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In slope stability analysis, identiBcation of the mechanism behind slope failure is the key factor during the
study. Rock mass characterization and kinematics analysis, like geotechnical investigation methods, are
not infallible all the time for the weathered slopes. The presence of different grades of weathered mass on
the slope proBle acts independently to inCuence the overall failure pattern. Numerical analysis by Bnite
element method (FEM) is evolved as a primary slope stability analysis tool by overcoming the limitations
of the stratiBed weathered materials on the slope. The paper focuses on the stability analysis of railwaycut laterite slopes of the Eastern Ghats of India. The medium to high-grade metamorphism, followed by
physio-chemical weathering, favours the region for more prone to failure. The Force Equilibrium Model
and Moment Equilibrium Model have been considered to determine the possibility of independent failure
events for the probability analysis. Monte Carlo’s probability simulation method has delivered a better
result for the weathered slopes by taking many variables for the studied region. A compression study has
been made between the outcomes of slope stability analysis methods and the probability analysis models,
which provides a comprehensive list of factors to understand the failure mechanism of weathered slopes.
Keywords. Slope stability analysis; rock mass rating; slope mass rating; numerical analysis; railway-cut
slopes; laterite proBle.

1. Introduction
East Coast railway is one of the vital transportation corridors in the state of Odisha, India. Natural
hazards like cyclones, Coods, landslides, lightning
are prevalent in the state with varying degrees of
vulnerability. In recent times, intense rainfall
during monsoon and cyclonic disturbances causes
severe landslides along this railway corridor, which
needs immediate geotechnical evaluation and
eAective stabilization measures along the railway

track to prevent any probable landslide along the
route (Bgure 1, table 1, Balaji et al. 2010). Many
causative factors such as geology, geomorphology,
slope geometry, meteorology accompanied by various triggering factors like rainfall and unplanned
excavation disturbed the equilibrium condition;
and made the slope vulnerable to failure (Das et al.
2010; Vishal et al. 2010; Rental and Satyam 2011).
However, the ultimate by-product of all the factors, i.e., weathering action, dominantly controls
the failure events in such tropical regions of the
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Figure 1. Landslide at Dumuriput (a) and Rauli (b) along the Koraput Rayagada Railway track (source: Kalingatv.com).

Table 1. Major landslide event in the last Bve years (2013–2017).
Date

Location

Type of failure

Effect

11 July 2013

Dumuriput Junction

Shallow landslide

6 August 2013

Near Dumuriput Railway
station
In-between Koraput–Dumuriput
Railway station
Near Singaram Railway
station
Near Dumuriput Railway
station
Near Damanjodi Plant

Shallow landslide

Railway communication halted for
18 hours
Railway communication halted for 1 day

Shallow landslide

Railway communication halted for 48 hours

Shallow landslide

Railway communication halted for 22 hours

Boulders failed
from slope
Shallow landslide

In-between Singaram–Dumuriput
Railway station

Boulders failed
from slope

Train engine had been damaged, and
trafBc had been halted for 2 days
Railway communication halted for
14 hours
Railway communication halted for
20 hours

27 October 2013
13 October 2014
29 July 2014
16 September 2015
19 July 2017

world. The good drainage pattern of the Eastern
Ghats region with the tropical climate favours the
laterization process to occur on the highly
deformed metamorphic rocks of Eastern Ghats
formation. Depending upon the portion exposed to
laterization, the degree of weathering varies from
the top to bottom of the mountain sections, which
causes a challenging task for the researchers to
treat the whole section as a single slope in stability
analysis. Therefore, a detailed Beld investigation
was carried out to identify the different weathered
zones on a slope. This will substantiate the
understanding of the mechanism of possible slope
failure. In a general scenario, the failure events are
mostly occurred after and during the precipitation
in the Eastern Ghats (table 1). It is supposed to be
due to the reduction of the shear strength material

after getting saturated by the percolating water
through the pores and fractures (Rao et al. 2008).
The percolation of water along the discontinuity
planes reduces the shear strength of the rock mass
by generating the pore water pressure and also
substantially inCuence the weathering (Chowdary
et al. 2015). Proper analysis assuming a more
realistic condition will be very much helpful for
suggestive remedial measures (Ramesh and
Anbazhagan 2015). The present study evaluates
the stability of railway-cut slopes along the corridor by following the adaptive methodology
mentioned in Bgure 2.
In this study, rock mass characterization and
stability analysis by numerical simulation was
carried out for vulnerable railway-cut slopes near
Dumriput along the Koraput Rayagada Railway
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Figure 2. Flow chart of adaptive slope stability analysis.
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track (Bgure 3). Slope instability depends on the
slope’s geometry, strength parameter of the slope
materials, geo-hydrological conditions, and structural characteristics of the discontinuities. Rock
mass rating (RMR) is a quantitative rock mass
classiBcation method, which is an algebraic sum of
the rating value of six parameters of the rock mass.
According to each evaluated parameter, a rating
value is assigned to it. But this method cannot give
a quantitative description for the orientation of
discontinuities on rock mass. So to overcome this
issue, Romana proposed slope mass rating (SMR)
in 1985. It gives an edge over RMR for stability
analysis (Pradhan et al. 2011). Nowadays, numerical simulation is widely used for stability analysis
as it is a robust analysis method (Matsui and Can
1992; Eberhardt et al. 2004; Vishal et al. 2010;
GrifBths 2015; Pradhan et al. 2015; Singh et al.
2015; Vishal et al. 2015). The conventional method,
like the limit equilibrium method, is a very

simpliBed analytical tool for slope stability analysis. Still, Bishop’s method (Bisop 1955), Janbu’s
method (Janbu 1954), and Spencer’s method
(Spencer 1967) have some assumptions for the
processing of data. Later, to overcome the limitation issues, the Finite Element Method (FEM),
Boundary Element Method (BEM), and Finite
Difference Method (FDM) are proposed and also
became very popular for their simpliBed process. In
the present article, the FEM-based model was
chosen over the limit equilibrium method (LEM)
due to its advantages like: (a) it generates the
critical failure surface automatically by computing
the gravity loads and the reduction of shear
strength, (b) there is no need of assumption of the
distribution of interslice shear force, and (c) it is
able to compute very complex conditions and give
quantitative information of stresses, movements
and pore pressures (GrifBths and Lane 1999; Cheng
et al. 2007).

Figure 3. Koraput–Rayagada railway track along the Eastern Ghats.
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In many instances, where rock mass characterization is performed, the whole exposed slope mass
is taken as a single rock mass irrespective of the
different geotechnical characters. To assign a single
RMR or SMR value to the entire rock mass is not
an appropriate procedure in slope stability analysis. Similarly, numerical modelling considers the
whole weathered rock-mass slope as a homogenous
material may have added error to the stability
analysis. This is because of the variation in the
weathering grade of rock mass from top to bottom
of a slope which results in the difference in
geotechnical characteristics for rock mass at a
different height.
Uncertainty and variability in properties of geomaterial are unavoidable in slope stability studies
dealing with weathered materials. However, probabilistic analysis is an operational tool to quantify
the model’s uncertainty and variability. Particularly for rock slopes, the change and variability in
rock mass parameters have been addressed during
analysis (Park et al. 2005). For rock slope, probabilistic analysis, different commercial limit equilibrium codes like Rockplane, Slide, Slope/W, and
SWedge are used by different authors to consider
the discontinuity (Nilsen 2000; Park et al. 2005;
Wang et al. 2013). Multivariate modulus like factor
analysis and multilinear regression are oAered with
the commercial software; even so, the generic optimization has not been analyzed for geological study
(Pisias et al. 2013). To overcome commercial software limitations, different authors have used different coding platforms (Dussauge et al. 2001;
Peisser et al. 2002; Gorsevski et al. 2006; Bui et al.
2013). Extensive data analysis and graphical visualization with a user-friendly computation interference build Matlab is one of the options. For the
present study, Monte Carlo probability simulation
has been used in Matlab for statistical analysis.
Monte Carlo’s analytical approach has been used in
various Belds and recognized worldwide as one of
the best methods for predicting an event (Nilsen
2000; Lee et al. 2013; Marin and Mattos 2019). The
most straightforward and Cexible in describing the
Monte Carlo method’s parameters helps it to provide the most accurate and reliable result for
analysis.
In the present study, the weathered zone has
been characterized based on the geological and
geotechnical parameters. The lowest rating (RMR
and SMR) of each slope has compared with the
factor of safety (FoS) and the probability of failure.

2. Study area
2.1 Geological setting
The study area lies in the Eastern Ghats mobile
belt of Odisha, India (Bgure 4). A series of hill
ranges with intersecting narrow valleys are the
important geomorphic features in the study area.
The Eastern Ghats has uneven topography, and
the average elevation of the Eastern Ghats is 600 m
from MSL. The north-eastern portion of the
mountain belt is continuous, where the altitude
varies from 300 to 1500 m above the MSL. The
central part of the north-eastern portion of Eastern
Ghats has an altitude more than 1000 m from MSL.
Godavari, Krishna, and Pennar are the major
intervened rivers, which cross-cut the mountain
belt. The major rivers along with the tributaries
are Cowing in a dendritic pattern due to the hard
metamorphic rock terrain. Red soil, black soil, and
laterite soils are the most predominant soils in the
region.
Garnet–graphite–sillimanite bearing gneisses are
the primary rock type (Dobmeier and Raith 2003)
of the Khondalitic suite of Eastern Ghats formation. The presence of alternate quartzite bands
within the structure indicates the earliest metal
sedimentation (Subba Rao et al. 1998; Dobmeier
and Raith 2003). In some places, pyroxene granulites are found, where it occur as xenolithic bands
and lenses within the granitic rocks. Pyroxene
granulite rocks are classiBed as Charnockitic suites
along with hypersthene granites and gneisses,
which are traced at the south-western boundary of
the Koraput region (Bgure 3). Field signatures
indicate that the Khondalitic suite is formed later
than that of the Charnockitic suite (table 2).
Hypersthene granites and gneisses, and porphyritic
granites associate with granuliferous granite
gneisses occur as an intrusive body within the basic
pyroxene granulites as well as the Khondalitic
rocks. The sharp boundary between the Khondalitic rocks and Hypersthene intrusive rock has
been alerted by the lateralization process.
The regional trend of foliation, which is well
developed within the Khondalite rocks, is NE–SW
with 50–80 declination towards SW direction
(Bgure 5a). At some places, the regional trend
varies from NNE–SSW to ENE–WSW, and the dip
amount is almost vertical (GSI 1964). Mineral
lineation is very rarely developed within the
Khondalites and sheared gneissose rocks
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Figure 4. Lithological map of the study area (after Bhattacharya and Kar 2002).

Figure 5. Foliation (a) and lineation (b) on the rock near Dumuriput.
Table 2. Generalized stratigraphic succession of Eastern Ghats formation (GSI Report, 1964).
Recent and sub-recent
Archaeans

Laterite
Charnockitic suite Quartz–feldspathic veins (garnetiferous granite gneisses)
Porphyritic granites and gneisses
Hypersthene granites and granodiorites
Pyroxene granulites
Khondalitic suite Garnet–graphite–sillimanite bearing schists and
gneisses with quartzitic bands

(Bgure 5b). This lineation plunges towards the
south with an amount that varies from 50 to 70.
Two major joint sets are encountered in the
Eastern Ghats formation. The Brst one is the
NE–SW joint, i.e., the foliation joint, and the second one is the NW–SE joint, i.e., at right angles to
the foliation joint. At some places, E–W and N–S
trending local joint sets are also observed. The
inclination amount of these joint planes varies from
70 to 80. A sheet joint exists, which is oriented

along NE–SW direction and dips gently (20–40)
toward NW.
3. Materials and methodology
3.1 Field investigation and laboratory analysis
A detailed geological and geotechnical Beld investigation was carried out to demarcate the vulnerable slopes near the Dumuriput Railway station
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along the Koraput–Rayagada railway track. Three
exposed slopes were identiBed (Bgure 6, table 3).
Each slope proBle is distinguished into three zones,
and each zone is considered a separate rock mass
(Bgure 7). Zone-I is a highly weathered zone consisting of soil and debris material. Zone-II consists
of boulders and weathered rock mass. Zone-III is a
fresh compact rock. Representative rock samples
were collected from each slope face, NX-sized cores
(54.7 mm in diameter) were extracted from the
rock samples, and corresponding geotechnical
parameters were determined as per standard
(Bgure 8, table 4) (ISRM 1978, 1981).

3.1.1 Laterite–Khondalite proBle
Figure 4 represents an ideal laterite–Khondalite
proBle at Dumuriput in Koraput district. The
topsoil is fragile, underlain by laterite without
bauxite, followed by Kaolinite/lithomarge and the
parent rock Khondalite (Oyelami and Rooy 2016).
The complete proBle has been divided into three
different zones (Bgure 7).

(a) Slpoe S-1

(c) Slope S-2

Zone-I: It consists of a fragile layer of topsoil and
laterite horizons.
Zone-II: It is a transition zone of lithomarge and
partially leached and altered Khondalite rock. The
dominant mineral for this zone is Kaolinite. High
silica and low aluminum, and Fe2O3 are the
essential characteristics of these lithomarge horizons. Along the discontinuity planes, weathered
inBllings have been noticed. Depending upon the
degree of weathering, these rocks vary in size and
shape from the upper to lower horizons.
Zone-III: It is a zone of fresh Khondalite rock.
Discontinuity planes are visible at places where it
has been exposed to the surface. The colour of the
rock varies from grey to buA.
3.2 Kinematic analysis
The kinematic analysis was carried out to know the
modes of failure (Plane, Wedge, Toppling failures)
on a jointed-slope. Kinematic analysis is based on
Markland’s test described in Hoek and Bray

(b) Failure of retaining wall at Slope S-2

(d) Slope S-3

Figure 6. Joint orientation and prevailing Beld condition.
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Table 3. Geometry and orientation of joint and slope plane.
Slope
no.

Location
0

00

Maximum slope
height (m)

Lithology

Material

S-1

N1845 47.3
E82490 31.200

23

Khondalite

Soil, debris,
fresh-rock

S-2

N18450 46.700
E82490 33.300

27

Khondalite

Soil, debris,
fresh-rock

S-3

N18450 50.400
E82490 21.900

18

Khondalite

Soil, debris,
fresh-rock

Slope S-1

Slope S-2

Discontinuity
plane

Strike

Dip

Slope plane (SP)
J0
J1
J2
Slope plane (SP)
J0
J1
J2
J3
Slope plane (SP)
J1
J2

N305
N272
N275
N280
N285
N265
N272
N275
N280
N297
N205
N035

60
21
30
28
75
18
21
30
28
73
40
40

Slope S-3

Figure 7. Schematic image of slope and condition of weathering in studied location.

(1981). According to Markland’s test, a plane
failure may occur when a discontinuity dips in the
same direction of the sloping plane (within 20),

and the dip amount will be less than that of the
sloping plane and more than the friction circle
(Yoon et al. 2002). A wedge-type failure may occur
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(b)

(a)

(c)

(d)

Figure 8. Laboratory testing of collected samples. (a) Producing of NX-size core, (b) UCS test, (c) Brazilian test, and
(d) tensile fracture creates within the core sample.

Table 4. Geotechnical parameters of rock and soil of slope S-1, S-2, and S-3.
Rock properties
Condition
Material type
Unit weight (MN/m3)
Poisson’s ratio
Young’s modulus (MPa)
Tensile strength (MPa)
Frictional angle (degree)
Cohesion (MPa)

S-1
Dry

Saturated

Khondalite
0.0255
0.0255
0.27
0.27
56200
56200
1.4
1.19
33.5
33.5
0.21
0.21

S-2
Dry

Saturated

Khondalite
0.0259
0.0259
0.27
0.27
56200
56200
1.39
1.18
33.5
33.5
0.21
0.21

when the interaction of two discontinuity planes
plunges in the same direction of the sloping plane, and
the angle of plunge will be less than that of the sloping
plane. For the toppling type of failure, the discontinuity planes should dip steeply into the slope surface,
and the strike will be more or less parallel to the slope
surface. Kinematic analysis of the slopes has been
done, which shows the failure pattern in the stereographic projection (Bgure 9). The study shows that the
prevalent discontinuities do not control the failure
pattern for these slopes in the rock mass as the discontinuity planes do not satisfy the degree of parallelism (±20) rule and the daylight condition for the
planner or toppling mode of failure. Also, the plunge

S-3
Dry

Saturated

Khondalite
0.0274
0.0274
0.279
0.279
80150
80150
1.51
1.28
35
35
0.25
0.25

Weathered material
Dry

Saturated
Soil

0.020
0.25
23.43
0
28
0.060

0.028
0.25
23.43
0
25
0.048

amount of intersection line of the two discontinuity
planes is less than the frictional angle of the rock mass;
however, more than the dipping amount of the slope.
So, the wedge mode of failure is not feasible in this
condition. Therefore, the very thick inBlling weathered
material present in the joint planes is supposed to be
the controlling factor for failure.
3.3 Slope mass characterization
3.3.1 Rock mass rating (RMR)
Rock mass rating is one of the widely used methods
for rock mass classiBcation. Bieniawski proposed
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this method in (1973) at the South African Council
of ScientiBc and Industrial Research (CSIR) and
modiBed later (1974, 1975, 1976). In 1984, the
revised method of RMR was published by Bieniawski (1984, 1989, 1993). The following six
parameters are used to calculate RMR of a rock
mass (equation 1):
• Uniaxial compressive strength (UCS) of intact
rock
• Rock quality designation (RQD)
• Joint or discontinuity spacing (JS)
• Joint condition (JC)
• Groundwater condition (GWC)
• Joint orientation (JO).
RMR ¼ Rating for
ðUCS þ RQD þ JS þ JC þ GWC þ JOÞ:

ð1Þ

The inCuence of discontinuity is more on
stability, so it has been carefully examined during
site investigation (table 2). Rock quality designation (RQD) has been estimated by the volumetric
joint count (Jv) method (equation 2), suggested by
Palmstrom (1974).

i.e., joint spacing, which was measured for each joint
set during Beld investigation. A rating value has been
given to each joint set in the RMR method depending
upon the measured value. Persistence, aperture,
roughness, inBlling, and weathering conditions of the
discontinuity largely inCuence the stability condition
of the slope. The average values of these conditions
were noted during Beld investigation, and accordingly, rating values have been considered. The presence of water within the discontinuity of rock mass
aAects the shear strength of the rock. The hydrological condition of the rock mass for each slope was
observed, and accordingly, the rating was assigned.
The discontinuity orientation is the most important
factor for a different mode of failure in a jointed rock
mass. The algebraic sum of the parameters mentioned
above rating values has been represented as the total
RMR value, which indicates the quality of the rock
mass for Zone-III (table 5). The rock mass condition
becomes degraded towards the top, as weathering
action is more active on the upper part of the slope
material (table 6).

3.4 Slope mass rating (SMR)
RQD ¼ 1153:3 Jv;

ð2Þ
p

Jv ¼ 1=S1 þ 1=S2 þ    þ 1=Sn þ Nr=5 A;

ð3Þ

where Jv is volumetric joint count (equation 3), joint
sets are numbered as set 1, set 2, and set 3, joint
spacing is marked as S1, S2, and S3, a total number of
a random set of joints are represented as Nr, and area
(A) is calculated in m2. The shape and size of a block
in rock mass are controlled by the perpendicular
distance between two consecutive discontinuities,

(a) Slope S-1

The slope mass rating method is used for evaluating the stability condition of rock slopes, which is
proposed by Romana in 1985 and later modiBed in
2003 (equation 4) (Romana 1985; Romana et al.
2003). The slope mass rating method is based upon
Bieniawski’s rock mass rating (RMR) where few
adjustment factors are considered to evaluate the
slope mass rating (Anbalagan et al. 1992; Singh
and Goel 1999; Wyllie and Mah 2004; Singh et al.
2013; Zheng et al. 2016),

(b) Slope S-2
Figure 9. Kinematics analysis of studied slopes.

(c) Slope S-3
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SMR ¼ RMRBasic þ ðF1  F2  F3 Þ þ F4 ;

ð4Þ

where RMRBasic is the result of the addition of
rating of Bve rock mass parameters, i.e., UCS of the
intact rock, RQD of the rock, spacing of the discontinuity, orientation of the discontinuity,
groundwater condition of the rock, and the
adjustment factors are:
F1 = degree of parallelism between joint and
slope face (1 – sin A)2
F2 = inclination of joint plane (tan bj)
F3 = relationship between the slope face and dip
of joint (bj – bs)
F4 = method of excavation,
where A is the angle between the strike of the slope
face and of the joints, bj is the dip amount of the
joint plane in degree, and bs is the dip amount of
the slope plane in degree.
For the different modes of failure, SMR has been
calculated for each failure of Zone-III and Zone-II
(tables 7 and 8).
3.5 Slope stability analysis by FEM method
The Bnite element (FE) method is very Cexible to
simulate a slope with inhomogeneous material,
irregular geometry, and arbitrary water Cow pattern. The mechanism for the FE approach is to
transfer the entire mass of the slope into a Bnite
number of elements by generating the mesh pattern. When Mohr–Coulomb failure criteria are
taken, the strength reduction factor (SRF) can be
considered the maximum reduced value for the
material strength to trigger imminent failure. The
main objective within the FEM is a perfect

interpretation of the slope when it attains its Bnal
deformation (Dyson and Tolooiyan 2018). The
phase 2 version 8.0 has been used for the numerical
analysis of the railway-cut slopes based on the
FEM. The simulation task has been performed by
taking the Mohr–Coulomb failure criteria with
6-noded triangles mesh under gravitational loading. The deformation in each mesh was estimated
at each node point. The input parameters for the
slope design were collected from the Beld during
Beld visits. It has given a very realistic outcome as
several geotechnical parameters of the rock mass
were considered during evaluation (table 9). The
lower boundary of the slope had been kept
restricted to move in both X and Y directions. In
contrast, the right-side boundary had allowed
moving only in the X direction, and the left side
boundary (slope face) was free to deform in both X
and Y directions. Input parameters like the
Young’s modulus, Poisson’s ratio, angle of internal
friction, and the rock mass cohesion make the
result much more reliable than other methods
(Siddique et al. 2017). Shear strain rate and probable failure surfaces for slopes (S-1 to S-3) in both
dry and saturated conditions are shown in
Bgures 10–18.
3.6 Monte Carlo probability simulation
in Matlab
The Monte Carlo method is used to model the
probable outcomes for a particular case, which
cannot be easily predicted due to the arbitration of
various random variables. Instead of taking a single
average value for forecasting in a model, the Monte

Table 5. Rock mass rating (RMR) of Zone-III for locations S-1, S-2, and S-3.
Slope
no.
S-1

S-2

S-3

Joint
no.
J0
J1
J2
J0
J1
J2
J3
J1
J2

CD
Rock type

UCS RQD SD P A R

Khondalite

7

20

Khondalite

7

20

Khondalite

7

20

15
15
10
10
15
15
10
15
10

2
0
0
2
1
0
0
1
1

4
4
4
5
5
5
5
1
1

1
1
1
3
3
3
3
1
1

I

W

6
6
6
6
6
6
6
2
2

5
5
5
6
6
6
6
5
5

GW
Cond.
15

15

10

Note. P: Persistence, A: Aperture, R: Roughness, I: In-Blling, W: Weathering.

RMRBasic OD
75
73
68
74
78
77
72
62
57

0
0
0
0
0
0
0
0
0

Total
RMR

Description
of stability

75
73
68
74
78
77
72
62
57

Good

Good

Fair
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Table 6. Rock mass rating (RMR) of Zone-II for locations S-1, S-2, and S-3.
Slope
no.

Joint
no.

Rock type

UCS

RQD

SD

CD

GW
Cond.

RMRBasic

OD

Total
RMR

Description
of stability

S-1

J0
J1
J2

Khondalite

7

20

15
15
10

0
0
0

7

49
49
44

0
0
0

49
49
44

Fair

S-2

J-1
J0
J1
J2

Khondalite

7

20

10
15
15
10

0
0
0
0

7

44
49
49
44

0
0
0
0

44
49
49
44

Fair

S-3

J1
J2

Khondalite

7

20

15
10

0
0

7

49
44

0
0

49
44

Fair

Note. UCS: Uniaxial compressive strength, RQD: Rock quality designation, SD: Spacing of discontinuities, CD: Conditions of
discontinuities, GW: Groundwater condition, OD: Orientation of discontinuities.
Table 7. Slope mass rating (SMR) analysis of Zone-III for locations S-1, S-2, and S-3.
Slope
no.
Joints RMRBasic
S-1

S-2

S-3

F1

F2

F3

Rock mass
F19F29F3 F4 SMR description

Stability

J0

75

0.15 0.40 –60

–3.6

0

71.4

Good

Stable

J1

73

0.15 0.40 –60

–3.6

0

69.4

Good

Stable

J2

68

0.15 0.40 –60

–3.6

0

64.4

Good

Stable

J0

74

0.15 0.15 –60

–1.35

0

72.7

Good

Stable

J1

78

0.15 0.40 –60

–3.6

0

74.4

Good

Stable

J2

77

0.15 0.40 –50

–3

0

74

Good

Stable

J3

72

0.15 0.40

–6

–0.36

0

71.6

Good

Stable

J1

67

0.15 0.85 –60

–7.65

0

59.4

Normal

J2

62

0.15 0.85 –60

–7.65

0

54.4

Normal

Carlo method allows the inBnite number of possible
values for each variable with a particular distribution. Before providing the probability result, it
recalculates thousands to tens of thousands of
times by taking a speciBc set of random variables.
In this study, the moment equilibrium factor of the
safety equation and the force equilibrium factor of
the safety equation of Morgenstern and Price
method has been used for probability failure analysis models in Matlab. Nash (1987) proposed the
moment equilibrium equation used for the
simulation:

Partially
stable
Partially
stable

Pn Pn
i¼1

FoS ¼

j¼1 fcl ði Þ
Pn
i¼1 W

Failures

Probability
of failure

Some block
failure
Some block
failure
Some block
failure
Some block
failure
Some block
failure
Some block
failure
Some block
failure
Planar failure

0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.4

Planar failure

þ N ði; j Þ tan Ug
sin að j Þ

0.4

:

ð5Þ

The force equilibrium equation used for the
simulation was proposed by Morgenstern and Price
(1965):
FoS
Pn Pn
¼

i¼1

½fcl ðiÞ þ ðN ði; j Þ  ll ðiÞÞ tan Ug sec a
Pn
;
i¼1 fW  DT g tan að j Þ þ
i¼1 DE

Pj¼1
n

ð6Þ
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Table 8. Slope mass rating (SMR) analysis of Zone-II for locations S-1, S-2, and S-3.
Slope
no.
S-1

S-2

S-3

Joints RMRBasic

F1

F2

F3

Rock mass
F19F29F3 F4 SMR description

Stability

Failures
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar along
some joints and
many wedges
Planar or big
wedge failure

J0

49

0.15 0.40 –60

–3.6

0

45.4

Normal

Partially
stable

J1

44

0.15 0.40 –60

–3.6

0

40.4

Normal

Partially
stable

J2

44

0.15 0.40 –60

–3.6

0

40.4

Normal

Partially
stable

J0

49

0.15 0.15 –60

–1.35

0

47.65 Normal

Partially
stable

J1

44

0.15 0.40 –60

–3.6

0

40.4

Normal

Partially
stable

J2

44

0.15 0.40 –50

–3

0

41

Normal

Partially
stable

J3

49

0.15 0.40

–6

–0.36

0

48.64 Normal

Partially
stable

J1

49

0.15 0.85 –60

–7.65

0

41.35 Normal

Partially
stable

J2

44

0.15 0.85 –60

–7.65

0

36.35 Bad

Unstable

Differential stress
(MPa)

Mean Stress
(MPa)

Probability
of failure
0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.4

0.6

Table 9. Result of numerical analysis of studied slopes.
Reduced
in SRF
Sat. (in %)

SRF

Slope
Dry
no.
S-1
S-2
S-3

1.62 1.50
1.38 1.19
2.69 2.06

7.40
13.76
23.42

Maximum shear strain
(MPa)
Dry
7.00E-003
1.00E-002
2.00E-002

Sat.
1.50E-002
1.70E-002
1.00E-001

N ði; j Þ ¼ W cos að j Þ  ll ði Þ;
T ¼ tan at E 

dE
ht ;
dx

Dry

Sat.

Dry

Sat.

0.70
0.80
0.40

0.70
0.90
0.40

0.57
0.67
0.45

0.60
0.67
0.45

ð7Þ
ð8Þ

where a is the angle of failure plane, W is the
weight of the layer, l is the slice base length, l is the
pore pressure, c is the cohesion, U is the angle of
friction, DE is the difference in normal force
between two consecutive slices, DT is the difference
in shear force between two consecutive slices,

Maximum total
displacement (m)
Dry
1.50E-003
3.00E-003
7.00E-003

Sat.
9.00E-003
4.00E-003
7.00E-002

tan at = slope of the line of thrust, ht is the height
from the midpoint of the slice base to De, dx is the
width of the slice.

3.6.1 Angle of the failure plane
Failure in the rock mass can occur when a discontinuity dips at a lesser angle to the slope and more
than the friction angle, i.e., daylight condition. A
steeper failure plane would add more prediction
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sequences for the failure of the rock slope. Hence,
due to significant inCuence of the angle of failure on
the safety factor, it has been taken as a vector
quantity for the probability analysis with random
distribution.
3.6.2 The base length of the slice
Apart from the angle of the failure plane, the
length of the rock mass slice also significantly
controlled the failure mechanism due to its
dimension factor. The failure probability will
increase with the increase in the dimension of the
rock mass’s failure. Due to its significant inCuence,
this parameter is also taken as a vector quantity for
the analysis.

J. Earth Syst. Sci. (2021)130:206
independent of other parameters, it has been taken
as a uniform distribution variable for the probability analysis model.
3.6.6 Normal force
Normal force acting on each slice has been estimated for all possibilities. Depending upon the
other physical parameters, it varies for each slice.
Minimum and maximum reasonable force for all
the slopes are listed in table 10. The difference in
normal force had been taken as a vector quantity to
illustrate a particular number of failure slices
within the probability of the failure zone. Moreover, for the distribution of normal force, the normal distribution has been used for better
simulation results.

3.6.3 Pore water pressure

3.6.7 Shear force

Pore water pressure is described as the pressure
exerted by the inBltrated rainwater within the
slope. Pore pressure will be maximum when the
rock mass is fully saturated. Moreover, the minimum or zero pore pressure will be exerted at the
complete dry condition. The most common situation will lie in between dry and fully saturated
conditions. For better illustration within the
probability model, pore water pressure is
described as a vector quantity with random
distribution.

Shear force for each slice was calculated by using
equation (8). The difference in shear force among
slices is also taken as a vector quantity for the
probability analysis of the force equilibrium probability model. Parameters like normal force, the
height of slice, angle of thrust, and width of the
slice, which control the shear force, were measured
and noted in table 10. All these parameters are
distributed normally, which suggested normal
distribution for shear force too.

3.6.4 Cohesion
Cohesion is the inherent property of the weathered
rock mass. Completely weathered or fresh rock
mass and different saturation conditions, coherence
has been taken as an independent variable for the
probability model. A uniform random distribution
has been assigned to the cohesion parameter to
deBne the variability. The minimum and maximum
values for the cohesion have been taken from the
laboratory analysis for each slope.
3.6.5 The angle of internal friction
The angle of internal friction is also described as
the inherent properties of the rock mass. Depends
upon the saturation condition and weathering
condition, the value mostly lies in between a range
of maximum to a minimum amount obtained during the laboratory analysis. As its inCuence is

4. Result
4.1 Dynamic analysis
4.1.1 Slope S-1
Rock mass classiBcation has been done for both
Zone-II and Zone-III. The weathering process
exponentially degraded the rock mass quality, i.e.,
the RMR value for Zone-III is 68–75, whereas for
Zone-II, it is 44–49 (tables 5 and 6). SMR value
indicates the slope is stable-to-partially stable. The
kinematic analysis has concluded that the slope is
not structurally controlled, as the joint sets dip in
the opposite direction of the slope face at a lesser
angle.
The FEM shows a different result. Laterite soil
and lithomarge in Zone-II of a laterite–Khondalite
proBle have aAected the stability of the boulders or
different sizes and shapes of rock fragments present
in that zone. A circular weak-zone is created at
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Zone-I and Zone-II (Bgure 11). The new rock at
the base remains undisturbed. The weak circular
area at the upper side acts as a shear strain slip
surface, along which boulders or laterite material
may come out from the railway-cut slope face
(Bgure 12). In the saturated condition, the slope
becomes more vulnerable than a dry state, as the
critical strength reduction factor (SRF) for the
saturated condition is 1.5 and 1.62 for dry conditions (Bgure 10).

The undergone lateralization process reduces the
rock mass’s strength parameters; so the overburdened rock mass is weaker than that of the basement or new rock. Here, discontinuities pretend to
be very profound in the slope’s stability, which has
been observed from the SMR and kinematics
analysis (Bgure 9b).
Analysis of slope-2 on FEM-based numerical
simulator concludes that the inBlling lithomarge
acts as the internal factor for the slope (Bgure 13).
It decreases the overall strength reduction factor of
the slope. In the saturated condition, the water
present within the pore spaces allows the material
to wipe away more frequently compared to dry
conditions. Thus, the SRF for the saturated and
dry conditions are 1.19 and 1.38, respectively

4.1.2 Slope S-2
The result of rock mass classiBcation shows that
the RMR value of Zone-II is 44–49, whereas the
RMR value for Zone-III is 72–78 (tables 5 and 6).

Table 10. Parameters used in probability analysis.
Parameter
W: Weight of overburden (in KN)
a: Angle of the possible failure plane ()
l: Slice base length (m)
l: Pore pressure (KN/m3)
C: Cohesion (KPa)
U: Angle of friction ()
at : Slope of thrust ()
ht : Height from the midpoint (m)
X: Width of slice (m)
E: Interslice normal force (MN)

(a) Dry condition

S1

S2

S3

7800
1–60
1–9
0–98.1
48–210
25–33.5
0–45
1–5
0.1–1
1.2–600

6000
1–75
1–12
0–127.53
48–210
25–33.5
0–45
1–6
0.1–1
1.56–1123

2240
1–73
1–7
0–68.67
48–250
25–35
0–45
1–3.5
0.1–1
0.44–109.76

(b) Saturated condition

Figure 10. Shear strain analysis for slope S-1.
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(a) Dry condition

(b) Saturated condition
Figure 11. Total displacement analysis of slope S-1.

(a) Dry condition

(b) Saturated condition
Figure 12. Deformed mesh pattern for slope S-1.

(Bgure 14). The simulated deformation pattern of
slope for both conditions is shown in Bgure 15. It
has been seen that the deformation pattern for the
saturated pattern is more complicated than that of
dry conditions.
4.1.3 Slope S-3
Rock mass characterization suggests the slope is
under fair class (tables 5 and 6). RMR value is

more for Zone-III than that of Zone-II. The slope
mass rating value indicates a partially stable condition (table 7). The kinematic analysis shows
wedge creation, but outside of the critical zone;
hence, it does not lead to wedge failure of the rock
mass (Bgure 9c).
FEM-based numerical simulator estimated the
critical strength reduction factor (SRF) as 2.69 and
2.06 for dry condition and saturated condition,
respectively (Bgure 16). Slope-3 is relatively
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(a) Dry condition

(b) Saturated condition
Figure 13. Shear strain analysis for slope S-2.

(a) Dry condition

(b) Saturated condition
Figure 14. Total displacement analysis of slope S-2.

stable as compared to the other two slopes. However, a circular failure zone is created within the
upper part of the slope, i.e., Zone-I and Zone-II
(Bgure 17). Along this weak zone, rock material
may slip out from the slope face. The maximum
total displacement in the dry slope case will be
2.00e002 m, whereas 1.90e001 m in the saturated condition (Bgure 18).

4.2 Probability analysis
The simulation results of probability analysis
models have been listed in table 11. Histograms of
output obtained from the Matlab simulation are
shown in Bgures 19 and 20 for moment equilibrium
and force equilibrium, respectively. It has been
observed that the mean and median values for
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(a) Dry condition

(b) Saturated condition
Figure 15. Deformed mesh pattern for slope S-2.

(a) Dry condition

(b) Saturated condition
Figure 16. Shear strain analysis for slope S-3.

moment equilibrium are the same for all three
slopes (S-1, S-2, and S-3), which suggests a uniform
or Gaussian type distribution of factor of safety
values (Bgure 19). However, the result has been
oriented in an exponential type distribution pattern for force equilibrium (Bgure 20). Therefore,
the median values are differing from the mean
values by 7–17%. Moreover, the resulted FoS in the
force equilibrium case decreases very sharply after
attending a peak value, which estimates the slopes
to be more prone to failure in contrast to the
moment equilibrium case. Slope S-2 is an exception
for this case due to a very steep slope angle (75)

and maximum slope height (27 m). Consequently,
slope S-2 is identiBed as the most vulnerable slope
for both the cases, with the probability of failure of
86.1% and 81.4% in moment equilibrium and force
equilibrium, respectively.

5. Discussion
From Zone-III to Zone-II, the bedrock changes
from intact to slightly weathered or highly weathered rock mass. As weathering action is preferably
initiated along the joint planes, the discontinuity
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(a) Dry condition

(b) Saturated condition
Figure 17. Total displacement analysis of slope S-3.

(a) Dry condition

(b) Saturated condition
Figure 18. Deformed mesh pattern for slope S-3.

Table 11. Result of probability analysis.
Probability analysis
FoS by FEM (SRF)

Mean FoS

Mode FoS

Median FoS

Probability of failure
(FoS \ 1)

Slope

Dry

Saturated

Mean

M

F

M

F

M

F

M

F

S-1
S-2
S-3

1.62
1.38
2.69

1.50
1.19
2.06

1.56
1.28
2.37

1.06
0.87
1.16

0.96
0.74
1.00

0.81
0.62
0.72

0.58
0.33
0.42

1.06
0.87
1.16

0.89
0.61
0.86

30.7%
86.1%
24.5%

66.2%
81.4%
64.2%

Note. M: Moment equilibrium model, F: Force equilibrium model.

pattern is somehow retained within the weathered
rock mass of Zone-II. Furthermore, almost 80%
of the slope proBle is grasped by Zone-II and

Zone-III. Therefore, the rock mass characterization is required for stability analysis. The SMR
and RMR were carried out to evaluate the rock
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Figure 19. Result of moment equlibrium probability mode.

mass characterization that falls under Class-III to
Class-II of both RMR and SMR categories, which
states that slopes are partially stable. The
material to be failed is identiBed as a mixture of
debris and big size boulders or rock fragments.
But the kinematic analysis along with the comparison of SMR with FoS suggests that the

Figure 20. Result of force equlibrium probability failure
model.

orientation of discontinuities is not favourable for
the slope failure. The stability condition equally
depends upon the geometry and geotechnical
properties of slope-forming materials (Pradhan

J. Earth Syst. Sci. (2021)130:206

Figure 21. Comparision between rock mass characterization
parameter with FoS.

et al. 2018; Komadja et al. 2020; Niyogi et al.
2020). Therefore, rock mass characterization
should not be a single tool in the estimation of
stability analysis. RMR and SMR estimate the
slope mass condition without a quantitative
description of the stability condition of the slope,
such as FoS. However, in the numerical simulation tool, both geometries and material properties
of the slope are required to calculate the factor of
safety. Therefore, FoS was estimated by the FE
model and probabilistic equilibrium models by
considering the parameters of each zone
(Bgures 10–20). The rock mass characterization

Page 21 of 25 206
of Zone-II and Zone-III suggests the weathering
degrades the condition of the rock mass. Zone-II
contains a very thick layer of weathered mass
along its joint planes. It results in Zone-II being
more vulnerable than Zone-III and can favour the
initiation of failure mechanism irrespective of the
joint condition. Hence, the rating values of rock
mass characterization are not always directly
linked to the factor of safety. In this study, slope
S-3 has the lowest RMR and SMR values.
However, the strength reduction factor or FoS is
maximum for S-3, among the slopes, due to its
lesser height than the other two slopes as lower
height slopes are less vulnerable for failure in
comparison to the higher slopes (Solanki et al.
2019; Siddique et al. 2020). Relative relief or
height of the slope is one of the crucial parameters that inCuenced the overall stability of the
slopes (Pantelidis 2009; Pradhan et al. 2011;
Acharya et al. 2020; Pradhan and Siddique
2020). The inBlling material and weathered mass
play a vital role in the failure of a slope. Due to
the lateralization process, the formation of the
lithomarge horizon within Zone-I and Zone-II
causes the abundant presence of Kaolinite within
the rock mass in the Ghats region of India
(Deepthy and Balakrishnan 2005; Jean et al.
2019). With the increase in water content, the
expansion of Kaolinite exerts lateral forces on the
surrounding material, which reduces the overall
shear strength of the rock mass (Collins and
Znidarcic 2004; Peckley et al. 2010). Thus, the
slope becomes more vulnerable even after high
RMR and SMR ratings.
The SRF values of all the investigated slopes are
given in table 9. It has been seen that S-2 is more
vulnerable to failure in comparison to S-1 and S-3
slopes. Compared to the dry condition, the
Strength Reduction Factor is decreased by almost
10–20% in the saturated state. The S-2 railway-cut
slope is relatively steeper, which aAects the stability condition of the material present on the slope
face. In the S-3 slope, due to shorter height, the
SRF is relatively high although the rock mass is
weak.
For the stability assessment, the FoS has been
calculated and compared with the probability of
failure for different equilibrium models. However,
several studies have pointed out that the FoS factor is a random variable when various uncertainties
are incorporated into the analysis (Smith 2003).
Therefore, the probability of failure becomes a
probability function of the FoS, i.e., P(FoS \ 1)
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Figure 22. Comparision between rock mass characterization parameter with probability of failure.

(Altareios-Garcia et al. 2012). In general, with the
increase of FoS value, the probability of failure
decreases; however, Smith (2003) and Silva et al.
(2008) proved that the relationship is not directly
proportional always. Uncertainties present in the
analysis, such as uncertainty in input parameters,
system uncertainty, and loading uncertainty, do
not lead the probability of failure to lower for every
rise in FoS values. Hence, the probability analysis
is essential to enhance the outcomes derived from
the stability analysis integrated with the FE
method.
Rock mass condition inCuences the stability of
the slope (Siddque and Pradhan 2018); however,
the inCuence has been varying for each probability model and FE model. Javankhoshdel and
Bathurst (2017) stated that even similar slopes
may have the same FoS, but may result in differences in failure probability. In Bgure 21, the
estimated FoS using the probability models and
Bnite element model has been correlated with the
rock mass characterization (RMR and SMR). For
both models, the FoS is inversely correlated with
the rock mass condition. So, slope S-2 shows
minimum FoS for all the models even after
having better rock mass conditions. According to
the FEM of the studied slopes, the probable
failure surface of each slope is lying in Zone-I and
Zone-II only. However, for detailed analysis, FoS
of the slope has been compared with the mean
RMR and SMR of Zone-II and Zone-III for each
slope. There is no direct relation between the
stability factors and the rock mass condition
(RMR and SMR) for a weathered slope. The
thick layer of the weathered mass present along
the joints in Zone-II and the completely weathered material of Zone-I are responsible for
decreasing the stability of the weathered slopes.
In stability analysis model, both rock mass

parameters and geometry of the slope are considered for FoS estimation. In slope S-2, the
unfavourable geometry reduces the FoS. Several
studies found that the uncertainty in the material
properties also inCuences the probabilities of
failure in a slope (GrifBths and Fenton 2004;
Huang et al. 2010). In this context, slope S-3 is
identiBed as a more stable slope, i.e., higher FoS
and lower SMR. There is no thumb rule that a
poor rock mass always shows a higher probabilistic of failure (Hassan and WolA 1999; Smith
2003; Silva et al. 2008). The only dissimilarity
between the declined trend of probability models
and the FE model is that the probability models
are gently dipping (Bgure 21). Moreover, the
force equilibrium model has estimated a lower
FoS compared to moment equilibrium model.
The lower FoS is resulted due to the consideration of interslice forces in the force equilibrium
model (Zhao 2014). It is observed for the increase
of RMR and SMR, the difference between the
FoS of FE model and the equilibrium probability
models has been minimized. Hence, for better
rock mass conditions, the FoS values almost
remain the same for all models. Altareios-Garcia
et al. (2012) also stated that with the increase in
rock mass condition, the FoS remains the same
for higher probability of failures. Also, the SMR
of Zone-II has been compared with the FoS as
the failures in these slopes are restricted up to
Zone-II, which is highly weathered (Bgure 21).
Here, the correlation follows the same trend that
the mean of RMR and SMR of Zone-II and ZoneIII follows. Therefore, it concludes the active role
of Zone-II in the failure mechanism compared to
Zone-III in a weathered slope.
In Bgure 22, a comparison has been made
between the estimated probability of failure for
the equilibrium models (both force equilibrium
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and moment equilibrium) and the rock mass
condition (RMR and SMR). It is observed that
the probability of failure for the force equilibrium
model is relatively high. However, for slope S-2,
the estimated probability of failure for both the
equilibrium models is almost identical. As in the
previous paragraph, it has been mentioned that
the FoS estimated by the equilibrium models for
the good rock mass condition is nearly equal. But
the unfavourable geometry and the presence of
weathered material at Zone-I and Zone-II make
the slope S-2 more vulnerable to failure (GrifBths
and Fenton 2004; Huang et al. 2010). It results in
the probability of failure models of slope S-2 to
differ very slightly from each other. Hence, it can
be concluded that the presence of fresh rock at
the bottom (Zone-III) improves the overall rating
of the rock mass condition of the slope. However,
the weathered mass present at Zone-I and ZoneII reduces the FoS of the slope.

6. Conclusion
From the above rock mass classiBcation and
numerical analysis, it has been observed that the
height and slope angle have a significant role in
the failure of the slope. The rock mass seems
reasonable, but numerical modelling shows that
the slope may fail along the probable slip surface.
The results are corroborated with the prevailing
Beld condition, as in the case of S-2. In slope S-2,
although the slopes’ SMR is relatively high, the
laterite soil presents above the fresh rock, and
the thick layer of weathered mass along the joint
planes has inCuenced the overall shear strength
of the slope. The strength reduction factor (SRF)
value for the saturated condition has decreased
by up to 10% compared to that of dry conditions.
After heavy precipitation, slopes become more
vulnerable due to the reduction of shear strength
parameter. Failure surface generated within
Zone-II is expected to be the most sensitive zone
for initiating or rolling boulders. Therefore, irrespective of the joint orientation, the probable
failure surface in Zone-I initiates and moves up
to Zone-II without invading Zone-III. It can also
be concluded from kinematic analysis that the
slope failures along the railway track is not
structurally controlled. The factor of safety
obtained from the numerical simulation is not
directly related to RMR or SMR of the slope
mass.
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