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Development of Meshless Method Considering Effect of Suction and its Application to
Numerical Analysis of Slope Failure

Yohei Nakamichi  Shigehiko Sugie

Abstract

In Japan, where 70% of the area is mountainous, landslides due to rainfall occur frequently. To develop
efficient countermeasures and disaster prevention plans, a numerical analysis that can consistently evaluate slope
stability and slope failure is desired. This paper presents numerical analyses of slope failures induced by rainfall
using the meshless method, which is suitable for large deformation problems. To analyze the effects of rainwater
infiltration, two series of parametric studies are performed. The results indicate that the scale of slope failure,
shape of collapse, and time to slope failure are governed by degree of saturation, water retention, and
permeability.
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1. Introduction

Slope failures induced by rainfall occur frequently in Japan,
where approximately 70% of the land area is mountains. These
adversely affect various types of infrastructure, such as
expressways and railways. Once a slope failure occurs,
extensive time to rebuild and substantial costs for the process
of recovery are often required. Human lives are also at risk
when a slope failure occurs near a residential area. Therefore,
slope failures are considered one of the most significant
obstacles in geotechnical engineering, and many studies have
focused on them.

Recently, extreme rainfall patterns occurring locally have
been observed frequently in addition to long-term conventional
patterns that have a wider distribution because of climate
change caused by global warming. Consequently, landslide
disasters, including slope failures, have also been increasing.
In 2018, there were 3,459 disasters, which was the highest
number ever recorded since data collection began in 1982%. In
2019, the number of landslide disasters was 1,996, which ranks
fourth among the highest number of disasters on record?.

Most of the studies on slope failures have focused on the
evaluation of slope stability and the performance of
countermeasures. This is because structural countermeasures
have been adopted to prevent or suppress slope failures.

However, it is unrealistic to take structural countermeasures on
every slope that is at risk of failure on account of an increase in
landslide disasters?. Hence, in recent years, there has been a
surge in research focusing on non-structural measures, such as
predictions and monitoring. Numerical analyses that can
consistently evaluate slope stability to a scale of slope failure
are strongly desired, as these are necessary for developing
countermeasures and disaster prevention plans efficiently.

This paper presents the numerical analyses of slope failures
induced by rainfall using the meshless method, which is
suitable for large deformation problems in geotechnical
engineering. First, the new meshless method formulation
considering the effects of suction, which is essential to treat
unsaturated soil, was proposed. Second, the proposed method
was verified through a numerical analysis of the experiment on
unsaturated soil. Finally, numerical analyses of the slope
failures induced by rainfall were conducted. Focusing on
rainwater infiltration characteristics of unsaturated soils, the
effects of soil saturation, water retention, and permeability on
a scale of slope failure, as well as the time until a slope failure
occurs, were examined.

In this paper, it is assumed that the stresses and strains are
positive for tension, whereas pore water pressure is positive for
compression.
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2. Numerical method

2.1 Basic assumptions
In this study, the following assumptions were adopted:

1) Soil grains are incompressible.

2) Thermal variation is zero.

3) Pore water density is constant.

4) Pore water acceleration relative to the soil skeleton is
negligible.

5) Pore air pressure is zero and constant.

6) Pore air density is negligible compared with pore water
and soil grain densities.

7) Effective stress of unsaturated soils is defined based on
Bishop?.

2.2 Governing equations

The multi-dimensional consolidation theory proposed by
Biot¥ was used to obtain the governing equations. The
governing equations used in this study are stated below.

The momentum balance equation for the soil-water mixture
is given by Eq. (1).

pa=V-o+pb (1)

where p is the density of the soil-water mixture, which is
expressed as p = (1 —n)ps + npy, n is the porosity of the
soil skeleton, pg is the density of the soil grains, p,, is the
water density, a is the acceleration of the soil skeleton, o is
the total stress of the soil-water mixture, and b is the gravity
vector. The effective stress principle is given by Eq. (2) based
on Bishop’s effective stress definition?.

o' =(c—-PD+ y(P—P)I 2
where ¢’ is the effective stress, P, is the pore air pressure,
PB,, isthe pore water pressure, y isthe parameter related to the
degree of saturation, and I is Kronecker delta. The suction is
expressed as s = P, — B,,. In this study, the value —P, is
equal to the suction because the pore air pressure is assumed to
be zero. Moreover, assuming y is equal to S, (S, is the
degree of saturation), the effective stress principle can be
expressed as Eq. (3).

o' =0+ S,sl (3)
The generalized Darcy’s equation is written as Eq. (4).
k
w=-—— VR, + Pwa — wa) 4)
w

where w is Darcy’s velocity, k isthe hydraulic conductivity,
k., is the relative permeability, kk,, represents the
coefficient of the unsaturated permeability, and y, is the unit
weight of the pore water.
The mass balance equation for the pore water can be written
as Eq. (5).
V-w+SrV-v+SrKlPW+nS‘T=O (5)

w
where K, is the bulk modulus of the pore water, v is the

velocity of the soil skeleton, and ( * ) above the variables

represent the derivative with respect to time. The fourth term

on the left side of Eq. (5) is expressed as
. ds, ds,(Py) dPy,
ns, = nE = nidPW ar
where C, is the specific moisture capacity. By substituting
Eq. (6) in Eq. (5), Eq. (7) is obtained.
-1

. S
PW=—(nT+cs) (V-w+5.V-v) M
Kw

= Cspw (6)

2.3 Unsaturated seepage characteristics

Unsaturated seepage characteristics are defined based on the
relationship between the degree of saturation and suction. This
relationship is called the soil-water retention curve. In this
study, the van Genuchten retention curve®, which is one of the
representative models, was used. The equation of this model is
given in Eq. (8).

5= [1 +(a %)]m ®)

where a’, n’, m' are the parameters that determine the
shape of the curve, and m’ isgivenby m' =1 —1/n'.

By differentiating Eq. (8) with the pore water and
substituting it in Eq. (6), the equation for the specific moisture
capacity is obtained. This is given in Eq. (9).

m’

n s s
Co=—a'(n' — 1S (1 - s;*“) ©)
Yw

Furthermore, the relative permeability is correlated with the
degree of saturation. In this study, the Hillel expression® that
is given in Eq. (10) was adopted to obtain the relative
permeability.

krw = (S (10)
where L is the fitting parameter and typically has a value
ranging from 2 to 4. A value of 2 was used in this study.

2.4 Constitutive model for unsaturated soils

The simple constitutive model for unsaturated soils was
proposed by Yerro®. This model was formulated based on the
Mohr-Coulomb model and adopted Bishop’s effective stress
(Eq. (2)) as the definition of the stress components in Mohr-
Coulomb yield criteria. Additionally, the suction dependence
was accounted for in the definition of the cohesion and the
friction angle, which are the soil shear strength parameters.

In this study, by referring to the constitutive model by
Yerro®, the Drucker-Prager model extended to unsaturated
soils was used, and the non-associated flow rule was adopted
in this model. The yield function and plastic potential function
are given by Eq. (11) and Eq. (12), respectively.

f=l+nL —éc (11)
g =+/J; + 3 siny (12)

where f is the yield function, g is the plastic potential
function, J, is the second invariant of the deviatoric stress
tensor, I, is the first invariant of Bishop’s effective stress
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Fig. 1 MPM Algorithm

tensor?, c is the cohesion, 1 is the dilatancy angle, and 7
and ¢ are the coefficients related to the friction angle. Since
the problems discussed in this paper are the two-dimensional
condition (plane strain condition), n and & are given as Eq.
(13) and Eq. (14), respectively.

_ tan ¢ 13

- /9t 12tan2 ¢ (13)
3

: (14)

V9 + 12tan? ¢

where ¢ is the friction angle.
Considering the suction dependence, the cohesion and
friction angle are defined as Eq. (15) and Eq. (16).

c=c"+ Acpgy (1 - e_B(Pa%)) (15)
s
b=¢' +A <Patm) (16)

where ¢’ is the cohesion in the saturated condition, ¢’ isthe
friction angle in the saturated condition, Acpg,, IS the
maximum increment of the cohesion, P, is the atmospheric
pressure ( =101.325kPa), B is the parameter for the
cohesion and suction, and A is the parameter for the friction
angle and suction.

2.5

This section describes the new meshless method that
combines the material point method (MPM) and smoothed
particle hydrodynamics (SPH), which are two of the
representative meshless methods. The momentum balance
equation (Eq. (1)) is discretized using MPM, and the
generalized Darcy’s law (Eq. (4)) and the mass balance
equation for the pore water (Eq. (5)) are discretized using SPH.

Numerical implementation
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Fig. 2 SPH Approximation

In both MPM and SPH, the continuum body is represented by
a set of particles that carry physical properties of the continuum,
such as velocities, stresses, strains, and other state parameters.
By using the same particles in both MPM and SPH, the coupled
algorithm can be implemented.

Fig. 1 illustrates the MPM algorithm for a single calculation
of a time increment. In the MPM algorithm, the computational
mesh is used for the calculation together with the particles. At
the beginning of each step, the physical properties are mapped
from the particles to the nodes of the computational mesh. In
the next step, a governing equation is solved for unknown
variables on the nodes by using the computational mesh, and
the physical properties of the particles are interpolated from the
obtained nodal values. The computational mesh does not store
any permanent information and is reset at the end of each time
step. This means that all variables in the nodes and mesh
distortion are discarded at the end of each time step. Finally,
the variables and positions of the particles are updated. Fern et
al.”) provide a thorough description of the MPM algorithm.

In the MPM algorithm, the boundary conditions should be
applied to the nodes because the governing equations are
solved on the nodes similar to that in the finite element method
(FEM). However, it is expected that the particles near the
ground surface will be largely displaced during a slope failure.
If the flux boundary conditions for the infiltration of rainfall
are applied on the nodes, the nodes given in the boundary
conditions have to be redefined along with the motion of the
particles because the computational mesh is unable to capture
the deformation of the ground surface. Therefore, it is
convenient that the flux boundary conditions are directly
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applied to the particles because the boundary conditions are
automatically moved along with the particle motion.

Hence, in the proposed method, the governing equations
related to the pore water are solved by using the SPH algorithm,
in which only particles are used for the calculation. Fig. 2
shows the schematic of the SPH approximation. The physical
properties can be calculated by interpolating from the
neighboring particles inside the domain, called the influence
radius. A detailed description of the SPH algorithm can be
found in Bui et al.®)

Based on the MPM framework, the momentum balance
equation for the soil-water mixture given in Eq. (1) can be
discretized as Eq. (17).

Np Np
Mia; = — Z Gip - oplp + Z T h7'Ni(xp)Y,
P n, °7 (17)
+ Z mpbyN;(xp)
p=1

where subscript i represents the variables related to the nodes

and subscript p represents the variables related to the particles.

M is the lamped mass matrices, V is the volume of the
particle, T is the prescribed traction, h~! is the boundary
layer thickness that is assigned to be equal to the diameter of
the particles, m is the mass of a particle, N is the shape
function, G is the gradient of the shape function, and N, is
the number of particles per element.

The generalized Darcy’s law given in Eq. (4) can be
discretized by using SPH, as shown in Eq. (18).

Np/
ko k
ptrw,P
Wp = — " (Pwp’ - PWP)V¢PP'
w =
pr Npl (18)
k, k
ptrw,P
T Z ap Ppp' — Z by by
p'=1 p'=1

where subscript p’ indicates the neighboring particles of p,
Ny, is the number of p’, ¢ is the interpolation function, and
V¢ is the gradient of the interpolation function.

As with the discretization of the generalized Darcy’s law, the
mass balance equation of pore water can be discretized by
using SPH, as shown in Eq. (19).

Npl

-1
MpSrp
APy, = —At( Korg + cs,p) Z(wpr — W)V,
vy (19)
npSyp 1T
p-r,
- At< + cs,p> Z(sr,p,vp, — SpVp) Ve
w,p p=1

where At is the time increment of each step. The pore water
pressure increment is calculated using Eq. (19), implying that
Eqg. (19) is the constitutive equation for the pore water.

2.6 Computational cycle
The computational scheme of the proposed method can be
described as follows:

1)  Nodal acceleration of the soil skeleton is calculated by
solving the momentum balance equation for the soil—
water mixture (Eq. (17)).

2)  Velocities and strain rate of each particle are calculated
by interpolating from nodal acceleration.

3)  Effective stress increment of each particle is calculated
using the constitutive equations (Eq. (11)-Eqg. (16)).

4)  Displacement and position of each particle are updated
according to particle velocities.

5)  All information about the nodes is discarded, and the
distortion of the computational mesh is reset to zero.

6) Darcy’s velocities of each particle are calculated by
solving the generalized Darcy’s law (Eq. (18)).

7) Pore water pressure increment of each particle is
calculated from the mass balance equation for pore water,
and pore water pressure and suction are updated.

8) Degree of saturation, specific moisture capacity and
relative permeability of each particle are updated by
using Eqg. (8)-Eq. (10).

9)  Total stress of each particle is updated based on the
effective stress principle (Eg. (3)).

3. Validation of the proposed method

It is difficult to directly validate the proposed method
because an analytical solution to the problems of unsaturated
soils is unavailable. This study selected the drainage of a sand
column experiment conducted by Liakopoulos? to validate the
proposed method. This experiment was used to validate several
numerical codes (e.g., Bandara et. al.1%) in the past.

Fig. 3(a) shows the schematic of the experiment. Water was
allowed to flow at a constant speed from the top to the bottom
of the sand column with a height of 1.0 m, and the suction in
the sand column was measured starting from the time when the
supply of water from the top was stopped. The sand column
comprised of Del Monte sand, and the following equations
were obtained from the experiment as its hydraulic properties:

S, =1-10.10152 (—

(20)
Yw

kew =1—=2207(1-=S5,) 1)
Fig. 3(b) shows the schematic of the numerical model. The
length of the computational mesh was 0.04m, and four particles
were arranged inside one mesh. The displacement of the
bottom of the sand column was fixed, and the displacement of
both sides were constrained only horizontally. The
impermeable conditions were imposed on the top and the both
sides, and the zero water pressure condition was applied to the
bottom. Eq. (20) and Eq. (21) were used as the unsaturated
seepage characteristics in this calculation. The soil column was
modeled as a linear elastic material. Table 1 lists the material
parameters, which were determined by referring to the previous

s >2.4—279
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Fig. 3 Liakopoulos Test and Numerical Analysis Model

Table 1 Material Parameters for Liakopoulos

Parameters Symbol Value Unit
Young’s modulus E 13 MN/m2
Poisson ratio v 0.4 -
Initial porosity n 0.2975 -
Soil grain density Ps 2000 kg/m3
Water density Pw 1000 kg/m?
Water bulk modulus Ky, 20%103  MN/m2
Hydraulic conductivity — k 4.41%106 mls

P

inclination of slope
1:1.8

rainwater inflow

P
P
cellosm 5
> y_initial water level ~
< = 7 impervious boundary ——» <5 g
Y x A A A ®
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Fig. 5 Slope Geometry for Numerical Analysis
Table 2 Material Parameters for Numerical Analysis
Parameters Symbol Value Unit
Young’s modulus E 10.0 MN/m?
Poisson ratio v 0.33 -
Initial porosity n 0.35 -
Soil grain density Ps 2700 kg/m3
Water density Pw 1000 kg/m?
Water bulk modulus Ky 20%10°8  MN/m2
Cohesion c’ 1.0 kPa
Effective friction angle ¢’ 25.0 °
Maximum cohesion ACmax 100.0 kPa
D-P model parameter A 0.0 -
D-P model parameter B 0.07 -
Hydraulic conductivity & 1.0x10° m/s
van Genuchten parameter ' 0.05 m!
van Genuchten parameter n' 3.0 -
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study (Bandara et al.*9).

Fig. 4 presents the results from the proposed method as well
as the experimental results and the results from ABAQUS™Y,
which is a software used for FEM. Despite a minimal gap
between the results from the proposed method and the
experimental results at t = 300 s, the results agreed with the
experimental results after t = 600 s. Furthermore, the results
from the proposed method were almost identical to the results
from ABAQUS™. These results confirmed the validity and
accuracy of the proposed method

4. Numerical analysis of slope failure
4.1 Numerical model and material properties

Fig. 5 shows the geometry of the slope. To simplify the
problem, the homogeneous embankment was adopted as the
slope. The slope had a height of 7.0 m and an inclination of
1:1.8. The initial groundwater level was set at 3.0 m from the
bottom of the model. The fixed displacement boundary
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condition and the impermeable boundary condition were
applied to the bottom of the model. The horizontal
displacement was fixed on and the undrained condition was
applied to both sides. The square mesh with a length of 0.5 m
was adopted as the computational mesh, and four particles were
arranged inside one mesh.

Table 2 lists the material properties, which were determined
by referring to the slope failure analysis of the sandy clay
ground conducted by Yerro®. The Drucker-Prager model,
proposed in 2.4, was used as the constitutive model.

The initial stress condition was determined by carrying out a
self-weight analysis that included only the gravitational
acceleration. The initial suction and pore water pressure were
determined from the result of the unsaturated seepage analysis.
For simplicity, the infiltration of rainfall was modeled by
applying the zero water pressure condition to the surface of the
ground. Numerical analyses were conducted until a slope
failure occurred or an equilibrium condition was reached.

Fig. 6 illustrates the soil-water retention curve used in the
numerical analysis, which is given by Eq. (8). The shape of the

1000

100 F

Suction (kPa)

10

1 I L
08 0.85 09 0.9 1
Degree of saturation

Fig. 6 Soil-Water Retention Curve

0 20 40 60 84

curve was determined by the water retention curve parameters,
a' and n'. The values of these parameters were determined
based on the realistic behavior of soil, as listed in Table 2. In
the initial stress condition, the degree of saturation of each part
of the slope ranged from 95% to 100%, depending on the
suction which was determined using the results of the
unsaturated seepage analysis. The possible range of the soil—
water retention curve in the analysis is indicated by the solid
line in Fig. 6.

In the following sections, the rainfall-induced slope failure
process is presented, first, based on the results of the numerical
analysis. Then, to investigate the influence of the rainwater
infiltration characteristics of unsaturated soils on a magnitude
of slope failure, as well as the time required for a slope failure
to occur, the parametric studies about the degree of saturation,
water retention, and permeability are discussed.

4.2 Slope failure process

Fig. 7 shows the suction contours at three different times and
the position of the water level. Fig. 7(a) shows the suction
distribution immediately after the start of infiltration. In this
stage, the water level does not change from its original position,
which is shown in Fig. 5. Fig. 7(b) and Fig. 7(c) show that the
water level near the surface of the slope rises as the time
progresses. In addition, the value of the suction inside the slope
gradually decreases due to the rainfall infiltration.

Fig. 8 illustrates the deviatoric strain contours at three
different times and the position of the water level. In Fig. 8(b),
a slope failure occurs in the saturated part under the water level,
which implies that the slope failure was caused by a decrease
in the soil strength due to a decrease in the suction. As the slope
continues to be saturated, the position of the water level near
the slope surface becomes higher, and the slope failure zone
becomes deeper and progresses toward the upper part of the

20 40 60 84 0 20 40 60 84
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Fig. 8 Deviatoric Strain Contours at Different Times
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slope. During the analysis, the failure zone was observed only
in the saturated zone and never in the unsaturated zone.
Therefore, it can be inferred that the main cause of the slope
failure in this analysis was the progressive loss of soil strength.

4.3 Influence of degree of saturation and water
retention

To investigate the influences of the degree of saturation and
the water retention on the slope failures, a parametric study
focusing on both the degree of saturation and the soil-water
retention curve was conducted.

The adopted values of the van Genuchten parameters, which
determine the shape of the curve (see Eq. (8)), are listed in
Table 3, with all other material properties kept the same as in
Table 2. These parameters were determined based on the
possible values for real soils. The same initial stress and suction
conditions, as in 4.1, were used for all three cases, which
implies that the initial distributions of the degree of saturation
were different for each case.

Fig. 9 illustrates the soil-water retention curves for each case.

The possible ranges of the soil-water retention curves are
indicated by the solid lines in Fig. 9. The initial degree of
saturation at the top of the slope, which is the minimum value
in the slope, was 85% in Case W1, 95% in Case W2, and 99.5%
in Case W3.

Fig. 10 illustrates the deviatoric strain contours after the
slope failures and the vertical and horizontal lengths of the
parts of the slope failures. The slope failure in Case W1 was
the largest, followed by those in Case W2 and Case W3. In
Case W1, which is the almost saturated condition, the failure
zone developed in more than half of the slope surface. Thus, it
can be deduced that the scales of the slope failures become
larger as the degree of saturation becomes higher.

Fig. 11 illustrates the suction contours at the start of the slope

0 015 0.3 045 06

t = 60s —" 1 i € = 2005

(a) Case W1 (5,,=99.5-100%)

0 20 40 60 84, _ s,

...... 1 hl | | Lﬂ
3.5m (kPa)

water level
(a) Case W1 (5,=99.5-100%)

failures and the water level. In Case W1, the slope failures
occurred when approximately 60 kPa of the suction remained
inside the embankment and the water level near the slope
surface was the highest among the three cases. On the other
hand, in Case W2 and Case W3, the suction inside the
embankment was larger than that in Case W1 and the water
level was lower when the slope failures occurred. There were
minimal differences in the contours between Case W2 and
Case W3 (Fig. 11(b) and Fig. 11 (c)). However, the water level
near the slope surface in Case W2 was higher than in Case W3.
From this, it can be inferred that the scales of the slope failures
become lager as the water level near the slope surface becomes

Table 3 van Genuchten Parameters for Parametric Study

CaseW1 | CaseW2 | CaseW3

van Genuchten parameter o'| 0.025 0.05 0.074

0 015 0.3 045 0.6
MHHHWHHMM t

6.0m

(b) Case W2 (S,,=95-100%)

Fig. 10 Deviatoric Strain Contours after Slope Failures in Cases of Retention Curve Parametric Study

20 40 60 84
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Fig. 11 Suction Contours at Start of Failures in Cases of Retention Curve Parametric Study
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higher when slope failures occur.

Fig. 12 shows the verification points of the displacement and
suction inside the embankment. Considering the position of the
slope failures, the verification points were located at the lower
half of the slope.

Fig. 13 shows the evolution of the displacement at the
measurement points (Al, A2, B1, B2, C1, and C2) and the start
time of the slope failure. The start times of the slope failure for
each case became earlier as the degree of saturation became
higher. In Case W1, the displacement at C1 was the largest
among all the verification points. On the other hand, in Case
W2 and Case W3, the displacement at B1 was the largest and
the displacement at C1 was almost zero during the analysis.
This is because the slope failure reached more than half of the
slope only in Case W1, as shown in Fig. 11.

Fig. 14 shows the evolution of the suction at the verification
points (B1, B2, and B3) and the start time of the slope failure.
The dissipation speed of suction became faster as the degree of
saturation became higher. The slope failures occurred when the
suction at all three verification points (B1, B2, and B3) was
reduced to negative values. Hence, it can be inferred that the
lower part of the slope was weak enough to induce the slope
failures at these points as the lower part of the slope became
saturated.

From these results, it can be understood that the scale of the
slope failure and the time to reach the slope failure depend on
the water retention and the degree of saturation.

It should be noted that the failure processes for all cases were

the same as in 4.2, implying that the failures were induced not
by the loss of lateral support, but the loss of the soil strength.
Because of length constraints, the details of the failure
processes for the three cases are omitted in this paper.

4.4 Influence of permeability

A parametric study focusing on the hydraulic conductivity
was conducted to examine the influence of soil permeability on
slope failures. The adopted values of hydraulic conductivity are
listed in Table 4, with all other material properties kept the
same as in Table 2. The same initial stress and suction
conditions, as in 4.1, were used for all three cases. The same
values of the van Genuchten parameters, as in Case W1 in 4.3,
were used in all three cases. Hence, the range of the degree of
saturation was also equal to that in Case W1.

Fig. 15 shows the deviatoric strain contours after the slope
failures and the vertical and horizontal lengths of the parts of
the slope failures. The scales of the slope failures became larger
as the hydraulic conductivity increased. From this result, it can
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be inferred that the hydraulic permeability can influence the

. Table 4 Hydraulic Conductivity for Parametric Stud
scale of the slope failure. Y Yy y

The suction contours at the start time of the slope failures Case H1 | Case H2 | Case H3
and the position of the water levels are illustrated in Fig. 16. It Hydraulic conductivity| 1.0 X 10| 1.0 X 10| 1.0 x 106
can be observed that the position of the water level near the k m/s m/s m/s
slope became higher as the hydraulic conductivity increased. van Genuchten a' 0.05
This can be attributed to the fact that the rainfall infiltration parameter

van Genuchten '

speed in the slope surface increases as the hydraulic n 3.0

. . parameter
con(?luctlvny becomes hlgher._ _ Degree of saturation 95-100 %
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verification points (A1, A2, B1, B2, C1, and C2) and the start
time of the slope failure. The start time of the slope failure
became earlier as the hydraulic conductivity became higher.
The displacement of C1 was remarkable in Case H1 because
the slope failure zone reached near the top of the slope only in
Case H1, as shown in Fig. 15 (a). The displacement of B1 in
Case H3 was much larger than those in the other two cases,
although the collapse scale was the smallest. This is because
the local deformation near B1 was remarkable in Case H3.

Fig. 18 shows the evolution of the suction at the verification
points (B1, B2, and B3) and the slope failure start time. The
dissipation speed of suction became faster as the hydraulic
conductivity became larger. As with the previous parametric
study in 4.3, the slope failures occurred when the suction at the
three verification points (B1, B2, and B3) became negative.
Hence, it can be confirmed that the loss of suction in the lower
part of the slope was an important factor causing a slope failure.

From these results, it can be inferred that hydraulic
conductivity can influence the scale of and time required for
the slope failure.

5. Summary

In this study, the new meshless method using MPM and SPH
was proposed for simulating the slope failures induced by
rainfall. The conclusions of this paper are as follows:

1) The new meshless method coupled MPM and SPH was

proposed for simulating slope failures.

2) Simulation of the experiment on the unsaturated soil was
conducted to verify the accuracy and validity of the
proposed method.

3) Numerical analyses of the slope failures were conducted,
and the effects of soil saturation, water retention, and
permeability on the scale of the slope failures and the
time required for slope failures to occur were
investigated.

4) The results show that the scale of slope failure, shape of
collapse, and time until the slope failure are governed by
soil saturation, water retention, and permeability.

In this study, the effect of rainfall was modeled by applying
the zero water pressure boundary condition. In the proposed
method, the infiltration of rainfall can be considered by directly
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applying the flux boundary condition to the particles. In future
work, the rainfall intensity will be investigated.
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