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Abstract

Landslides during the rainy season are a usual phenomenon resulting in loss of human, animal, and property and obstruct-
ing the transportation facilities of the area. Modelling is an established tool for the reliable, efficient, and feasible study of
landslide mechanisms. Modelling is done by simulating the material properties and boundary conditions for an existing
failed slope. In the present study, an area subjected to the recurrence of landslides during the rainy season has been selected
to study the mechanism that triggers landslides. After extensive fieldwork and computation of hydro-mechanical parameters
through a series of laboratory experiments, a semi-similar material physical model test was conducted to study the sliding
mechanism and its crucial factor. Furthermore, numerical modelling has also been done using GeoStudio to analyze the
seepage and slope stability parameters to verify and compare the results to assess the suitability of this study. An artificial
rainfall simulator is designed and developed to simulate the quantity and intensity of rain to study the failure mechanism and
the threshold level of rainfall that causes the triggering of landslides. The physical model slope failed at 80 mm threshold
rainfall depth at a 30 mm/h fixed intensity. Numerical analysis results show that the slope remains stable with a safety factor
of 1.23 before the rainfall. Still, after simulating the rainfall condition for the physical model test, the slope fails at the same
rainfall intensity and depth with an approximately similar failure plane with a safety factor of 0.626, indicating that rainfall
is the major affecting parameter that generally initiates the landslide. This study also proves the suitability and feasibility
of numerical modelling to analyze different slopes, providing scientific guidance for monitoring and early warning so that
preventive measures can be taken to reduce its effect.

Keywords Rainfall-induced landslides - Slope failure - Physical modelling - Numerical modelling - Threshold rainfall
depth - Early warning system.

Introduction

Landslides are common and deadly occurrences across the
world, posing a threat to life, property, agricultural lands,
and so to the engineering buildings (Parkash 2011). The
Himalayan slope is more susceptible to landslides than land-
slides occurred around the globe as the Himalayan Moun-
tain is a new fold mountain compared to others (Gupta et al.
2016). The delicate nature of soil formation of Himalayan
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areas, along with rainfall conditions and numerous phy-
logenies actions, has made the region prone to landslides
(Singh et al., 2018). Figure 1 shows the landslide hazard
zonation map of India and Himachal Pradesh. Several recur-
ring landslides occur every rainy season, which causes tre-
mendous loss of life and property in the study area, due
to which life and survival become challenging for days
(Kanungo and Sharma 2014). Many studies reveal that the
frequency of landslides increased due to rainfall percola-
tion (Iverson 2000; Dahal 2012). The frictional resistance
criterion determines the strength of a slope in an unsaturated
condition; however, as water infiltrates through soil pores,
negative pore pressure, also known as matric suction, aids
in increasing slope stability; however, excessive infiltration
causes the soil to become saturated, resulting in a loss of
frictional strength, resulting in slope failure (Yang et al.
2015; Kristo et al. 2017; Lin and Zhong 2019; Cai et al.
2020; Zhao 2021). Figure 2 explains the sequential stages
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Fig. 1 Landslide hazard in Himachal Pradesh. HPSDMA Himachal Pradesh, 2011
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for rainfall infiltration and accumulation between the soil
layers. Rainfall usually triggers slope failures. The water
gets infiltrated between soil layers, and water accumulation
occurs, reducing the soil layer’s shear strength. Because the
soil on the surface becomes saturated, the water makes its
approach right down to the lower layers. With excessive
rainfall, deep percolation occurs between the rock and soil
layer, which accumulates and creates the fluid zone near
the surface, reducing the shear strength and leading to the
landslide (Kuriakose et al. 2009).

After extensive studies, many researchers concluded
that rainfall is the most common cause of landslides in the
Indian Himalayas and rainfall acts as the initiation factor to
slope failure (Dikshit et al. 2020a). There are mainly three
methods used extensively to analyze the stability and failure
slip surface of the landslide: physical modelling, numerical
modelling, or mathematical modelling. With the delicate
and unpredictable nature of rainfall-induced landslides, it
is really tough to analyze the actual failure mechanism only
with a mathematical or numerical model (Li et al. 2016).
So physical modelling proved to be an effective method for
analysis of failure mechanisms and generation of thresholds
that can be further used for prediction and warning systems.
Li et al. (2016) investigated the failure cause of a landslide in
China using a physical model test based on a similar material
theory. The landslide initiation factors and start-up condi-
tions are proposed, which can be used for prevention and
forecasting purposes. To examine the triggering mechanisms
of landslides caused by rainfall, a series of small-scale physi-
cal modelling tests are conducted in a geotechnical drum
centrifuge to investigate the potential failure causes for a
full-scale landslide experiment (Askarinejad, et al., 2012;
Matziaris et al. 2015). Only a few researchers have done
a comparative study of physical and numerical modelling
to validate the results of the study (Josifovski et al. 2019;
Xie et al. 2021). Many researchers have used the numeri-
cal analysis method to analyze the stability and failure slip
surfaces under different boundary conditions (Singh et al.,
2018; Zhang et al. 2019; Luo et al. 2021; Paswan and Shriv-
astava, 2022a, b). Although there are various techniques
available for numerical analysis, GeoStudio is widely used
for the analysis of rainfall-induced slope instability because
of its feasibility and efficiency (Acharya et al. 2016; Jeong
et al. 2017; Lin and Zhong 2019; Zhao 2021). The thresh-
old can also be derived using other methods like empirical
methods (Guzzetti et al. 2008; Abraham et al. 2020c¢), proba-
bilistic methods (Dikshit et al. 2018, 2020b; Abraham et al.
2020a), mathematical model (Peres et al. 2018), and algo-
rithm base model (Abraham et al. 2022) but the drawback
with these methods is that they need long-term temporal data
to generate precise thresholds and warnings, leading to a
high number of false predictions for any particular site. With
the evolution of electronic components and methods, there

are several instruments available for real-time monitoring
of a particular slope based on tilt angle and pore water pres-
sure (Uchimura et al. 2015; Abraham et al. 2020b). Elec-
tronic instruments can generate extremely effective warnings
with a very low probability of false alarm, but their high
cost, the requirement for specialized installation, and high
maintenance requirements make this method unsuitable for
every vulnerable slope. Remote sensing techniques are also
widely in use to assess the landslide hazard: Panchal and
Shrivastava (2022) performed landslide hazard assessment
using analytic hierarchy process (AHP) in Indian Himala-
yan region and also done a comparative study for landslide
susceptibility assessment using Shannon’s entropy and AHP
models (Panchal and Shrivastava 2021).

An extensive literature review based on the analysis and
prediction methods for rainfall-induced landslides reveals
a high increase in landslide events in the Indian Himalayan
region during the monsoon season. Still, very few studies
on rainfall-induced landslides have been performed in the
Indian Himalayan region to analyze and visualize failure
mechanisms. Only a few comparison studies have been con-
ducted to compare the outcomes of numerical methods with
those of physical modelling tests for validation purposes.

In this study, a recurring slope from the Himalayan region
is selected, and scale-based modelling is done in the labora-
tory according to similar theories. This study is performed
to investigate the failure patterns using the physical model-
ling method generating a rainfall threshold, and numerical
analysis using GeoStudio has been done for comparison and
validation of both approaches. This threshold can provide
scientific guidance for monitoring and early warning of
rainfall-induced landslides so that preventive measures can
be taken to reduce its effect. The specific objectives of this
study are to prepare a physical model in the laboratory to
analyze a rainfall-induced landslide failure pattern by physi-
cal modelling, to develop a self-made rainfall simulator for
the desired rainfall, to analyze the behavior of pore water
pressure during rainfall, to analyze the behavior and nature
of seepage through soil pores, to understand the role of soil
properties in landslide failure, and to compare and analyze
the failure mechanism by numerical modelling using Geo-
Studio software with physical modelling results.

Study area

The study location is on NH-5 in Jhakri town of Shimla dis-
trict in Himachal Pradesh, India (Fig. 3). The study area is
covered under the topo sheet no. 53/E11 (1973) by the SOI.
NH-5 is a major national highway-connecting corridor for
Shimla districts to other areas of Himachal Pradesh. There
are two hydroelectric projects of 1500 MW and 343 MW
capacity operated by Satluj Jal Vidyut Nigam (SJVN) Ltd
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Fig.3 Location map of the study area situated in Rampur district of Shimla, Himachal Pradesh, India

in this area (Singh et al., 2018). The location is situated
near the Sutlej River that is the rainfall catchment basin of
the study area. Jhakri area is highly affected by a rainfall-
induced landslide near the NH-5 (HPSDMA Himachal
Pradesh, 2011).

Description of the slope

The studied slope is near a tributary of river Sutlej. The
digital elevation model of Rampur is shown in Fig. 4a, while
Fig. 4b shows the elevation profile of the study area. The
slope has a height of 55.3 m, with a slope angle of 35° that
has been observed. The slope material contains loose aggre-
gate deposits composing highly weathered rock particles.
The soil material is non-uniform in grain size containing
various sizes of rock and stones. Surface runoff was promi-
nent, which can be justified by the presence of erosional
gullies and slope surface. The Jhakri area has experienced
many devastating landslides in the past. The sloping section
of the Jhakri area along NH-5 has a wide history of failure. It

@ Springer

infrequently obstructs the road because of the mass of debris
and rolling boulders (Geological Survey of India).

Geotechnical investigation of slope material

To determine the material properties of the failure slope, soil
samples were collected from different places of the slope
at the study area. By performing particle size distribution
test in laboratory according to BIS standards (IS:2720 (Part
4):1985), the result shows that the material consists of 60%
sand, 36% silt, and 4% clay. Some fractions of stones were
also available in a non-homogeneous way, and the gradation
of slope material comes as non-uniform as there was a wide
range of particles present. The soil is classified as silty sand
in nature.

Rainfall characteristics
As stated above, the study area comes under the catchment

area of Sutlej Valley. Rainfall in this area is because of the
S-W monsoon due to the orographic mechanism. The S-W
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Fig.4 a DEM of Rampur,
Shimla, and b elevation profile
of the study area

77°30.0’E 77°36.0’'E 77°42.0’'E 77°48.0’'E 77°54.0'E
Himachal Pradesh .. .
Digital Elevation Model of Rampur
= =
s s
= =
&= =
8 &
5 5
= =
=3 =
8 8
= =
2 <
< <
Legends
= Elevation (m) =
g : 5,180 ;
& 812 =
® Landslide
I Rampur
25 0 25 5km [ shimla
I [ cities
77°30.0’'E 77°36.0'E 77°42.0'E 77°48.0'E 77°54.0'E
(a)
1800
1700 —
1600 —
g -
7 1500 '
@ : Study location
=
< 1400 +
:‘ -
£ 1300
©
o |
2 1200 |
w ] Tributary basin of Satluj river
1100
. ™~ Satluj river basin
1000 —
T T T T T T 1
0 2 4 6 8

Distance (km)

(b)

@ Springer



795 Page6of 19

Arab J Geosci (2022) 15: 795

monsoon appears from June—September along with maxi-
mum precipitation depth (HPSDMA 2009). Figure 5a shows
the monthly precipitation variation for the Shimla district.
The precipitation data for the particular area were taken from
the Shimla Regional Center of the Indian Meteorological
Department (IMD). By analyzing the monthly rainfall varia-
tion for 7 consecutive years, it can be seen that the maximum
rainfall received is in between June and July followed by
some minor rainfall every month which helps in the devel-
opment of positive pore water pressure which acts as key
factor in initiation of landslide. It explains the reason behind
increased number of landslides in monsoonal season and
also provides an indication towards the focused study during
the monsoonal season.
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Mechanism of landslide

According to Indian standard code (IS 14496 (Part 2): 1998),
slope and geometry, lithology, state of stress, pore pres-
sures, structure, material properties, and boundary condi-
tions all contribute to the landslide mechanism. Because of
the high number of landslides that occur in the area during
the monsoon season, this research focuses on the charac-
teristics of rainfall that occur when a slope fails. The slope
section under investigation has a moderate slope gradient
and a semi-circular failure surface. Because of the lower
height, the failed section is critically stable in the dry state,
but saturation may further reduce the stability. Since the pre-
vious segment described how water saturation on the slope
exacerbates the problem, rainfall characteristics may provide
additional insight into the failure mechanism. As rainwater
infiltrates the soil, it activates the shallow failure in four
stages: Water movement to the failure zone or bedrock-soil
interface zone (interflow, surface flow), loss of soil cohesion
or slide, material mobilization, and collapse of the material
(Wieczorek 1996). Sharma et al. (2013) have suggested that
increased water content from heavy monsoon rains could
worsen slope conditions. The diagram (Fig. 2) depicts the
progression of shallow landslide initiation in a step-by-step
manner. In this case, the rainwater percolation results in the
saturation of the interface zone, resulting in the development
of a perched water table and the subsequent appearance of
successive wetting fronts. Positive pore-water pressure or
decreased suction head results in a decrease in soil shear
strength and effective stress (Iverson 2000).

Methodology

In this study, physical modelling has been done in the labo-
ratory to study the mechanism of slope failure in the study
area by replicating the field conditions. As it was not feasible
to bring that much soil from the location, so material simula-
tion has been done using parent soil geotechnical properties
by similar material theory (Li et al. 2016). Numerical model-
ling has also been done in this study to verify the results of
physical modelling using GeoStudio software (Acharya et al.
2016). Figure 6 shows the Flow chart of the methodology
adopted in the present study.

Material similarity and similar condition

A similar theory is used for the indoor model experiment.
The experimental set-up and materials are prepared by a
similar criterion based on the similar theory. Similarity
ratio is adapted accordingly, which is the prototype ratio to
model for the parameters: geometric similarity ratio, qual-
ity similarity ratio, loading similarity ratio, and boundary
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Fig.6 Flow chart of the meth-
odology adopted in the present
study
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condition similarity ratio (Skempton 1985; Li et al. 2016;
Wong et al. 2017).

The scale-based physical model is mostly used models
than any other mechanical model to study the landslide
mechanism. A model test used for the study of landslides
should have its similarity characteristics, including dead
load similarity, slope material similarity, rainfall duration
similarity, and boundary condition similarity. These fac-
tors are effective parameters in the physical model test
used to study the landslide mechanism.

The soil available in the laboratory (DTU soil) consti-
tutes 80% sand, and 20% is fine-grained soil, i.e., silt and
clay. The study area constitutes 60% sand and 40% fine-
grained soil. So, to meet the similarity condition, sand
and clay are added to the DTU soil. As in the study area,
there are stones and boulders that are also present in debris
material, so we mixed stones and boulders of different
sizes to meet up with similarities. By material similarity
theory, the similarity ratio of inner friction angle, modulus
of elasticity, cohesion, and Poisson’s ratio are taken simi-
lar to the prototype, as Cp=Cg=Cc=Cp=1.
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Physical modelling

Debris flows are fast-moving landslides that are dangerous to
life and property because they move quickly, destroy objects
in their paths, and often strike without warning. Debris flows
are most common during seasons of heavy rain, and they
usually begin on slopes or mountains. Debris flows, also
known as mudslides, mudflows, or debris avalanches, are
a form of landslide (Abraham et al. 2021). It is tough to
explain the mechanism of debris flow landslide, only with
a numerical or mathematical model because of sudden fail-
ure, complexity, and random behavior (Li et al. 2016). So,
the study of slope failure mechanism is done by adopting a
physical model test as it is most effective and widely used
method to explore the sliding mechanism of soil slices, to
investigate the rainfall water movement through the pores,
and to analyze the rainfall-induced slope instability, and as
an early warning and control of landslides (Askarinejad,
et al., 2012; Luo et al. 2015; Li et al. 2016).

The following assumption has been made while perform-
ing the physical modelling. The engineering properties of
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parent soil and experimental soil are the same. All the sides
are impermeable, ensuring no seepage except the toe drain.
The impact factor of rainfall on the slope is negligible as
the sprinkler used is not jet type. Rainfall distribution on
the slope is uniform. The effect of vegetation has not been
considered.

A physical modelling test has been enforced in the study
bearing identical engineering properties based on the previ-
ous analysis. The essential engineering properties of soil

obtained through similar materials are tested in the labora-
tory and derived through the dimensional technique. The
similar conditions of the physical model experiment were
brought in line with the similar theories. The start-up con-
ditions and failure mechanism of the rainfall-induced land-
slide are studied through the physical model experimental
method. Figure 7a shows the schematic diagram of the
experimental set-up and Fig. 7b shows the frame type box
with soil slope.

Fig.7 a Schematic diagram of
experimental set-up and b frame Water tank
type model box with soil slope ﬂ

Pump

Pressure
regulation valve  Pipe Pressure meter
] i i
Nt

—Nozzle

Tripod stand <——

1l

Model box
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Frame type box

The frame type model is designed using a transparent
acrylic sheet of 15 mm thickness with a steel frame for
experimental work. The similarity ratio of geometry
Ci=n. In this test, the geometry scale is taken 1 in 100
as the prototype is large. The experimental platform is a
cube tank, which measures 97 cm long, 57 cm wide, and
48.5 cm high. Drain holes are also provided at the toe side
to flush the runoff water.

Rainfall simulator

There are two main empirical methods based on precipi-
tation measurement to define its threshold, which is (1)
rainfall obtained for a particular event (intensity—dura-
tion (ID), total event precipitation (E), precipitation
event—duration (ED), and precipitation event—intensity
(EI) thresholds) (Guzzetti et al. 2008) and (2) anteced-
ent precipitation activity (Guzzetti et al. 2008) which is
outlined as the threshold amount of rainfall that would
cause slope failure (Iverson 2000; Godt et al. 2009). In this
study, three parameters have been considered, (a) inten-
sity of precipitation “g,” (b) duration of precipitation “t,”
and (c) interval of precipitation. The rainfall duration and
interval each vary with the time factor. The relationship

between the intensity of rainfall “q” and the total rainfall
“Q” is as follows:

9= ey

Figure 5b shows the cumulative rainfall variation for
7 successive years which defines the maximum rainfall
depth for the particular year which helps in deciding the
threshold rainfall depth for landslide. For this study, the
rainfall depth is kept to 10 mm in each rainfall till the
failure occurs, and variable interval of 15 min, 30 min,
45 min, and 60 min is kept for next successive rainfalls
to make moisture infiltrate properly. An artificial rainfall
simulator is designed including a water tank, submersible
pump, control valve, and raindrop nozzle to generate the
desired rainfall.

To generate the desired rainfall depth with varying pres-
sure, a pump is installed in the rainfall simulator. The dis-
charge capacity of the pump is 0.05 I/s, which is 0.18m?/h.
A sluice valve is attached to the rainfall simulator having
scales drawn on it to control the flow of water. The hand
wheel is rotated to increase or decrease the flow as needed,;
further marking is done according to experimental need.

For the generation of rainfall, a sprinkler is installed in
a rainfall simulator to simulate the rainfall. It has a fixed

opening, so the size of water droplets cannot be changed,
which is also a restriction in this modelling. The impact
effect of sprinkler was negligible as the rainfall simula-
tor was not jet type. To achieve the desired cumulative
rainfall depth, the sprinkler is placed at 12.5 cm height
above the slope to make the experiment feasible. The rain-
fall intensity of 30 mm/h is considered under heavy rain-
fall conditions. The intensity was constant for this study.
Furthermore, the rainfall depth is varied to find out the
failure mechanism, pattern, and threshold rainfall depth
at which the slope failure occurs because the rainfall data
is given in terms of depth by IMD (Indian Meteorologi-
cal Department), which can be easily understandable for
local people.

Numerical modelling

In the present numerical study, a two-dimensional approach
is used to investigate the triggering of rainfall-induced land-
slide for the validation purposes. As it was very tough to
generate the real geometry for the failed slope so for get-
ting explicit conclusion, the straight slope is considered fol-
lowing many previous researches (Li et al. 2016; Lin and
Zhong 2019; Zhang et al. 2019; Zhao 2021). To implement
two-dimensional approach for getting explicit conclusion,
following assumptions were made (GEO-SLOPE 2012a, b,
c): Slope fails in a single layer as the soil particles are small
and compacted. The failure pattern is circular. Maximum
failure depth can only be extending to the soil depth. The
bottom-most layer underneath the soil mass is assumed to
be impermeable; that is, there will be no percolation possi-
ble through the soil layer to bedrock. The hydrological and
mechanical parameters of soil are the same as the failed soil
for saturated and unsaturated cases and the maximum rate of
water percolation is equal to soil permeability.

Slope stability analysis has been widely used to deal with
complex calculation, investigation, prototype modelling,
testing, design, and stability analysis of natural, artificial
rock, and soil slopes. The researcher and design engineer
typically use the slope stability analysis to assess the safe
design of artificial or natural slopes. Slope stability is the
resistance of the inclined surface between the layers of soil
to failure by sliding or collapsing. The main objectives of
slope stability analysis are finding the critical failure sec-
tion, analyzing potential failure mechanisms, and designing
slopes considering safety, reliability, and economics (Zhang
et al. 2011; Acharya et al. 2016; Jagodnik 2019).

In this study, the soil slope is analyzed using GeoStudio
2020 software. First, the unsaturated slope is analyzed for
its stability using SLOPE/W, which is based on the limit
equilibrium method, and then the stability of the slope
is analyzed after the rainfall. The rainfall modelling has
been done in SEEP/W based on the finite element method,
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and then the results generated from SEEP/W have been
used in SLOPE/W to check the stability of saturated slope
after the rainfall using the Morgenstern and Price method
(Morgenstern and Price 1967).

Rainfall infiltration analysis

The SEEP/W based on the 2D finite element method has
been used to obtain the pore water pressure generated by
the rainfall of desired intensity for the defined material
property, slope cross-section, and initial and boundary
conditions. It uses a numerical discretization technique to
solve Darcy’s equation shown in Eq. 2 for unsaturated or
saturated slope conditions and runs the following water
flow governing equation to compute 2D seepage (Hopkins
et al. 1975; Collins and Znidarcic 2004; Harris et al. 2012;
Acharya et al. 2016).

i(kﬁ)_l_i k@ + _m2 ﬁ 2
ox V' ox ) Ty \ gy ) T4T My &)

where “k, is used to represent the horizontal x-direction
infiltration coefficient, k, is used to represent the hori-
zontal y-direction infiltration coefficient, H denotes total
head of water, g denotes the applied rainfall intensity, m,,
denotes the slope for the SWCC (soil-water characteristic
curve), and y,, denotes the water’s unit weight.”

The two main input parameters for this analysis are
volumetric water content function (VWCF) shown in
Fig. 8a, also widely known as the soil-water character-
istic curve (SWCC) function, and hydraulic conductiv-
ity function (HCF) shown in Fig. 8b. VWCF shows the
relationship between volumetric water content vs. mat-
ric suction, and the HCF shows the relationship between
water conductivity and matrix function. Matric suction
expresses the water-retaining capacity of the soil. The
function has been defined using the GeoStudio software
with the help of material properties like grain size distri-
bution and the material’s hydraulic conductivity. For soils
with identical grain-size distributions, the SWCC func-
tion was employed, while the HCF function was calculated
from the SWCC using the (Fredlund et al. 1994) criteria.
The criteria eliminate the requirement for additional pre-
diction approaches to assess residual water content. The
SWCC function and the HCF function were combined
with the field measurements of saturated water content
and soil permeability during the simulation. A limiting
suction of — 20kpa was introduced in the analysis as an ini-
tial condition to avoid the excessively high negative pore
water pressure. The initial water table has been defined
along with the impermeable bedrock (Seep; Ltd. 2002;
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GEO-SLOPE International Ltd 2012b; Harris et al. 2012;
Acharya et al. 2016).

Stability analysis

SLOPE/W software, which uses the limit equilibrium
method, has been used to examine the slope’s stability.
Several methods exist for calculating the slope’s safety,
but the Morgenstern-Price method was used in this
investigation. Due to its ability to maintain both force
and moment equilibrium, this approach is frequently
employed in engineering applications. A relationship
between interslice shear (X/E) and normal force (E) is
established by the interslice force function [f(x)], where
f(x) is the scaling factor. Because it reduces interslice
shear at the toe and crest and concentrates shear force
in the middle of the sliding mass, the half-sine interslice
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force function was used in this study. The slope stability
analysis was performed using a modified Mohr—Coulomb
soil strength method that also takes into account the vari-
ation in shear strength due to matric suction in the soil
(GEO-SLOPE 2012a, b, c). The governing equation for
this model is given in Eq. 3.

T=c + (an - ua)tanq)’ + (u, — u,,)tang® 3)

where “z denotes the soil’s shear strength, ¢’ denoting
the effective value of cohesion strength, (o-n - ua) denotes
the net effective value of normal stress, o, denotes the
total stress, (4, — u,,) denotes negative pore water pres-
sure also known as matric suction, u,, denotes the value
of pore-water pressure, ¢ denotes the friction angle of
soil, and ¢’ denotes angle between the rate at which shear
strength increases in relation to the negative pressure.”

Geometry modelling

Two geometry models have been made for the numerical
analysis. One geometric model is for stability analysis
before rainfall and the other one is for stability analysis
after rainfall analysis. The models have been included
with rainfall boundary condition on its slope and zero
pressure boundary condition at the toe side of the slope
to define the exit point for the water flow.

Fig.9 Effect on the slope for
a, b 30 mm rainfall, ¢ 50 mm
rainfall, d 80 mm rainfall

Results
Laboratory test result

The soil taken from the DTU campus named DTU soil is
mixed with Yamuna sand and clay to meet the similar condi-
tion of parent soil. Laboratory investigation has been done
to find the properties of soil for the analysis of slope stabil-
ity. Different physical and engineering properties of the soil
are obtained by conducting different tests according to the
Bureau of Indian Standards 2720 (IS:2720 (Part 2) 1973;
1S.2720 (Part 3):1980 1980; IS: 2720 (part 12) 1981; IS:
2720 (part 8) 1983; IS: 2720 (part 5) 1985; IS: 2720 (part
17) 1987; BIS:2720 (Part 1) 2006; IS: 2720 (part 7) 2011).
The soil was classified as silty sand in nature. The natural
water content was 6.7%. Bulk unit weight, dry unit weight,
and saturated unit weight were 14 KN/m?, 13.3 KN/m?, and
18.27 KN/m?, respectively. Permeability coefficient was
0.0023 m/h, cohesion 9.5 kPa, and friction angle was 32°.

Physical modelling test result

The rainfall intensity for the adopted slope area, which is
0.6099 m?, is fixed to 30 mm/h as a high-intensity rainfall.
The effect of rainfall on the slope with 10 mm rainfall depth
variation is shown below to visualize the failure pattern of
the slope. The images shown in Fig. 9 are clearly describing
the progressive stage of a rainfall-induced landslide in the
experiment performed. It presents the complete process of
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occurrence, development, and sliding of the landslide under
rainfall. Figure 9a and b indicate that for 30 mm depth of
rainfall, water percolation occurs. Due to the high volume of
runoff water generated by heavy rain, the effects of weath-
ering and erosion can be seen on the slope face. With con-
tinued rainfall of 50 mm depth, the non-uniform vertical
settlements can be seen to initial marking. The formation of
gullies occurred due to further weathering and erosion by
runoff water. This pointed towards the importance of a drain-
age system to ensure the stability of the slope. The runoff
was drained out by the drain hole provided at the toe side
of the slope to ensure no ponding condition. This effect is
shown in Fig. 9c. With rainfall of 80 mm, water infiltrating
through the cracks and the pores leads to the development
of positive pore pressure by accumulating water between
the soil layers. The friction resistance on the interface was
reduced, resulting in the development of fracture along the
sliding surface, resulting in a landslide as in Fig. 9d.

In previous studies, extensive researches show that the
intermittent, low intensity, and shorter duration rainfall
may help in stabilization of slope up to a certain extent by
the development of negative pore pressure between the soil
pores (Lee et al. 2014; Kristo et al. 2017). The threshold
has been defined for the particular slope as the study is site
specific which do not represent the threshold for all the
landslides.

As the considered slope is recurring and may undergo
failure in the future as the study proves that the slope is
unstable under heavy rainfall condition and the area receives
high-intensity rainfall during monsoonal season, thus, the
threshold for the particular slope has been determined for the
critical events seen during the physical model experiment for
warning purposes.

This study was done to analyze the failure mechanism
under the sudden and heavy rainfall condition by choosing
an intensity of 30 mm/h as the region receives high-intensity
rainfall during monsoonal seasons. To minimize the error
while calculating the rainfall depth with intensity and time
variation the rainfall was delivered in terms of depth of
10 mm by fixing the volume of water in the supply tank. To
deliver 10 mm rainfall on the slope at 30 mm/h intensity, it
took 20 min time. For proper infiltration, there is a gap is
introduced between two consecutive rainfalls.

The first critical event occurred at 30 mm rainfall depth
at which weathering and soil erosion starts due to heavy
runoff and can be named as lower limit of warning threshold.
The second critical event occurred at 50 mm rainfall depth
at which rapid erosion and formation of erosional gullies
can be seen which may help the water to infiltrate to much
deeper extent even at higher intensity rainfall leading to
the landslide initiation and can be named as upper limit of
warning threshold. After delivering 80mm depth of rainfall
the slope failure occurred and that can be named as failure

@ Springer

threshold for the particular slope, further number of physi-
cal modellings can be done to get the threshold for various
landslides to generate the regional threshold for warning and
prediction.

Numerical modelling test result

GeoStudio 2020 software has been used to simulate 2D
rainfall in SEEP/W, which is directly linked to SLOPE/W
for the analysis of slope stability, in order to investigate
the failure pattern of the physical model. Using GeoStudio
2020 SLOPE/W stability software, this study performs a
Morgenstern-Price method assessment of the soil slope’s
stability. The factor of safety was calculated using Morgen-
stern Price (Morgenstern and Price 1967) from the various
limit equilibrium methods. It is one of the most widely used
methods. It allows for a special variable interslice force func-
tion to be used, allowing the interslice inclination to vary on
every slice along the slip surface while also satisfying both
force and moment equilibrium. The geometry and material
properties (cohesion, friction angle, and unit weight) of the
slope are taken according to the model test as mentioned in
the laboratory result section.

SLOPE/W results before the rainfall

Slope stability analysis has been done to determine the factor
of safety of the slope before the rainfall using soil param-
eters. Using the GeoStudio software, the factor of safety
comes out to 1.23, which represents that the slope is very
much stable on its own before the rainfall as the FOS of
the slope is greater than 1. The critical slip failure pattern
has been highlighted in Fig. 10a, which can fail under cer-
tain circumstances. It also represents the hazard zonation
map according to the factor of safety. Figure 10b shows the
relationship between friction strength, shear resistance, and
shear mobilization. As shear resistance is much more excel-
lent than the mobilized shear, which directly indicates, the
slope is stable.

SEEP/W results after the rainfall

Rainfall simulation has been done in SEEP/W software
under steady-state to analyze the effect of rainfall on the
slope. The analysis gives a result of pore water pressure
developed under the effect of desired rainfall intensity for
the particular slope. The rainfall intensity was fixed to
30 mm/h according to the physical modelling experiment,
and the rainfall boundary condition is used as a data point
function in which the time duration has been fixed to 20 min
to simulate the 10 mm rainfall depth for the 30 mm/h rainfall
intensity. The bottom and left side of the geometry model
has been set to impervious as a rock bed so that is there
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is no seepage can occur. The toe boundary condition has
been set to zero pressure boundary condition, representing
the drain path for the seepage water. Figure 11a represents
the pore water pressure distribution according to depth. Fig-
ure 11b shows the flow vectors, which represent the direction
of seepage flow. These figures also represent that the soil is
fully saturated with the rainfall.

SLOPE/W results after the rainfall

Rainfall simulation done in SEEP/W is directly linked to
SLOPE/W to analyze slope stability so that factor of safety
can be determined after the rainfall, which will further help
in monitoring and early warning. The safety factor comes
out to be 0.626, which represents that the slope is very much
critical to fail after the rainfall as the FOS of the slope is less
than 1. The critical slip failure pattern has been highlighted
in Fig. 12a, which failed under the action of rainfall. It also
represents the hazard zonation map according to the factor
of safety after the rain. Figure 12b shows the relationship
between friction strength, shear resistance, and shear mobi-
lized. As shear resistance is much lower than the mobilized
shear, it indicates that the slope is unstable under the rainfall
condition.

The numerical modelling result for the factor of safety of
the slope before the rainfall was 1.23, and after the rainfall of
desired intensity, it decreased to 0.626, which is less than 1,
which justifies the physical modelling mechanism of failure
for desired rainfall performed in the laboratory.

Discussion

In previous studies, only a few researchers (Askarinejad,
et al., 2012; Li et al. 2016) studied rainfall-induced slope
failure mechanisms using the physical modelling method. Li
et al. (2016) concluded that the physical modelling method
is very efficient to visualize the rainfall-induced landslides
for a specific study area by performing the laboratory model-
ling test. It is tough to analyze it only by the mathematical
or numerical model. Still, they did not perform numerical
analysis to compare the results for validation purposes. So,
to study the failure mechanism of a slope in the Himala-
yan region, a self-designed experimental platform has been
developed to perform the physical model test on rainfall-
induced landslides. The experimental platform includes
an artificial rainfall generator, a loading mechanism, and
a frame type box for modeling slope. The slope material
has been made in the laboratory by similar material theory
as it was not possible to take that much material from the
site to the laboratory. The intensity for the rainfall generator
was fixed to 30 mm/h. Each time, 10 mm rainfall is deliv-
ered to the slope to decrease the error while calculating the

threshold for intensity duration relationship. The threshold
has been determined as the total depth of rainfall till the
failure for the particular slope. The physical model experi-
ment using semi-similar material revealed a highly efficient
way to visualize the pore water penetration process. The
sliding mechanisms of the slope were studied, indicating
that rainfall was the key factor before the slope failure. Many
researchers proposed sliding mechanisms through various
studies (Dahal 2012; Yang et al. 2015; Gupta et al. 2016;
Senthilkumar et al. 2017), and from this study, the mecha-
nism of slope failure is proposed.

The rapid sliding failure occurred at 80 mm rainfall
depth, proposing the threshold value for the particular slope.
However, weathering failure starts at 30 mm, which can be
considered the warning threshold. As heavy rainfall occurs,
water infiltrates into the soil layer and creates water levels
between the slopes, increasing pore water pressure. The soil
layer within the lower part will become fully saturated first
because the thickness of the soil layer at the toe side is sig-
nificantly less. As the hydraulic conductivity (k) of the soil
is significantly less than rainfall intensity, most of the rainfall
converts into surface runoff, which leads to the erosion of
the slope’s surface. This stage starts at 30 mm rainfall depth.
Furthermore, in an increase in rainfall depth, i.e., at 50 mm
rainfall depth, soil surface erosion increases rapidly, and for-
mation of gullies can be seen on the slope, considered the
initiation of slope failure, which can be regarded as extreme
warning threshold and the restriction must be applied for any
movement nearby the slope. Again, continuous increase in
rainfall depth vigorous erosion may occur, which results in
removal of the soil in the lower part of the slope, which pro-
vides the frictional resistance to the slope stability. Further-
more, the water level between the layers keeps increasing due
to the continuous rainfall and infiltration, i.e., the pore water
pressure in the soil keeps rising. After reaching a critical
stage, sliding failure occurs. When the pore-water pressure
crosses the limiting value, a shallow landslide is triggered by
heavy rainfall. This stage occurred at 80 mm rainfall depth,
and the safety factor is found significantly less.

Although many studies have been performed on numeri-
cal analysis (Acharya et al. 2016; Singh et al., 2018; Lin and
Zhong 2019; Luo et al. 2021; Zhao 2021), they also lack
validation with physical modelling results, as the behavior of
landslide-causing factor may change with different location
which needs validation. Therefore, seepage and slope sta-
bility simulations were performed using GeoStudio (2020)
to check the feasibility of numerical modeling in the case
of rainfall-induced landslides and compare and validate the
results. Figure 10a shows the factor of safety for possible
slip failure surfaces before the rainfall. The factor of safety
before the rainfall was 1.23, which is greater than one and
thus proves to be stable, and so does the physical model
slope. Figure 10b shows the variation of shear strength,
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mobilized shear, and shear resistance, and clearly defines
that the values of shear resistance are greater than the mobi-
lized shear, which clearly defines the stability of slope before
rainfall. In seepage simulation, the same rainfall intensity
and duration is adopted as physical experiment condition.
Figure 11a shows the pore water pressure distribution after
the rainfall showing the infiltration of water in the soil pore,
which acts as the primary initiative factor for slope failure.
The same can be seen in the physical modelling result. Fig-
ure 12a shows the factor of safety contours after the rainfall.
For critical slip, the surface factor of safety was 0.626, which
is less than 1, proving the instability of the slope under the
action of rainfall. Figure 12b shows that the mobilized shear
becomes very high than the shear and friction resistance
leading to the slope failure.

The physical and numerical modelling results verify that
the rainfall infiltration due to the considered rainfall was
responsible for slope failure. The methodology adopted in
the study proves to be valid and can be used to simulate slope
instability in the Himalayan region for further research.

There are some limitations of the study and supposed
to be improved in the future research. It was impossible to
transport so much material from the site to the laboratory
for the experiment; there were certain assumptions and limi-
tations in material modelling. As a result, there may be a
risk of material similarity inaccuracy. The intensity of the
rainfall was consistent throughout the experiment; however,
in the actual condition, it is variable and cannot be antici-
pated precisely; thus, a constant intensity is assumed for
the experiment. There would be some errors while taking
the analysis of the results. As this investigation was under-
taken to visualize the failure mechanism, one of the con-
straints was that no sensor was employed. Future studies
may go further while addressing the study’s shortcomings.
The investigation was carried out to determine the rainfall
threshold value for a particular slope. In case of failure trig-
gered debris flow, the area of failure is usually much smaller
than the actual affected area, and it is located somewhere
upslope. The failed mass moves downward in the saturated
condition and erodes the bed material, thereby increasing
the volume of flow. Thus, the assumption made in this study
that the slope fails in a single layer with circular failure can
be a major limitation of the study. Moreover, the physical
modelling experiment’s threshold value was used in numeri-
cal modelling to validate the outcome, which was in close
agreement with the physical modelling results.

Conclusion

The self-designed frame-type landslide model has been
developed to include an experimental platform system and
a self-made artificial rainfall system. The present study

results show that the methods used are a low-cost and effec-
tive method to monitor the infiltration process of water and
landslides. The main triggering factor for shallow land-
slides is the high-intensity rainfall which generates heavy
runoff water. Because of the heavy runoff water, soil ero-
sion occurs, which helps initiate slope failures, and further
rainfall continuity turned into a landslide. There were no
arrangements for deformation, although by considering the
scale effect the displacements and debris volume can be cor-
related up to some extent.

Based on lab studies, a high-intensity threshold of land-
slide numerical modelling has been done to justify the result.
It is not possible to perform physical modelling experiments
for all the cases. So numerical simulation for study areas has
been completed, and the effects of numerical simulation and
physical modelling are compared. It has been observed that
numerical simulation is in close agreement with physical
simulation. Hence in the future, numerical solutions can be
easily used after selecting the proper parameter for finding
out the threshold value of rainfall intensity which will cause
landslides at the particular location. This threshold value can
be used as a warning system for landslides for that specific
slope. The present study provides scientific and theoretical
guidance for early warning and monitoring for the rainfall-
induced landslide. It provokes researchers to move forward
in this field by minimizing the limitation of this study.
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