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In this study, novel finite element approaches are pro-
posed for numerical analysis of stress-dependent land-
slide movement with groundwater fluctuation by rain-
fall. Two new constitutive parameters that are capa-
ble of directly controlling the relationship between the
apparent factor of safety and sliding velocity are in-
corporated into a specific material formulation used
in finite element analysis for the first time. For the
numerical simulation of the measured time history
of the sliding displacement caused by the groundwa-
ter fluctuations, such required analytical parameters
can also approximately be determined by back anal-
ysis. The proposed models are applied to a landslide
field experiment on a natural slope caused by rain-
fall in real time in Futtsu City, Chiba Prefecture of
Japan to check its applicability. The predicted and
measured time histories along the horizontal direc-
tion on the upper, middle, and lower slope are com-
pared. In addition, the deformation pattern, shear
strain pattern, and possible failure mechanisms of the
natural slope of such a field experiment landslide are
discussed in detail based on the analysis results of the
finite element method (FEM)-based numerical simu-
lation. Moreover, the creeping landslides and possible
landslide sites for further application of the proposed
models are briefly discussed in the cases of Nepal and
Japan as examples in Asia. It is believed that the pro-
posed newly developed numerical models will help in
understanding the secondary creep behavior of land-
slides triggered by extreme rainfall, and at the same
time, long-term management of such landslides will be
much easier in monsoon Asia. Finally, it is expected
that this study will be extended for simulation of the
tertiary creep behavior of landslides induced by rain-
fall in the near future.
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1. Introduction

1.1. Background

Soil creep is a time-dependent phenomenon in which
a deformation emerges under the application of constant
stress. Theoretically, the different stages of creep are de-
fined based on the ideal creep curve concept, in which
different stages of creep depend upon the strain rate. In
the first stage of creep, the strain rate decreases continu-
ously with time; this is called the primary stage of creep.
After this, a constant strain rate emerges, which is called
the secondary stage of creep. Finally, the strain rate sud-
denly increases, which leads to a failure of the soil, which
is called the tertiary stage of creep. Terzaghi [1] was most
likely the first to consider the relationship between soil
creep and landslides. Ter-Stepanian [2] introduced the
threshold approach to explain soil creep in simple natu-
ral slopes by considering the zone of creep and its rate
as being dependent on the groundwater level. Eyring [3]
introduced the theory of rate processes based on the idea
that the strain process consists of the mutual displacement
of flow units by surmounting energy barriers and is quite
promising in prospect. Shimokawa [4] discusses the creep
deformation and creep strength of cohesive soils and their
relationship to landslide based on experimental and theo-
retical studies using the rate process theory. Feda [5] has
also interpreted the creeping behavior of soils using the
rate process theory.

Murayama and Shibata [6] and Christensen and Wu [7]
have developed rheological models to represent the time-
dependent behavior of soil. Ter-Stepanian [8] proposed a
rheological model to understand the creeping behavior of
clayey soils during shear. In several publications about the
rheological creep behavior of soils to evaluate the range of
creep, Ter-Stepanian [8] explains that soil viscosity is pos-
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itively related to a soil structure deformability coefficient.
Further investigation on Ter-Stepanian’s [2] creep model
has been done by Yen [9], and an apparent creep thresh-
old line (yield strength line) is described, where the ma-
terial is in a creep phase. In addition, Yen [9] concludes
that creep deformation is ensured when the shear stress
due to gravity exceeds the soil residual shear strength, and
Suhaydu and Prior [10] and Iverson [11] also agree upon
this.

Sekiguchi and Ohta [12] and Zhou et al. [13] proposed
the time-dependent anisotropic model, which assumes
fixed anisotropic models. Desai et al. [14] proposed a
constitutive model for describing the creeping behavior
of natural slopes. In parallel, Pestana and Whittle [15],
Wheeler et al. [16], and Dafalias et al. [17] proposed
time-independent anisotropic models accounting for both
initial and evolving anisotropy. A new anisotropic vis-
cous model based on Wheeler et al.’s [16] model has
been proposed by Leoni et al. [18] to understand the rate-
dependent behavior of soft soils. Liingaard et al. [19] pre-
sented a comparative study on creep models. Calvello
et al. [20] presented an extensive study using a numer-
ical model that focuses on active landslides controlled
by rainfall-induced pore pressure fluctuations with move-
ments concentrated within a relatively narrow shear zone
above which the sliding mass moves essentially as a rigid
body. Leoni et al. [18] presented a new anisotropic model
for the time-dependent behavior of soft soils using triaxial
compression test data. Huvaj and Maghsoudloo [21] used
a simple Mohr-Coulomb constitutive model to model a
slow-moving landslide in Italy using the computer pro-
gram PLAXIS. Fernández-Merodo et al. [22] proposed
a two-dimensional viscoplastic finite element model for
slow-moving landslides and also applied this model to
the Portalet landslide of Spain as a case study. A new
concept of the residual-state creep test and a new test-
ing setup and method for residual-state creep have been
developed by Bhat et al. [23, 24]. Based on that appara-
tus and method, the residual-state creep behavior of ar-
tificial clay and landslide clay has been studied [25, 26].
Bhat and Yatabe [27] proposed a new regression model
to understand the creeping behavior of clayey soils at the
residual-state of shear.

Creeping landslides are controlled by groundwater
fluctuations [2, 14, 28–31]. Therefore, groundwater fluc-
tuations should be incorporated into the numerical sim-
ulation of such landslides. However, most of the previ-
ous numerical approaches [2, 5, 9, 18, 31–36] to soil creep
and associated problems have focused on laboratory creep
tests (i.e., consolidation/oedometer test and triaxial test),
which could not address the fluctuation of groundwater
level. Huvaj and Maghsoudloo [21] simulated the fluc-
tuation of groundwater level in different phases to under-
stand the creeping behavior of a slow-moving landslide,
but the exact value of the deformation at any required
point (location) could not be captured perfectly. Recently,
a few researchers [22, 28, 29, 37] have proposed a two-
dimensional Elasto-viscoplastic constitutive model using
the finite element method based on the field instrumen-

tation and monitoring results, but they only considered a
single control constitutive parameter based on the trial and
error method, which could not control the displacement
rate of the landslide and also far from addressing the real-
istic field problem of the creeping behavior of landslides.
Therefore, if a new numerical approach, which can incor-
porate more than one control constitutive parameter for
directly controlling the displacement rate and total fac-
tor of safety of the landslide, can be developed, such ap-
proach may be useful for investigating the realistic field
problem of the creeping displacement behavior of land-
slides in the future.

The main objective of this study is to address the above-
mentioned problems to understand the creeping behav-
ior of landslides using a newly developed finite element-
based numerical model and its implications for disaster
prevention in monsoon Asia. The specific objectives in-
clude the following: i) to present the current creeping
landslide scenario in Nepal and Japan as examples of Asia
while searching for the possibility of application of the
proposed numerical models in the cases of Nepal and
Japan in the near future; ii) to propose a simplified pro-
cedure for the determination of two new control consti-
tutive parameters; iii) to estimate such new control con-
stitutive parameters based on the relation between the ap-
parent factor of safety and sliding velocity using the finite
element method (FEM); iv) to propose a new numerical
approach to evaluate the creeping behavior of landslides
owing to groundwater fluctuations due to rain water; v) to
understand the failure mechanisms along the slip surface
of creeping landslides triggered by extreme rainfall; vi) to
apply the proposed models to understand the creeping be-
havior of a landslide field experiment on a natural slope
in Futtsu City of Chiba Prefecture, Japan, for the valida-
tion of the newly developed numerical models; and vii) to
present the simulation results of the deformation pattern
and shear strain pattern and discuss the possible failure
mechanisms of the slope based on variations in the local
factor of safety and mobilized shear strength along the slip
surface.

1.2. Creeping Landslides in Nepal and Japan:
Examples in Asia

Landslides are one of the major natural disasters in Asia
during the monsoon period. They have claimed thou-
sands of human lives and extended economic losses of
billions of dollars in individual property and infrastructure
damage each year, especially during the monsoon period.
The disaster records of Asian countries show that the fre-
quency of fatal landslides was highest in China, followed
by Indonesia, India, the Philippines, Japan, Pakistan,
and Nepal between 1950–2009 [38]. Therefore, a heavy
amount of the national budget of Asian countries has been
spent on the prevention and mitigation of these landslides,
in which the major interest remains minimizing the creep-
ing displacement of these landslides, thereby reducing the
damage risk to human settlements and structures over the
landslide mass or to the environment. However, the creep
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Fig. 1. Location of selected creeping landslides for further application of the proposed model in Nepal.

behaviors of such landslides and the associated geologi-
cal and geotechnical issues are not fully understood, so it
is difficult to predict the creep displacement behavior of
landslides, which may be useful for the design of coun-
termeasure works for these landslides in the future. On
the other hand, although the creep displacement behavior
of landslides is very important, such creep displacement
behavior and its associated problems of landslides have
not been considered during the stability analysis of slopes
and landslide countermeasure works until now. In this
paper, creeping landslides in Nepal and Japan are briefly
discussed as examples in Asian countries.

Nepal is a highly mountainous country that is covered
by mountainous and hilly regions in more than 80% of
the area. Nepal has been formed by the collision of the
Indian and Eurasian plates, which occupy approximately
800 km along the central part of the Himalayan arc.
A huge variation of topography from less than 60 m in
the Southern Terai plain to 8848 m at Mount Everest in
the norther Higher Himalayas within an average lateral
distance of less than 200 km characterizes the steep to-
pography of Nepal [39, 40]. This kind of topography is
prone to landslides in Nepal [40]. Large-scale landslides
are very common in the Lesser and Higher zones of the
Nepal Himalayas due to the steep mountainous slopes and
dynamic geological conditions [40]. Based on a database
study of landslides from 1978–2005, Petley et al. [41]
state that here is a high level of variability in the occur-
rence of landslides from year to year in Nepal.

In Nepal, monsoons are a major source of rainfall
in summer, and approximately 80% of the total an-
nual precipitation takes place during the monsoon period
(i.e., June to September) [39]. The annual average rainfall
is about the 1600 mm and approximately 2000–3000 mm
in the central part of Nepal. During the rainy season, daily

distribution of the precipitation is also uneven. For ex-
ample, sometimes 10% of the total annual precipitation
occurs per day and 50% of the total annual precipita-
tion per 10 days occurs during the monsoon period [39].
Therefore, such type of uneven distribution of precipi-
tation may play an important role in triggering creeping
landslides in Nepal. According to Petley et al. [41], there
is a strong increasing trend in the number of fatalities oc-
curring in Nepal at any point in the monsoon cycle.

In this context, the first and third authors visited the
different landslide areas along the major highway and
Barkpark area of Gorkha in August 2017 for detailed
observation and sampling of the creeping landslide sites
of Nepal. During this visit, they observed a few old
activated creeping landslides and also identified a few
newly activated creeping landslides [42]. Fig. 1 shows
the location of the few representative creeping land-
slides, such as the Narayanghat-Mugling creeping land-
slide (Block I) and the Narayanghat-Mugling creeping
landslide (Block II) along the Narayanghat-Mugling road
section, the Jalkini creeping landslide and Okharpuwa
creeping landslide along Trishuli highway, as well as the
Balefi creeping landslide, Jure creeping landslide, Hindi
creeping landslide, and Tusare-Batish creeping landslide
along the Araniko highway, which seems applicable for
the further study using this newly developed FEM-based
numerical model in the near future. The soil samples from
these landslide sites were collected, and further labora-
tory investigations have also been performed. Such field
and lab investigation results will be useful in estimating
the landslide simulation parameters for the application of
the proposed numerical model for numerical analysis of
those landslides in the near future. Figs. 2–4 show rep-
resentative creeping landslides in Nepal. The scenario of
creeping landslides in Nepal has been discussed based on
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Fig. 2. View of Narayanghat-Mugling creeping landslide
(Block II), Chitwan, Nepal.

Fig. 3. View of Jure creeping landslide, Sindupalchok, Nepal.

field observation and laboratory investigation of eight rep-
resentative creeping landslides of Nepal [42].

During the field observation in Nepal, it was observed
that a large number of human settlements and rapid in-
frastructure developments are situated either on old or
newly activated creeping landslide masses or on or near
creeping landslide-prone areas, especially in the moun-
tainous regions of Nepal. Landslides are a major problem
in Nepal, causing high levels of economic loss and sub-
stantial numbers of fatalities each year [41]. There is a
similar situation in many other Asian counties. There-
fore, the damage to lives, properties, infrastructure, and
the environment are gradually increasing day by day due
to rainfall-induced landslides and the associated creeping
phenomenon in Asian countries during monsoon season.

Similarly, Japan is also a mountainous country,
where 75% of the total land area consists of mountain-
ous terrain, and the remaining 25% is flat and low lying
with plateaus. Therefore, Japan has suffered from numer-
ous landslide disasters since ancient times. On the other
hand, many people have lived in the mountainous region
since ancient times. Therefore, damage caused by land-
slide disasters, especially creeping landslides, has been
playing a major role in influencing the quality of life [43].
Wakai et al. [44] and Bhat et al. [45] reported that many
creeping landslide sites accommodate human settlements,
agricultural fields, roads and highways, bridges and tun-
nels, and nature conservation sites in Japan. When the

Fig. 4. View of Okharpuwa creeping landslide, Nuwakot, Nepal.

displacement rate of such landslides is suddenly increased
and accelerated, it leads to significant mass failure, which
damages human lives, property, nature, and the environ-
ment. If some approaches to predicting the creep failure
of landslides are possible, all damage from such landslide
disasters can be prevented [25, 46]. Therefore, a study of
the creeping behavior of landslides and the associated ge-
ological and geotechnical engineering issues toward creep
failure prediction seems very important in Japan.

The geology of Japan is fragile due to the plate-tectonic
activities of the four major plates (i.e., North American
plate, Pacific plate, Eurasian plate, and Philippine plate)
along the Japanese archipelago in the north-south direc-
tion, which is the one of the major causes of the activa-
tion and reactivation of creeping landslides in Japan [43,
45]. Creeping landslides are one of the major natu-
ral disasters in mountainous regions of Japan and are
mainly triggered by tectonic activities, occasional vol-
canic activities, heavy rainfall events, or a combination
of themes [44, 47, 48]. Continuous high-intensity rainfall
has been found to play a key role in provoking landslide
movement [49]. Sasaki et al. [50] revealed that soil creeps
usually occur during and after rain on the north side of the
Tsukuba Mountain in Japan. Ogita et al. [51] discuss the
shapes and mechanisms of large-scale creeping landslides
in Japan. Bhat et al. [45] investigated the preexisting shear
surfaces of reactivated landslides in Nepal and Japan and
highlight the importance of the study of creep displace-
ment behaviors of landslides in Nepal and Japan. Wakai
et al. [44] discuss the finite element-based numerical sim-
ulation of creeping landslides in Japan and its implication
for long-term monitoring and management of such land-
slides in the future.

The Japan Landslide Society [43] has introduced
27 representative landslides and slope failures all over
Japan. The Japan Landslide Society [43] has also high-
lighted that several landslide mitigation measures are con-
ducted in these landslide areas in order to stop or reduce
the landslide movement so that the resulting damage can
be minimized. However, the movement of such land-
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Fig. 5. View of Jinnosuke-dani creeping landslide,
Haku-san Mountain area, Japan [52].

Fig. 6. View of Tozawa creeping landslide, Akita, Japan
(Source: Yuri Forestry Office, Akita Prefectural Govern-
ment, Japan).

slides is not totally controlled or stopped even now. It
is also well understood that most of such landslides are
reactivated due to the fluctuation of groundwater level,
mainly in rainy seasons. Therefore, it is believed that the
proposed models in this study would be useful for better
understanding stress-dependent landslide movement with
groundwater fluctuations for such representative land-
slides and slope failure, and at the same time, mitigation
measures for long-term management of such landslides
will be made easier in the near future. Figs. 5–7 show
a few representatives creeping landslides in Japan, where
the Okuyama Boring Co., Ltd. (the first and last authors)
is currently working. Recently, the authors (first, second,
and last) have also been searching for the possibility of ap-
plication of the proposed numerical models in these rep-
resentative landslide sites as case studies in Japan.

For most Asian countries, regular monitoring
(i.e., measuring the movement rate with groundwa-
ter fluctuations with respect to time) results of creeping
landslides is still lacking. On the other hand, most creep-
ing landslides are in mountainous regions and remote
areas, where regular field monitoring of such landslides
is also difficult and time consuming [44, 45]. Hence, it

Fig. 7. View of Yui creeping landslide, Shizuoka, Japan [53].

seems almost impossible to complete landslide displace-
ment predictions based on field monitoring results and, at
the same time, long-term management of such landslide
sites in the near future. Therefore, if a numerical tool
or model that will be capable of better understanding
the creep displacement behavior of landslides induced
by rainfall and also predicting landslide displacement is
needed. Then, the significant damage to lives, properties,
and the environment from such landslide problems can
be mitigated. Therefore, we apply our newly developed
numerical models to a few landslide sites as case studies
of Nepal and Japan for landslide displacement prediction
in the near future (Figs. 2–7). Later, we will apply such
models in cases of other Asian countries.

2. Proposed Finite Element Analysis Method

2.1. Factor of Safety and Sliding Velocity

Based on an extensive literature survey, Vulliet and
Hutter [54] proposed an empirical relation between slid-
ing velocity and stress state. Following the Vulliet and
Hutter [54], Sugawara [55] proposed a relation between
the overall factor safety (Fs) and the sliding velocity (v) of
a slope on a power function, as shown in Eq. (1).

Fs =
( v

A

)−1
n

, . . . . . . . . . . . . . (1)

where, A (velocity dimension) and n (dimensionless) are
constants.

For the application of such a concept to the two-
dimensional finite element method, the sliding veloc-
ity (v) assumes a translational motion and is replaced by
the maximum displacement or strain rate (γ̇max) of each
element. Additionally, for the elasto-plastic finite element
method, the overall factor safety (Fs) of a slope has been
replaced by the local factor of safety (Fs,local) to reach the
plastic state of each element. After redefining each con-
stant to balance dimensions on both sides of the equation,
the following Eq. (2) is obtained.

γ̇max =
α̇

Fn
s,local

, . . . . . . . . . . . . . (2)
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where, α̇ (dimension of time−1) and n (dimensionless) are
constants.

c′ and ϕ ′ are the cohesion force and internal friction an-
gle of soil, respectively. x− y represents the direct com-
ponent along the x and y direction of the Cartesian coor-
dinate system.

γmax =
√

(εx − εy)
2 + γxy2, . . . . . . . (3)

Fs,local =

σ ′
x +σ ′

y

2
sinϕ ′ + c′ cosϕ ′√(σ ′

x −σ ′
y

2

)2

+ τxy2

. . . . . (4)

The details will be described later in Section 2.3. The
magnitude of the maximum displacement rate under an
arbitrary stress condition is defined based on Eq. (2). Sim-
ilarly, the maximum displacement (γmax) at each node and
local factor of safety (Fs,local) at each element are defined
by following Eqs. (3) and (4), respectively.

On the other hand, Sugawara [55] proposed the empir-
ical relation (a linear function) by direct plotting of both
factors of safety and landslide displacement rate in a semi-
log graph. Following this concept of Sugawara [55], we
also propose Eq. (5), as shown below.

γ̇max = β̇ ×10m(1−Fs,local), . . . . . . . . (5)

where, β̇ (dimension of time−1) and m (dimensionless)
are constants.

A series of tests have been performed to check the ap-
plicability of both proposed models based on Eqs. (2)
and (5) in real field problems by Bhat et al. [47, 56]. They
have concluded that there are slight changes in the analy-
sis results obtained from both proposed methods. There-
fore, the other proposed model based on Eq. (5) is not
considered in this study.

2.2. Outline of Nonlinear Analysis

In this study, the authors have simplified the elasto-
plastic finite element analysis code GA3D [57] into a two-
dimensional plane strain condition and a calculation algo-
rithm that can reproduce the time-dependent behavior.

First, in order to generate an initial stress field under
the stable conditions with low groundwater level, the self-
weight of the entire system is used as the acting external
force vector ( fff 000) by balance calculating the overall stiff-
ness matrix ([K]) of the system and the initial displace-
ment vector (uuu000), as shown below in Eq. (6).

[K]uuu000 = fff 000. . . . . . . . . . . . . . . (6)

Let uuu000 be the initial value of the displacement vector (uuu)
at each node. uuu000 has no physical meaning because it is
an intrinsic displacement that occurs when the slope is
formed. To obtain the stress increment vector (Δσσσ ′) for
each element, Eq. (7) is used based on the element dis-
placement increment vector (Δuuuelem), where Δuuuelem is ob-
tained by only extracting the nodal components of each

element from the overall node displacement vector (uuu000).

Δσσσ ′ = [D][B]Δuuuelem. . . . . . . . . . . (7)

[B] and [D] are the B and D matrices of each element.
In the elastic-state, [D] is obtained from Young’s modulus
of elasticity (E) and Poisson’s ratio (ν) based on Hooke’s
law (i.e., elastic modulus matrix [De]), but in the plastic-
state, the elastoplastic coefficient matrix [Dep] is used, as
shown in Eq. (8).

[Dep] =

[De]−
[De]

(
∂ g

∂ σσσ ′

)(
∂ f
∂ σσσ ′

)T

[De]

−∂ f
∂ h

(
∂ h

∂ εεε ppp

)T (
∂ g

∂ σσσ ′

)
+

(
∂ f
∂ σσσ ′

)T

[De]
∂ g

∂ σσσ ′

,

. . . . . . . . . . . . . . . . . . . (8)

where f is the yield function, and g is the plastic poten-
tial. In this analysis method, strain softening is not con-
sidered; hence, the hardening parameter is assumed to be
zero (i.e., h = 0). Both the yield function ( f ) and the plas-
tic potential (g) are defined based on the Mohr-Coulomb
type equations, as shown in Eqs. (9) and (10).

f = σ ′
1 −σ ′

3 −2c′ cosϕ ′ − (σ ′
1 +σ ′

3)sinϕ ′, . (9)
g = σ ′

1 −σ ′
3 − (σ ′

1 +σ ′
3)sinψ, . . . . . . (10)

where σ ′
1 and σ ′

3 are the maximum and minimum prin-
cipal stresses, and ψ is the dilatancy angle. Under non-
drained (i.e., equal volume) conditions, ψ = 0.

Each stress component will be updated by cumulatively
adding the stress increment vector (Δσσσ ′) from Eq. (7) to
the stress vector (σσσ ′) (initially zero) of each element. At
this time, a correction is needed to fix and pull back the
constant J2 up to the yield surface to prevent the drifting
of stress points from outside of the yield plane [58].

The equivalent nodal force vector ( fff ) is back calculated
(the sum of the total stress component vector (σσσ), which
is obtained by adding the pore water pressure to the nor-
mal stress component of the effective stress (σσσ ′) of each
element) from the stress distribution obtained as above.

fff =
∫

V
[B]T σσσdV. . . . . . . . . . . . (11)

If all elements are in the elastic state, then, fff = fff 000.
Therefore, an iterative calculation due to material non-
linearity is not necessary. However, the plastic-state is
normally occurring in some elements.

In general, the external loading force ( fff 000), which acts
in the first stage of forming the initial stress field, is ex-
tremely large. Therefore, it will not converge if the gen-
erated stress increments are collectively subjected to the
elasto-plastic processing using Eqs. (7) and (8). Hence,
the shear strength reduction method (SSRM) [59] is used
for the convergence of it in the given initial condition.
In this method, a large shear strength is assumed in the
elastic-state at first, and then, it is gradually decreased and
reaches the plastic region. Finally, the imbalance force is
balanced by the number of iterative calculations.
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The process of nonlinear iterative calculation within
one calculation step of the shear strength reduction
method is described below. When any element reaches
the plastic-state, the residual force vector, Δrrr (= fff 000 − fff )
is obtained, and it is distributed to the entire system by the
modified Newton-Raphson method.

[K]Δuuu = Δrrr. . . . . . . . . . . . . . . (12)

As in Eq. (12) above, the initial stiffness matrix ([K]) is
used to obtain the residual displacement increment vec-
tor (Δuuu) for the external force (Δrrr). It is update by
adding Δuuu instead of uuu. In addition, Δσσσ ′ is obtained
from Eq. (7) using the element displacement increment
vector (Δuuuelem), which is obtained by only extracting the
nodal components of each element from Δuuu. Moreover, a
new residual force (Δrrr) is obtained based on Eq. (11), and
the next Δuuu is obtained from Eq. (12) in the next.

While repeating such calculations and updating σσσ
and uuu, the norm of the residual force (Δrrr) becomes suffi-
ciently small, and the iterative calculations will converge.
After the convergence, the procedure proceeds to the next
step in the shear strength reduction method (slightly re-
ducing the shear strength), and the convergence calcula-
tion may be repeated.

After the initial stress distribution is obtained, it will
move to the time history analysis considering the ground-
water level fluctuations for each time step. It is noted
that the groundwater level has greatly varied at differ-
ent locations of the slope. Here, the hydrostatic pres-
sure is only considered, and the fluctuation of the pres-
sure head due to permeability is ignored. Each effective
stress component of each element is obtained based on
the pore water pressure, which is obtained from the cor-
responding groundwater depth; hence, the plasticity anal-
ysis is performed using Eq. (9). Similarly, in the case of
elastic-state, [D] = [De], and [D] = [Dep] for the case of
the plastic-state, and the stress increment vector (Δσσσ ′) is
calculated from Eq. (7). After that, the balance of the en-
tire system from the modified Newton-Raphson method
using Eqs. (11) and (12) is obtained the same as the initial
stress analysis. After the calculation is converged, it will
move to the calculation for the next time step (i.e., input
a new groundwater level). By repeating this process, the
sequential time history analysis is performed by inputting
the groundwater level fluctuations up to the predetermined
time.

2.3. Constitutive Law Considering the New Viscos-
ity Formulation

In the nonlinear calculation algorithm described in Sec-
tion 2.2, the constitutive law of soil is necessary for con-
sidering Eq. (2). The interested material is a group of
thin slip/sliding elements that are formed along the slid-
ing surface of the slope, and all these elements are simply
sheared uniformly (i.e., the local safety factor (Fs,local) of
all elements is equivalent or equal. Let us assume that the
local safety factor (Fs,local) of such elements is equal to

the overall safety factor (Fs) (i.e., Fs,local = Fs).

γ̇max =
α̇
Fn

s
. . . . . . . . . . . . . . . (13)

However, the acting stress and strain rate (γ̇max) along
the slip surface are not uniform in the actual case and of-
ten exhibit a progressive failure pattern. In other words,
the magnitudes of shear stress and shear strain assigned to
each element are different, but the sum of the shear resis-
tance of all elements along the sliding surface is always in
balance with the driving force of the sliding mass. Since
the magnitude of the strain rate generated in each element
is obtained as a result of such a balance calculation of the
whole system, the strain rate is at least controlled by the
local safety factor (Fs,local ) of all elements. Hence, the
strain rate (γ̇max) should be less than or equal to the right
side of Eq. (2). Therefore,

γ̇max � α̇
Fn

s,local
. . . . . . . . . . . . . . (14)

On the other hand, let us consider a case where the lo-
cal factor of safety (Fs,local) of all elements is equal for
satisfying Eq. (14); then, the strain rate (γ̇max) of all ele-
ments is equal, and it is obvious that it should not contra-
dict Eq. (13). Based on the consideration above, Eq. (14)
should be considered in terms of the constitutive law for
satisfying the internal force balance conditions of the en-
tire system and matching the strain rate (γ̇max) at each el-
ement based on the magnitude estimated from the local
safety factor (Fs,local).

In addition, when a strain rate (γ̇max) on the right side of
Eq. (14) is exceeded in a certain time step, it is necessary
to make a new action by incorporating an internal force
(viscous resistance force), in which such forces retain the
shear deformation of the elements, in order to keep it be-
low the regulation value.

In a previous study, Sakuramoto et al. [60] proposed a
model based on the nonlinear viscoelastic visco-plastic fi-
nite element method using an iterative method to model of
the polymer materials for artificial joints, in which elastic-
viscoelastic-viscoelastic elements are connected in series.
The concept of the proposed models in this study is sim-
ilar to that of Sakuramoto et al. [60] in the sense of vis-
coelasticity components as a visco-plasticity. However,
the elements are not connected in the series of such three
elements. Moreover, we have also prepared the iterative
calculation algorithm for it.

Figure 8 shows a schematic diagram of the mechan-
ical structure of the constitutive law, including the two
types of viscous resistance. The strain increment (Δε)
based on the stress increment (Δσ ) given to the element
for each time step is divided into the elastic strain compo-
nent (Δεe) and other components Δεvp, where Δεvp occurs
as the visco-plastic strain component (Δεvp) at first. How-
ever, the occurring magnitude of strain (strain rate) for
each time step is regulated by Eq. (14); hence, there is no
chance of further excessive shear strain for the elements in
which γ̇max will exceed on the right side of Eq. (14). Thus,
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Fig. 8. Conceptual figure of the proposed constitutive model
in this study.

the elastic response is restored, and the increase in strain
is suppressed. This is the viscoelasticity, which is shown
in the upper part of Fig. 8. Including this, the equiva-
lent nodal force ( fff ) is calculated using Eq. (11), and the
residual force (Δrrr) is distributed throughout the entire sys-
tem according to the modified Newton-Raphson method.
Here, the stiffness of the viscoelastic spring is the same as
the normal elastic spring, which contributes to the elastic
stress increment before the yield limit.

Since the restoring force of this viscoelastic spring is
temporarily generated as a resistance to sliding force for
the time step, the restoring force is released for the next
time step when the calculation of γ̇max is initialized. This
means that when the occurring viscoelastic force is larger
in the immediately previous time step, the load factor of
the sliding force will also be greater in the next time step.
Thus, even if the variation of Fs,local greatly depends on
the location on the slip surface, the shear stress is gradu-
ally redistributed from the concentration point to the adja-
cent element because the strain rate may exceed the upper
limit of γ̇max. Hence, the sliding velocity tends to be uni-
form.

Here, it should be noted that the cumulative amount of
shear strain for each interested time step in Eq. (14) is
the sum of the elastic component and visco-plastic com-
ponent, and it does not include the strain caused by vis-
coelasticity after that. To reduce the occurrence of the ex-
ceeded strain on the right side of Eq. (14), the viscoelastic
spring strain should be sufficiently smaller than the vis-
coelastic strain. Therefore, Young’s modulus (E) of the
material should not be too small. These points are the
same as the discussions on how to give the rigidity when
joint elements are used for modeling of the discontinuous
surface characteristics [61].

3. Application of the Proposed Model

3.1. Landslide Field Experiment on a Natural Slope
The proposed model is applied to a landslide field

experiment on a natural slope triggered by a rainfall

Fig. 9. Location of the study area and simplified topo-
graphical map of field test site in Futtsu City, Chiba Prefec-
ture, Japan, showing the location of piezometers, water level
gauges, extensometers, and tensiometers.

simulator in real time in Futtsu City, Chiba Prefecture,
Japan (Fig. 9). Fig. 9 shows the location of the study
area and the simplified topographic map of the field test
site, showing the location of the piezometers, water level
gauges, extensometers, and tensiometers along line 1 of
the X-section (A–A′) and line 2. The monitoring data
along line 2 are not considered in this study. The size of
the field experimental landslide measured approximately
20 m × 10 m, which spread by the precipitation intensity
of 140–300 mm/h over an area of approximately 100 m2

on the slope (Fig. 10). Figs. 11–12 show the photographs
of the experimental sites before and after the collapse.

The Standard Penetration Test (SPT) (Japanese Geo-
technical Society, 2017) was performed at five locations
of Nos. 6–8 to understand the tentative soil type of the test
site and to locate the possible slip surface of the rainfall
area (Fig. 9). At the location point of No. 6, a slip surface
of 1.13 m from the ground level was observed. Similarly,
a sliding surface depth of 0.84 m from the ground surface
was recorded at No. 7, but there was not any sign of failure
at No. 8. Based on the SPT test results and several videos
captured during the experiment, the possible slip surface
of the landslide was confirmed at approximately 1 m from
the ground surface, as shown in Fig. 10.

The landslide field experiment using a rainfall simula-
tor in real time was conducted on December 12, 2018.
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Fig. 10. Cross-sectional profile of the experimental slope
along the line 1, A–A′.

Fig. 11. Photograph of the field experimental site before
collapse in Futtsu City, Chiba Prefecture, Japan, showing the
location of piezometers, water level gauges, and extensome-
ters.

However, the pre-experiment was also conducted one day
before by spreading a precipitation intensity of 140 mm/h
for approximately one hour to adjust the distribution of
precipitation on December 11, 2018. The real field ex-
periment of the landslide was conducted at 10:53 a.m. on
December 12, 2018, by spreading a maximum precipita-
tion intensity of 140 mm/h approximately 10 m × 10 m
(Fig. 10). The precipitation was increased to 188 mm/h
at 12:00 p.m. Similarly, the precipitation was increased
to 200 mm/h at 1:00 p.m. and 240 mm/h at 2:00 p.m. Fi-
nally, precipitation of 300 mm/h was fixed at 3:18 p.m.,
where the slope starts to apparently move after rainfall
of 4 hours and 25 minutes (Fig. 13). The major objec-
tive of this study is to observe the creeping behaviors
of a landslide induced by rainfall using finite element-
based proposed methods, so the highlighted block in
Fig. 10 (i.e., 17 m × 12.63 m) was only considered for
the FEM-based numerical simulation and analysis in this
study. Six water level gauges and extensometers were in-
stalled at various locations of the slope along line 1 (close
to A–A′) and line 2 for the measurement of the groundwa-
ter fluctuations and displacement rate with respect to time
(Fig. 9). However, the recorded data along line 2 (i.e., 4©,
5©, and 6©) are not considered in this study.

Fig. 12. A representative photograph of the field experimen-
tal site after collapse.

Fig. 13. Precipitation and groundwater fluctuation on the
upper, middle, and lower water level gauges.

Figure 13 shows the precipitation and groundwater
fluctuations on the upper slope (i.e., upper water level
gauge or 3©), middle slope (i.e., middle water level gauge
or 2©), and lower slope (i.e., lower water level gauge
or 1©). The groundwater level in the upper water level
gauge began to rise at 10:57 a.m. after 3 minutes of precip-
itation of 140 mm/h, followed by the middle water level
gauge and the lower water level gauge, respectively. The
groundwater level in the upper water level gauge gradu-
ally increased by 0.27 m from 10:57 a.m. to 11:05 a.m.
and remained almost constant until 2:09 p.m. Then, it
suddenly decreased until 2:59 p.m. After spreading the
precipitation of 300 mm/h, the groundwater level again
rose (Fig. 13). In the case of the lower water level gauge,
the groundwater level began to rise at 11:16 a.m. and grad-
ually increased by 0.31 m until 11:26 a.m. Then, it also
followed a similar pattern of fluctuations of groundwater
in the upper water level gauge. However, the groundwater
level began to rise at 11:15 a.m. in the middle water level
gauge, and groundwater of 0.24 m gradually increased af-
ter about 10 minutes.

After this, the change in groundwater level was al-
most constant in all cases. Although the precipitation in-
creased from 240 mm/h to 300 mm/h, the groundwater
level suddenly decreased after 2:09 p.m. and 2:16 p.m. in
the case of the upper water level gauge and lower water
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Fig. 14. Variations of the pore water pressures at the differ-
ent depths on the upper, middle, and lower tensiometers.

level gauge, respectively. The reason behind the decreas-
ing groundwater level was not clearly understood. How-
ever, the soil structure at different locations on the slope
may change with changes in the slope. This change in
soil structure may be due to the formation of soil blocks
and changes in the distribution of large pores in the soil.
During the movement of the landslide mass, there may
be heterogeneous distribution of the groundwater in the
soil surface, which may create a new discharge system
with newly formed soil blocks. Moreover, the flow rate
should also change with the change in slope. However,
the change in flow rate was not measured during the ex-
periments in this study.

Six tensiometers were buried at depths of 20 cm, 50 cm,
80 cm, and 120 cm along line 1 and line 2 for auto-
matic measurement of the pore water pressure during
the field experiment. Fig. 14 shows the relation be-
tween the pore water pressure and time at the differ-
ent depths on the lower, middle, and upper slope along
line 1. After about 11:00 a.m., most of the tensiome-
ters showed an increase in water pressure, and the fluctu-
ations of the pore water pressure reading was almost con-
stant until about 2:13 p.m., although the recorded value
of the pore water pressure at the different depths were
varying (Fig. 14). After that, most of the tensiometers
recorded decreasing trends. However, the tensiometers at
the depth of 120 cm in the middle followed the trend of
increasing. After 2:00 p.m., 2:23 p.m., and 2:18 p.m.,
the increase/decrease in pore water pressure at a depth
of 80 cm on the lower, middle, and upper slope were no-
table (Fig. 14). The reason behind the change in pore wa-
ter pressure at the different depths should be related to the
change in soil structures at the different depths.

Similarly, the corresponding extensometers recorded
cumulative displacement with time, as presented in
Fig. 15. From the analysis of the recorded displace-
ment of the extensometer reading, it was understood that
the slope began to move at 11:25 a.m. after gradually
increasing the groundwater level (Fig. 15). The lower
part (lower extensometer) of the landslide slope began to

Fig. 15. Variations of the monitored cumulative displace-
ment on the upper, middle, and lower extensometers.

move first, followed by the middle extensometer and up-
per extensometer. The lower was slightly moving with
an average constant displacement rate of 0.16 mm/min
from 11:25 a.m. to 2:10 p.m. After that, the aver-
age constant displacement rate was slightly increased up
to 2:47 p.m., and then, the displacement rate remained
almost 0 after that. Similarly, an average constant dis-
placement rate of 0.37 mm/min was recorded in the mid-
dle up to 2:40 p.m., but change in displacement remained
almost 0 after that.

For recording and observing the overall phenomenon of
the movement of the landslide mass, multiple cameras and
video cameras were installed at different locations along
the directions of line 1 and line 2 and fixed the time ac-
cording to the Internet immediately before the beginning
of the experiments to synchronize the time code on the
videos. Based on the detailed observation and analysis of
the recorded videos with time codes, it was found that the
lower extensometer and middle extensometer were also
moving along the same direction with the movement of
the landslide mass. Therefore, those lower and middle
extensometers along line 1 may not have measured the
exact displacement of the landslide mass. In other words,
the data recorded by the lower extensometer and middle
extensometer may have some errors. Therefore, the lower
extensometer and middle extensometer could not record
the data of tertiary creep (Fig. 15). Hence, the change in
displacement rate after 3:03 p.m. remains almost constant
in the case of the lower extensometer and middle exten-
someter reading (Fig. 15).

In the case of the upper extensometer reading, a con-
stant displacement rate of 0.1 mm/min was recorded in
the beginning at 2:09 p.m., where the displacement rate
of the lower extensometer was also increased. However,
the average displacement rate gradually increased, and a
displacement rate of 2.1 mm/min was reached at 3:03 p.m.
After that, the displacement rate suddenly increased, lead-
ing to failure of the slope. Finally, the slope was to-
tally collapsed after 3:18 p.m., with a displacement rate
of 56.8 mm/min (i.e., last recorded data) (Fig. 15). Here,
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Fig. 16. Discretized finite element meshes with geological
structure and groundwater level in the slope based on field
investigations.

it seems that soil materials along the slip surface show
the tertiary creep behaviors after 3:03 p.m. In the other
word, the slip soil materials behave as the secondary stage
of creep before 3:03 p.m. Therefore, the point (i.e., at
time 3:03 p.m. along x-axis and equivalent cumulative dis-
placement) is a critical point, from where the tertiary stage
of creep began or, alternatively, the end point of the sec-
ondary stage of creep. As we have already discussed, the
proposed models in this study are only capable of simulat-
ing the secondary creep behavior of soil materials along
the sliding surface. Therefore, we have only considered
up to the end point of the secondary stage of creep in
this study. Therefore, the groundwater fluctuation data
from 9:00 a.m. to 3:03 p.m. were only considered for nu-
merical analysis in this study.

3.2. Numerical Modelling
The proposed numerical model is applied to an analysis

of the creeping behavior of a landslide field experiment
triggered by rainfall in real time of the natural slope in
Futtsu City, Chiba Prefecture of Japan. Fig. 16 shows the
discretized finite element meshes with geological struc-
ture and groundwater level in the slope based on field
investigations. The three major representative materials
(layers) are assumed from the SPT test results of such
landslide for simplification of the model. The weakest
material (i.e., indicated by red in Fig. 16) was named
“Sliding Surface.” The thickness of this layer is assumed
to be 1.0 cm. The soil materials are above the sliding
surface, which were named “Sliding Mass” or “Landslide
Mass.” Similarly, it is assumed that the strongest mate-
rial is below the sliding surface, which was referred as
the “Bedrock.” Here, the landslide mass and bed rock
were modelled as solid elements and elastic bodies. How-
ever, the sliding surface was modelled with joint elements
and assumed to be an elasto-viscoplastic body. The mesh

adopted in the calculations consists of a rectangular ele-
ment with eight nodes. The total number of 4800 nodes,
1531 elements, and 175 boundary conditions exist in the
finite element model of the landslide body (Fig. 16). The
base of the model (i.e., bottom boundary) was assumed
to be fully impervious and fixed, and the lateral sides
(right boundary and left boundary) were constrained by
rollers. The hydraulic head of the maximum and mini-
mum groundwater was imposed at the lateral boundaries
based on the field monitoring results of groundwater fluc-
tuation. In this study, the results of groundwater fluctu-
ations from 9:00 a.m. to 3:03 p.m. were only considered
(i.e., up to the secondary creep). The lower, middle, and
upper were the nearest locations of points, where the dis-
placement of the landslide body was measured during the
field experiment (Fig. 16).

A parametric study was done to obtain the two new un-
known control constitutive parameters (∝̇,n). Initially, the
total factor of safety (Fs) of the landslide block is cal-
culated using FEM. In FEM method, the shear strength
reduction method (SSRM) is used to estimate the total
factor of safety (Fs) of the field experimental landslide
in Futtsu City. This method was originally proposed by
Zienkiewicz et al. [59] for elasto-plastic finite element
slope stability analysis. The details of the SSRM by FEM
have been discussed by Zienkiewicz et al. [59], Ugai and
Leshchinsky [62], Cai et al. [63], Cheng et al. [64], and
Murakami et al. [65]. Using the abovementioned method,
the total factor of safety owing to groundwater fluctua-
tions caused by precipitation has been estimated for every
minute. From the detailed analysis of the slope stability
data using the FEM method, it was found that Fs were var-
ied in a range of 0.98–1.020. After the calculation of Fs,
the relations between γ̇max and Fs was established based
on Eq. (14). After that, the general equations were ob-
tained based on the well fitted curve between γ̇max and Fs.
Then, the unknown two new control constitutive parame-
ters (∝̇,n) were estimated by solving these general equa-
tions. On the other hand, the detailed field and laboratory
studied were not performed on this landslide site. There-
fore, effective strength parameters (c′,ϕ ′) of the sliding
surface were estimated based on the back analysis. The
other requires simulation input parameters for each soil
material (layers) are estimated based on different related
reports and guidelines of textbooks. The estimated value
of the unknown two new control constitutive parameters
and the summary of the material parameters for landslide
simulation are tabulated in Table 1.

3.3. Numerical Simulation Results and Discussion
Figure 17 shows the comparison of predicted time his-

tories of displacement obtained from the numerical anal-
ysis and field monitoring data from the experiment. Here,
the predicted time histories of displacement were mea-
sured at the same point in the upper, middle, and lower,
where the landslide displacement was also measured dur-
ing the field experiment. Moreover, the horizontal com-
ponent of displacement was considered for predicting the
time histories of displacement in the numerical model.
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Table 1. Material parameters for each material.

Parameters (↓)
Materials (→)

Landslide Mass Sliding Surface Bed Rock

Young’s modulus, E [kN/m2] 10000 10000 100000
Poisson’s ratio, ν 0.45 0.45 0.3
Cohesion force, c′ [kN/m2] 7 7 100
Internal friction angle, φ [◦] 20 20 40
Dilatancy angle, ψ [◦] 0 0 0
Unit weight, γ [kN/m3] 18 18 22
α̇ [min−1] 0.00031 0.00031 –
n 25 25 –

Fig. 17. Comparison of time histories of calculated sliding
displacement of the sliding mass and observed extension on
the upper, middle, and lower slope along line 1.

Figure 18 shows the results of the deformation pattern
at the end (i.e., time = 3:03 p.m.) as a representative re-
sult. The red dotted line shows the result of a maximum
deformation pattern of each node at the end of the numer-
ical simulation with comparison to without the deforma-
tion (i.e., initial condition). Similarly, Fig. 19 shows the
results of the shear strain pattern at the end step of the
calculation (i.e., time = 3:03 p.m.). From the compara-
tive study of the field monitoring and numerical analysis
results, it is found that the horizontal displacement at the
same point of upper, middle, and lower was not perfectly
matched to each other (Fig. 17).

In this study, the detail field and lab test to estimate the
various soil parameters of each soil layer for the simula-
tion were not performed. Therefore, the landslide sim-
ulation parameters of sliding mass, sliding surface, and
bedrock were assumed based on the back calculation as
well as trial methods. Moreover, material parameters of
sliding mass and slip surface for numerical simulation
were also assumed to be the same. The failure mech-
anisms along the slip surface due to the fluctuations of
groundwater are not clearly known. From the videos that
were taken by the NHK from the multiple cameras in-
stalled in different locations, we observed that the slip sur-
face contained much water immediately after the occur-

Fig. 18. Calculated residual deformation (exaggerated
20 times) after the final calculation step.

rence of the landslides. It also pulled out and brooked the
roots along the slip surface after the landslide (Fig. 12).
Therefore, the failure mechanisms along the slip surface
of the natural slope should be known to obtain better
simulation results. However, we briefly discuss the pos-
sible failure mechanisms along the slip surface of such
a slope based on the simulation analysis results in the
paragraphs below. On the other hand, the groundwater
level decreased in the upper and middle after 2:09 p.m.
and 2:16 p.m., respectively, whereas the movement rate
after that time was almost constant (i.e., secondary stage
of creep) until 3:03 p.m. The interesting point is the major
causes of suddenly decreasing groundwater level despite
the constant movement (i.e., secondary creep behaviors)
of the landslide mass. Therefore, the measured and pre-
dicted time histories were not good agreements with each
other (Fig. 17). Thus, the numerical simulation up to the
tertiary stage of creep has been demanded to obtain bet-
ter simulation results of such type of landslides. Hence,
we believe that such proposed models will be extended or
modified to simulate the tertiary creep behaviors of slope
or landslide triggered by rainfall in the near future. It is
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Fig. 19. Calculated maximum shear strain distributions after
the final calculation step.

expected that such extended study will be useful for pre-
dicting the creep displacement behaviors of slope failure
or landslides triggered by rainfall, and at the same time,
countermeasure works for long-term prevention and mit-
igation from such type of landslide in monsoon Asia will
be easier in the near future.

Skempton [66, 67] has suggested that the drained resid-
ual strength is mobilized along pre-existing shear surfaces
of a creeping landslide. Picarelli et al. [31] have suggested
that continuous translative movements of slopes may be
the result of cyclic pore pressure changes along the slip
surface, causing shear strength to be mobilized along the
slide/slip surface. Vulliet and Hutter [54] have also agreed
with Picarelli et al. [31]. The main cause of landslide dis-
placement is due to the increase of the mobilized shear
stress, in which weight of surcharge above the potential
failure may be increased because of rising of groundwa-
ter levels. This means that when the groundwater level is
raised, the pore water pressure is also increased along the
slip surface. Hence, the effective stress will be decreased,
and the mobilized shear stress will be greater than the ef-
fective stress. Then, the soil mass begins to move slowly
at first, finally leading to failure. In other words, the nor-
mal stress is decreasing with the increase in groundwater
level, and the driving force becomes equal to or slightly
greater than the resisting force, which leads to failure or
moving of the landslide body. Picarelli et al. [31] have
reported that increasing pore water pressure decreases the
shear strength of the soil, which may lead to slope failure.

To check the details of the failure mechanisms, the
shear resistance mobilized and variation of local factor
of safety along the sliding surface have been also stud-
ied. Fig. 20 shows the change of calculated shear strength
mobilized along the slip surface in time. Similarly, the
calculated time histories of the local factor of safety at
each element along the slip surface are shown in Fig. 21.
The distance of the interested points was selected in an
equal horizontal distance (i.e., 2-m interval) from the toe

Fig. 20. Change of calculated shear strength mobilized
along slip surface in time.

Fig. 21. Calculated time histories of the local factor of
safety at each element along slip surface.

of slope (i.e., the coordinate of the toe was assumed zero).
The shear resistance mobilized along the slip surface
was slightly increased from the beginning (at 10:53 a.m.)
to 11:15 a.m. for all the observed distances, but after that,
it was suddenly increasing (Fig. 20). On the other hand,
the change in the local factor of safety for all observed
distances along the slip surface was found almost con-
stant up to 11:20 a.m. After that, the local factor of safety
along the slip surface was suddenly decreased, which may
lead to movement of the landslide mass (Fig. 21). Based
on the comparative study of the numerical analysis re-
sults of the local factor of safety and shear strength mo-
bilized along the slip surface in time, it was understood
that the mobilized shear strength along the slip surface
near to toe (i.e., 2 m) was high, whereas the local factor
of safety at the same location was also low, and vice versa
(Figs. 20–21). From an analysis of the field monitoring
results, the movement of the slope was beginning near the
toe (i.e., lower) at first at 11:25 a.m. Therefore, such nu-
merical analysis results were also good agreements with
the field monitoring results of displacement in the case of
initiating the movement of the slope. Thus, it can be con-
cluded that the shear strength mobilized along the slip sur-
face has a major role in triggering the landslide. Hence,
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the failure mechanism of a creeping landslide is strongly
dependent on shear stress mobilized along the slip sur-
face due to the change in groundwater level. Previous re-
searchers (e.g., [2, 30, 31, 34]) have also agreed on this.

4. Concluding Remarks

This paper has primarily addressed the stress-
dependent landslide movements with groundwater fluctu-
ations with the help of newly developed FEM-based nu-
merical models and numerical analysis results and has
provided an insight for disaster prevention in monsoon
Asia. A two-dimensional elasto-viscoplastic constitutive
model has been used to simulate the secondary creeping
behavior of the sliding surface soil materials of rainfall-
induced landslides. The major findings of this study in-
clude the following:

(1) As an example, the current scenario of creeping land-
slides in Nepal and Japan have been briefly dis-
cussed, and possible landslide sites for further appli-
cation of the proposed numerical models in the near
future have also been presented.

(2) The novel numerical approaches have been proposed
to understand the secondary creep behavior of the
landslide owing to groundwater fluctuations by rain-
fall.

(3) A simplified procedure for the determination of new
control constitutive parameters has been developed.
Two control constitutive parameters have been incor-
porated for the first time to assess the realistic field
problem of landslides triggered by rainfall.

(4) Such constitutive parameters can easily be estimated
based on the relation between the total factor of
safety (Fs) and the sliding velocity (γ̇max).

(5) In previous studies, understanding the creeping be-
havior of landslides seemed almost impossible with-
out detailed field monitoring data and detailed field
and laboratory investigations. However, the pro-
posed models are useful for better understanding the
creep displacement behaviors of landslides by di-
rectly changing the control constitutive parameters
and other simulation parameters for each soil ma-
terial. Moreover, this study may be useful for pre-
dicting the displacement rate of landslides caused by
extreme rainfall.

(6) The proposed models have been applied to a land-
slide field experiment on a natural slope in the Futtsu
City of Chiba Prefecture, Japan, to check the appli-
cability of the novel models in real field problems of
slope failure and landslide.

(7) The measured (experimental) and predicted (model)
time histories along the horizontal direction have
been compared, and slightly different results were
found with each. The possible causes of such dif-
ferences have also been discussed.

(8) Based on the numerical analysis results of the field
experiment landslide, the details of the deformation

pattern, shear strain pattern, and possible causes of
slope failure mechanisms have been discussed.

The proposed numerical methods have been applied to
study the creep displacement behavior of few landslides
case studies until now. However, it will be continuously
applied to many other rainfall-induced landslides, with
variation of groundwater level to check for further appli-
cability of such proposed models. Moreover, such mod-
els are only prepared for the numerical simulation of sec-
ondary stage of creep. Therefore, further modification or
extension of such models is necessary for the numerical
analysis of tertiary creep behavior of landslides in the near
future.
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