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This paper presents a comprehensive and well-documented landslide case study involving detailed site investi-
gation, field tests, seismic signal analyses, and advanced numerical analyses using the material point method
(MPM) to investigate the post-failure process and kinematic behavior of two landslides. The slope failures were
triggered by Typhoon Jangmi in September 2008 and had impacts on the downslope residential areas. The
background information of two landslides, including geological and hydrological conditions obtained from the
detailed site investigation and field tests, was first introduced. The MPM analyses were then conducted and
validated by comparing measured and predicted results for the final landslide profiles and duration. The nu-
merical results, including variations in deviatoric strain, volumetric strain, and excess pore water pressure with
time, were further examined to determine the post-failure mechanism of the landslides. The effects of soil
drainage conditions during landslides on the final landslide profile were also compared and discussed. This study
demonstrated that MPM analyses could accurately predict the runout distance of both landslides. The numerical
results indicate that the landslides occurred through a complex process of soil failure that involved the stages of
shearing, translational movement, compression, and deposition. When the soil was subjected to different loading
conditions in different stages, the corresponding post-failure mechanisms are also different. High positive excess
porewater pressure could develop near the sliding surface and has a significant influence on landslide kinematics
and final landslide profiles. Compared with undrained analysis, fully coupled analysis, which permitted pore-
water pressure dissipation during a landslide event, produced more accurate predictions of landslide kinematics.

1. Introduction

Landslides triggered by rainfall infiltration or phreatic surface rises
are dangerous because of the high velocity of sliding soil mass, high
runout distance, and high impact energy (Petley, 2012; Llano-Serna
et al., 2016; Zhu et al., 2019; Guo et al., 2020). According to a global
database, during 1903 to 2007, rainfall-induced landslides caused
57,028 deaths and affected more than 10 million people worldwide. In
Taiwan, statistical data collected from 270 natural disaster events over a
50-year period from 1958 to 2007 (Yu et al., 2006; Harrison and Chang,
2019) revealed that 89% of landslides that occurred were related to
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typhoons and heavy rainfall. In August 2009, Typhoon Morakot caused
2850 mm of precipitation over the course of approximately 100 h in
Taiwan, resulting in numerous landslides and debris flows in areas of
southern Taiwan (Lin et al., 2011) and more than US$5 billion in eco-
nomic losses (Tsou et al., 2011). Therefore, understanding the kinematic
features of landslides, particularly for predicting landslide runout dis-
tances and deposit heights, is essential for landslide risk assessment, and
landslide disaster mitigation and prevention (Bandara and Soga, 2015).

Researchers have adopted various approaches, such as field moni-
toring (Picarelli et al., 2005; Tu et al., 2009), experimental model testing
(Moriwaki et al., 2004; Ochiai et al., 2004; Sasahara, 2017; Fan et al.,
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2018; Cogan and Gratchev, 2019; Chang et al., 2020; Lee et al., 2021a;
Xie et al., 2020), and numerical analyses (Zhang et al., 2003; Lesh-
chinsky et al., 2015; Li et al., 2016a; Lollino et al., 2016; Yang et al.,
2017; Tang et al., 2019; Ren et al., 2020; Yang et al., 2020), to inves-
tigate landslides induced by rainfall infiltration or phreatic surface rises.
These studies have primarily focused on evaluating the slope stability (i.
e., factor of safety), failure mode (i.e., location of the failure surface),
and failure mechanism (i.e., changes in pore water pressure [PWP] and
soil effective stress) at the initiation of a landslide (i.e., landslide pre-
failure and failure stages).

The capability of conventional mesh-based numerical approaches,
such as the finite element method and finite difference method, to model
small deformation problems has been demonstrated and is well recog-
nized. However, these methods are generally inapplicable for modeling
large nonlinear deformation problems, such as soil movement at land-
slide post-failure stages, because numerical illness could occur due to
excessive mesh distortion and free-surface evolution during the process
of solving large soil deformation problems (Chen and Qiu, 2012;
Mohammadi and Taiebat, 2016; Soga et al., 2016; Yuan et al., 2020). In
recent years, advanced computational algorithms have been developed
to overcome mesh distortion during the process of solving large defor-
mation problems. For example, mesh-free methods such as the smoothed
particle hydrodynamics (SPH) method (Bui et al., 2008; Chen and Qiu,
2012; Huang and Dai, 2014; Nonoyama et al., 2015; Li et al., 2019;
Zhang et al., 2019b; Dai et al., 2020; Mori et al., 2020; Yuan et al., 2020;
Zhang et al., 2020; Liu et al., 2021), the material point method (MPM)
(Andersen and Andersen, 2010; Li et al., 2016b; Llano-Serna et al., 2016;
Wang et al., 2016; Yerro et al., 2016, 2019; Shi et al., 2018, 2019, 2020;
Conte et al., 2019; Xu et al., 2019; Conte et al., 2020; Li et al., 2021;
Troncone et al., 2019, 2020, 2022; Nguyen et al., 2021; Ying et al., 2021,
Zhao et al., 2021), the discrete element method (DEM) (Li et al., 2012;
Lu et al., 2014; Hung et al., 2018; Peng et al., 2019; Weng et al., 2019;
Chen et al., 2020), and discontinuous deformation analysis (DDA) (Chen
and Wu, 2018; Nian et al., 2020) have been applied to analyze landslides
in post-failure stages. Soga et al. (2016) and Qin et al. (2022) reviewed
and discussed the advantages and disadvantages of these numerical
methods and reported that the MPM is one of the most favorable mesh-
free techniques for modeling large deformation problems in geotech-
nical engineering.

Several studies in the literature have performed MPM analyses to
simulate landslides in post-failure stages (Andersen and Andersen, 2010;
Li et al., 2016b; Llano-Serna et al., 2016; Wang et al., 2016; Yerro et al.,
2016, 2019; Shi et al., 2018, 2019, 2020; Conte et al., 2019; Xu et al.,
2019; Conte et al., 2020; Li et al., 2021; Troncone et al., 2019, 2020,
2022; Nguyen et al., 2021; Ying et al., 2021). These studies have mainly
investigated the influence of soil parameters and groundwater level on
the final configuration and runout distance of a landslide. By comparing
between predicted results and field observations of the final configura-
tion and runout distance, the aforementioned studies have confirmed
that the MPM can simulate the actual soil movement characteristics of
landslides in post-failure stages. Moreover, advanced MPM formulations
(i.e., multi-phase or two-layer material points) have been developed in
recent years to simulate the soil-water interaction in unsaturated soil
slope (Bandara et al., 2016; Wang et al., 2018; Liu et al., 2020; Ceccato
et al., 2021; Cuomo et al., 2021; Feng et al., 2021; Girardi et al., 2021;
Lee et al., 2021b; Liu and Wang, 2021, Yerro et al., 2022). Although
considerable efforts have been made to attain updated knowledge on the
soil movement characteristics of landslides, only a few studies in the
literature assessed the post-failure of real landslide cases. Besides, except
for the recent studies using advanced MPM formulations to simulate the
rainfall infiltration, many past studies neglected the effect of the excess
PWP in the analyses to reduce the computational time. They simulated
soil as a dry material using total stress analysis or assumed saturated soil
with high hydraulic conductivity under drained conditions so negligible
excess PWP was generated and could be dissipated rapidly. The devel-
opment of excess PWP during landslides and how it influences the
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kinematic behavior of landslides have not been fully investigated and
reported in the literature. Moreover, past studies in the literature only
consider one single type of analysis (i.e., undrained, drained, and
coupled analyses) to simulate landslide. No study evaluates and com-
pares the influence of different analysis types on predicting the final
landslide profile.

This paper presents a comprehensive and well-documented landslide
case study involving detailed site investigation, field tests, seismic signal
analyses, and advanced numerical analyses using the material point
method to investigate the post-failure process and kinematic behavior of
two landslides. The specific objectives of this study were to 1) present a
comprehensive and well-documented landslide case study involving
both detailed experimental and numerical studies; 2) validate the suit-
ability and applicability of the MPM for analyzing landslides in post-
failure stages; 3) investigate the post-failure process and kinematic
behavior of two landslides; 4) examine the post-failure mechanism of
landslides, especially for the development of excess PWP during land-
slides and how it influences the kinematic behavior of landslides; and 5)
evaluate the influence of different analysis types on predicting the final
landslide profile. In this study, the background information of two
landslides, including geological and hydrological conditions obtained
from the detailed site investigation and field tests, was first introduced.
The numerical analyses were then conducted and rigorously validated
by comparing measured and predicted results for the final landslide
profiles and duration. After the model validation, the post-failure pro-
cess and kinematic behavior of the landslides (i.e., landslide displace-
ment, velocity, runout distance, and deposit height) were discussed, and
their post-failure mechanism (i.e., variations in deviatoric strain, volu-
metric strain, and excess PWP with time) was further examined. More-
over, because of an elapse of only a few seconds between the beginning
and end of a landslide, the possibility of modeling soil during a landslide
under undrained conditions was explored. Two types of analyses (i.e.,
undrained-effective stress analysis and fully coupled hydro-mechanical
analysis) were performed to model soil behavior during landslides
under undrained and drained conditions. The influence of soil drainage
conditions on the final landslide profile was examined. The results of this
study would provide insights into the landslide process as well as useful
information for landslide risk assessment, and landslide disaster miti-
gation and prevention.

2. Fundamentals of MPM analysis
2.1. Features of the MPM

The Anura3D code developed by the Anura3D MPM Research
Community (Anura3D_v2019) was employed for the MPM analyses in
this study. The primary feature of the MPM is that the continuum me-
dium is represented as a combination of material points (MPs) (i.e.,
Lagrangian particles) and background mesh (i.e., Eulerian grids). The
material (i.e., soil or water) is divided into discrete MPs that can freely
move in the defined problem domain based on the Lagrangian descrip-
tion of the media. The MPs carry and transmit all of the physical in-
formation of the continuum medium (e.g., velocities, strains, stresses,
and state variables). This enables models to be incorporated with
advanced constitutive materials as history-dependent variables that are
tracked through simulation. The physical properties of the MPs are then
transferred to the background mesh. An incremental scheme is applied
at each time step to solve the governing equations at the nodes of the
background mesh. The merits of the Lagrangian particles and Eulerian
grids are integrated to prevent interference from convection terms or
mesh distortion during the process of solving large deformation prob-
lems (Soga et al., 2016). This section introduces the basic governing
equations and computation cycle of MPM analysis. A detailed descrip-
tion of the theory, formulations, time discretization, and solution algo-
rithms of MPM analyses can be found in the book by Fern et al. (2019).
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2.2. Governing equations

In this study, a fully coupled hydro-mechanical analysis with a single
two-phase (solid and liquid phases) MP was used to simulate the changes
in PWP during landslides (i.e., partially drained condition of saturated
soil). This section introduces formulations for the coupled dynamic, two-
phase problem proposed by Fern et al. (2019). In a defined problem
domain, the continuum can be described by a set of differential gov-
erning equations, including the mass and momentum conservation of
each phase and the mixture (i.e., saturated soil).

The mass conservation of the solid phase is expressed as follows:

d

Sl =mp] + (1 =n)p,Vove = 0 M
where n is the porosity, ps is the density of solid skeleton, vs = vs(x, t) is
the velocity vector of solid, V -vs represents the divergence of the vector
field v5, and x and t indicate the spatial coordinates and time. The mass
conservation of the liquid phase is written as follows:

d(np,)
dt

+np, Vv, =0 (2)

where py, is the density of liquid, and v;, = vi(x, t) is the velocity vector of
liquid. From combining Egs. (1) and (2) under the assumption of the
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presence of incompressible solid grains and no spatial variations in
densities and porosity, the mass conservation of the saturated soil, also
known as the storage equation, can be obtained as follows:

deyy _ l
it n

(1-n)Vwvs + nV-v_] 3

where ¢, ; is the effective volumetric strain in the liquid.
The momentum conservation of the solid phase is expressed as:

dv,

n’p.g
1 —n)p, L
(I =mp—

— Ve —(1=mVu—(1-npe—

(ve—vs) =0
@

where ¢’ is the Cauchy effective stress tensor, u is the PWP, g is the
gravitational acceleration vector, k is the soil hydraulic conductivity
based on Darcy’s Law, and v;-vs represents the relative velocity of the
liquid respect to the solid. The last item in Eq. (4) denotes the drag force,
which represents the interaction force between the solid and liquid
phases. The momentum conservation of the liquid phase can be
expressed as follows:
dvy,

np——= —nVu—np g+

2
n
o PL8 (v, —v) = 0 )

k

The momentum conservation of the saturated soil can be obtained

(c) Nodes — MPs

s Update information 7 Reset mesh

7 Displacement vector

Fig. 1. Computational cycle of MPM: (a) map MP information to nodes; (b) solve equilibrium equations on nodes and update nodal information and positions; (c)
map nodal information to MPs and update MPs’ information and positions; (d) reset mesh.
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from combining Egs. (4) and (5) as follows:

d
(1—n)ps> + np

dv,
iy v ®

where o is the Cauchy total stress tensor, and p = [(1 — n)pg + np;]is
the density of saturated soil. In summary, the two-phase problem is
described by the mass conservation equation for saturated soil (Eq. (3)),
two momentum conservation equations (Eq. (5) for the liquid phase and
Eq. (6) for saturated soil), and constitutive equation for the soil skeleton.
Because the MPs carry the mass, the mass conservation equation is
satisfied within the defined problem domain. The two momentum
conservation equations are transformed into weak forms, discretized
into finite elements and nodes through the use of interpolation func-
tions, and solved for soil skeleton acceleration and pore liquid acceler-
ation as the primary unknown variables.

2.3. Computational cycle and procedure

Fig. 1 presents the standard MPM procedure for one computational
cycle (i.e., one time step). In the first step of the cycle (Fig. 1a), all of the
physical information is mapped from the MPs to the nodes in the
background mesh through interpolation functions (i.e., shape func-
tions). In the second step (Fig. 1b), boundary conditions can be imposed
at the nodes in the background mesh or at the MPs, and the explicit
dynamic computation scheme is employed to solve the governing
equations. The momentum conservation equations (Egs. (5) and (6)) are
solved to obtain the nodal acceleration values as the primary unknown
variables. In the third step (Fig. 1c), these nodal values are then used to
update the acceleration, velocity, and position of the MPs as well as to
compute the strains and stresses at the MPs. Moreover, the density and
volume of the MPs can be updated according to the increment in volu-
metric strain. In the final step (Fig. 1d), because the physical information
associated with the mesh is transferred to the MPs, each MP is assigned
updated values for mass, velocity, acceleration, stress, strain, and other

Computers and Geotechnics 148 (2022) 104797

relevant properties characterizing the state of the material. No perma-
nent information is required to be stored in the background mesh at the
end of the computational cycle. The deformed mesh can subsequently be
reset to avoid the problem of excessive mesh distortion. The reset mesh
is then ready for the next computational cycle of the analysis.

3. Case histories and site conditions
3.1. Description of two landslides

Two landslides that occurred at Jintou Mountain in the southern area
of Taipei Basin were studied (Fig. 2). Fig. 3 displays the slope topog-
raphy, landslide area, and borehole locations of the investigated land-
slides. These two landslides occurred in close proximity (less than 1 km
apart) and were caused by torrential rainfall during Typhoon Jangmi on
September 26-28, 2008.

The first landslide area (hereafter referred to as Slope 1) was located
downhill of the No. 16 support tower of the Taipei Maokong Gondola
system (Fig. 2a). The average slope angle of Slope 1 before the landslide
was p = 26°. During the landslide, Slope 1 slid northwestward. The
landslide area had a length of approximately 230 m and a width of
20-80 m and was located at an elevation of 150-280 m above sea level.
The landslide area was 11,700 m2, and the total volume of the landslide
mass was estimated to be 23,700 m3 (Yang et al., 2017). A field inves-
tigation revealed that the landslide occurred in residual soil and the
highly weathered/fractured rock layer. The landslide affected a resi-
dential community downhill. A large amount of landslide mass was
deposited in a playground area of this residential community. The
collapsed slope also exposed the pile foundation of the Gondola tower
uphill. Operation of the Maokong Gondola was suspended for 16 months
due to concerns regarding potential damage to the foundation of the
gondola pylons. Thereafter, massive geotechnical investigation, instru-
mentation, and remediation programs were implemented to ensure the
stability of the adjacent slopes and safety of the gondola system.

The second landslide area (hereafter referred to as Slope 2) was

)

Google Earth

Fig. 2. Aerial view and photos of two landslide cases.
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Fig. 3. Slope topography, landslide areas and borehole locations: (a) Slope 1; (b) Slope 2.

located uphill of a local access road to a chicken farm and the famer’s
house (Fig. 2b). The average slope angles of Slope 2 before the landslide
were p = 22° and 36° at the upper and lower parts of the slope,
respectively. Slope 2 slid northeastward. The landslide had a length of
approximately 100-150 m and a width of 100-120 m and was located at
an elevation of 140-240 m above sea level. The landslide area was
approximately of 10,000-20,000 m? (Lin et al., 2019). A field investi-
gation revealed that the landslide occurred in residual soil and the
highly weathered/fractured rock layer. The landslide mass blocked the
access road and buried the chicken shed of the chicken farm. Fortu-
nately, the famer’s house, located only 15 m in front of the chicken shed,
was unaffected by the landslide.

Numerical analyses had previously been performed to investigate the
failure mechanisms and hydraulic responses of the two slopes. For Slope
1, Yang et al. (2017) performed fully coupled hydro-mechanical FE
analyses based on a mechanical framework for unsaturated soil. The
numerical results indicated that the failure of Slope 1 began in the
shallow region of the slope (at a depth of 2 m from the slope surface).
The failure mechanism was attributed to the advancement of the wetting
front induced by rainfall infiltration. As the rainfall infiltrated, the
surface soil became fully saturated. The PWP of the residual soil changed
from negative to positive, causing suction loss, leading to a decrease in
soil shear strength and finally resulting in slope instability. For Slope 2,
Lin et al. (2019) first performed transient seepage analyses to determine
the PWP distribution within the slope, and the computed PWP was then
integrated into slope stability analyses to evaluate the factor of safety of
the slope. The numerical results revealed that the initial failure point
was located at the toe of the residual soil, and the failure was caused by
the accumulation of positive PWP up to 20 kPa (i.e., increase in the
groundwater level) in this area. These studies only explained the failure
mechanisms at the onset of slope failure. Because of limitations of the
numerical methods they used, the post-failure process and kinematic
behavior of these landslides were not investigated.

3.2. Geological and hydrological conditions

Information on subsurface soil and groundwater along the inspected
slopes was obtained from in situ and laboratory tests conducted during a
site investigation program. Fig. 3 displays the locations of boreholes in
the two slopes, and Fig. 4 shows a typical borehole log of soil and rock
samples. Fig. 5 depicts a cross-section of the slope geometry and
geological profiles of the two slopes. The surface layer of the slopes is
composed of residual soil and a highly weathered/fractured rock layer
with a depth from 2 to 10 m. The residual soil, decomposed from un-
derlain weathered sandstone and shale, consists of silty sand (SP), low-
plastic silt, (ML) and limited low-plastic clay (CL with plasticity index PI
= 10-15). The SPT values of the residual soil in the two slopes range
from Ngo = 12 to 35, with a mean of 21. The Miocene Taliao formation
and Shihti formation form the slope bedrock, which consists of sand-
stone (SS), shale (SH), sandstone-shale interbedded (SS-SH), and shale
with few sandstone (SH/ss). The attitude (strike/dip angle) of the
bedrock layers of the two investigated slopes is N50°-60°E/10°-20°SE
for Slope 1 and N65°E/20°-30°S for Slope 2; accordingly, Slope 1 can be
classified as an anaclinal slope and Slope 2 as an orthoclinal slope.

The groundwater level (GWL) under normal conditions was
measured at the locations of various boreholes (Fig. 5); it was 8 to 12 m
below the slope surface for Slope 1 and was below the residual soil (25 to
45 m) for Slope 2. Fig. 6 presents a histogram of the hourly rainfall
during Typhoon Jangmi, which caused a total precipitation of 450 mm
in 3 days in that region. The landslides occurred 50 and 32 h after the
beginning of the typhoon event, and the corresponding cumulative
rainfall at the time that the landslides were triggered was 400 and 134
mm for Slope 1 and Slope 2, respectively. Changes in GWL during
Typhoon Jangmi were not monitored. As discussed, the numerical re-
sults of Lin et al. (2019) and Yang et al. (2017) indicate that some parts
of the soil in the slopes may have become fully saturated and developed
a positive PWP during the typhoon event.
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Fig. 4. Typical borehole log of soil and rock samples.

4. Numerical simulation
4.1. Numerical modeling and simulation procedure

Fig. 7 presents the MPM models and tracking points of the two
slopes. A three-node linear triangular element with 3 MPs was designed
for the soil element. In total, the numerical model consisted of 4011 and
5125 elements, 2133 and 2678 nodes, and 5190 and 4869 MPs for Slope
1 and Slope 2, respectively. The number of MPs was selected on the basis
of the relationship between the model height and number of MPs as
suggested by Llano-Serna et al. (2016). The element sizes were refined in
the residual soil layer where the shear failure surface was expected to
develop. To reduce the computation time, the bedrock layer was
considered to have an average thickness of only 10 m in the numerical
model. In Fig. 7, the tracking points D were distributed at the surface of
the slope and were used to monitor variations in the displacement and
velocity of the sliding soil mass. The tracking points P were assigned to
the bottom of the residual soil to investigate the changes in soil volu-
metric strain and excess PWP during the landslides.

Fig. 7 also illustrates the boundary conditions. Standard settings
were applied for the boundary conditions for both the solid and liquid
phases; the bottom of the bedrock layer was fully fixed, and the hori-
zontal movement of the left and right boundaries was restricted. Ex-
amination of the developed stress and displacement levels in the
numerical models revealed that the assumed boundary conditions were
appropriate.

The simulation procedure comprised two sequential steps: (1)
simulation of gravity loading and (2) simulation of the kinematic pro-
cess of the landslide. In the first stage, the gravity load was activated to
generate in situ stress, and the model was heavily damped to prevent the
occurrence of large displacement during the first stage of the calculation
process. According to the recommendations in the Anura3D user

manual, an overall local damping coefficient of 75% was imposed for all
active elements to accelerate the numerical convergence to quasi-static
equilibrium. In the second stage, the landslide was allowed to proceed,
and the landslide progress was simulated. The overall local damping
coefficient was reduced to 5%, which a typical value suggested by Yerro
et al. (2019), to prevent the system from becoming overly damped
during dynamic computation, which could result in high energy dissi-
pation and could therefore influence the accuracy of predictions of the
kinematic behavior of landslides. Moreover, because explicit dynamic
formulations were used to calculate the solutions, the calculation time
was discretized into small time steps. Each time step was set at 1 x 10~*
s to ensure the stability and accuracy of the analyses. The simulation was
terminated when landslide movement stopped, specifically when the
velocity of the sliding soil mass reached to zero.

4.2. Input material properties

Table 1 summarizes the material properties adopted in the present
study and types of analysis performed. Residual soil was simulated using
the Mohr-Coulomb model with effective stress properties. Fully coupled
hydro-mechanical analysis with a single two-phase MP was assigned to
the residual soil to simulate changes in PWP during the landslides. The
residual soil was assumed to be saturated, but the soil cohesion values
were modified to account for the effect of apparent cohesion under
partially saturated conditions in the field. The effective stress soil shear
strength properties of the two slopes were determined through direct
shear tests performed on undisturbed soil samples obtained during the
site investigation program. Regarding the soil shear strength properties,
the effective cohesion ¢’ was in the range of 5-15 kPa, and the effective
friction angle ¢’ was in the range of 24°-28°. The values ¢’ = 6 kPa and
¢’ = 27° were selected in the present study. The same soil input values
were also used by Lin et al. (2019) and Yang et al. (2017).
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Fig. 5. Cross-section of the slope geometry and geological profiles: (a) Slope 1; (b) Slope 2.

To account for partially saturated conditions in the field, the
extended Mohr-Coulomb failure criterion proposed by Vanapalli et al.
(1996) was adopted to model the nonlinear relationship between un-
saturated soil shear strength and matric suction, which can be expressed
as follows:

T=c + O(u, — uw)tanq‘)’ +(6— ua)tanq,’)/ 7)

where 7 is the soil shear strength, ¢’ and ¢’ are the effective cohesion and
friction angle, o is the normal stress, (u, - u,) is the matric suction
(where u, and u,, are the pore air and PWP, respectively), © is the
normalized volumetric water content, expressed as:

06,
S0, -6,

c] (8)

where 0 is the field volumetric water content, 0 is the saturated volu-
metric water content, 0, is the residual volumetric water content. The
right side of Eq. (7) represents the soil shear strength from soil cohesion,
matric suction, and soil friction. The second term of Eq. (7) can be view
as an apparent cohesion ¢, induced by matric suction under unsaturated
soil conditions. The expression for ¢, can be obtained from substituting
Eq. (8) into the second term of Eq. (7):

©)

0—0, ,
Ca = (9.\ — ‘9r> (M,, - uw)tan¢

According to the soil water characteristics of the residual soil and the
average matric suction value (=~ 25 kPa) during slope failure reported by
Linetal. (2019) and Yang et al. (2017), the ¢, values of 4 and 2 kPa were
obtained for Slope 1 and Slope 2, respectively. Combining ¢, and ¢’
yielded total cohesion of the residual soil ¢ values of 10 and 8 kPa, which
were used in the analyses (Table 1).

The soil modulus of the residual soil was estimated on the basis of
empirical correlations. The initial soil modulus E; of the residual soil was
first estimated with the empirical equation proposed by Schmertmann
(1970) and Kulhawy and Mayne (1990), which is expressed as follows:

E; = aypaNeo (10)
where ofis the coefficient to account for fine content (=5 was applied for
sands with fines); p, is one atmospheric pressure (=101.3 kPa); and Ngo
is the corrected SPT-N value (the mean SPT value Ngg = 21 is used to
represent the average soil conditions). E; in Eq. (10) was then converted
into the soil modulus at 50% of the stress level Esy on the basis of the
assumption that the soil stress-strain relation takes the form of a



T.S. Nguyen et al.

Computers and Geotechnics 148 (2022) 104797

45 1 500
C Slope 1 failurei i
40 + - ]
1 Rainfall .* 1 400 =
35 ¢+ ) /i ] g
E — Accumulated rainfall i ] £
_ 304 | ] =
£ . | 1 —
g 25 ¢ Slope 2 failure 8 T 200 .5
€ 20 4 i . ] ] =
£ F = P T 200 &
S F = Hi E o
& 15 + i | 11 1 2
: Y i - B
10 ¢ ik i 1 100 ©
F O /‘ b E i i 4
St it i I
0 :I _=!|= IIIr_ll_!_!ll'_:IIIIIIIIIEIIEIII T LILILIL EII:IIIIIIIIIIIIIIIIIIIIIIllIIIIII- 0

o
W
—_—
(e}
[S——
()]

20 25 30 35 40 45 50 55 60 65 70 75 80

Time duration (hr)

Fig. 6. Rainfall histogram and cumulative rainfall during Typhoon Jangmi.

hyperbolic curve.

2 - R

Eso = E; )

an
where Ry is the failure ratio (a typical value of 0.9 was used). The Esg
corresponds to the Young’s modulus E in Mohr-Coulomb model used in
this study. As shown in Table 1, the E value calculated with Egs. (10) and
(11) was 5651 kPa.

The saturated soil hydraulic conductivity k; was determined to be
2.76 x 107® m/s from a field permeability test conducted at a depth of
0.1-0.5 m using a portable Guelph permeameter (Yang et al., 2017). The
effect of soil dilatancy was not considered in the simulation because the
residual soil had been decomposed from the weathered bedrock and
loosely deposited in the field. Additionally, because no information had
been reported regarding the soil-rock interface friction coefficient, the
frictional contact (or interface element) between the soil layer and
bedrock was not included in the simulations.

The bedrock was simulated using the Mohr—Coulomb model with
total stress properties. Undrained analysis was assigned to the bedrock
because of its relatively low permeability. The undrained shear strength
sy of the bedrock layer was obtained from the average of the measured
uniaxial compression strength of the rock samples. The Young’s
modulus and saturated hydraulic conductivity of the bedrock layer were
estimated according to the properties of similar rock types, as suggested
by Goodman (1989). The structures, including the retaining wall in
Slope 1 and chicken shed in Slope 2, were modeled as linear elastic
materials under dry conditions (the effect of PWP was not considered).
The input properties of the structures were adopted from the typical
properties of reinforced concrete.

5. Results and discussion
5.1. Results for Slope 1

5.1.1. Comparison for final landslide profile

Fig. 8 presents a comparison of the final landslide profiles obtained
from field observations and numerical predictions. The field measure-
ments were obtained through a total station survey supplemented with
the seismic refraction method for geophysical exploration to determine
the residual soil thickness at several locations along the slope. Table 2
summarizes the results for the runout distance and deposit height from
the field observations and numerical analyses. As indicated in Fig. 8a,

the runout distance was defined as the distance from the toe of the re-
sidual soil of the original slope to the forefront of the final slope
configuration. The deposit height was the maximum height of the
landslide deposit. Overall, the predicted final landslide profile matched
well with the measured profile. In the landslide deposition area, the
predicted runout distance (29.8 m) was close to the measured distance
(26.9 m), but the predicted deposit height (11.4 m) was higher than the
measured height (8.2 m) (Table 2). The actual landslide mass dispersed
across the playground area and exhibited a fan-shaped deposit that was
affected by the three-dimensional topographic characteristics of the
field. However, this three-dimensional fan-shaped deposit as the lateral
extension of the slide mass could not be simulated due to the limitations
of the two-dimensional analysis methods employed in this study. This
finding is supported by Yerro et al. (2019).

5.1.2. Post-failure process and kinematic behavior

Fig. 9a depicts the development and distribution of the soil devia-
toric strain of Slope 1 at different time points for the evaluation of the
shear failure surface during the landslide. The landslide duration from
initiation to completion was 18 s, which is consistent with the results of
seismic signal analyses conducted on the basis of local seismic records
(Fig. 10). Using seismic records from the BATS stations (Broadband
Array in Taiwan for Seismology; https://bats.earth.sinica.edu.tw),
landslide events could be successfully detected by the geohazard loca-
tion approach (Chen et al., 2013; Chang et al., 2021). This study iden-
tified that the event size is estimated to be a seismic magnitude of 2.3.
With available seismic signals recorded at station SLBB (an epicenter
distance of 26 km), a signal duration of 15 s was observed and can be an
indicator for landslide source duration (Fig. 10). The slightly shorter
landslide duration determined from seismic signal analyses is probably
because the seismic motion sensors may not register the landslide
movement with a low velocity at the onset and near the end of landslide.

Overall, the soil failed progressively from the upper to lower slope.
At t =1 s, the shear failure surface began to develop at the soil-bedrock
interface of the upper slope. At t = 3 s, the displacement of the residual
soil at the upper slope could be clearly observed and appeared to exhibit
arotational movement. At t = 6 s, the sliding soil mass, which originated
from failure at the upper slope, moved downhill as a result of gravity and
inertial force. The landslide movement became translational due to
topographic constraints (i.e., a shallow residual soil layer) in the middle
slope. The shear failure surface developed along the soil-bedrock
interface. The deviatoric strain gradually increased from the top to


https://bats.earth.sinica.edu.tw/

T.S. Nguyen et al.

Elevation (m)

Elevation (m)

Computers and Geotechnics 148 (2022) 104797

46.5m 258.5m
140 1« >«
120 Residual layer
100 Material point
(MP) :
80
60 Computational mesh
O @ Tracking points
40 4011 elements
0 2133 nodes |
20 S10MEs
‘é 50 > 100 150 200 250 300
Distance (m)
(a)
le 90.4 m sl 58 m 5l
70 Residual layer |
Computational mesh
60

O® Tracking points

5125 elements

L B L B

Material point (MP)

2678 nodes
4869 MPs
0 +——— =3 A
0 20 40 60 80 100 120 140 160

Distance (m)

(b)

Fig. 7. MPM models and tracking points used in simulation: (a) Slope 1; (b) Slope 2.

Table 1

Input material properties used for numerical analyses.
Parameters Symbol Residual soil (R) Bedrock Structures

Slope 1 Slope 2

Constitutive model Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb Linear Elasticity
Type of analysis Saturated-fully coupled Saturated-fully coupled Saturated-Undrained Dry
Porosity n 0.38 0.38 0.1 0.1
Unit weight (kN/m>) 20.1 20.1 25.4 24
Cohesion (kPa) cors, 10 8 4680 -
Friction angle (°) ¢’ 27 27 0 -
Dilatancy angle (°) ] 0 0 0 -
Young’s modulus (kPa) E 5651 5651 1.14 x 10° 5 x 10°
Poisson’s ratio v 0.3 0.3 0.495 0.17
Saturated permeability (m/s) ks 2.76 x 107° 2.76 x 107° 2 x 10710 -

Note: 1. The cohesion of the residual soil is the combination of soil effective cohesion and apparent cohesion to account for the partially saturated conditions in the

field.

2. The structure indicates the retaining wall in Slope 1, and the chicken shed in Slope 2.

bottom of the sliding soil mass, indicating that the motion of large
portions of the soil was laminar without considerable internal defor-
mation or significant interlayer mixing during the translational

movement. The soil strata remained largely unchanged and were pre-
served in the initial order. Substantial internal deformation of the soil
was inhibited because the shearing process occurred within a short time
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Table 2
Summary of the results of field observation and numerical analyses.
Type of analysis Slope 1 Slope 2
Field observation Fully coupled analysis Undrained Field observation Fully coupled analysis Undrained
analysis analysis
Runout distance (m) 26.9 29.8 21.4 38 37.8 35.4
(+10.8%) (—20.5%) (4+0.5%) (-6.8%)
Deposit height (m) 8.2 11.4 10.9 7.0 7.2 4.7
(+39.0%) (+32.9%) (+4.7%) (—32.9%)
Computational time (hr) - 143 0.8 - 90 0.5

Note: the values in the parentheses () indicate the relative error with respect to the field observation.
frame (Li et al., 2016). Att =12 s, the sliding soil mass reached the lower the soil-bedrock interface to the surface of the sliding soil mass. In the

slope. The soil in this area was compressed and pushed passively final stage (t = 14-18 s), the sliding soil mass reached the playground
downward. The development of the shear failure surface extended from area and continued moving forward. Finally, the sliding soil mass

10
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completely stopped moving and was deposited over the playground area
when the kinetic energy had fully dissipated through friction and shear
deformation.

Fig. 9b presents a plot of the soil horizontal displacement of Slope 1
at different time points. The tracking points, as indicated in Fig. 7a and
Fig. 9b, were located at the surface of the slope where the largest
displacement occurred. Fig. 11 displays variations in displacement and
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Fig. 9. Post-failure process of Slope 1 at different times: (a) deviatoric strain; (b) horizontal displacement.

velocity with time that were obtained at the three selected tracking
points (D2, D4, and D5 in the upper, middle, and lower slope, respec-
tively). The soil at D1, located near the landslide scarp, traveled the
shortest distance, with a displacement of only approximately 10 m, and
stopped sliding at approximately t = 5 s. The soil at D2 and D3 at the
upper and middle slope, respectively, exhibited the greatest displace-
ment, with a travel distance of approximately 125 m. The soil at D4,
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located at the end of the middle slope, traveled a distance of approxi-
mately 93 m and stopped moving at the forefront of the landslide deposit
at the playground. The soil at D5 at the end of the lower slope was first
pushed downward by the sliding soil mass and then buried at the bottom
of the landslide deposit, resulting in a relatively short travel distance
(approximately 15 m), just a few meters away from the retaining wall.

For the rate of landslide movement, the velocity of the soil at D2
gradually increased during the first 9 s until it reached a peak (12.5 m/
s), and it then decreased to 0 m/s at the end of the landslide (Fig. 11b).
The velocity of the soil at D4 increased rapidly during t = 4-9 s due to
the accumulation of sliding soil mass during movement from the upper
to lower slope. The maximum velocity of the soil at D4 was 13 m/s when
the soil was descending from the top of the retaining wall, and the soil
reached the playground at approximately t = 14 s. The velocity of the
soil at D5 suddenly increased and decreased over a short period. These

12

sudden changes in velocity are attributable to the relatively short travel
distance of the soil at D5, as discussed previously. According to the
classification system proposed by Cruden and Varnes (1996), the rate of
landslide movement of Slope 1 was classified as extremely rapid (>5 m/

s).

5.1.3. Post-failure mechanism

Fig. 12 presents the variations in soil volumetric strain and excess
PWP with time for the tracking points P1, P2, and P3 at the upper,
middle, and lower slope, respectively. The tracking points (Fig. 7a and
9a) were located at the bottom of the residual soil where the soil was
subjected to the most intensive shearing. As discussed, the numerical
results indicated that the landslide occurred through a complex process
of soil failure that involved stages of shearing, translational movement,
compression, and deposition. The changes in soil volumetric strain and
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Fig. 11. Kinematic behavior of Slope 1 at different locations: (a) displacement
with time; (b) velocity with time.

excess PWP were associated with these stages of failure.

P1 was located at the upper slope, where the soil was mainly sub-
jected to shearing during the landslide (Fig. 9a). At t = 0-6 s, the soil at
P1 developed positive volumetric strain because it was subjected to
compression due to soil resistance from the adjacent soil downhill
(Fig. 12a). Corresponding to the development of positive volumetric
strain, the soil at P1 generated positive excess PWP as shearing in
progress, and a constant positive value was maintained for a few seconds
(Fig. 12b). Att > 6 s, the soil resistance to the sliding soil mass gradually
diminished because the soil located downhill had begun to move
(Fig. 9b). Consequently, the volumetric strain of the soil at P1 gradually
decreased and became a negative value, indicating that soil transitioned
from undergoing compression to undergoing expansion. The excess PWP
also decreased correspondingly. The soil at P1 reached a new equilib-
rium at approximately t > 13 s, and the soil volumetric strain and excess
PWP remained unchanged afterward.

In contrast to the soil at P1, the soil at P2 and P3 consistently
developed a positive volumetric strain and excess PWP during the
landslide (Fig. 12). P2 was located at the middle slope where the soil was
subjected to translational movement and compression (Fig. 9a). The
positive volumetric strain and excess PWP of the soil at P2 increased at t
= 6 s when the soil at the middle slope began to move (Fig. 9b). The
volumetric strain and excess PWP reached their maximum values at t =
9 s and exhibited fluctuations thereafter due to the successive
compression caused by the sliding soil mass followed by expansion
caused by the downward movement of the soil.

P3 was located at the lower slope where the soil was subjected to
compression and deposition (Fig. 9a). The positive volumetric strain and
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Fig. 12. Post-failure mechanism of Slope 1 at different locations: (a) soil
volumetric strain with time; (b) excess porewater pressure with time.

excess PWP of the soil at P3 increased at t = 12 s when the sliding soil
mass reached the lower slope (Fig. 9b). The volumetric strain and excess
PWP values rapidly increased and reached their peaks in a short time
due to intensive soil compression driven by the accumulation of sliding
soil mass as the soil moved from the upper to lower slope (Fig. 12). After
its peak (t > 15 s), the excess PWP remained at a high value and dissi-
pated slowly until the landslide ultimately stopped. This result is
attributable to P3 being buried at the bottom of the landslide deposit and
the longer time required for the dissipation of PWP due to the longer
drainage path (Fig. 9a).

Notably, high positive excess PWP could develop near the sliding
surface, e.g., at P2 and P3, when the soil was subjected to shearing
during the landslide. The high positive PWP significantly reduced the
soil effective stress, caused a remarkable decrease in soil shear resis-
tance, and thus enhanced the mobility of the soil moving masses. This is
the reason why the soil at P3, originally retained by the retaining wall,
could climb across the retaining wall to reach the playground. The re-
sults also highlight the importance of the influence of excess PWP on the
kinematic behavior of landslides. This finding is supported by Conte
et al. (2020), who concluded that the excess PWP causing slope failure
seems to have the greatest influence on the kinematics of the landslide
and consequently on the associated runout distance. Besides, Moriwaki
and Sato (1998) and Sassa (1998) also reported that the landslide self-
fluidization process, sliding surface liquefaction by the high excess
PWP, was the main reason causing the long runout distance of the
Hariharagawa landslide.
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5.2. Results for Slope 2

5.2.1. Comparison of final landslide profile

Fig. 13 presents a comparison of the final landslide profiles obtained
from field observations and numerical predictions. The predicted final
landslide profile generally exhibited good agreement with the measured
profile. In the landslide deposition area, the predicted runout distance
(37.8 m) and deposit height (7.2 m) were similar to the measured values
(38 and 7.0 m, respectively) (Table 2). The numerical analysis accu-
rately predicted the deposit height in this case because the presence of
the chicken shed prevented the formation of a three-dimensional fan-
shaped deposit. The numerical results predicted that the sliding soil
mass would bury the chicken shed. Because of the influence of the
chicken shed on the kinematics of the landslide, the sliding soil mass did
not reach the famer’s house. These numerical results were consistent
with the field observations, as described in Section 3.1.

5.2.2. Post-failure process and kinematic behavior

Fig. 14a depicts the development and distribution of the soil devia-
toric strain of Slope 2 at different time points. The landslide duration
from beginning to end was 14 s. Overall, soil failure occurred retro-
gressively from the lower to upper slope. At t = 1 s, the shear failure
surface began to mobilize at the soil-bedrock interface at the toe of the
residual soil layer. At t = 3 s, the shear failure surface developed,
extending to the slope surface. The displacement of the residual soil at

70 Shearing
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the lower slope could be clearly observed. At t = 7 s, as the residual soil
at the lower slope moved downward, the residual soil at the upper slope
gradually lost support and began to fail actively. The shear failure sur-
face reached to the trailing end of the residual soil at the upper slope. At
t = 10.2 s, the entire sliding soil mass moved translationally along the
soil-bedrock interface and then impacted the chicken shed. In the final
stage t = 11-14 s, the movement of sliding soil mass was blocked by the
chicken shed. The landslide deposit continuously piled up between the
toe of the slope and the chicken shed. Finally, at t = 14 s, the landslide
deposit buried the chicken shed; thereafter, the sliding soil mass
completely stopped moving and the kinetic energy rapidly dis-
sipated due to the presence of the structure.

Fig. 14b presents a plot of the horizontal displacement of the soil of
Slope 2 at different time points. Fig. 15 displays the variation of the
displacement and velocity with time for the three selected tracking
points D2, D3, and D5 at the upper, middle, and lower residual soil
layers, respectively. The soil at D1, located near the landslide scarp,
traveled the shortest distance, with a displacement of only approxi-
mately 1.5 m, and stopped sliding at approximately t = 5 s. The soil at D2
and D3 (at the upper and middle residual soil layers, respectively)
exhibited a displacement of approximately 16.5 and 31.9 m, respec-
tively. The soil at D4 (at the lower residual soil layer) traveled the
greatest distance (approximately 45 m) and stopped sliding when it
reached the top of the landslide deposit at the toe of the slope. The soil at
D5 (at the toe of the residual soil layer) exhibited a displacement of
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Fig. 13. Model validation: (a) comparison of final landslide profile of Slope 2; (b) photo of landslide reaching to the chicken shed roof.
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Fig. 14. Post-failure process of Slope 2 at different times: (a) deviatoric strain; (b) horizontal displacement.

approximately 40 m and then stopped sliding when it reached the
chicken shed. The soil at D5 was finally buried underneath the landslide
deposit due to the accumulation of sliding soil mass.

Regarding the rate of landslide movement, the velocity of the soil at

15

D2 and D3 gradually increased to its peak (3.0 and 4.4 m/s, respectively)
in the first 5 s and then gradually decreased thereafter (Fig. 15b) The
velocity of the soil at D5 also exhibited a gradually increasing trend but
with two peaks instead of one. The first peak (6 m/s) occurred att =4 s
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Fig. 15. Kinematic behavior of Slope 2 at different locations: (a) displacement
with time; (b) velocity with time.

when the soil at D5 entered the steepest section of the lower slope. The
second peak (8 m/s) occurred at t = 8.5 s as a result of acceleration due
to gravity. The velocity of the soil at D5 rapidly decreased aftert =10.2s
and reached 0 m/s at t = 12 s as a result of the rapid dissipation of kinetic
energy due to the presence of the structure. According to the classifi-
cation system proposed by Cruden and Varnes (1996), the rate of
landslide movement of Slope 2 ranged between very rapid (>5 cm/s)
and extremely rapid (>5 m/s).

5.2.3. Post-failure mechanism

Fig. 16 displays the variations in soil volumetric strain and excess
PWP over time at the tracking points P1 and P2, which were located at
the upper and lower residual soil layers, respectively. P1 was located at
the upper slope and was mainly subjected to shearing during the land-
slide (Fig. 14a). The shearing at P1 caused the development of positive
volumetric strain, which correspondingly generated positive excess PWP
because of soil compression. At t = 6-10.2 s, the volumetric strain and
excess PWP of the soil at P1 gradually decreased with the decrease in the
soil resistance to the sliding soil mass because the lower residual soil
layer entered the steepest section of the lower slope with an increasing
speed as it moved downhill (Fig. 14b). Att > 10.2 s, the soil volumetric
strain and excess PWP reached constant values as the soil at P1 stopped
moving.

P2 was located in the lower residual soil layer where the soil was
subjected to shearing, translational movement, compression, and
deposition (Fig. 14a). At t = 0-3 s, the soil at P2 was first subjected to
shearing (Fig. 16a). No evident changes in the volumetric strain or
excess PWP of the soil at P2 were observed at this time. At t = 3-9 s, the
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Fig. 16. Post-failure mechanism of Slope 2 at different locations: (a) soil
volumetric strain with time; (b) excess porewater pressure with time.

soil at P2 entered the steepest section of the lower slope and underwent
translational movement. Because no soil was present at the steepest
section of the lower slope to provide resistance for the sliding soil mass,
the soil transitioned from a state of compression to a state of expansion.
Consequently, the volumetric strain and excess PWP of the soil at P2
gradually decreased and became negative. At approximately t = 10 s, the
soil at P2 reached the chicken shed and underwent intensive soil
compression driven by the accumulation of the sliding soil mass. The
volumetric strain and excess PWP rapidly increased again over a short
period. The excess PWP increased to a high positive value and did not
fully dissipate until the end of the landslide event because the soil at P2
was buried at the bottom of the landslide deposit, which had a longer
drainage path for the dissipation of PWP (Fig. 14a).

5.3. Effect of analysis type on landslide kinematics

The durations of the landslides from their beginning to end were only
a few seconds (e.g., 18 s for Slope 1 and 14 s for Slope 2). Because
landslides generally have a short duration, the loading rate of soil during
landslide events is relatively higher than the hydraulic conductivity of
the residual soil. Therefore, whether soil modeling can be performed for
undrained conditions during a landslide is worth exploring. In this
study, two types of analyses (i.e., undrained-effective stress analysis and
fully coupled hydro-mechanical analysis) were performed to assess the
influence of soil drainage conditions on landslide kinematics. These
analyses were conducted using the same soil constitutive model and
input soil properties. The sole difference between the two analyses was
whether the dissipation of excess PWP was permitted during the
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landslide simulation. In the fully coupled analysis, the dissipation of
PWP during the landslide was permitted, and the rate of PWP dissipation
depended on the hydraulic conductivity of the soil; by contrast, in the
undrained analysis, the dissipation of PWP was prohibited to ensure the
soil under undrained conditions during the landslide.

Fig. 17 presents a comparison of the final landslide profiles of the two
slopes predicted through the two analyses. Table 2 summarizes the re-
sults of this comparison. Compared with the fully coupled analysis, the
undrained analysis predicted a shorter runout distance and lower de-
posit height for both landslides. In general, the fully coupled analysis
outperformed the undrained analysis in predicting the kinematic
behavior of the landslides (Table 2). Compared with the undrained
analysis, the fully coupled analysis generally yielded a lower relative
error with respect to the field observations. The relative errors for run-
out distance and deposit height predictions were respectively +10.8%
and +39.0% for Slope 1 and +0.5% and +4.7% for Slope 2 in the fully
coupled analysis, and —20.5% and +32.9% for Slope 1 and —6.8% and
—32.9% for Slope 2 in the undrained analysis. In landslide risk assess-
ment, underestimate of the runout distance in undrained analysis may
lead to unconservative results to assess the landslide impact area.
Notably, although the fully coupled analysis produced a more accurate
prediction of landslide kinematic behavior and could adequately simu-
late changes in PWP during landslides, its computational time was
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significantly more than that of the undrained analysis. As indicated in
Table 2, the computational time of the fully coupled analysis was
approximately 4-6 days, whereas that of the undrained analysis was less
than 1 h.

Figs. 18 and 19 display the excess PWP distributions for the two types
of analyses at different time points for Slopes 1 and 2, respectively.
These distributions were compared to understand the reason for the
difference between the two analysis approaches in terms of the predicted
results for landslide kinematic behavior. As indicated in Figs. 18 and 19,
the undrained analysis generated more negative excess PWP (MPs with
red and yellow points) than the fully coupled analysis, especially at the
slope surface. These negative excess PWP values generated during the
undrained analysis could not increase to positive values because PWP
dissipation was prohibited during the landslide simulation; this resulted
in increases in soil effective stress and shear strength and thus a decrease
in landslide mobility (i.e., shorter runout distance and lower deposit
height). By contrast, the fully coupled analysis could appropriately
simulate the changes in PWP during the landslide. Fewer negative excess
PWP values were generated in the fully coupled analysis because the
dissipation of PWP was permitted, resulting in a more accurate predic-
tion of landslide kinematic behavior in the post-failure stage. This
finding is consistent with that of van Asch et al. (2007), who highlighted
the role of rapid changes in soil stress and PWP in controlling landslide
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Comparison of the final landslide profile predicted by different types of analyses: (a) Slope 1; (b) Slope 2.

17



T.S. Nguyen et al. Computers and Geotechnics 148 (2022) 104797

§00o%

ATNENIN

Excess PWP (kPa)

-100_-5]0 0 50 100
(a) (b)

Fig. 18. Excess porewater pressure distribution within Slope 1 at different times: (a) fully coupled analysis; (b) undrained analysis.
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Fig. 19. Excess porewater pressure distribution within Slope 2 at different times: (a) fully coupled analysis; (b) undrained analysis.

mobility. analyses, and advanced numerical analyses using the material point
method to investigate the post-failure process and kinematic behavior of

6. Conclusions two landslides. The numerical results were examined to understand the
post-failure process and mechanism of the landslides. Moreover, the

This paper presents a comprehensive and well-documented landslide effects of soil drainage conditions during landslides on the final land-
case study involving detailed site investigation, field tests, seismic signal slide profile were also compared. The following main conclusions can be
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drawn:

e The MPM was demonstrated to be a suitable and applicable numer-
ical tool for analyzing landslide kinematics during post-failure
stages. Two-dimensional MPM analyses yielded accurate pre-
dictions of the runout distance of both landslides; however, two-
dimensional MPM analyses underestimated the deposit height as a
result of the inability to account for three-dimensional topographic
effects (i.e., fan-shaped deposit) in the field.

The landslides occurred through a complex process of soil failure
involving stages of shearing, translational movement, compression,
and deposition. The soil was subjected to different loading conditions
in different stages, and the corresponding post-failure mechanisms (i.
e., variations in deviatoric strain, volumetric strain, and excess PWP
over time) were also different.

The post-failure process of Slope 1 occurred progressively from the
upper to lower slope. The slip failure was the soil-bedrock interface
of the upper slope. The sliding soil mass at the upper slope moved
downward, compressing and pushing the soil downhill to cause
passive failure. Finally, the sliding soil mass completely stopped and
was deposited in the playground area when the kinetic energy had
fully dissipated through friction and shear deformation.

The post-failure process of Slope 2 occurred retrogressively from the
lower to upper slope. The shear failure surface began to mobilize at
the soil-bedrock interface at the toe of the residual soil layer. As the
residual soil at the lower slope moved downward, the residual soil at
the upper slope gradually lost support and underwent active failure.
The sliding soil mass reached and impacted the chicken shed. Finally,
the landslide deposit buried the chicken shed; the sliding soil mass
completely stopped moving as its kinetic energy rapidly dissipated as
a result of the presence of the structure.

The generation of excess PWP during landslides has a significant
influence on landslide kinematics and final landslide profiles. High
positive excess PWP could develop near the sliding surface when the
soil was subjected to shearing during the landslide. The high positive
PWP significantly reduced the soil effective stress, caused a
remarkable decrease in soil shear resistance, and thus enhanced the
mobility of the soil moving masses.

The fully coupled analysis outperformed the undrained analysis in
predicting landslide kinematics. The undrained analysis generated
more negative excess PWP than the fully coupled analysis, especially
at the slope surface, resulting in an increase in soil effective stress
and shear strength and thus a decrease in landslide mobility. By
contrast, the fully coupled analysis permitted the dissipation of PWP,
resulting in a more accurate prediction of landslide kinematics in the
post-failure stage. However, the computational time of the fully
coupled analysis was significantly more than that of the undrained
analysis.
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