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Abstract Slope instability triggered by rainfall is common
in tropical countries like India, where the soil of hill slopes
are generally in unsaturated condition, having higher
strength than in the saturated condition due to matric suc-
tion. This study aims to investigate the change in pore
water pressure (PWP) with rainfall infiltration into the
slope and the corresponding effect of the slope stability on
different hill slopes from different regions of India. By
applying rainfall on the surface of slope as a flux boundary
condition, a transient seepage analysis is performed using
SEEP/W, and the corresponding results in the form of PWP
distribution within the slope are used as input for SLOPE/
W program of Geostudio 2018 R2, to check the stability of
slope. This study involves the use of CMIP5 (Coupled
model intercomparision project phase 5) simulations for
rainfall data of different regions for the duration of
2015-2050, 2051-2075 and 2076-2100; which is com-
pletely based on non-stationary approach (i.e., the statistics
of extremes changes with time) rather than the conven-
tional methods of extracting rainfall data that are based on
stationary approach. The stability of different slopes is
checked for 95 percentile rainfall intensity as well as for
maximum rainfall intensity for a period of 2015-2100, and
the analysis is performed for 5 days for which the duration
of rainfall is considered to be 24 h. It is concluded that due
to climate change, slopes which may be marginally
stable under historical and present rainfall events can fail
under projected precipitation estimates, and this can be
understood by the results of Haflong slope stability analysis
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as the 30° slope, which is marginally stable under maxi-
mum rainfall intensity for the period 2015-2050 having
factor of safety (FOS) value 1.0013, will fail under the
maximum rainfall intensity for the period 2051-2075 and
2076-2100 having FOS value 0.9935 and 0.9989, respec-
tively. A continuous decrease in FOS with increasing
rainfall intensity is observed for all the study areas under
consideration.
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Introduction

Slope failure or landslides are a natural phenomenon
worldwide which endanger lives and cause damage to
property. The slope failure can occur due to several reasons
like steepening of slopes, earthquake, surface erosion,
rainfall infiltration, deforestation, etc. Among all these
factors, rainfall infiltration is considered to be the most
frequent reason of landslides, especially in tropical regions.
This is because, in tropical regions, rainfall continues for a
longer period of time and in hilly areas, the soil cover over
bedrocks is generally of a residual soil or colluvium soil
having a relatively higher value of matric suction above
ground water table.

Landslides due to rainfall are frequently occurred haz-
ards in a tropical country like India. It was observed from
past studies that 15% of landmass of India is susceptible to
landslides which are near about 0.49 million sq. km [1].
Looking back into history of rainfall-induced landslides in
India, there are a number of cases out of which some
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catastrophic landslides are slope failure along Mandakini
valley in Okhimath (1998), Malpa rockfall (1998),
Agastyamuni (2005), Balia Nala landslide in Nainital
(2014), Kedarnath (2013), Malin landslide (2014), Shillong
(2019), Kalimpong (2015), Marapallam, Nilgiris (2009),
etc. [2-9].

These slope failures can be categorized as deep-seated
landslides and shallow landslides. Deep-seated landslide
involves the movement of surficial mantle and bedrock up
to a greater depth, whereas this movement is few meters
thick for shallow landslides. Generally occurred landslides
are of shallow nature as deep-seated landslides are sensi-
tive to extremes in hydraulic cycle and prolonged drought,
which hindered the ground water recharge and hence lead
to termination of this kind of landslides, whereas the
occurrence of shallow landslide is sensitive to climatic
factors like antecedent rainfall, swift snowmelt, extreme
rainfall event, etc. These shallow landslides can occur due
to any of the two failure mechanism, which are the diffused
failure mechanism (occur in soil with undrained or partially
drained condition having loose structure) and localized
failure mechanism (occur in soil with drained condition)
[10]. These landslide processes are estimated at local to
regional scales.

A lot of studies on rainfall triggered slope instability
have been reported in literature which is initially based on
the assumption of considering soil in a saturated state and
ignoring the role of matric suction in slope stability.
Generally, the hill slopes in tropical regions are in unsat-
urated condition having a certain value of matric suction
which provides an additional strength to soil by holding
fine particles in a closer contact and providing an additional
cohesion to soil particles. So these unsaturated slopes were
started to be analyzed by an integrated unsaturated—satu-
rated soil system.

It is well known that climate is changing with time and
affecting environmental condition to a considerable extent.
According to several researchers, this drastic change in
climate is because of global warming which turns out to be
a prime concern globally [11-14]. To have knowledge of
changing climate and lead a battle against it through
researches, IPCC (Intergovernmental Panel on Climate
Change) was established in 1988. As per IPCC, the global
average surface temperature is anticipated to be raised by
1.4 °C to 5.8 °C by the period of 1990 to 2100. Due to this
rise in temperature over time, the rainfall patterns will not
be the same always and it will turn into more intense and
less frequent rainfall patterns. This variation in rainfall
patterns can have gigantic impacts on soil moisture,
groundwater and consequently affecting the strength of
soil. The rainfall acts as a surface flux boundary condition,
and with changing climate, it will also change, resulting in
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different pore water pressure conditions within the soil
matrix.

Numerous researches have been conducted to investi-
gate the effect of rainfall infiltration on slope stability
which uses different infiltration models and limit equilib-
rium analysis for slope stability [15, 16]. Rainfall-induced
instability for natural slopes in Singapore was investigated,
and it was observed that the slope stability was affected by
antecedent rainfall [17], whereas the observation of Hong
Kong slopes shows that the effect of antecedent rainfall on
slope stability was not significant [18]. This difference in
conclusions was sorted by explaining the effect of
hydraulic conductivity, as the type of soil in Hong Kong is
having higher value of hydraulic conductivity than the soil
in Singapore [17]. Past studies shows by parametric stud-
ies that rainfall intensity and properties of soil are the
prime factors whereas geometry of slope and initial ground
water table are secondary factors which affect slope sta-
bility [19].

To understand the failure mechanism of slopes due to
infiltration of rain water, numerical simulations were car-
ried out by different methods like limit equilibrium method
(LEM), finite element method (FEM), finite difference
method (FDM), boundary element method (BEM), neural
networks, etc. Out of these methods, FEM and FDM give
more accurate results as stress distributions and displace-
ment of slope are also addressed in these methods which is
not facilitated by LEM; but still LEM is the widely used
method for slope stability analysis due to its simplicity and
feasibility. Different software were used for analyzing
slope stability which are transient rainfall infiltration and
grid-based regional slope stability (TRIGRS), Geostudio
(SEEP/W and SLOPE/W programs) [6, 11-13, 15-17, 19]
Rock Science RS? [14, 20], PLAXIS [21], FLAC (Fast
Lagrangian Analysis of Continua) [5, 7, 9], etc. Out of all
these software, SEEP/W and SLOPE/W programs of
Geostudio 2018 R2 are used for seepage and slope stability
analysis, respectively, as a transient rainfall infiltration
analysis with corresponding factor of safety evaluation
makes it easier to continuously analyze the slope stability
from soil in unsaturated state to saturated state with its
flexibility regarding geometry.

To reduce the adverse consequences, slope failures have
to be pre-detected. Several researchers analyzed this slope
instability problem but they generally considered a sta-
tionary approach for extracting rainfall data [11]. However,
with changing climate, the rainfall extremes are changing
with time resulting in more intense rainfall resting for a
longer duration which demands for analysis based on non-
stationary approaches [14, 20]. These analyses are of prime
importance as it can serve as a basis for evaluation of
potentially unstable slopes which are prone to failure due to
a change in surface flux boundary condition with time, so
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that the risk of lives and property damage will be avoided
up to a certain extent. This can help us on societal, as well
as economic, level.

Hence, in this study, a changing statistics of extremes
are considered by analyzing the stability of slope under
current as well as future scenarios by considering 95 per-
centile rainfall intensity and maximum rainfall intensity for
three time durations which are 2015-2050, 2051-2075 and
2076-2100, and these data are extracted from CMIP5 cli-
mate model, which is then analyzed for seepage and sta-
bility of slopes by SEEP/W and SLOPE/W programs of
Geostudio 2018 R2 software, respectively.

The objective of this study is as follows:

e To analyze transient seepage into soil slopes of
different regions (Assam, Uttarakhand and Nilgiri)
due to rainfall infiltration;

e To analyze slope stability corresponding to transient
seepage due to rainfall infiltration;

e To check the effect of changing climate due to global
warming on slope stability.

Study Areas and Input Parameters

The hilly regions of Himalayas, Western Ghats, Nilgiris
and Northeastern region of India are the most vulnerable
areas which are prone to landslides due to rainfall infil-
tration [22]. In this study, following three study areas from
the above regions are taken for analysis by considering
general slope geometry, soil hydraulic properties and
strength properties.

Haflong, Assam (A Part of North-Eastern Region
of India)

Most of the hill slopes of Assam consist of different type of
residual soils which are formed by weathering of basalt
rock, granitic rock or the soil overburden may be of
saprolitic and lateritic residual soil [1]. Haflong is the head
quarter of Dima Hasao district in Assam, India (Fig. 1). Its
location coordinates are 25.3478°N 93.01176°E. It is
having subtropical climate condition which causes heavy
rainfall in this area, and the landslides occurred due to this
heavy rainfall affected daily life of people. The soil of hill
slopes of Haflong is generally classified as low compress-
ibility clay (CL) [13], and this study takes two different
slope angles (Fig. 2) into consideration with soil hydraulic
and strength properties shown in Table 1. Rainfall infil-
tration within the soil mass is dependent on SWCC and
HCEF of soil which are shown in Fig. 3 for Haflong soil.

Uttarakhand (A Part of Northern Himalayan
Region of India)

In Lesser Himalayan region tectonic activities, diverse
geological conditions and structural distortions along main
boundary thrust (MBT) cause movement of soil/rock slopes
and led to massive destruction in the past. It was observed
that certain soil/rock types which absorb abundance of
moisture are rather easy to deform [23]. Quartzite, lime-
stone, slates, silty sandstone, gneiss, schist, phyllite, etc.,
are the rock types in hilly region of Uttarakhand, which are
generally weathered up to a certain depth forming soils that
are generally sandy soil, sandy loam soil and silt loam
soils. The area under consideration is the Birahi vally
catchment (Garigaon watershed) in Chamoli district of
Uttarakhand (Fig. 4). This area is enclosed by 30°21’ 7N
to 30°23" 11” latitude and 79°23’ 18E to 79°25" 30"E
longitude [24]. The natural slopes range from 40° to 60°,
and the cut slopes are generally 60° to 80° in this region.
Considering a general value between the specified ranges,
this analysis is performed for a 20 m high slope with slope
angle 60° (Fig. 8a) and the soils taken for analysis are
sandy loam and silt loam soil of this area which are taken
as per Mathew et al. [24]. The hydraulic properties (SWCC
and HCF are shown in Fig. 5) and strength properties of
these soils are listed in Table 2.

Tamilnadu

Nilgiri district in Tamilnadu is the frequent rain-induced
landslide affected part of Western Ghats. Its location is at
the tri-junction of Karnataka, Kerala and Tamilnadu
(Fig. 6). This hilly district is situated at an elevation of
1000 m to 2633 m above MSL (Mean sea level) [25]. This
district is having undulated topography having a variation
in slope angles from 15° to 60°. The Archean metamorphic
rocks Charnockite and Gniess are generally found in this
area, and these bedrocks were generally underlain by red-
dish brown and yellowish laterite soil (residual soils
formed by intense weathering) having varying thickness
from 1 to 30 m [9]. In this study, a sandy silt slope with its
hydraulic (SWCC and HCF shown in Fig. 7) and strength
properties shown in Table 3 is considered for analysis. A
general slope profile of 20 m height and 35° slope angle
(Fig. 8b) is considered for the analysis of seepage due to
rainfall and its corresponding effect on slope stability.

Methodology
The methodology for this study comprises of three steps:

rainfall data extraction, seepage analysis and stability
analysis.
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Fig. 2 General slope profile for Haflong region for 30° and 45° slope angle

Table 1 Input parameters for SEEP/W and SLOPE/W programs for
Haflong clayey soil [13]

S. no Parameters Values

1 Unit weight (7) 26 kN/m*

2 Cohesion (¢’) 30 kPa

3 Angle of internal friction (¢') 8°

4 Saturated volumetric water content (0;) 0.346

5 Residual volumetric water content (0,) 0.05

6 Saturated hydraulic conductivity (k) 1.39 x 107 m/

s

7 Deo 0.095 mm

8 D5y 0.0044 mm
Liquid limit 30%

10 Soil classification (USCS) CL

11 Height of slope 10 m

12 Slope angle 30° and 45°

13 Maximum negative pore water pressure 200

(kPa)
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In this study, a changing statistics of extremes is con-
sidered by analyzing the stability of slope under current as
well as future scenarios by considering rainfall patterns for
three time durations which are 2015-2050, 2051-2075 and
2076-2100. The slopes are analyzed under maximum
rainfall intensity (to check the stability of slope under
extreme rainfall events) and 95% rainfall intensity (i =
mean rainfall intensity + 2 x standard  deviation)
(Table 4). Rather than using different climate models, the
rainfall simulations available from the CMIP5 (Coupled
model intercomparision project phase 5) with RCP8.5
(representative concentration pathway), i.e., future with no
climate action are selected as inputs for the analysis in
which the rainfall intensity value represents an ensemble
mean (average of multiple quantitative climate model
projections for a given climate variable). These precipita-
tion estimates that are obtained from CMIPS simulations
promote a standard set of model simulations in order to:

e Evaluate how pragmatic these models are in simulating
the recent past, and

e Provide projections of changing climate in future
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Seepage Analysis performed for 5 days with the rainfall duration of first 24 h

and the initial condition for the analysis is represented by
In this study, an unsaturated/saturated transient seepage  the location of initial ground water table with an assigned
analysis is performed with SEEP/W computer program of = maximum negative pore water pressure head, so that the
Geostudio 2018 R2 software [26]. The analysis is  analysis can be performed in a more realistic way.
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Table 2 Input parameters for SEEP/W and SLOPE/W program for soils of Uttarakhand [24]

S. No Parameters Sandy loam Silt loam

1 Unit weight (y) 14.8 kN/m?> 16.87 kN/m>
2 Effective cohesion (c’) 7.358 kPa 8.339 kPa

3 Effective angle of internal friction (¢') 36° 38°

4 Saturated volumetric water content (6,) 0.434 0.351

5 Residual volumetric water content 0.043 0.035

6 Saturated hydraulic conductivity (k) 261 x 10° m/s 1.382 x 107° m/s
7 Soil classification (USCS) Silty sand (SM) Silt (ML)

8 Height of slope (m) 10 10

9 Slope angle 60° 60°

10 Maximum negative pore water pressure 50 kPa 50 kPa

0.4

Volumetric Water Content
=]
N

-

0.01 0.1

Matric Suction (kPa)

10

1000

Water X-Conductivity (m/sec)

Fig. 7 SWCC and HCF for sandy silt soil of Nilgiri hills (Tamilnadu)

The transient SEEP/W program is based on Darcy’s law

which is represented as follows:

q=ki

@ Springer

(1)

Matric Suction (kPa)

where ¢ is specific discharge, i refers to hydraulic gradient
and k is hydraulic conductivity of soil.

This equation is valid for both saturated and unsaturated
conditions with the only difference that hydraulic con-
ductivity is not constant in unsaturated condition and
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Table 3 Input parameters for SEEP/W and SLOPE/W program for 0 OH 0 OH 00

soil of Nilgiri hills [9 ~— k|t ko | H Q=+ (2)
g [9] x\Fox ) Ty 7oy ot

S. Parameters Values
No
1 Unit weight (y) 20.05 kN/m*
2 Cohesion (') 15 kPa
3 Angle of internal friction (¢") 27°
4 Saturated volumetric water content () 0.29
5 Residual volumetric water content (0,) 0.029
6 Saturated hydraulic conductivity (k) 3.924 x 10° m/
s
7 Soil classification (USCS) Sandy silt
8 Height of slope 20 m
Slope angle 35°
10 Maximum negative pore water pressure 15

(kPa)

changes with water content of soil. For two-dimensional
seepage, the general governing differential equation is
defined as follows [12]:

(@) (b)

Water Pressure

050 - -40 kPa

where H is the total head, k, and k, are hydraulic con-
ductivity in x and y direction, Q is applied boundary flux, 0
is volumetric water content and ¢ is time.

For transient condition, the pore air pressure is consid-
ered to be constant at atmospheric pressure. So the change
in volumetric water content is governed by pore water
pressure (u,,). Hence, the equation used in SEEP/W finite
element computer program is reduced in the following
form [12]:

0 OH 0 OH OH
o (kx a) + 3 (ky a—y> +0=mwy, 5 (3)

where m,, is the slope of storage curve.

Prior to seepage analysis, material or soil properties and
boundary conditions have to be defined. The soil properties
are defined by volumetric water content (VWC) function or
SWCC (soil water characteristic curve) and HCF (Hy-
draulic conductivity function) considering unsaturated/
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Fig. 8 General slope profile for a Uttarakhand; and b Tamilnadu region

Table 4 Rainfall data for different landslide prone regions of India

Water Pressure

0-16--14kPs
0-14--12kPs

0! I I I I T T I 7 - R A i A—i—nn=—...

Distance

Study area Period of 95 percentile rainfall 95 percentile rainfall Maximum rainfall Maximum rainfall
analysis intensity (mm/hr) intensity (m/s) intensity (mm/hr) intensity (m/s)
Haflong 2015-2050 9.8 272 x 107¢ 53.48 1.49 x 107
(Assam) 2051-2075  10.57 2.94 x 10°° 56.07 1.56 x 107°
20762100  11.17 3.1 x 107 54.12 1.5 x 107
Chamoli 2015-2050 8.4 233 x 107° 52.02 1.445 x 107°
(Uttarakhand) 0512075  9.15 2.542 x 10°° 48.93 1.359 x 107
2076-2100  10.25 2.847 x 107° 65.45 1.82 x 107
Nilgiri 2015-2050  8.68 241 x 10°° 44.12 1.226 x 107°
(Tamilnadu) 20512075 9.7 2.69 x 107 4534 1.259 x 1075
20762100  11.54 3.206 x 107° 59.98 1.67 x 107
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saturated material model. Volumetric water content func-
tion can be defined by using any of the four functions in-
built in Geostudio software, which are VWC data point
function, Sample functions, Van Genuchten function and
Fredlund-Xing function. Out of these, data point function
(Table 1) and sample functions (Tables 2 and 3) are used in
this study.

Other than these two functions, a closed form solution
was proposed by Van Genuchten in 1980 for developing
soil water characteristic curve, which is governed by the
following equation [27]:

()w - Hr + 0“‘ — Or

[+ )"

And an another closed form solution was proposed by

Fredlund-Xing in 1994 which is used to develop SWCC

for all negative pore water pressure values between zero

and 1 million kPa based on three parameters. Its relation is
expressed as [28] follows:

(4)

1 ]m
Infe+ (%)}

where 0, 0, and 0, are natural volumetric water content,
saturated volumetric water content and residual volumetric
water content, Y/ is negative pore water pressure or matric
suction and a, n, m are the curve fitting parameters (in Van
Genuchten equation, [n = 1/1 — m])

Here, a is the pivot point about which parameter n
changes slope of function (in kPa) and m is that parameters
which affects the sharpness of sloping portion of curve as it
enters the lower plateau [27]; whereas a (in kPa) refers to
the inflection point of SWCC and its value in general is
slightly higher than air entry value. Here, parameter m
controls residual water content and parameter n controls
the slope of SWCC [28].

SEEP/W uses two different models which are built into
the software and are used for prediction of unsaturated
hydraulic conductivity. These two models used soil water
characteristic curve as input derived either from Van
Genuchten equation or Fredlund-Xing equation which are
built in software as hydraulic data point functions. The
closed form equation derived by Van Genuchten and
Mualem for analyzing hydraulic conductivity function
needs SWCC as input along with the value of saturated
hydraulic conductivity (k), saturated volumetric water
content (0,) and residual volumetric water content (0,).
This equation is expressed as follows [27]:

1= (@¥" ") (1 + (a¥") "
{1 +a®)"}]

0, = Cy0, (5)

ky = ks

(6)
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where k; is saturated hydraulic conductivity and the other
parameters are same as expressed in Van Genuchten
equation.

The equation for the derivation of hydraulic conduc-
tivity function of soils used in SEEP/W which uses Fred-
lund—Xing equation as input is expressed as follows [28];

k, = k,®" (7)

where k,, = hydraulic conductivity with respect to water
for unsaturated soil, k, is saturated hydraulic conductivity,
p is fitting parameter corresponding to slope of HCF and &
is dimensionless form of SWCC {® = (0,/0,)}.

The boundary conditions applied as follows on the
geometry of slope:

e Rainfall intensity is applied as a flux boundary condi-
tion on the surface of the slope;

e Below ground water table, total head boundary condi-
tion is applied on the sides of slope; and

e Above ground water table, nodal flux Q =0 m’/c is
applied on the sides of slope representing no flow
boundary condition.

Slope Stability Analysis

The results obtained from seepage analysis in the form of
pore water pressure distribution are used as input in
SLOPE/W computer program [29]. The unsaturated shear
strength is derived through Geostudio SLOPE/W program
using Mohr—Coulomb failure model, which offers two
ways to model the effect of matric suction on shear strength
of soil [12].

In the first method, an angle defines increase in strength
due to matric suction (¢,) to compute the mobilized shear
stress at the base of slice. When this method is used in
SLOPE/W, it utilizes the following equation [12]:

1= + (00 — ug)tang + (uy — u,)tangp” (8)

where ¢’ is effective cohesion, o, is total normal stress, u,,
is pore water pressure, u, is pore air pressure, ¢’ is effec-
tive friction angle and ¢y, is the angle defining increase in
strength due to matric suction (generally taken equal to ¢'/
2).

In this equation, a constant value of ¢y is considered,
whereas this value changes with degree of saturation as for
the capillary saturated zone ¢y, is equal to ¢’ (effective
friction angle) and it decreases as the soil became satu-
rated. So it can be said that ¢y is related to volumetric
water content function or SWCC. Hence, another method is
proposed by Vanapalli et al. (1996) which utilizes relation
between ¢, and SWCC. The equation is expressed as fol-
lows [12]:
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0, — 0,
t=c + (6, — uy) tan @' + (ug — u,) [(0 3 ) tan (p’}

©)

Now factor of safety is calculated by

DT
FOS == - (10)

Here, 7. represents resisting shear stresses and 71,
represents mobilized shear stresses.

In SLOPE/W program, the slope stability can be per-
formed by four limit equilibrium methods, which are dif-
ferent in handling inter-slice forces. The Morgenstern and
Price method gives a relation between inter-slice forces,
and it satisfied both moment and force equilibrium equa-
tion. Janbu’s simplified method is based on the assumption
that inter-slice forces are horizontal but satisfied only force
equilibrium equations. Fellinius method is based on the
assumption that there is no inter-slice forces and it satisfied
only moment equilibrium equation. The Bishop’s simpli-
fied method also assumed horizontal inter-slice forces, and
it satisfied moment equilibrium equation only. In this
study, Morgenstern and Price method is used with Mohr—
Coulomb failure criterion for slope stability analysis as
[30]

e [t considers both normal and shear inter-slice forces;

e It assumes an inter-slice force function which contin-
uously varies along the slip surface; and

e It computes factor of safety for both force equilibrium
and moment equilibrium.

Results and Discussion

The results are expressed in the form of change in pore
water pressure distribution within the soil with time,
change in FOS with time and relative changes in FOS for
the period of 2051-2075 and 2076-2100 when compared to
the factor of safety for the period 2015-2050. Based on
these results, a parametric study is also performed which
explains about the dependency of pore water pressure
changes and corresponding change in factor of safety on
slope properties, soil properties and rainfall intensity.

Haflong (Assam, India)

The analysis is performed for a particular CL (clay with
low compressibility) soil of slope having a constant height
with two different slope angles. The results obtained are as
follows.

Change in Pore Water Pressure with Time

The change in PWP with time is represented in Figs. 9 and
10 for Haflong soil at 30° and 45° slope angle, respectively.
Due to high initial matric suction (200 kPa), the PWP at
ground surface is still having negative pore water pressure
values even at the end of 1 day rainfall. Difference in PWP
at different rainfall intensities for different duration of
analysis is shown in Table 5. Hence, it is clear that
reduction in matric suction will be more for 45° slope as
compared to 30° slope.

Change in Factor of Safety With Time

Table 6 represents a comparison among FOS for both the
slopes with 30° and 45° slope angle. In case of soil slope
with 30° slope angle, the percentage decrease in FOS from
its initial value is about 2.942%, 3.688% and 3.967% at
95% rainfall intensity and 20.77%, 21.39% and 20.96% at
maximum rainfall intensity for the period of analysis
2015-2050, 2051-2075 and 2076-2100, respectively
(Figs. 11, 12). Also, the relative change in FOS for the
period of 2051-2075 and 2076-2100 is 1.18% and 1.46%,
respectively, at 95% rainfall intensity and 0.77% and
0.235%, respectively, at maximum rainfall intensity when
compared to analysis period 2015-2050 for soil slope with
30° slope angle, which shows the effect of climate change
on slope stability.Whereas in case of 45°angle slope, the
percentage decrease in FOS from its initial value is about
4.76%, 4.97% and 5.19% at 95% rainfall intensity and
about 22.04%, 23.16% and 22.3% at maximum rainfall
intensity for analysis period 2015-2050, 2051-2075 and
2076-2100, respectively. The relative change in FOS for
the period of 2051-2075 and 2076-2100 is 0.22% and
0.45%, respectively, at 95% rainfall intensity and 1.44%
and 0.33% at maximum rainfall intensity, respectively,
when compared to 2015-2050 for soil slope with 45° slope
angle.

Chamoli, Uttarakhand

The results obtained by analyzing behavior of both the soils
with commencement of rainfall and are expressed in the
following way.

Change in Pore Water Pressure with Time

The change in PWP with time for sandy loam and silt loam
soil is plotted in Figs. 13 and 14. It is noted that for sandy
loam soil slope, the PWP became zero at soil surface after
7 h and 1 h of continuous rainfall for all three period of
analysis at 95 percentile and maximum rainfall intensity,
respectively. The relative change in PWP distribution is
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Fig. 9 PWP profiles for Haflong slope at 95% rainfall intensity a for 30° b for 45° slope angle
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Fig. 10 PWP profiles for Haflong at maximum rainfall intensity a for 30° b for 45° slope angle

Table 5 Pore water pressure values at soil surface at the end of rainfall event for Haflong soil

Period of analysis  For 30° slope angle (kPa) For 45° slope angle (kPa)

At 95% rainfall intensity At maximum rainfall intensity At 95% rainfall intensity At maximum rainfall intensity

2015-2050 — 86.6437 — 13.3363 — 83.902 — 3.64666
2051-2075 — 84.2373 — 2.58123 — 81.6133 0
2076-2100 — 82.5179 — 10.7142 — 79.8985 — 2.61253

Table 6 Initial and minimum factor of safety for Haflong soil at different slope angles

Period of For 30° slope angle For 45° slope angle
analysis — . — —
Initial FOS Minimum FOS Initial FOS Minimum FOS
At 95% and maximum At 95% rainfall At maximum At 95% and maximum At 95% rainfall At maximum
rainfall intensity intensity rainfall intensity ~ rainfall intensity intensity rainfall intensity
2015-2050 1.2638 1.2317 1.0013 1.2574 1.1975 0.9802
2051-2075 1.2638 1.2172 0.9935 1.2574 1.1948 0.9661
2076-2100 1.2638 1.2137 0.9989 1.2574 1.1921 0.977
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marginal for the period of 2051-2075 and 2076-2100 at
95%, as well as at maximum rainfall intensity.Whereas in
case of silt loam soil, the PWP at soil surface reaches near
zero value (8.7742 kPa) at the end of rainfall event (after
24 h of rainfall) at 95% rainfall intensity and after 2 h of
commencement of rainfall at maximum rainfall intensity.
The reason behind this early saturation of sandy loam soil
is the rapid loss of matric suction, as well as of cohesion
among soil particles. The relative changes in PWP for the
period of 2051-2075 and 2076-2100 are also marginal for
this soil.

Change in Factor of Safety with Time

The comparison in FOS for both the soil is given in
Table 7. It is noted that for sandy loam soil, the percentage
decrease in FOS from its initial value is 1.98%, 2.2% and
2.53% at 95% rainfall intensity and 20.59%, 20.15% and
21.49% at maximum rainfall intensity for the period of
analysis 2015-2050, 2051-2075 and 2076-2100, respec-
tively. The relative decrease in FOS for the period
2051-2075 and 2076-2100 is 0.22% and 0.56% at 95%
rainfall intensity and 2.13% and — 4.4% at maximum
rainfall intensity when compared to minimum FOS for the
period 2015-2050.Whereas for silt loam soil, the percent-
age decrease in FOS from its initial value is 5.01%, 5.63%
and 6.61% at 95% rainfall intensity and 33.62%, 33.44%
and 33.79% at maximum rainfall intensity for the period of
2015-2050, 2051-2075 and 2076-2100, respectively. Also,
the relative change in FOS for the period of 2051-2075 and
2076-2100 is 0.65% and 1.68%, respectively, at 95%
rainfall intensity and -0.28% and 0.24%, respectively, at
maximum rainfall intensity as compared to minimum FOS

slope
2076-2100 (54.12 mm/hr) for 45°
slope

100 150
Time (hrs)

for the period 2015-2050. It is clear that there is a marginal
change in FOS for sandy loam as well as for silt loam soil
at maximum rainfall intensity of this area (Figs. 15, 16).

Tamilnadu

The results obtained by analyzing behavior of sandy silt
soil slopes of Nilgiri hills with commencement of rainfall
and are expressed as follows.

Change in pore water pressure with time

The pore water pressure profiles of sandy silt soil slope of
Tamilnadu show that there is a continuous increase in pore
water pressure from initial condition (— 15 kPa) up to the
end of rainfall event due to reduction in matric suction
which decreases further after cessation of rainfall event
(Fig. 17). It is clearly observed that the increase in pore
water pressure from its initial value (at # = 0 h) to the end
of rainfall event (r = 24 h) is — 2.97 kPa, — 2.34 kPa and
— 1.27 kPa at the ground surface for the period of
2015-2050, 2051-2075 and 2076-2100, respectively, at 95
percentile rainfall intensity; whereas at maximum rainfall
intensity, matric suction will disappear at ground surface
after 1 h of rainfall for all the three period of analysis as the
initial value of matric suction is very low and rainfall is
highly intense.

Change in FOS with Time
The results show that the factor of safety of the sandy silt

soil slope decreases from the initial state of slope with no
rainfall up to the nearly saturated state (at 95 percentile
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Fig. 13 Pore water pressure profiles at 95% rainfall intensity a for sandy loam; and b for silt loam soil of hill slopes of Uttarakhand
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Fig. 14 Pore water pressure profiles at maximum rainfall intensity a for sandy loam; and b for silt loam soil of hill slopes of Uttarakhand

Table 7 Initial and minimum factor of safety for the soils of Uttarakhand

Period of Sandy loam soil Silt loam soil
analysis — — — —
Initial FOS Minimum FOS Initial FOS Minimum FOS
At 95% and maximum At 95% rainfall At maximum At 95% and maximum At 95% rainfall At maximum
rainfall intensity intensity rainfall intensity  rainfall intensity intensity rainfall intensity
2015-2050 1.35359 1.32685 1.0749 1.7677 1.58832 1.1099
2051-2075 1.35359 1.32387 1.08084 1.7677 1.57803 1.11306
2076-2100 1.35359 1.31937 1.06265 1.7677 1.56169 1.1072
Fig. 15 Change in FOS with 1.7
time at 95 percentile rainfall . ¢ 2015-2050 (8.4 mm/hr) for
intensity 2 1.6 sandy loam
< = = —3 B 2051-2075 (9.15 mm/hr)
“2 1.5 for sandy loam
—a— 2076-2100 (10.25 mm/hr)
E for sandy loam
g 14 —¢—2015-2050 (8.4 mm/hr) for
= 13 M n n n n silt loam

——2051-2075 (9.15 mm/hr)

0 20 40 60 80 100 120 140 for silt loam
Time (hrs) —@— 2076-2100 (10.25 mm/hr)
for silt loam

rainfall intensity) or fully saturated state (at maximum intensity; and 5.63%, 5.63% and 5.64% at maximum
rainfall intensity) of soil (Fig. 18). The percentage decrease  rainfall intensity for the period of 2015-2050, 2051-2075
in FOS from its initial value to its minimum value (at  and 2076-2100, respectively. Also, the relative change in
t=24h) is 2.36%, 2.79% and 3.71% at 95% rainfall FOS for the period of 2051-2075 and 2076-2100 is,
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Fig. 16 Change in FOS with 1.65 % 4 2015-2050 (52.02 mm/hr) for
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respectively, 0.44% and 1.39% at 95% rainfall intensity
and 4.16 x 10°% and 6.4 x 10™% at maximum rainfall
intensity as compared to minimum FOS for the period
2015-2050.

It is observed that the variation is negligible at maxi-
mum rainfall intensity for projected precipitation of
2051-2075 and 2076-2100 as compared to 2015-2050
because of the lower value of saturated hydraulic conduc-
tivity of soil (Table 8).

Parametric Study
Effect of Slope Angle

Analysis performed for Haflong (Assam) region of India
shows dependency of pore water pressure profiles and
corresponding factor of safety on slope angle as this
analysis is performed for two slopes having same soil
properties and slope height but having different slope
angles, i.e., for 30° and 45° slope. A reduction in FOS with
increasing slope angle is clearly observed with more
reduction in matric suction at soil surface for 45° slope as
compared to 30° slope.

This can be explained by the observed values of PWP
at surface at the end of rainfall event for the period of
2015-2050 which are — 86.6437 kPa and — 83.902 kPa
under 95 percentile rainfall intensity and — 13.3363 kPa
and — 3.6466 kPa under maximum rainfall intensity for
30° and 45° slope angles. Its corresponding effect on FOS

—~
&
~
~_~

=2
~

Pore water pressure (kPa)
Pore water pressure (kPa)

Height above bottom of slope (m)

can be explained as for the same period of analysis (i.e., for
2015-2050) the value of FOS becomes 1.2317 and 1.1975
under 95 percentile rainfall intensity and 1.0013 and
0.9802 under maximum rainfall intensity for 30° and 45°
slope angles.

Effect of Soil Properties

The analysis performed for Chamoli (Uttarakhand) region
of India shows effect of soil properties on PWP profiles and
FOS of soil slope. The analysis is performed for two dif-
ferent soils of this region which are sandy loam (SM) and
silt loam (ML) soils considering the slope properties to be
constant. From Table 2, it is clear that the values of
strength parameters (i.e., v, ¢ and ¢) of sandy loam soil are
less as compared to silt loam soil due to which the initial
value of FOS for sandy loam soil is less than FOS for silt
loam soil; also, the saturated hydraulic conductivity for
sandy loam soil is higher than silt loam soil which accel-
erates the seepage of water into soil. Hence, under same
conditions, more water will infiltrate into sandy loam soil
slope as compared to silt loam soil slope resulting in more
reduction in FOS. It is observed from the observations that
the initial value of FOS for sandy loam soil is 1.35359 and
for silt loam soil is 1.7677.

The effect of soil properties is explained by the results
obtained as the PWP at soil surface becomes zero after 7 h
of continuous rainfall for sandy loam soil slope, whereas
the value of PWP reaches to a near zero value even at the

——2015-2050 Initial
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Fig. 17 Pore water pressure profiles for Nilgiri slope at a 95 percentile; and b maximum rainfall intensity
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Fig. 18 Change in FOS with
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Table 8 Initial and minimum factor of safety values for Sandy silt soil of Tamilnadu

Period of analysis At 95 percentile rainfall intensity

At maximum rainfall intensity

Initial FOS

Minimum FOS

Initial FOS Minimum FOS

2015-2050 1.5290232 1.4929502 1.5290232 1.4428789
2051-2075 1.5290232 1.4864092 1.5290232 1.4428783
2076-2100 1.5290232 1.4722204 1.5290232 1.4428697

end of rainfall event for silt loam soil slope under 95
percentile rainfall intensity; also, the PWP at soil surface
becomes zero after 1 h of continuous rainfall for sandy
loam soil slope, whereas this value becomes zero after 2 h
of continuous rainfall for silt loam soil slope under maxi-
mum rainfall intensity. Considering the 2015-2050 period
of analysis, the value of FOS becomes 1.32685 and
1.58532 under 95 percentile rainfall intensity for sandy
loam soil and silt loam soil, respectively; also, the value of
FOS becomes 1.0749 and 1.1099 under maximum rainfall
intensity for sandy loam and silt loam soil, respectively.

Effect of Rainfall Characteristics

As per the rainfall data shown in Table 4, an increasing
trend of rainfall intensity with passes of time is observed
(considering 95 percentile rainfall data) and with this
increasing rainfall, the slopes are becoming unstable due to
reduction in factor of safety. This can be explained as the
95 percentile rainfall intensity for Nilgiri region is
8.68 mm/hr, 9.7 mm/hr and 11.54 mm/hr under which the
pore water pressure values at soil surface become
— 2.97 kPa, — 2.34 kPa and — 1.27 kPa and correspond-
ing factor of safety becomes 1.429502, 1.4864092 and
1.4722204 for 2015-2050, 2051-2075 and 2076-2100
period of analysis, respectively. Hence, with these obser-
vations, the instability of slopes with increasing rainfall
patterns can be easily understood and hence the slopes are
to be analyzed under projected rainfall patterns rather than
historical rainfall patterns that can lead to overestimation of
FOS of soil slopes for future scenario.

@ Springer

Summary

A numerical simulation of rain-induced instability of
slopes is performed for landslide prone regions of India to
pre-detect the unsaturated soil slopes which are susceptible
to failure due to rainfall infiltration. The study areas con-
sidered for simulation are Haflong (Assam), Chamoli (Ut-
tarakhand) and Nilgiri (Tamilnadu). A coupled seepage and
stability analysis is performed by SEEP/W and SLOPE/W
programs of Geostudio 2018 R2 software, respectively, for
slopes having distinct slope profiles and soil properties
under 95 percentile and maximum rainfall intensity of three
different periods 2015-2050, 2051-2075 and 2076-2100,
so that the effect of climate change due to global warming
can be checked using CMIP5 climate model with RCP8.5
carbon emission scenario. Results obtained from SEEP/W
analysis in the form of PWP profiles are used as input in
SLOPE/W analysis to check the stability of slope under
transient seepage condition. A continuous reduction in pore
water pressure is observed in all the cases with increasing
rainfall intensity till the end of rainfall event, such as for
Haflong soil slope of 45° slope angle, the value of PWP at
surface reduces from its initial value of 200 kPa to
— 83.9 kPa, — 81.61 kPa and — 79.89 kPa at 11.62 mm/
hr (for 2015-2050), 12.27 mm/h (for 2051-2075) and
13.01 mm/h (for 2076-2100) 95 percentile rainfall inten-
sity, and reduction in matric suction can be clearly
observed. With this reduction in matric suction, the value
of FOS also decreases as the initial value of FOS for 45°
slope of Haflong is 1.2574, which reduces to 1.1975,
1.1948 and 1.1921, respectively, with increasing 95%
rainfall intensity for above three periods of analysis due to
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changing climate. Also reduction in matric suction with
increasing slope angle can be understood by the PWP value
at slope surface at the end of rainfall event for 30° and 45°
slope of Haflong at maximum rainfall intensity which are
— 13.34 kPa and — 3.65 kPa respectively, and the corre-
sponding values of FOS are 1.0013 and 0.9802 for analysis
period 2015-2050. The effect of soil properties can be
observed from sandy loam and silt loam soil of Uttarak-
hand which shows that the PWP at slope surface became
zero after 7 h and 24 h at 95 percentile rainfall intensity
and after 1 h and 2 h at maximum rainfall intensity,
explaining that the water seeps more in sandy loam soil as
compared to silt soil due to its high value of saturated
hydraulic conductivity and hence the corresponding FOS
values are lower for sandy loam than silt loam soil. The soil
of Nilgiri is also having a lower value of saturated
hydraulic conductivity, so the value of PWP reduced from
— 15 kPa to — 2.97 kPa, — 2.34 kPa and — 1.27 kPa at
slope surface with cessation of rainfall for 2015-2050,
2051-2075 and 2076-2100 period at 95 percentile rainfall
causing a little change in FOS from 1.529 to 1.49, 1.48 and
1.46, respectively, due to lower value of initial negative
pore water pressure.

Conclusion

Based on the obtained results, this study led to the fol-
lowing conclusions.

e With changing climate, rainfall is becoming more
intense (from 95% rainfall data), such as for Tamilnadu,
95 percentile rainfall intensity increases from 8.68 to
9.7 mm/h for the period of 2015-2050 to 2051-2076,
which further increases to 11.54 mm/h for the period of
2076-2100, whereas the extreme rainfall patterns are
uncertain which may increase or decrease accordingly
(from maximum rainfall data), such as for the same
region maximum rainfall intensity varies from
44.12 mm/h to 45.34 mm/h and further increases to
59.98 mm/h for the periods 2015-2050, 2051-2075 and
2076-2100, respectively, showing a continuous
increase but for Uttarakhand maximum rainfall inten-
sity first decreases from 52.02 to 48.93 mm/h for the
period of 2015-2050 and 2051-2075, which now
increases to 65.45 mm/h for the period of 2076-2100.

e With increasing rainfall intensity, minimum value of
FOS (generally obtained at the end of 1 day) is
continuously decreasing due to reduction in matric
suction, which can lead to slope failure in future, such
as for Tamilnadu the initial value of FOS 1.529
decreases to 1.492, 1.486 and 1.472 for the period of
2015-2050, 2051-2075 and 2076-2100, respectively.

e As per a recent study by Deka et al. [13], factor of
safety obtained at the end of 1 day of rainfall event is
1.212 and 1.007 for slope with slope angle 30° and 45°,
respectively. For the same rainfall conditions, the factor
of safety in the present study is about 1.0013 and 0.9802
for slopes with slope angle 30° and 45°, respectively.

e Parametric study performed for Haflong slope shows
that with steepening of slope, factor of safety further
reduces keeping all other factors constant, such as for
Haflong region, the initial value of FOS is 1.2638 and
1.2574 for 30° and 45° slope, respectively. The results
are consistent with many previous studies over India
and around the Globe. Many studies have found an
increase in the intensity of Landslides under changing
climate scenario [31-33].

e Analysis for two different types of soil of Uttarakhand
having same slope profile but different soil properties
shows that a lower value of minimum FOS is obtained
for sandy loam soil as compared to silt loam soil due to
lower strength characteristics and higher value of
saturated hydraulic conductivity (which allows more
water to seep into soil) for sandy loam soil, such as
under same rainfall intensity for the period of
20512075, the value of minimum FOS is 1.08 and
1.11 for sandy loam and silt loam soil, respectively.

e The sandy silt soil of Nilgiri hill slopes are marginally
stable initially but these slopes are less affected by
sudden rainfall, this might be because of the role of
antecedent rainfall, which saturates the slope prior to
the main rainfall event leading to failure of slope.

e These numerical simulations serve as early warning
system in the region of severe landslides, which can
cause massive destruction. So to reduce the risk of lives
and property, there should be a proper stability analysis
of the slope of a particular region.

e One of the major limitations of the study is that the
input data used in this study for the SEEP/W and
SLOPE/W program of Geostudio 2018 R2 software are
taken from existing literature of those particular regions
as laboratory experiments are not possible to be
performed due to COVID-19 pandemic situation.
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