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Prediction of Stability of an Infinite Slope
Using Geospatial Techniques

Srirama Dinesh , Chirasmayee Savitha , and Arif Ali Baig Moghal

1 Introduction

Geospatial techniques comprise Remote Sensing, Photogrammetric, Geographical
Information Systems (GIS), and Global Positioning Systems (GPS). They deal with
acquisition, processing, storing, manipulating, storing, and disseminating spatial
data. Remote sensing of the earth is a science and art of obtaining information
about natural and artificial features. GIS refers to the analysis, capturing manipu-
lating spatially related data. Photogrammetry refers to the acquisition processing
of data using photographs. GPS refers to satellites positioned in space, which
provides accurate and precise location information of the earth’s features. Infor-
mation collected from conventional and geospatial techniques can perform various
spatial and temporal analyses of various land resources. Soil, one of the natural mate-
rials, has different properties and varies both spatially and temporally. Soil properties,
index, and engineering properties help predict the soil’s suitability as foundation and
construction material. Engineering property, shear strength, is used to determine the
slope’s stability, bearing capacity, and the earth’s pressure on one of the significant
parameters, soil moisture.

Slope stability assumes a significant job in structural building, particularly in the
design of expressways, railways, channels, surface mining, decline removal earth
banks, and dams, just like numerous other human exercises, including construction
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and unearthing. Changes in external loads and pore water may cause slope failure and
mass movement of the well-stabilized slopes [1]. Highway alignments, established
along the hilly or mountainous terrain, taking or without considering hazard maps,
are subjected to slope failures. The mass movement of soil succeeded by slope
failure poses a high risk of damage to both lives and infrastructure. Quantitative and
qualitative assessment of such mass movement of soil, its exact configuration, and
spatial location is complicated to predict. However, depending on the in situ data and
a few analytical postulates, quantitative assessments can be made. This quantitative
examination decides the safety characteristics considering taking into account the
causes that constitute the condition of strength and potential outcomes of the slopes
to fail, regularly turned in a lead indicator called Factor of Safety (FOS). However,
these assessments have a few limitations due to the difficulties in obtaining, checking,
and processing large spatial and temporal data sets and varying soil moisture. With
limited site investigation data and a lack of temporally varied data, useful slope
failure analysis in mountainous areas, especially in mountainous urban areas, has
become a paramount concern. With its potential and versatility for processing spatial
data and temporal data, geospatial technologies have attracted significant attention
to assessing soil and its properties. By establishing a statistical relationship between
the slope stability and the factors influencing it and utilizing geospatial technologies
in both acquisitions of spatial and temporal data and utilizing GIS, the FOS data
can be created, assessed, and a map can be disseminated. The maps thus prepared
help ease the planning of infrastructure before construction and indicate the possible
failure zones or the risk-prone areas near the existing infrastructure.

In India, 15% of the area is prone to landslides [2]. Numerous landslides trig-
gered by unusually high rainfall in India’s Western Ghats regions caused widespread
damage to property and life and resulted in 14.9%of landslides in themoderate slopes
area in Karnataka state [3]. Considering the necessities and possibilities of geospa-
tial techniques, the stability of an infinite slope was carried out near the Ballari
area, which covers a part of National Highway 150A (NH 150A); a motorway in
Karnataka state that connects Jewargi and Chamarajanagar employing the limit equi-
librium method for the stability of an infinite slope is predicted. The infinite slope
model used to calculate an FOS based on limit equilibrium analysis determines the
balance between shear stress and shear strength. The necessary input parameters in
developing the infinite slope model are (i) Cohesion, (ii) Angle of Shearing Resis-
tance, (iii) Unit Weight of Soil, and (iv) Soil moisture. Soil water content is assessed
from field observations; the estimations of these variables (c, ϕ, γ) are evaluated
through the correlations. Digital Elevation Model (DEM) obtained from Cartosat-1
from Bhuvan is utilized in this study (Fig. 1).
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Fig.1 Cartosat Dem data from Bhuvan website

2 Objectives

The primary advance in this paper is by utilizing geospatial technologies to assess
the sensitivity of the infinite slope over a spatial extent. To make the study achieve
effectively, the explicit goals of this exploration are as follows:

1. Soil moisture maps to be prepared.
2. To determine the slope angle from Cartosat-1 DEM data.
3. Slope stability modeling using (i) Cohesion, (ii) Angle of Shearing Resistance,

and (iii) Unit Weight of Soil.
4. To predict the Factor of Safety (FOS) of infinite slope from SAGA GIS.

3 Materials and Methods

3.1 Materials

Primary Data collected during field investigation, including satellite data and ancil-
lary data, is used in this research. For satellite data, Cartosat-1 DEM was used. The
Cartosat-1 Digital Elevation Model (CartoDEM) is a National DEM developed by
the Indian Space Research Organization (ISRO), having a resolution of 2.5 m. The
data extent was from 76–77oE and 15–16°N. However, the data was clipped further
specific to the study area extent, i.e., 76.60–77°E and 15–15.32°N. The extent of
NH150Aobtained fromurban land use and land covermap acquired from theBhuvan
website used in preparing a road network map for the study area is shown in Fig. 2.
The extent of the NH150A, along with its terrain characteristics, is shown in Fig. 3.
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Fig.2 Overlaid map of the study area

Fig.3 Topographic feature of the study area
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3.2 Methods

3.2.1 Field Observation

Variables such as soil water content and soil samples of 20 selected points from
the study region were obtained during the field investigation that was performed
on Wednesday, January 2, 2019. Open-source software such as QGIS is used for
mapping. SAGA GIS software is used for image processing.

3.2.2 Infinite Slope Stability Modeling

The slope’s stability is a function of various parameters and depends on the soil
geotechnical properties, land use land cover, and geological features. Frictional resis-
tance of the soil is affected by the presence of water and pore water pressure. As
the quantity of interstitial fluid rises, the soil weight increases, further destabilizing
the slope. Evaluating the slope’s stability using the infinite slope model provides
simple equations for determining the Factor of Safety (FOS) with a surface of plane
failure parallel to the slope surface. By adapting Factor of Safety (FOS) [4] for the
hydrostatic condition used in this research for the infinite model, we get

FS = (tanφ/tanα) + (c/(γ (D− y)) (1/(sinαcosα))

+ (y/(D − y))(γω/γ ) (tanφ/tanα) (1)

where D assumed as 10 m is the height of soil from the water table, and y estimated
to be a constant 2.5 m is the thickness of the slab, reflecting the average debris-flow
thickness in the region of the study area [4] and recommended for a shallow landslide
[5].

Considering the influence of geotechnical parameters alone on the stability of
an infinite slope using limit state equilibrium condition and modeling in the QGIS
software, an FOS map can be developed. The necessary input parameters in devel-
oping the infinite slope model are (i) Cohesion, (ii) Angle of Shearing Resistance,
(iii) Unit Weight of Soil, and (iv) Slope Angle. Utilizing the relationship between the
soil moisture (ω) and geotechnical parameters, adapted in [6, 7], the cohesion of the
soil (c), angle of shearing resistance (ø), and unit weight of the soil (γ) for an infinite
slope are determined from the QGIS model maker from the equations below.

(i) The cohesion of the soil (c in kPa):

c = −1.2009ω2 + 56.412ω − 587.87 (2)

(ii) Angle of shearing resistance:

φ = 11212ω−1.1929 (3)
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(iii) The unit weight of the soil (γ in kN/m3):

Y = −0.1337ω + 17.457 (4)

The values thus obtained served as input parameters for determining the Factor of
Safety.

4 Results

As shown in Fig. 4, the soil moisture map prepared from soil moisture measurements
made at 11 points in the field serves as an essential input parameter to determine
the (i) Cohesion, (ii) Angle of Shearing Resistance, and (iii) Unit Weight of Soil.
Measurement of slope angle is made from Carosat-1 DEM data. Figure 5 presents
the Factor of Safety Map for the entire study area. Each pixel in the image represents
the value of FOS. It provides a quantitative sign of slope stability. A value of FOS
= 1.0 indicates that the slope is at the verge of failure; under the current condition
value of FOS, less than 1.0 points out that the slope is unstable, and a value of FOS
greater than 1.0 points toward a stable slope [8]. Figure 5 explains the dependence
of conditionally stable elements on the soil moisture within the elevation. The least

Fig. 4 Soil moisture mapped interpolated from field observations
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Fig. 5 Slope stability map depicting location of unstable slopes

factor of safety in the southwest part of the study area is attributed to forest cover
having more soil moisture. Frictional resistance dependant on the soil moisture is
least in the southwest region with high elevations. Further, the factor of safety values
more significant than the one with the least slope failure is concentrated in regions
with low soil moisture.

For validating the model, laboratory experiments were carried out. Table 1 shows
the comparative analysis of soil parameters of 11 observation samples.

5 Conclusions

This paper presents the prediction of the infinite slope stability of NH150A across
the Ballari region using geospatial techniques. The model created in QGIS estimates
where a failure phenomenon could occur by simulating most geotechnical param-
eters and assessing its stability based on the infinite slope model. The application
of geospatial techniques in predicting the stability of an infinite slope demonstrates
the model’s ability to perform according to input parameters and terrain topography;
moreover, it highlights the strengths of the model that can be disseminated at the
spatial extent. Soil moisture, one of the critical parameters, varies both spatially and
temporally. Further enhancement of themodel in predicting the stability of an infinite
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Table 1 Comparative analysis of soil parameters

Borehole Geospatial Experimental

Soil
moisture
(%)

Cohesion
(kPa)

Friction
angle (°)

Unit
weight
(kN/m3)

Cohesion
(kPa)

Friction
angle (°)

Unit
weight
(kN/m3)

1 30 23.7 19.39 13.45 15.31 16.34 19.42

2 25 71.9 24.10 14.11 65.4 22.19 20.06

3 24.98 71.9 24.12 14.12 68.09 24.27 18.33

4 28 50.2 21.05 13.71 41.11 17.02 19.25

5 28.1 49.1 20.96 13.70 40.21 17.12 19.41

6 25.1 71.5 23.98 14.10 67.85 24.25 19.87

7 26.1 66.4 22.89 13.97 61.28 22.61 19.92

8 28.3 46.8 20.79 13.67 39.66 17.37 18.45

9 30.1 22.1 19.31 13.43 15.45 18.43 18.03

10 28.01 50.1 21.04 13.71 41.06 21.55 19.63

11 27.3 57.2 21.70 13.81 53.55 23.61 20.71

slope at the temporal scale from satellite-derived soil moisture data is possible using
geospatial techniques. However, the accuracy and reliability of the model should be
validated with the ground truth measurements. Natural soil moisture varies season-
ally, and which in turn influences the stability of slopes, which need to be considered.
The R2 values of 0.991, 0.657, and 0.523 for c, ϕ, and γ, respectively, are found to
be statistically significant. The proposed model has the ability to represent a visual
and virtual geotechnical laboratory as correlations are arrived at using soil moisture
with slope and geotechnical parameters.
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Application of Bi-directional Extreme
Learning Machine in Predicting Stability
of Slope of Railway Embankment
in Seismic Condition

Abidhan Bardhan, B. Dhilipkumar, Lakshmi Mulagala, and Pijush Samui

1 Introduction

Railway tracks are normally built on the natural ground surface or the elevated
formation and the tracks are laid on a prepared bed called Permanent way, prepared
either in cutting, filling of earthwork, or combination of both. Necessary longitudinal
gradients and cross slopes are provided during the construction of the formation bed.
The rails are attached to the sleeper with help of fasteners and the sleepers rest on a
ballast cushion. All these elements together are called ‘rail track system’ and act as
a single unit. In general, railway projects are carried out with large earthwork which
leads to high initial expenditure during the course of the construction of permanent
way. Therefore, for the safety of the entire system, a detailed analysis should be done
before the track system comes into actual use.

Evaluation of slope stability is a challenging task for geotechnical engineerswhich
is the most encountered problem in the transport network. The heterogeneous prop-
erty of soil makes it difficult for engineers to assess reliability accurately. Nowadays,
several methods are available to determine the slope stability of the embankment.
These methods are of two types, i.e. deterministic or probabilistic [1–4]. Methods
like the Strength reduction method (SRM), Limit equilibrium method (LEM), and
Limit analysis method comes under deterministic type. The deterministic analysis is
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based on the evaluation of the factor of safety which will determine the stability of
the embankment. Among the various slip surfaces, the one which gives a minimum
factor of safety is termed as a critical slip surface and the corresponding factor of
safety is termed as a critical factor of safety. For the determination of the critical
factor of safety, a trial and error approach is normally being used.

On the other hand, undesirable constituents such as pebbles, wastes, organic
matter, etc. develop spatial variability within the soil and uncertainties in soil param-
eters, i.e. cohesion, internal friction, and unit weight. Because of these uncertain-
ties involved, the deterministic methods have limitations in their application. Using
the LEM, satisfactory results can only be obtained when the soil parameters are
correctly accessed. Therefore, due to the complex and multi-factorial interactions
between factors that affect slope stability, the task of assessment of slope stability
remains a significant challenge for geotechnical engineers [5]. Considering these
phenomena, this study implements a soft computing approach, i.e. Bi-Directional
extreme learning machine (Bi-ELM) for the assessment of slope stability. The
remainder of this paper is structured as follows including the Instruction section.
In the next section, the methodological details of LEM techniques along with the
employed soft computing techniques, i.e. ELM and Bi-ELM are furnished. This is
followed by, discussion of the analysis of slope stability and results and discussion.
At the end, a summary and conclusion is furnished.

2 Methodology

2.1 Conventional Analysis of Slopes

In the LEM technique, the factor of safety of slopes can be defined as the ratio
between resistance and disturbance along a probable slope surface. Many available
methods that are based on the method of slices [6] can be used to determine the factor
of safety. For a typical slope given in Fig. 1, the factor of safety can be determined
using the Bishop‘s simplified method given by

FOS =
∑n

i=1[Ci�xi + (Wi − ui�xi ) tan(φi )]
secαi

1+tan(φi ) tan(αi )/FOS
∑n

i=1(Wi tan αi )
(1)

where Wi are �xi are the weight and width of the ith slice, respectively, φi and Ci

represent the angle of internal friction and cohesion, respectively, at the base of ith
slice, ui is the pore water pressure and αi is the tangential angle, respectively, at the
base of ith slice and n denotes the total number of the slice. To calculate the critical
factor of safety, a trial and error method is used.
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Fig. 1 Sectional details of a typical soil slope

2.2 Extreme Learning Machine

ELM, proposed byHuang et al. [5] is a type of single layer feed-forward network used
in the classification and regression problem. During training, weights and biases are
assigned at random and then the output weights are calculated with a defined number
of the hidden layer neurons and activation function. Network structure of ELM is
shown in Fig. 2 with a single hidden layer having 2 neurons.

Now, for example, a set with input Xi = [Xi1, Xi2, Xi3 . . . .., Xin]T ∈ R
n and

output Yi = [Yi1,Yi2,Yi3 . . . ..,Yim]T ∈ R
m where i = 1, 2, 3, . . . ..p, then the

structure of the ELM can be mathematically expressed as

t j =
p∑

k=1

βkg
(
wk, bk, z j

)
(2)

where wk and bk represent the input weight and biases of the kth hidden node, z j =
[
zi j , z2 j , z3 j . . . .., znj

]T
is the output weight, g(wk, bk, z j ) represents the output of

the kth hidden node to the input of z j , t j represents the predicted output of the
corresponding input z j and j is the number of training samples. Right after the
generation of inputweight and biases randomly, ELMestimatesβ using the following
expression:

βmin = ||H × β − T || (3)
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Fig. 2 A basic structure of ELMs

And, in the next step, the output weights are calculated using the linear equation
given by

βmin = H ∗ pinv(Y ) (4)

where H represents the output vector coming from the hidden layer and pinv(Y )

represents the Moore–Penrose pseudoinverse training data. The output vector can be
written as

H =
⎡

⎢
⎣

g(w1, b1, x1) · · · g(wp, bp, x1
)

...
. . .

...

g
(
w1, b1, xq

)
. . . g

(
wp, bp, xq

)

⎤

⎥
⎦ (5)

Lastly, the output weight from the hidden layer is used to get the desired output for
a new set of data, i.e. testing data as follows:

Yi−new = Xi−new ∗ z j (6)
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2.3 Bi-directional ELM

Although the structure of ELM seems simple and has much faster training speed than
traditional tuning-based learning methods, but the selection of an optimum number
of neurons in the hidden layer still remains an intractable challenge. Generally, the
number of hidden neurons is predefined by the users and the trial and error approach
has been followed to obtain the optimal no. of hidden neurons. Thus, this process
can‘t always obtain the best network structure which likely causes under-fitting or
over-fitting.

To avoid this problem,Yang et al. [7] proposedBi-ELM, inwhichYang divides the
training operation into two parts.When the number of hidden nodes L ∈ {2n+1, n ∈
Z}, the hidden node parameter (ωi ,bi ) is generated randomly. When the number of
hidden nodes L ∈ {2n, n ∈ Z , the hidden node parameter ωi , bi is obtained as per
the following expressions:

ω
∧

2n = g−1(u(H2n)) · x−1 (7)

b
∧

2n =
√
mse

(
g−1(u(H2n)) − ω2n · x) (8)

H
∧

2n = u−1(g−1ω2n · x + b2n
)

(9)

where u−1 and g−1 indicate the inverse functions of u and g, respectively.
Several applications of Extreme Learning Machine are available in the literature

[8–11] and researchers are using this technique in predicting the desired output in
every field of engineering.

3 Slope Stability Analysis

Asmention in the previous section, the limit equilibriumapproach is used in this study
in estimating the stability of slopes. To perform the analysis, 50 data sets are generated
randomly considering the lower limit and upper limit of the soil parameter (Table
1) and then the slope stability analysis has been performed in SLOPE-W software
separately for static as well as seismic conditions. A 12.293mhigh embankment with
2H:1 V side slopes is considered in the analysis. The shear strength properties for
different layers are presented in Fig. 3. The typical section of the proposed formation
comprises of sleeper and ballast cushion (350 mm depth) at the top followed by a
600 mm thick blanket layer and which is underlaid by a 1000 mm thick prepared
subgrade. The prepared subgrade is an integral part of the embankment fill of varying
height.
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Table 1 Statistical details of soil parameters for different layers

Parameters Min Max Mean Median Std.
error

Std.
dev

Variance Kurtosis Skewness

G1 17.00 18.43 17.76 17.78 0.05 0.46 0.21 −1.47 −0.02

C1 2.00 10.00 5.70 5.68 0.22 2.23 4.97 −1.09 0.08

F1 26.00 33.70 29.67 29.75 0.23 2.34 5.50 −1.26 0.07

G2 15.50 18.60 16.96 17.11 0.08 0.80 0.64 −0.83 −0.07

C2 0.00 155.00 83.88 91.00 4.41 44.06 1941.52 −0.90 −0.37

F2 9.80 34.00 21.70 21.05 0.74 7.40 54.83 −1.18 0.12

G3 16.00 17.70 16.88 16.89 0.05 0.47 0.22 −1.10 −0.09

C3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 – –

F3 27.00 31.00 28.99 28.96 0.10 1.03 1.05 −0.76 −0.03

Fig. 3 Cross-sectional details of 12.293 m high embankment

For the embankment fill, the values of shear parameters considered as G1, C1 and
F1, for the sub-soil layer-1, it is G2, C2 and F2 and for sub-soil layer-2, it is G3, C3

and F3. The statistical details of the shear parameters of different layers considered
in the analysis are given in Table 1.
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Fig. 4 Variation in FOS in static and seismic condition in different cases

4 Results and Discussion

4.1 Evaluation of FOS in Static and Seismic Conditions

The values of the factor of safety have been calculated in SLOPE-W software in static
conditions as well as seismic conditions. To determine the factor of safety in seismic
conditions, the values of co-efficient of ground acceleration kh and kv are considered
as 0.16 and 0.08g, respectively, for Zone III. The values of Z, I and S are taken as
0.16, 1.5 and 2.0. Figure 4 represents the variation of factor of safety for different
values of cohesion, angle of internal friction and unit weight of soils. The values of
the critical factor of safety in static and seismic conditions are obtained as 1.622 and
1.146, respectively. Figures 5 and 6 the critical failure surface, respectively, for static
analysis and seismic-based analysis.

4.2 Assessment of Bi-directional ELM Model

Now, prior to the development of the model, the total dataset has been normalized
between 0 and 1, and then divided into two portions, i.e. training and testing. In the
training portion, 75%of the entire dataset has been selected randomly and the balance
25% of data is considered as a testing dataset. The training dataset is used to develop
the Bi-ELMmodel, while the testing dataset is used to validate the developed model.
Once the model is developed, the capability of the developed model is then assessed
using five performance parameters, namely, Adjusted R2 (Ad j.R2), mean absolute
error (MAE), determination co-efficient (R2), root mean square error (RMSE) and
weighted mean absolute percentage error (WMAPE), which can be mathematically
expressed as [12–15]:

Ad j.R2 = 1 − (n − 1)

(n − p − 1)
(1 − R2) (10)
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Fig. 5 Analysis of factor of safety in static condition showing all failure surface

MAE = 1

n

∑n

i=1

∣
∣
(
y
∧

i − ai
)∣
∣ (11)

R2 =
∑n

i=1(ai − amean)
2 − ∑n

i=1(ai − pi )
2

∑n
i=1(ai − amean)

2 (12)

RMSE =
√
1

n

∑n

i=1
(ai − pi )

2 (13)

WMAPE =
∑n

i=1

∣
∣
∣
ai−pi
yi

∣
∣
∣ × ai

∑n
i=1ai

(14)

where ai and pi are the observed and predicted i th value, n is the number of samples
in a dataset, amean is the mean of the observed values. For a perfect model, the value
of these statistical parameters should be equal to their ideal value as Ad j.R2 = 1,
MAE = 0, R2 = 1, RMSE = 0 and WMAPE = 0.

Table 2 represents the details of performance parameters determined for the devel-
oped model in the training and testing phase. As can be seen, the values of all the
performance parameters are quite close to their ideal value. The Bi-ELM model
achieved 100% accuracy in terms of R2 value (R2 = 0.9983 i.e., 99.83%) in the
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Fig. 6 Analysis of factor of safety in seismic condition showing all failure surface

Table 2 Performance
parameters of the developed
model in training and testing
phase

Parameters Bi-ELM (Training) Bi-ELM (Testing)

Adj.R2 0.9980 0.9971

MAE 0.0149 0.0150

R2 0.9983 0.9983

RMSE 0.0184 0.0181

WMAPE 0.0312 0.0259

training phase as well as in the testing phase. Also, the values of MAE (0.0149 in
training and 0.0150 in testing phase) and RMSE (0.0184 in the training and 0.0181
in the testing phase) show that the model has very good generalization capability in
both the phase. It is also understood from the other performance parameters that the
capability in predicting the factor of safety in the static as well as seismic conditions
of the developed model is quite satisfactory (Fig. 7).

Also, the match between the actual and predicted values of the factor of safety is
shown in Fig. 8 in the form of a scatter plot. As can be seen, all the values predicted
by Bi-ELM lie on the line of the ideal model, and hence the developed Bi-ELM
model can be considered as a perfect model to predict the factor of safety of any
railway embankment provided that the wide range of data is available.
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Fig. 7 Graphical representation of the performance of the Bi-ELM model Fig. a showing MAE,
RMSE and WMAPE, and Fig. b showing Adj. R2 and R2

5 Summary and Conclusion

In this study, the authors developed a soft computing model, i.e. Bi-Directional
Extreme Learning Machine to predict the slope stability of railway embankment.
For this, the values of shear strength parameters of soils are generated randomly
and considered in the analysis. A 12.293 m high embankment is considered with
embankment fill, sub-soil layer-1 and sub-soil layer-2. Different values of cohesion,
angle of internal friction and unit weight are considered for all three layers. A set of
50 data was generated randomly and assigned in each run to obtained the factor of
safety in the static case as well as in the seismic case separately.

In the next stage, the values of G1,C1, F1, G2,C2, F2G3,C3, F3, kh and fos is used
to develop the soft computing model. However, prior to the development of the
model, the entire dataset has been normalized between 0 and 1 and then divided into
training and testing datasets. Right after the data partitioning, the training dataset
is used to develop the Bi-ELM model. Later, the developed model is assessed in
terms of performance parameters (Ad j.R2, MAE, R2, RMSE and WMAPE). It is
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Fig.8 Scatter plot showing the match between actual and predicted values of factor safety

understood from the results of the performance parameters that the developed model
is capable enough of predicting the factor of safety. Overall, the Bi-ELM model is
highly recommended as an intelligent tool to assist the decision-making process for
the assessment of slope stability.


