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1.0 Introduction

Slope stability analysis has been carried out by many
researchers worldwide, which mostly involves the traditional
limit equilibrium method due to its simplicity and easy to use.
The limit equilibrium has its disadvantage like assumptions
of shape, location and direction of failure, and it becomes
inadequate if the slope fails due to complex mechanisms (e.g.
internal deformation, strain localisation, progressive creep,
liquefaction of weaker material layers etc.). Krahn, 2003

asserted that “it is the absence of a stress–strain relationship
in conventional limit equilibrium analysis methods that is the
fundamental piece of missing physics.” The finite element
method has emerged as a powerful tool which can be used to
analyse slope stability with complex shapes without any prior
assumptions. The information about deformations can be
obtained and can monitor progressive failure, including
overall shear failure (Griffiths & Lane, 2001). Another demerit
of limit equilibrium is when the slopes with excavated
boundaries must be analysed, while finite element software
like Phase 2, ANSYS, and Diana can successfully model these
conditions, limit equilibrium software fails to do so. Deliveries
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and Zevgolis, 2016 studied  the comparative performance
between finite element method (FEM) and finite difference
(FDM) method employing two FEM softwares (PLAXIS,
PHASE2) and FDM software (FLAC) by simulating a slope
of an open pit mine. It was concluded that all three programs
can model the problem satisfactorily. Hence in this study
Phase 2 software is used for analysis. Due to the
advancement in opencast technology, increased safety and
low labour-intensive process, there has been a shift from the
underground mine to open pit mines. These shifts have
caused new opencast mines issues, like working opencast
mines over previously mined bord and pillar underground
methods. There have been growing concerns over the factor
of safety of slopes made in these opencast mines, as local
failures can be seen over these workings (Figure 3). It is very
important to consider the effect of these working to predict a
safe slope angle which would not fail throughout its designed
life.

2.0 Shear Strength Reduction
Method

In the conventional Limit Equilibrium method, the critical slip
surface has to be determined and the average shear strengths
along the slip surface are treated the same. The factor of
safety (FoS) used in the LE method is defined as the ratio of
the average shear strength to the driving shear stress along
the potential slip surface. However, the potential slip surface
in the FE analysis need not be determined in advance. The
finite element analysis is conducted on every element for the
developed stress, strain and deformation, but it cannot
directly output a global factor of safety. In order to quantify
an equivalent FoS from the LE methods, the strength
reduction method (Nianet al. 2012; Zhang et al. 2013) is
employed. The shear strength reduction (SSR) method, also
known as the strength reduction method (SRM), has gained
popularity among researchers for slope stability analysis in
the finite element method. Many researchers have
documented the method (Zienkiewicz 1975; Matsui and San
1992; Griffiths and Lane 1999, Stiansonet al. 2011; Nianet al.
2012; Zhang et al. 2013). The strength reduction factor (SRF)
is applied to reduce the material strength until the solution
fails to converge.

2.1 Methodology of Strength Reduction

The strength parameters are reduced by a certain factor
known as (SRF), and the finite element stress analysis is
computed. This process is repeated for different values of
strength reduction factor (SRF) until the model becomes
unstable, i.e. the analysis results do not converge. The SRF
at which analysis fails to converge is known as the critical

strength reduction factor (critical SRF) or safety factor of the
slope. The methodology is explained in Fig.1b:

Figure 1(a): Representation of SRF on Mohr’s Circle

Figure 1(b): Strength reduction methodology

3.0 Description of the Study
Mine – A Case Study

In this paper slope of a mine is modelled using finite element
software for different values of overall slope angle, depth of
UG workings, internal angle of friction, gallery width and
pillars of underground workings. The mine has been
developed using the bord and pillar method around 25 years
back, which is now being mined using the opencast method.
The plans for the underground work were made a long time
ago. So, these plans have deteriorated. Moreover, the
correctness of these plans remains questionable. However,
the available plans and sections were studied in detail to
make the model.

The study area is located in the western part of the Jharia
coalfield in the Dhanbad district of Jharkhand State, under the
jurisdiction of BCCL. The project has a leasehold area of
731.35 ha with latitude 23°46'00"N to 23°48'24"N and longitude
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86°12'45"E to 86°15'24" E. Total eight numbers of coal seams
exist in the leasehold area, namely I, II, III, IV, V/VI/VII
(combined), VIIIA, VIIIB and VIIIC seam and these seams are
lying in the ascending. The present working depth of the
mine is around 90mts, and working is progressing in the seam
V/VI/VII (combined). The thickness of the seam varies from
22 m to 28m. The average thickness of this seam is 24.5m and
is already developed with bottom and top sections
considering a 9.65m parting. The top section lies at 5.5m
below the roof of the seam, and the bottom section lies at 4m
from the floor of the seam. The height of the top and bottom

sections are 2.91m and 2.44m, respectively, as shown in Figure
2.

Figure 2 shows the lithology of the mine site and is used
for developing the 2D finite element model in Phase 2
software. Figure 3 shows the typical old workings that exist
on the highwall/slope of the bench, and the local failure has
also occurred over the bench during September 2020.

(a) Borehole no. BA-4              (b) Lithology for study

Figure 2: Key borehole data and lithology of mine site used for
numerical modelling

Figure 3(a): Old developed galleries are being seen in the opencast
bench

Figure 3(b): Local failure observed around old developed galleries.

3.1 Material Properties

Rockmass rating of the coal seam, sandstone and shale
are 55, 62 and 59 respectively. The intact rock properties of
the mine site are collected from the mine site and are
converted to rockmass properties using Hoek-Brown rock
media (Islavath and Deb, 2018). Rockmass properties such as
modulus of elasticity (E), Unit Weight (), poisson’s ratio (),
Tensile strength (t), Cohesion (C), Friction angle () and
Dilation angle ()  used in the finite element modelling are
listed in Table 1. Elastic isotropic material with Mohr-coulomb
failure criteria is used for the analysis.

4.0 Development of the Model

The current mine plan of opencast mine and the projections
of underground working on the plan are studied. One model
is made from actual mine details, as shown in Figure 4. Then
431 variations of the model are created by changing the
height of the models 345m, 365m, 385m to 405m, overall slope
angle 26°, 36°, 46° and 56°, pillar width -13m, 20m and 27m,
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gallery width-3m, 3.6m and 4.8m and friction angle (Coal/OB)-
15/20°, 20/25° and 25/30°. The width of the model is 757m for
all the cases. A total  of 432 models were created with UG
workings and 16 models in virgin strata and factor of safety
calculated for all the model using shear strength reduction
method.

4.1 Validation of the model

Factor of safety of the slope is calculated using different
methods like Ordinary/Fellenius, Bishop simplified, Janbu
simplified, Janbu corrected, Spencer and Phase 2 (finite
element). The results are plotted in Figure 5, it can be seen

that there are larger variations in FoS for 26°  but as we move
towards higher slope angle the factor of safety calculated
using Phase 2 and other methods fall in line with each other.
So, the model can be successfully used to predict the
behaviour of slope. However it should be noted that the FoS
using Phase 2 are slightly higer than other methods. Since
the other methods are not suitable for finding FoS of slope
with developed UG working the comparision is made only for
slope in virgin strata.

5.0 Results and Discussions

5.1 Single Developed Section Versus
Multiple Developed Sections

The study area has a seam named V/VI/VII (combined)
developed in two sections as discussed above. Initially, a
comparative study was done, and the simulations were run
considering both single and multiple developed sections, as
shown in Figures 6 and 7. However, it was observed from
Figure 8 that the factor of safety decreases sharply when
compared to virgin strata and developed UG workings but
when correlation is made between a single section and
multiple sections, the difference was not significant as
compared to the virgin strata. So, further studies were
conducted for single workings only.

Table 1: Rockmass properties

Property Value for Value for
Sandstone Coal

Young’s Modulus E (MPa) 5000 2000
Poisson’s ratio,  0.028 0.3
Unit Weight,  (MN/m3) 0.023 0.016
Tensile strength (MPa) 2 1
Cohesion (MPa) 0.13 0.08
Friction angle (deg) 30 25
Dilation angle (deg) 0 0

Figure 4: Mesh of the model in Phase 2

Figure 5: FoS using various methods Figure 7: A model consisting of a single developed section

Figure 6: A model consisting of two developed section
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5.2 Effect of Internal Angle of Friction on FoS

From Figure 9, it is observed that the difference in factor
of safety for lower friction angle values is less than the larger
friction angle. For a friction angle of 10°, the difference is 0.17;
however, for 50°, it is 0.79. The slope of curve for both cases
increases with the increase in friction angle.

Figure 8: Factor of safety of slope in virgin strata, single and
multiple developed workings

Figure 9: Effect of internal angle of friction

5.3 Effect of Cohesion on FoS

It can be seen from the Figure 10 that for the cohesion of
130 KPa, the difference in FoS is 0.46, while for the cohesion
of 800 KPa, the difference is 1.34. Here, the slope of the curve
decreases with the increase in cohesion.

5.4 Effect of Unit Weight on FoS

With the increase in unit weight, the FoS decreases;
however, the difference in factor of safety for both the cases
remains the same unlike with internal angle of friction and
cohesion.

Figure 10: Effect of Cohesion

Figure 11: Effect of Unit weight

5.5 Maximum Shear Strain

Figures 15 through 18 show the maximum shear strain
distribution observed in pit slopes as the slope angle varies
from 26° to 56°. There is a sharp increase in the value of
maximum shear strain in the case of underground workings
as compared to the slopes made on virgin seams. The
maximum shear strain in the 26° slope is 0.03, while in the 26°
slope with UG working, it is 0.4. The same trend continues
with other models, i.e., in the case of the slope with 36°, it
increases from 0.03 to 0.4, in 46° slope, it increases from 0.019
to 0.05, and in the case of 56°, the increase is from 0.011 to
0.030. Also, in the case of slopes made on virgin seams, the
failure path is easily visible, but in slopes with UG working
failure path is not easily seen in all the cases; however, it may
be seen in a few cases of slopes with angle 56° as shown in
Figures 12, 13 and 14.

As mentioned earlier failure path is difficult to observe
because the stress get concentrated over the galleries, and
during the study, it was observed on slopes with 56°, which
are plotted in Figures 12 through 14. These figures show the
progressive failure paths as the strength reduction process
continues for the critical SRF 1.05 in the software.

Gopal Rajak and Hemant Kumar



Vol 71(3) | March 2023 | http://www.informaticsjournals.com/index.php/jmmf Journal of Mines, Metals and Fuels | 325

5.6 SRF/FoS

Figures 15 to 18 show comparative results when the slope
angle varies gradually from 26° to 56°. All the slopes were
stable if underground workings were not present, but the
analysis in the presence of underground working shows that
the factor of safety of slope with an angle of 46° decreases
from 1.43 to 1.08 and that of the slope with an angle of 56°
decreases from 1.23 to 0.92. Generally, for the safe design of
pit slope, a factor of safety of 1.2 is considered to be a good
estimation. From the above analysis, it is clear that the slope
with angles of 46° and 56° were stable without UG working,
but in the presence of UG working, both the slope fails.

6.0 Conclusions

Previously worked underground workings affect the stability
of opencast mines that are being worked over these workings.
The FoS of slopes on virgin strata, when compared to the FoS
of single developed section and multiple developed sections,
gives a substantial difference, but when a single developed
section is compared to a double section, this does not
provide a significant difference.

With the increase in friction angle, the FoS increases, but
the rate of increase is less in slope with the developed gallery.
For a friction angle of 10°, the difference in FoS for both
casesis 0.17; however, for 50°, it is 0.79.

With the increase in cohesion, the FoS also increases, but
the amount of increase is less in the case of developed
galleries. For the cohesion of 130 KPa, the difference in FoS
is 0.46, while for the cohesion of 800 KPa, the difference is
1.34.

Figure 12: Failure path observed for SRF 1.05 for =56° H=80m
P=20m W=3.6m

Figure 13: Failure path observed for SRF 1.09 for =56° H=80m
P=20m W=3.6m

Figure 14: Failure path observed for SRF 1.2 for =56° H=80m
P=20m W=3.6m

Figure 15: Maximum shear strain distribution for =26°,
H=100m, P=20m, W=3m

Figure 16: Maximum shear strain distribution for =36°,
H=100m, P=20m, W=3m

Figure 17. Maximum shear strain distribution for è =46°,
H=100m, P=20m, W= 3m

Figure 18. Maximum shear strain distribution for  è =56°,
H=100m, P=20m, W= 3m
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With the increase in unit weight, the FoS decreases;
however, the difference in factor of safety for both the cases
remains the same, unlike with internal angle of friction and
cohesion, where the amount increases or decreases varies.

The maximum shear strain in the 26° slope is 0.03, while in
the 26° slope with UG working, it is 0.4. The same trend
continues with other models, i.e., in the case of the slope with
36°, it increases from 0.03 to 0.4, in the 46° slope, it increases
from 0.019 to 0.05, and in the case of 56°, the increase is from
0.011 to 0.030.
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