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Abstract. In recent years, the world has been hit with a series of natural hazards
among them; rainfall-induced landslide is one of the major natural hazards oc-
curring across the globe resulting into loss of life and damage to public proper-
ties. In India, landslides are frequent in the hilly regions of Himalayas, Western
Ghats and other parts of India covering 15 per cent of the land area. From 151
to 17" August 2018, the Kodagu district received heavy rainfall for three suc-
cessive days, resulting into landslides and floods. Madikeri-Mangalore Nation-
al Highway was blocked near Madenadu area due to landslide. In the present
study laboratory tests were conducted from the samples collected from the site.
Two dimensional seepage analysis is carried out to perform seepage and stabil-
ity analysis of the slope subjected to rainwater infiltration. It is found that the
soil strength is reduced with increase in pore water pressure thus more unstable
slip surface is located beneath the water table and resulting into decrease in fac-
tor of safety values with rainfall intensity and duration.

Keywords: landslide, pore water pressure, rainfall intensity, rainfall duration
and volumetric water content.

1 Introduction

Slope failures and landslides are among the major natural disasters occurring more
often in the world. According to Crozier (1986), the landslide is “outward and down-
ward gravitational movement of the earth material without the aid of running water as
a transporting agent”. The Himalayan Mountains and the Western Ghats of India have
been hit with series of landslides that destroy properties and life perennially. Land-
slides cause damages to river flow, natural vegetation, and communication and trans-
portation network.

Rainfall is one of the most significant triggering factors for slope failure occurring in
mountainous regions, resulting into threat or damage to lives and properties, as well
as obstructs the vehicular movement (Lee and Nurly 2009). The wetting front move-
ment toward deeper layer leads to loss of matric suction, lubricating the potential
sliding surface, increasing the unit weight of soil which results into reduction of shear
strength of soil of soil. Several researches performed seepage analysis using Finite
Element Method (FEM) and slope stability analysis using Limit Equilibrium Method
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(LEM) ( Liu et al. 2012, Mahmood et al. 2015, Kakogiannou et al. 2016 Gupta et al.
2016, JianPing et al. 2009, Biran et al. 2010, Baba et al. 2012, Ahmad et al. 2013
and Regmi et al. 2015) to study the response of soil subjected to rainwater infiltration
In the present study the slope is modelled to analyses the seepage and stability of
slope subjected to rainwater infiltration.

2 Methodology

The methodology adopted for the case study involves the following phases: problem
definition, data acquisition and seepage and stability analyses of the typical slope of
the study area. The soil samples have been obtained as part of the field studies. The
laboratory tests are performed on the soil samples to determine the hydraulic and
mechanical properties needed in the seepage and stability analyses.

2.1 Rainfall data

The rainfall data of the Madenadu rain gauge station is collected from the Karnataka
State Natural Disaster Monitoring Centre. Figure 1 shows the rainfall data of the
Madenadu rain gauge station.
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Fig. 1. The rainfall data of the Madenadu rain gauge station
2.2 Soil data

The Indian standard code procedure is used to perform the field and laboratory tests to
obtain the required soil and hydraulic properties of the slope material [IS 2386-3
(1963), IS 2720-4 (1985), IS 2720-13 (1986), and 1S 5529 (1985)]. The soil samples
collected from the site are tested in the laboratory to evaluate: index, hydraulic and
mechanical properties. The results from the laboratory tests obtained are the hydraulic
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properties and shear strength parameters which are used in the subsequent seepage
and stability analyses. Table 1 shows the soil properties of the silty sand obtained
from laboratory experiments

Table 1. Soil Properties

Property Description
Classification Silty Sand
Specific Gravity 2.6
Cohesion 5 kPa
Angle Of Internal Friction 26
Unit Weight 17 KN/m3
Saturated Permeability 0.86 m/day
Saturated Water Content 0.332
Air entry value 32 kPa
Pore size distribution 15

The methodology of modelling the rainfall infiltration and slope stability analysis in
the present study involves two parts. In the first part, the rainwater infiltration is al-
lowed to take place on the slope surface. Transient seepage analysis is performed
using Van Genuchten function through SEEP/W. In the second part, the output of the
seepage analysis is utilized to evaluate the Factor of Safety (FOS) of the typical
hillslope of the Madenadu by Morgenstern-price method using SLOPE/W. The hy-
draulic properties of the silty sand are used as input parameters for the seepage analy-
sis. The data used for the seepage and FOS evaluation are obtained from the combina-
tion of literature survey, rainfall and soil data collection, slope geometry.

2.3 Slope stability analysis

The soil slope model is utilized to analyse the transient rainfall infiltration and pore
pressure variation in the hillslope. Figure 2 shows the silty sand slope model of height
3 m underlain by Impermeable rock of 9 m. The transient pore pressures and degree
of saturation needed in the limit equilibrium analysis are obtained under rainfall infil-
tration. The time-dependent infiltration analysis will provide the vertical profiles of
matric suction and degree of saturation. These results are used in the finite slope
method to obtain the FOS associated with the hillslopes of the study area.
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HEIGHT

Fig. 2. The soil slope model

3 Results and Discussion

Limit equilibrium analysis is used to evaluate the Factor of Safety (FOS) of the rain-
induced slope instability of Madenadu hillslope. The hydrological setting in the study
area is deduced based on the available data from the Madenadu rain gauge station.
The soil below the depth of 3 m is considered as the impermeable bedrock. The sig-
nificant reduction in the values of FOS for soil slopes was reported. Therefore, in the
present study, analyses are performed for the rain-induced shallow failures of the
hillslopes of the Madenadu site.

Figure 3 shows the porewater pressure variation on the interface at summit, backslope
and toeslope of the hill at a depth of 3 m i.e. soil-bedrock interface. The porewater
pressure at summit and backslope varies from -50 kPa to 0 and 5 kPa respectively and
at the toe, pressure varies from 10 kPa to 30 kPa . The pore water pressure is positive
because the toe point lies under the groundwater table. At initial rainfall condition up
to 9™ day (09/08/2018), there are no significant changes in pore pressure due to low
intensity rainfall. After 9" day of rainfall there is gradual increase of rainfall intesity
which again leads to increase in pore pressure till 17" day (17/08/2018). Maximum
pore pressure reached on 17" day of rainfall which remains constant after 17™ day of
rainfall. At summit and backslope there is a loss of matric suction due to the low pore
pressure which causes loss of shear strength of soil particles. Evaluation of volumetric
water content on the interface at summit, backslope and toeslope of the hill is shown
in Figure 4. Volumetric water content at the toe slope is 0.3 throughout the rainfall
duration due to the effect of the water table, it is under completely saturated state.
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Fig. 3. Pore water pressure evolution on the soil bedrock interface at different positions

Volumetric water content at summit and backslope rising from 0.055 to 0.3 and both
having a negligible difference. At summit and backslope, there is no change in volu-
metric water content up to 10" day (10/08/2018) of rainfall and after it reaches a value
of 0.3 i e., saturated state on 17" day. Due to the disappearing of the unsaturated zone,
the water table suddenly raises in slope which act as the lubricant in the interface.

—E— Summit

] —#&— Backslope
— Toeslope .
0.15 .%

Vol water content

0.10 4.

P
e e e P e e b L
0.05 -

T T T T T T T T T 1
03-08-2018 07-08-2018 11-08.2018 15-08-2018 19-08-2018

Rainfall duration (day)

Fig. 4. Evolution of volumetric water content on the intersection line.

Figure 5 shows variations in FOS values with rainfall duration. At 17" day of ante-
cedent rainfall, safety factor value reaches less than 1. Typically, slopes with a FOS
1.5 are said to be stable. Slopes with FOS values between 1.3-1.5 are said to be mod-
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erately unstable and FOS values between 1.0-1.3 are said to be inherently unstable. A
FOS value of 1.0 indicates that the slope is at failure (Hoek 2007). Due to rainfall, the
matric suction decreases resulting into reduction of shear strength values. The de-
crease in shear strength of soil results into decrease in the FOS of the slope and sub-
sequently triggers landslides. It can be stated that the failure is due to loss of matric
suction in the soil and a significant rise in groundwater.
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Fig. 5. Safety factor for time-varying rainfall.

4 Conclusions

In the present study combined seepage and slope stability analysis have been per-
formed using SEEP/W and SLOPE/W respectively for different rainfall intensities
and duration collected from the rain gauge station. The variations of pore pressure,
saturation and FOS values are evaluated for partially saturated soils. Based on the
results presented following conclusions are drawn:

1. The rainwater percolates into the soil layer which acts as the lubricant at the
interface between the two different layers which causes soil mass to slide of.

2. The FOS and the matric suction decreases with rainfall duration to a mini-
mum values less than 1 on the day of slope failure. The distribution of infil-
trated rainwater in soil mass could be a reason for the sudden response of
failure mechanism to rainfall.
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3. The loss of suction from the unsaturated to saturated state causes a reduction
in shear strength and raising of groundwater level causes a reduction of ef-
fective stress in the soil is the main reason for the slope failure.

4. The rainfall intensities and duration, saturated permeability of the soil, matric
suction, and initial pore water pressure are understood as the main control-
ling factors for instability of slope.
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