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ARTICLE INFO ABSTRACT

Rainfall-induced slope failures are a major category of slope failure, with incidents likely to increase with the
predicted escalation of extreme rainfall events. Traditional numerical methods such as the finite element method
are often restricted in their applicability to small deformation analyses. Therefore, incomplete descriptions of the
failure mechanism and failure consequence may be obtained, due to the evolving deformations and progressive
failure being ignored. A one-point, two-phase material point method (MPM) formulation is proposed to consider
the influence of rainfall on slope failure. Due to the characteristics of MPM in capturing the large deformations,
the complete failure process, from initiation to failure, of a slope subjected to rainfall infiltration is presented.
The soil behaviour is described by a Mohr—Coulomb strain-softening model based on Bishop's effective stress.
The two-phase analysis shows that the rainfall-affected slope is initially stable, until the soil shear strength
reduces due to the reduction of suction in the slope starting from the surface, leading to a superficial failure
mode, which in turn leads to a complete slope failure. Friction angle and residual cohesion are shown to play
important roles in the development of the slope failure.
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1. Introduction

Rainfall is considered to be a major factor triggering slope failures
around the world. It is recognized that rainfall infiltration results in a
rise of the groundwater table and an increase of the pore water pres-
sure, or, in the decrease of matric suction in unsaturated soils (Cai and
Ugai, 2004), which in turn causes a reduction in effective normal stress
and thereby soil strength along the potential failure path (Brand, 1981;
Fredlund and Rahardjo, 1993). Extreme rainfall events are also likely to
increase in frequency causing an increase in slope failures (Vardon,
2015).

Numerous analyses have been conducted to investigate the effects of
rainfall infiltration on slope stability. Dai and Lee (2001) investigated
the relationship between rainfall and the occurrence of landslides, and
indicated that the rainfall in the preceding 12h is most important in
predicting the number of slides. Results from Tsaparas et al. (2002)
showed that, for the same rainfall, the higher the value of the saturated
coefficient of permeability, the smaller the factor of safety of the slope
will be, due to a deeper wetting front. Lin et al. (2006) compared the
occurrence of landslides which occurred from 1996 to 2001 along the
Choushui River in central Taiwan (after the Chi-Chi earthquake), and
found that the density of rainfall-induced landslides had significantly
increased. Rahardjo et al. (2007) compared the relationship between
rainfall intensity and minimum factor of safety for a homogeneous slope
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subjected to rainfall for 24 h, and suggested that the ratio of intensity
over saturated coefficient of permeability should be used as an indicator
of slope stability, rather than either of them alone being used. Borja
et al. (2012) proposed a methodology for coupling physics-based con-
tinuum modelling with limit equilibrium calculations, to evaluate the
factor of safety of a slope subjected to rainfall infiltration. Meanwhile,
Wu et al. (2016) developed an analytical approach for rainfall in-
filtration (and its consequences) in an unsaturated porous medium,
including an analytical solution for the factor of safety of an infinite
partially saturated slope. However, these efforts have mainly been fo-
cused on the failure initiation stage, thereby providing an incomplete
description of the slope failures. Cascini et al. (2009) modelled a
shallow landslide of the flow-type in Southern Italy, in which the
landslide behaviour was divided into two stages: failure and post-
failure. The failure stage is characterized by the formation of a con-
tinuous shear band through the soil mass, with little overall movement
of the soil body (Leroueil, 2001). The post-failure stage is described by
the rapid generation of plastic strains and the resulting sudden accel-
eration of the failed soil mass (Hungr, 2003). Relatively little research
has been done so far to describe the post-failure stage numerically (an
exception being Pastor et al. (2004)), but such analyses can be con-
sidered particularly useful, as they contribute to the assessment of the
landslide volumes and their potential for travelling long distances
(Cascini et al., 2009). USGS (2004) describe several types of slope
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failure. It can be seen that the post-failure behaviour ranges from ret-
rogressive failures, where the material moves away from the initial
failure in discrete slides, to flow slides where the material weakens and
flows away from the failure zone.

The material point method (MPM) has proven to be a reliable tool in
capturing large deformations in geotechnical analyses, since its first
application to solid mechanics in 1994 (Sulsky et al., 1994, 1995). By
utilising an implicit time integration scheme, an implicit material point
method framework (IMPM) was proposed by Wang et al. (2016a,
2016b), and the retrogressive failure of clayey slopes, as often observed
in practice, were modelled. Moreover, by combining random field
theory and the material point method, the random material point
method (RMPM) was proposed by Wang et al. (2016¢), in which the
importance of considering the effects of both large deformations and
spatial variability of soil strength properties in slope stability analyses
was highlighted. Other modelling methods have been proposed to
tackle large deformation problems, such as the discrete element method
(DEM), smoothed particle hydrodynamics (SPH), coupled Eu-
lerian-Lagrangian (CEL) method and arbitrary Lagrangian—Eulerian
(ALE) method. Soga et al. (2016) presented a review of these methods.
For both DEM and SPH it is difficult to use continuum constitutive
models, whereas both the CEL and ALE methods are related to FEM, but
have disadvantages over MPM relating to solving advective material
behaviour and mesh tangling, respectively.

More recently, efforts have been focused on the simulation of cou-
pled hydro-mechanical processes in saturated/unsaturated soils with
MPM, although this research is still in its infancy. Following the stan-
dard finite element method (FEM) procedure, two main formulations
(considering dynamic analysis only) can be identified, based on whe-
ther or not to include the inertial terms. The full set of governing
equations used in describing the dynamic motion is the v—w formula-
tion, where the velocities or displacements of the solid phase and the
fluid phase, e.g. water, are used as the primary variables. It can be used
to represent the most general soil behaviour and is convenient for the
finite element formulation, although it results in a large number of
nodal unknowns (Zienkiewicz et al., 1980). An alternative simplifica-
tion is also possible, where the primary variables are the solid phase
velocities or displacements and the pore pressures, i.e. the v—p or u—p
formulation. Van Esch et al. (2011) compared the two formulations,
concluding that the time step size is more restrictive and the second
compression wave cannot be accurately captured when the v—p for-
mulation is applied. So far, most MPM implementations have used v-w
formulations (Zhang et al., 2007; Abe et al., 2013; Jassim et al., 2013;
Bandara and Soga, 2015).

Jassim et al. (2013) adopted the v—w formulation while representing
the solid and fluid phases by the same material point, with each phase
taking a fraction of the material point domain. Following the procedure
outlined by Verruijt (2009), the velocities of the fluid and solid phases
were solved in sequence. The material point positions were updated
based on the velocities of the solid phase, while the water velocities
were simply used for the pore pressure calculation. The enhancement of
volumetric strains was used to mitigate spurious pressure fields and
locking problems which may arise when using low-order elements. In
order to achieve a smooth stress variation, stress integration was per-
formed on the Gauss points if at least 90% of the element area/volume
was filled with material points; otherwise it was performed on the
material points. This led to a violation of the mass conservation, due to
the true material point volumes not being represented. Bandara and
Soga (2015) derived their v—w formulation based on mixture theory,
with the key aspect of the formulation being that it considered two sets
of material points; one for the solid phase and one for the fluid phase.
Yerro et al. (2015) continued the research by Jassim et al. (2013), and
proposed a one-point, three-phase (solid, liquid, gas) formulation. The
velocities of the gas, fluid and solid phases were calculated sequentially,
based on the momentum balance equations for the gas phase, fluid
phase and mixture.
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In contrast, v—p or u—p formulations within the MPM framework
were mainly developed during an earlier period. Zhang et al. (2009)
proposed a coupled MPM formulation based on a u—p form of the FEM
governing equations for saturated soils, where the displacements of the
solid skeleton and the pore pressures were the main unknowns. A
contact algorithm was also developed to simulate the interaction be-
tween saturated soils and structures, which enabled the simulation of
saturated soils under contact/impact. Zabala and Alonso (2011) applied
the method, coupled with a strain-softening Mohr-Coulomb elasto-
plastic model, to simulate the construction and failure of the Aznal-
collar dam, where the rupture process was captured and well matched
to actual field observations. Lim et al. (2014) modelled a spudcan
foundation penetrating into a fully saturated soil, by utilising a v-p
formulation with MPM. To mitigate potential volumetric locking due to
the linear elements of the computational grid, an alternative form of the
Hu-Washizu weak form was implemented.

In this paper, a new MPM formulation for unsaturated soils has been
proposed, considering two phases and a single material point. It is an
effective stress-type formulation, unlike some others, and is based on
the v—w formulation proposed by Jassim et al. (2013) for fully saturated
soils; in particular, by considering the degree of saturation within the
governing equations, a simplified one-point, two-phase unsaturated
formulation for dynamic MPM is derived. For simplicity, the gas phase
is omitted, although it may be included in a very straight-forward way
as in FEM. A B-bar shape function, for which details can be found in
Hughes (1980), is included to stabilise the pore pressure, which has not
previously been considered in other hydro-mechanical MPM formula-
tions. The formulation and corresponding assumptions are briefly de-
scribed first, and a simple infiltration example is analysed to validate
the unsaturated formulation. Slope failure analyses are then presented,
where the importance of rainfall in slope failure initiation and propa-
gation is highlighted.

2. Formulation of the material point method for unsaturated soils
2.1. Conservation of solid mass

As for saturated soils, the solid mass conservation is described as

01 — n)p,

3 + V(A - n)o,v; =0

@
where p, is the density of the solid grains, n is the porosity, t is time, and
v, denotes the velocity of the solid particles. By neglecting the gradient
of porosity, and assuming the solid particles are incompressible, Eq. (1)
can be simplified as

on

o - mVY @

2.2. Conservation of fluid mass

The conservation of the fluid (water) is expressed as

ons,
t‘ow + VnSp,v,, =0

3

where p, and v,, are the density and velocity of the fluid, respectively,

and S is the degree of saturation of the soil. By using the chain rule, the

equation is expanded as
on as o0,

Sp, — + np,— + nS
pwat p‘”at at

+ nSp,, Vv, + v,VnSp, = 0 )

By substituting Eq. (2) into Eq. (4) to eliminate the material time
derivative of the porosity, neglecting the spatial water density gradient,
and dividing the whole equation by the water density p,, the mass
balance equation for water reduces to
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Fig. 1. Computational cycle of MPM. (a) A set of
material points representing the material, overlaid
on a background computational mesh. Material
properties, constitutive models and other state in-
formation are assigned to, and stored only on, the
material points. Information is transferred to the

\ nodes of the background mesh for computational
\\ purposes. (b) The equations of motion are solved on
\\ the background mesh, utilising Updated Lagrangian

' FEM. (c) The state of the material points is updated,

and the background mesh reset.

(a) Mapping phase
——————— >
(b) UL-FEM phase
9
na—s + nS % + nSvv, + 1 — n)SVv; = 0
o p, Ot )

Assuming a barotropic behaviour for the fluid, its intrinsic density
variation is given by
19 _
Py Ot

_1dp,
K, dt 6)

where K, is the bulk modulus of water which is assumed to be constant,
and p,, is the water pressure. Hence, the time derivative of the degree of
saturation can be written as

s _ 3535 _

és _as asdpw__/ld&
8t  dsat

ds dt dt )
where s is the suction, which is simply taken to be —-p,, due to the gas
phase being ignored in the analysis, and A is an intermediate modulus
equal to 0S/0s. By substituting Egs. (2), (6) and (7) into Eq. (5), after
simple algebraic manipulation the water pressure can be obtained as

dp,

S -1
it = (n/l - nK—) (nSVv,, + (1 — n)SVvy)

w

(8

2.3. Momentum conservation for fluid

The momentum equation for laminar fluid flow in an unsaturated
soil is

nSp,,

pwaw = Vp, +p,b - (Ve — %) ©)
where a,, is the fluid acceleration, b is the body force, k is the soil
permeability and u,, is the water viscosity. The last term in Eq. (9)
refers to the fluid-solid interaction term, which is proportional to the
fluid velocity relative to the solid velocity. It is assumed that the flow
remains laminar here, even during large deformations, as it is fluid flow
through the material that is considered. Other hydro-mechanical failure
mechanisms, e.g. erosion or overtopping, may involve a fast flowing
free fluid phase or turbulent flow within the soil, for which a for-
mulation including non-laminar flow would be required (e.g.
Kularathna and Soga, 2017; Maljaars et al., 2017).

2.4. Momentum conservation for mixture

The momentum conservation for the mixture is

(1 - n)p,a; + nSp,a, = V-o + (1 — n)p,b + nSp, b (10)

(c) Convection phase

where a is the solid acceleration, and Bishop's effective stress is utilised
in the calculation of the total stress o, i.e.

o'=0- m(){pw) an

where y is an effective stress parameter called the matric suction
coefficient and varies from O to 1 covering the range from dry to fully
saturated conditions. For convenience, y is simplified to equal the de-
gree of saturation, S, in the following calculations. m is the unit vector
[1101]" for 2D plane strain analysis. As already stated, gas pressure is
omitted for simplicity. It is noted that Bishop's effective stress in this
form reduces to effective stress at full saturation, thereby forming a
smooth transition between the unsaturated and saturated stress condi-
tions.

2.5. Material point method

To solve the momentum balance equations, i.e. Egs. (9) and (10),
they must be spatially discretised. The space discretisation is conducted
by utilising MPM, in which there are two levels of discretisation re-
presented by a collection of material points and a fixed background
mesh. The continuum is represented by the material points, with each
point occupying a corresponding volume, though not necessarily de-
fined as an explicit shape in the traditional MPM. The material prop-
erties, constitutive models and other state information are assigned to
the material points. Under external force/traction loading, the material
points are allowed to move freely through the background mesh. The
background mesh is only for the computation and does not store any
information.

An illustration of a computational cycle in the material point
method is shown in Fig. 1, where three computation phases are iden-
tified; i.e. the mapping, updated Lagrangian FEM, and convective
phases. Details of the space discretisation of the governing equations, as
well as of the mapping of information back and fore between the
background mesh and material points, can be found in Chen and
Brannon (2002) and Yerro et al. (2015).

2.6. Numerical procedures within a computational cycle

A discretisation in time is necessary for solving the momentum
balance equations and, for this purpose, an explicit time integration
scheme has been chosen. The two-phase coupled MPM algorithm is
summarised as follows:

1) Initialization of all the variables on the nodes.
2) Acceleration of the water phase is solved using Eq. (9).
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Fort = 0, capillary pressure p, =0
(fully saturated)

Impervious and laterally
constrained boundary x

S

1.0m

For t> 0, free water outflow,
fully constrained boundary

Y 1\

< 0.1 m >

Fig. 2. Numerical model of Liakopoulos' (1964) test problem (not to scale).

3) Acceleration of the solid phase is obtained using Eq. (10).

4) The velocities of the two phases on the nodes are updated using the
explicit forward Euler method.

5) The velocities of the two phases on the material points are updated,
and then the positions of the material points are updated based on
the calculated velocities of the solid particles.

6) The velocities on the nodes are updated by mapping back from the
material points, and then the stresses and water pressures on the
material points are calculated.

7) The background mesh is reset, and the next computational cycle is
initiated.

2.7. Infiltration example

For validating the coupled MPM code for unsaturated soils, the la-
boratory test by Liakopoulos (1964) has been analysed. The experiment
was performed on a column of Del Monte sand, which was initially fully
saturated by adding water from the top continuously. The water supply
was stopped at the start of the experiment. The two side walls were
impermeable to water, while the water was able to freely drain from the
bottom, and tensiometers located along the column height were used to
measure the moisture tension during the desaturation due to gravity. A
schematic diagram of Liakopoulos' test is shown in Fig. 2, where the
initial and boundary conditions are defined.

The material properties are given in Table 1. The relationships be-
tween saturation—capillary pressure and relative

Table 1
Material properties for analysis of Liakopoulos' test (Lewis and
Schrefler, 1998).

Parameters Values

Young's modulus (kPa) 1.3 x 10°
Poisson's ratio 0.4

Solid grain density (kg/m®) 2.0 x 10°
Fluid density (kg/m®) 1.0 x 10°
Porosity 0.2975
Intrinsic permeability (m?) 1.0 x 10713
Fluid viscosity (Pas) 1.0 x 1073
Gravitational acceleration (m/s?) 9.806
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permeability—saturation, valid for saturation S > 0.91, take the fol-
lowing forms (Lewis and Schrefler, 1998):

S = 1.0 — 1.9722 x 10'1p, 247 (12)

ke = 1.0 — 2.207(1.0 — S)0121 a3

where k. is the relative permeability, which is the ratio between the
actual permeability and the permeability at full saturation.

For the analysis, the column of sand was divided into 10 4-node
quadrilateral elements of size 0.1 m X 0.1 m, with each element in-
itially containing 4 material points, thereby giving 40 material points in
total for the column. The time step size was set to 5.0 X 10~°s The re-
sults of the simulation at different times, i.e. the water saturation,
vertical displacement and capillary pressure, are shown in Fig. 3. Small
strain analysis was utilised in the calculation due to the small vertical
displacements. A gradually decreasing outflow rate is observed, due to
the reducing rate of change of pore pressure at the top of the specimen.
The reasonable agreement between the computed and experimental
results demonstrates the applicability of the model for unsaturated
soils.

3. Investigation of rainfall-induced slope failure

The rainfall-induced failure process of a long slope is presented in
this section. The general characteristics of the slope are described first.
Then, illustrative computations of the retrogressive failure process as
water infiltrates into the slope are presented. These are followed by
comparisons with a total stress analysis, to emphasize the important
role of rainfall in the slope failure initiation and subsequent failure
propagation. The influences of soil friction angle and residual cohesion
on the slope failure mechanism are discussed last.

3.1. Characteristics of long slope on an inclined base

Fig. 4 shows the slope geometry that comprises a 5m deep soil
layer, a main slope inclined at 20° and, to avoid boundary effects, a
horizontal section at the top of the slope. Towards the bottom of the
slope, a smaller cut slope has been made to a depth of 4.0m, at an
inclination of 45° to the main slope surface (i.e. at 65° to the hor-
izontal). The horizontal section is 15 m long, whereas the slope is over
40 m long (along the line of the slope). The boundary conditions in-
clude rollers at both sides of the domain, preventing horizontal dis-
placement, and a fully fixed bottom boundary to simulate a perfectly
rough interface with bedrock below. The model is discretised using 842,
4-node quadrilateral elements, with initially 4 material points per ele-
ment located at the Gauss point locations, giving a total of 3368 ma-
terial points representing the slope. The simulation stops when failure is
fully developed in the slope, i.e. when the soil has reached the static
condition, defined here as the accelerations at all points being negli-
gible.

A suction-dependent Mohr—Coulomb model, i.e. using Bishop's ef-
fective stress, has been adopted to describe the soil response, in which
the cohesion is assumed to decrease proportionally with the equivalent
plastic shear strain invariant until reaching the residual value, and the
friction and dilation angles remain constant. Due to the choice of using
Bishop's effective stress, the shear strength reduction due to the re-
duction of suction is automatically included in the model; utilising two
stress state parameters, e.g. net stress and suction, requires additional
parameterisation to incorporate this behaviour. The shear strength re-
duction based on shear strain in this model is material specific and due
to the breakup of soil structure; for example, as in the breaking of
particle cementation in sand and as has been illustrated in the simu-
lation of sensitive clay slopes (Wang et al., 2016b). Fig. 5 shows a
sketch of the model, where the stress-strain relationship in the soft-
ening stage is assumed to be linear and given by.
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Fig. 3. Comparisons between MPM and experimental results.
cE)=co+HE ; g <& a4 —250.0 kPa has been used in the following analyses.
The van Genuchten (1980) model has been utilised to describe the
cE)=c; G5y (15) relationship between the degree of saturation, S, the permeability of the

soil with respect to the fluid phase, k, and the pore water pressure p,,.

where cq is the initial cohesion, c, is the residual cohesion, &, is the The so-called effective degree of saturation S, is thus given by.

accumulated plastic shear strain invariant, g,, is the plastic shear strain
invariant at the onset of the residual strength and H is the softening S,(8) = (1 + (gs)s)y"0=1/7) 5 s> 0 (16a)
modulus (which is taken to be negative). A softening modulus of
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Fig. 4. Initial geometry of the slope (not to scale).

“ fixed boundary

cohesion /kPa
sy

Epr

>

plastic strain invariant

Fig. 5. Sketch of cohesion-softening model.

Se(s) = Sear 3 §<0 (16b)

where ay, and ng are fitting parameters, and the effective degree of
saturation is defined as
S - Sres

S, =
Ssat - Sres (17)

where Sy, and S, are the degree of saturation at full saturation and the
residual degree of saturation under very dry conditions, and were re-
spectively taken as 1.0 and 0.23 in the following analyses.

It is common to express the actual permeability value at a certain
suction level as a fraction of its value at full saturation, i.e.

k(S) = ksat'krel (18)
where k,; can be calculated according to van Genuchten (1980) as
Kot = \[Se [1 = (1 — S,/ (is=Dy1=1/ms 2 (19)

where n; is the fitting parameter used in Eq. (16). For the current
analysis, the fitting parameters, as, and n,, were chosen to be 0.44 and
3.04, respectively, which are typical values for a sandy silt (Abed,

100 T T T

rollers
H2=1.0m

Table 2

Material properties for slope analysis.
Parameters Values
Young's modulus (kPa) 1.0 x 10*

Poisson's ratio 0.33
Solid grain density (kg/m®) 2.7 x 10°
Fluid density (kg/m®) 1.0 x 10°
Porosity 0.3

Intrinsic permeability (m?) 45x%x10°°
Fluid viscosity (Pas) 1.0 x 1073
Peak cohesion (kPa) 20.0
Residual cohesion (kPa) 0.1
Friction angle (°) 20.0
Dilation angle (*) 0.1

2008), and the corresponding van Genuchten curve is shown in Fig. 6.
The other material properties needed for the slope collapse analysis are
listed in Table 2. A high permeability was used to speed up the wetting
part of the analysis for illustrative purposes, and due to the fixed pore
pressure boundary the progression of the wetting front will be linearly
affected; e.g. by reducing the permeability by a factor of 10, the wetting
front will move 10 times slower. Note that large density changes may
occur during large deformations, and that these are likely to cause
changes in material properties, including the stiffness, shear strength
and permeability. However, as the focus of this paper is to demonstrate
the large strain and triggering behaviours of the model, these features
have not been included.

3.2. Collapse process

The numerical simulation has two steps: (1) gravity loading to
generate the in-situ stresses and the application of an initial prescribed
suction of 50.0kPa across the domain; and (2) a zero pore water

0 [
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0 1 1 1
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Degree of saturation

Fig. 6. Soil-water retention curve considered in the analysis.
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Fig. 7. Rainfall-induced slope collapse process in terms of pore pressure and plastic shear strain invariant contours.

pressure applied to the slope surface to model continuous water in-
filtration into the slope, until either a slope failure occurs or an equi-
librium condition is reached.

For simplicity, the suction was initially assumed to be constant
throughout the slope, whereas, for modelling the fully saturated soil at
the boundary, zero pore pressure was applied to the material points
located in the surface elements, to simulate a rainfall event providing
the maximum inflow flux possible, and maintained throughout the si-
mulation. The disadvantage of dealing with the boundary in this way is
that it may cause some unrealistic outcomes, as some material points
assigned a zero pore pressure may move a long distance and end up as
non-boundary material points. This aspect will be the subject of a future
investigation.

Fig. 7 shows the collapse process of the slope when subjected to
rainfall infiltration, where the plastic shear strain invariant contours are
shown on the right-hand-side of the figure, and the pore pressure

contours are shown on the left-hand-side, at five different times. The
analysis used a time step size of 5.0 x 10~ > s to avoid non-convergence
in the large deformation phase. Using an Intel Xeon E5-1620 processor,
the analysis took approximately 3-4 h to execute on a single core.

In Fig. 7(a, b), i.e. at t = 10s, an initial failure occurs at the slope
surface as this part of the slope becomes fully saturated, which implies
an increase of the pore pressure and hence a decrease in the soil
strength. As this small body of soil moves downslope, lateral support is
removed from the soil upslope and the soil continues to saturate, and a
wedge-shaped soil block forms through both the saturated and un-
saturated parts (Fig. 7(c, d)). At t = 16.25s (Fig. 7(e, f)), the soils
within the saturated zone in the upper part of the slope are seen to fail,
giving an impression of superficial slope failures leading to larger slope
failures. Due to the change in the slope geometry, retrogression within
the slope cross-section is able to continue, as seen with a further failure
initiating at t = 18.75s (Fig. 7(g, h)). Fig. 7(i, j) shows the situation at
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t = 25.0s, when a slope failure has developed throughout the full
length of the slope, although initially made up of a series of individual
failures. Note that the material ‘piles up’ against the right-hand
boundary due to the prescribed size of the background mesh and the
roller boundary condition, which have been included in the analysis to
reduce the computation time.

The shear stress distributions within the slope at four distinct times
are shown in Fig. 8. It is seen that the stress remains relatively un-
affected in zones far from the failure planes. Moreover, the stresses are
seen to be the largest on either side of the shear plane. The shear
stresses within previous sliding soil blocks, when a new failure plane is
forming, are shown to decrease. This may correspond to observations
made for the single phase slope failure process (Wang et al., 2016b); i.e.
these parts of the soil mass experience stress unloading, and are gov-
erned by the residual shear strength thereafter. Stress oscillations exist,
and are mostly seen near the right-hand boundary, as in Fig. 8(c) and
(d), and are thought to be mainly affected by the prescribed roller
boundary condition, although integration at sub-optimal (non-Gaus-
sian) points and the incompressibility of the soil in saturated conditions
are also likely to have contributed to the oscillations seen in Fig. 8(a)
and (b). Techniques such as the generalised interpolation material point
(GIMP) method (Bardenhagen and Kober, 2004), integrations on the
Gauss points (Beuth et al., 2011), and so on, can be utilised to combat
the stress oscillations.

During the analysis, most of the failures are seen to be initiated in
the saturated zone, with other failures being partly through the un-
saturated zone. As the infiltration depth of the water becomes deeper,
e.g. via an intense rainfall event, the failure depth of the soil is seen to
increase. For example, in Fig. 7(a, b) a superficial slide near the steepest
part of the slope is seen, as it becomes fully saturated. The second slide
occurs further up the slope, again in the part of the slope that has be-
come fully saturated (Fig. 7(c, d)). In this example, rainfall-induced
progressive failure occurs partly because of the progressive loss of
strength, but also due to the changing geometry, which, for example,
may remove lateral support from the soil behind.

For most of the time considered in the analysis, the slope remains
unsaturated at the base, so that the pore pressures in the saturated zone
are maintained around zero. However, a limited positive pore pressure
is just visible above the wetting front when the slope has been relatively
undisturbed (stable) for a period of time, due to the higher permeability
of the saturated soil, which can be observed most clearly in Fig. 7(a)
and (g) at the top of the slope, in the horizontal section. At these times
in the analysis only small failures are taking place and therefore only
limited stress changes occur in the slope. Meanwhile, when a larger

failure occurs, positive pore pressures may be observed near the top of
the slope, in the sloping section (as seen in Fig. 7(c), (e) and (i)), due to
the shear stress relief (increase in mean stress) and contraction of the
soil in the back scarp; at the same time negative pore pressures occur at
the top of the slope, in the horizontal section, due to a reduction in the
mean stress. It is noted that, due to the small number of elements (i.e. 2
in the depth direction) in the shallow, right-hand part of the slope and
the prescription of zero pore pressure in the top two material points
(initially in the top element), a lower than expected pore pressure is
seen. Additionally, there are some oscillations in the positive pore
pressures in the saturated zone. These may be partly caused by minor
displacement errors, which can have an influence on the solution due to
the compressible formulation of the water phase and the high bulk
modulus of water.

The velocity of the water at material points initially just below the
surface of the slope is presented in a non-dimensional form (velocity/
hydraulic conductivity, v,,/K) in Fig. 9. The initial positions of the
points are indicated in Fig. 4, and the same points (i.e. solid material)
are tracked through the analysis. All points are seen to have the same
water velocity, which oscillates with a period of about 4s. This oscil-
lation is due to the mesh dependent behaviour of the flow in un-
saturated conditions, for reasons including: (i) an increasing perme-
ability as saturation increases (Eqgs. (18) and (19)); and (ii) the
relatively steep soil-water retention curve (Eq. 16). As can be seen in
Fig. 7, these particular characteristics lead to fully saturated conditions
above the water front and unsaturated conditions (with a pore pressure
close to that of the initial conditions) immediately below. As the slope
fails, the water velocity at each point in turn accelerates as the material
containing that point accelerates. Point D, for example, fails in the
second slide shown in Fig. 7(c, d), with the later velocity reversal oc-
curring due to the material hitting the domain boundary, as seen in
Fig. 7(g, h).

3.3. Comparison with total stress analysis

A total stress analysis has been undertaken for comparative pur-
poses based on the same material parameters as above. Without any
suction, the slope is initially unstable and the failure is triggered by
gravity.

The progression of the slope failure at two different times is shown
in Fig. 10. Fig. 10(a) shows two complete shear bands forming inside
the slope at t = 0.5s; that is, a rotational slip in the down-slope part,
and a translational slide over the whole slope length. The two shear
bands are formed almost simultaneously and both failures reach the
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Fig. 9. Evolution of water velocity of material points A, B, C and D (see Fig. 4). Velocity expressed in non-dimensional form (velocity/hydraulic conductivity).

base of the soil layer. In contrast to the retrogressive failure caused by
the slope geometry change seen in the rainfall-induced slope collapse,
the slope failure here is mainly a translational failure of almost the
entire slope. Fig. 10(b) shows the configuration of the deformed slope at
time t = 2.0 s, where it is seen that the soil body is mainly moving along
the two shear bands.

Two things can be concluded, based on Fig. 10. Firstly, the slope
experiences mainly a translational failure, in contrast to the rainfall-
induced slope failure in Fig. 7 where retrogression occurs inside the
slope. Secondly, the initial failure volume/area is much larger than for
the (relatively more superficial) rainfall-induced slope failure.

3.4. Influence of soil friction angle
In this section, the influence of friction angle on the slope failure

mechanism is discussed. Apart from the 20° case described above,
friction angles of 15° and 30° have also been considered, with all other

material properties kept the same as in Table 2.

Fig. 11 shows the slope failure process when the friction angle
equals 30°. As above, the plastic shear strain invariant contours are
shown on the right-hand-side, and the pore pressure contours are
shown on the left-hand-side. The failure initiates on the slope surface,
when the surface soils become fully saturated, as shown in Fig. 11(a, b).
Due to the lateral support removed from the upslope soils, and the
continuing saturation of the soil, a series of retrogressive failures occur
in the superficial zones of the slope. In contrast to the 20° case, failure
only occurs inside the saturated zones, without propagating through the
unsaturated zones, as shown in Fig. 11(c, d), due to the higher re-
sistance arising from a higher friction angle. The retrogression appears
to stop at a certain point, whereupon a big translational slide forms
when the slope has become fully saturated, as illustrated in Fig. 11(e, f).
Secondary failures are then seen to form within the moving mass, which
resemble the failures observed under undrained conditions (Fig. 10).

For a friction angle of 15°, a different failure mode may be obtained

plastic strain invariant
0.

(a) plastic strain invariant at# = 0.5 s

plastic strain invariant

i

(b) plastic strain invariant at = 2.0 s

Fig. 10. Plastic shear strain invariant contours showing slope collapse using a total stress analysis.
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Fig. 11. Rainfall-induced slope collapse for friction angle equal to 30°.

as shown in Fig. 12. In Fig. 12(a, b), as the water starts to infiltrate into
the soil, in contrast to the superficial failures in the saturated zones
exhibited for the two larger friction angles, an initial circular failure
plane forms in the downslope area. Strength loss is also expected along
the failure surface, represented by the large plastic shear strain in-
variant contours. As part of the soils slide downslope, the whole slope
failure is triggered, as indicated by a failure plane propagating down to
the base of the soil layer along the entire length of the slope. The soil
mass then dislocates into smaller volumes/areas, which results in the
slope appearance having a step-like character, as seen in Fig. 12(c, d).
Water is, however, only accumulated in very shallow zones due to the
shorter time required for full failure to develop. Note that the slope was
initially stable under gravity loading and the prescribed suction force.
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To conclude, the soil friction angle is shown to have a significant
impact on the slope failure mechanism. Most of the failures are seen to
initiate and then retrogress backwards and upwards within the satu-
rated zone during the infiltration process. As the friction angle in-
creases, i.e. giving a higher soil resistance, the slope is more likely to
experience a superficial failure constrained within the saturated zone.
However, as the infiltration process continues, a whole slope collapse
may be possible in a very similar manner to the undrained condition,
leading to a big translational slide followed by a series of secondary
failures. The retrogressive failures reported in clayey-type soils are seen
to be possible as the friction angle decreases. This could be partly due to
the sudden increase in soil weight as the surface soils become saturated.
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Fig. 12. Rainfall-induced slope collapse for friction angle equal to 15°.
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Fig. 13. Influence of residual cohesion on slope failure mechanism.

3.5. Influence of residual cohesion

Fig. 13 shows the final configurations of the slope collapse, when
the failure is fully developed throughout the slope, for residual cohe-
sions of 0.01 kPa and 5.0 kPa. Other material properties are the same as
for the base case.

Fig. 13(a, b) shows the final slope configuration for a residual co-
hesion of 0.01 kPa, which shows very little difference to the base case;
i.e. a steep rear scarp is normally completely exposed prior to the de-
velopment of the next slide. As some soil slides away, the lateral sup-
port to the soils upslope is reduced, thereby initiating the next failure in
the sequence. Fig. 13(c, d) shows the failure mechanism for the slope
with a residual cohesion of 5.0 kPa. Note that the shallow slips have
occurred successively in a retrogressive way, even without the rear
scarp being completely exposed. It is different from the case illustrated
in Fig. 11(f), where a big translational slide occurs first, followed by
secondary failures that form within the moving mass. As stated in
Thomson and Hayley (1975) and van Asch et al. (1984), a slight
movement of the soil blocks can cause sufficient reductions of the lat-
eral support to cause retrogressive failures.

The soil strength can be decomposed into the cohesive strength (i.e.
bonding forces in between the soil grains) and the frictional strength.
With a smaller residual cohesion, the cohesive strength can be almost
completely removed, and the strength is then almost proportional to
stress. In this case a diffuse failure occurs and no distinct back-scarp
remains. With a higher residual cohesion, a steep rear scarp is left and
the soils behind may become unstable and hence the next failure is
initiated. As the cohesion increases, the cohesive strength of the soil
lessens the sliding distance during the slope failures. This gives a failure
pattern similar to that normally observed in clayey-type soils, as re-
ported in van Asch et al. (1984).

4. Discussion

MPM and coupled hydro-mechanical MPM are new methods which are
able to tackle failure initiation, through to failure development and a final
quasi-static system. It has been seen in the analyses in this paper that MPM
is able to simulate the strong effects of the hydro-mechanical state of the
soil system during failure initiation and failure progression in time. The
method is able to solve slope failure simulations without constraints such
as pre-defining the failure shape and having restrictive fixed geometries.
However, it is noted that the method still has a number of limitations and
these are discussed non-exhaustively as follows.

11

The method is fundamentally a continuum method which has FEM
at its heart; therefore, issues such as mesh sensitivity and discrete fea-
tures, e.g. cracks or fractures, need special treatment. Stress oscillations
occur in both the effective stresses and pore pressures; although there
are a number of methods to tackle this, such as GIMP (Bardenhagen and
Kober, 2004) and CMPM (Gonzalez Acosta et al., 2017), none has yet
managed to eliminate them. Boundary conditions that do not align well
with the mesh are difficult to apply accurately, although recent work
has begun to address this (Remmerswaal, 2017; Cortis et al., 2018).
Finally, it is noted that compared to analytical methods and FEM, the
computational effort is very high; therefore, it is considered a useful
method to simulate the full failure, but not in determining an initial
failure or factor of safety.

5. Conclusions

An initial investigation of a rainfall-induced slope failure with
coupled MPM has been presented in this paper. The method has been
able to simulate the slope failure from initiation through to the post-
failure processes. A long slope on an inclined base has been analysed,
and it has been shown that rainfall-induced failure may be char-
acterised by a series of mainly superficial failures, as are often observed
in practice. This retrogressive failure mode is very different from that
obtained in a total stress analysis, where a large translational slide is
obtained for the slope geometry considered.

Parametric studies regarding friction angles and residual cohesion
have been conducted. With a higher friction angle, the slope may fail
due to a large translational slide during an intensive rainfall event
(making the slope saturated within a short time), without showing
retrogression during the infiltration process. As the friction angle de-
creases, the retrogression is more obviously seen, through both satu-
rated and unsaturated zones. As for the influence of the residual co-
hesion, it is shown that, when a higher residual cohesion is assigned,
shallow successive slips are exhibited without the complete exposure of
the rear scarp during the failure process. In contrast, a smaller cohesion
may lead to steeper rear scarps being exposed. It is thought that the
coupled MPM, with further development, can be utilised to investigate
a wide range of slopes at risk of rainfall-induced failure, including those
susceptible to multiple and progressive failures.
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