the proposed models consider the effect of the friction coefficient on the run-out distance. The
proposed models can predict the run-out distances based on the slope geometry and strength parameters,
which is similar to some existing predictive models for the run-out distance of a slope”™*’. However,
existing predictive models were commonly developed based on the statistical methods and available
landslide inventory data, incorporating the parameters of H and the sliding mass volume in the functional
forms. The run-out distances of clay slopes can be estimated based on the proposed models, which could
help to conduct the seismic risk-based design of slopes and take appropriate measures for reducing the
seismic risk of landslides.

CONCLUSION

The whole failure process of homogeneous clay slopes was simulated based on MPM in this study. The
Drucker-Prager strain softening constitutive model is used to consider the strain softening effect and
describe the dynamic behavior of soils under seismic excitations. A suite of 100 ground motions is first
selected from the NGA-West2 database. Dynamic analyses are then conducted based on these motions for a
15-m-high clay slope. The calculated permanent displacement data are classified into two groups.
Specifically, when a slope is at the un-failure state (i.e., D < 0.4 m), the slope displacement generally
increases with increasing ground motion IMs such as PGA, PGV, and I,. PGV exhibits the highest
correlation with D for the “un-failure” group, and then a PGV-based predictive model is developed to
regress the displacement data. The predicted D values can be used to reflect the damage states of clay slopes
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with given PGV ordinates. When a slope is at the failure state (i.e., D is in the range of 10 m-15 m), the D
values are less influenced by the magnitude of ground motion IMs. It is thus indicated that when an earth
slope is collapsed, its permanent run-out distance is mainly determined by the failure mode rather than the
triggering shaking intensity. Note that this conclusion may be inappropriate for some slope types, such as a
high-speed and long-distance landslide, in which the run-out distance is closely related to the earthquake
intensity.

The influence of soil strength parameters on the slope displacement is also investigated. First, using the
MPM model incorporating the strain softening effect of soils brings in a notable increase of D when the
slope loses its stability. When subjected to the excitation of PGA as 0.4 g, the calculated D values are 11.7 m
and 0.44 m when considering and neglecting the soil strain softening effect, respectively. Therefore, it is
necessary to consider the strain softening effect in the modeling of the failure process of slopes. Second, it is
found that the permanent deformation of slopes is mainly influenced by the residual strength parameters
rather than peak strength parameters.

Thousands of slope models with various slope angles, H, y, and peak and residual strength parameters are
developed based on MPM. Dynamic analyses are conducted for these slope models, and the run-out
distances for the slopes being collapsed are collected. The relationships between two dimensionless
parameters, L, /H and ctang, /yH, are then investigated based on the results collected. Four predictive
models for different slope angles are proposed, respectively. The models predict L, as a function of H, y, ¢,
and ¢,, and the R® values calculated are larger than 0.8, indicating good predictive efficiency of the proposed
models. The proposed models can be used to estimate the run-out distances for clay slopes with slope angles
in the range of 30° to 45° and H in the range of 10 m to 30 m.
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