
Arch. Min. Sci. 67 (2022), 3, 437-454
Electronic version (in color) of this paper is available: http://mining.archives.pl

DOI: https://doi.org/10.24425/ams.2022.142409

ShAfi MuhAMMAd PAthAn 1*, Abdul GhAni PAthAn 1,  
fAhAd irfAn Siddiqui 1, MuhAMMAd burhAn MEMon 1,  
MAirAj hydEr AliAS AAMir SooMro 1

Open pit SlOpe Stability analySiS in SOft ROck fORmatiOnS  
at thaR cOalfield pakiStan

Slope Stability Analysis is one of the main aspects of open-pit mine planning because the calcula-
tions regarding the stability of slopes are necessary to assess the stability of the open pit slopes together 
with the financial feasibility of the mining operations. this study was conducted to analyse the effect of 
groundwater on the shear strength properties of soft rock formations and determine the optimum overall 
slope angle for an open pit coal mine at thar Coalfield, Pakistan. Computer modelling and analysis of the 
slope models were performed using Slide (v. 5.0) and Phase2 (v. 6.0) software. integrated use of limit 
Equilibrium based Probabilistic (lE-P) analysis and finite Element Method (fEM) based shear strength 
reduction analysis was performed to determine the safe overall slope angle against circular failure. Seve-
ral pit slope models were developed at different overall slope angles and pore-water pressure ratio (ru) 
coefficients. Each model was initially analysed under dry conditions and then by incorporating the effect 
of pore-water pressure coefficients of ru = 0.1, 0.2, and 0.3 (partially saturated); finally, the strata were 
considered to be fully saturated. it was concluded that at an overall slope angle of 29 degrees, the overall 
slope will remain stable under dry and saturated conditions for a critical safety factor of 1.3.

keywords: open Pit Slope Stability; Pore Water Pressure Coefficient; overall Slope Angle; thar Co-
alfield; Soft Sedimentary rocks; Computer Modelling

1. introduction

Mining involves risks, especially in the design of pit slopes [1]. open pit slope design is 
essential for successful mining operation as the mining depths of open pits are continuously 
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increasing [2]. Safety of the excavated slopes is a primary component of every open pit mine, 
and the design of safe slopes for an open pit mine requires extensive planning [3]. Slope stability 
calculations are necessary to analyse the stability of the excavated slopes along with the economic 
feasibility of the mining project. the primary phase of Slope Stability Studies is to define the 
overall slope angle (oSA) that remains safe over the entire working life of the pit and governs 
the optimal final contour of the pit [4]. this research work is centred on the stability assessment 
of open-pit coal mine slopes at thar Coalfield, Pakistan. the rock layers overlying and interbed-
ding the coal seams at thar Coalfield have low strength values. therefore, the slope design in 
these soft sedimentary rocks is crucial to ensure the stability of slopes.

the quantitative parameter for slope stability assessment is the factor of Safety (foS), 
which is the ratio of soil/rock resistance force to the sliding force. the resisting and sliding 
forces are both a function of the Geomechanical properties of the rockmass and the overall slope 
geometry [5]. the allowable guidelines for the safety factor for open pit slopes were proposed 
by [6] and are presented in table 1.

tAblE 1

Allowable foS guideline [6]

Slope description acceptable Safety 
factor

consequence of 
failure

bench Slope; small bench (<50 m), temporary slopes, 
not adjacent to haulage roads 1.3 not serious

Any slope of a permanent or semi-permanent nature 1.6 Moderately serious
Medium-sized (50-100 m) and high slopes (<150 m) 

carrying major haulage roads or underlying permanent 
mine installations

2.0 very serious

Several research studies have been carried out to assess the slope stability in open pit mines. 
Studies have been conducted by a wide range of field engineers and researchers for both practical 
as well as academic purposes. halatchev and Gabeva used the Monte-Carlo simulation technique 
to investigate the impact of seismic forces on the stability of slopes. the Geomechanical proper-
ties of the rockmass and hydraulic conductivity of the formations were also incorporated into this 
probabilistic model [7]. Sullivan studied the effect of water over slope deformations. the open-
pit hydrogeology was discussed in relation to the pore-water pressures and their significance in 
slope design [8]. yang et al. also investigated the influence of water on slopes, considering the 
deformations within the rockmass and partial pore-water pressures [9].

Pathan et al. [10] conducted rock and soil mechanic investigations in block viii at the thar 
coalfield and concluded that most of the strata are mainly composed of sand with an average 
content of 67.68 %. the laboratory study on rock and soil samples from drill hole Gt-01 revealed 
that the strata in block viii are very weak. the average uniaxial compressive strength (uCS) 
value is 3.59 MPa, average tensile strength value is 0.68 MPa, average young’s modulus value 
is 0.234 GPa, and average cohesion is 129.19 kPa, and average friction angle is 55.47 degrees. 
Slope stability analysis, based on the probabilistic approach, was carried out using Slide software. 
the possibility of failure was investigated for the slopes in an open pit coal mine, block-viii, 
thar coalfield and it was found that the probability of failure was zero percent at a slope angle 
of 17 degrees [10].
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the probability of failure of a cohesive slope using both simple and more advanced proba-
bilistic analysis tools was investigated by Griffiths and fenton [11]. the influence of local aver-
aging on the probability of failure of a test problem was thoroughly investigated. in this simple 
approach, the classical slope stability analysis techniques were used, and the shear strength was 
treated as a single random variable. Stacey et al. [12] conducted a numerical stress analysis ap-
proach to assess the stability of slopes. the stress analysis was performed as a two-dimensional 
stress analysis for 400-1200 metres of the pit depth, incorporating the effect of in situ stresses 
at various Poisson’s ratios.

Carranza [13] conducted an analysis to determine the optimum slope angle of a future mining 
site based on both limit equilibrium and elastoplastic continuum approaches. Popescu et al. [14] 
discussed the hazards related to slope instability and highlighted the potential risks associated 
with slope failure. the effectiveness of the probabilistic approach for stability analysis of slopes 
was presented as a case study.

An effective dewatering scheme for an open pit coal mine at thar Coalfield was proposed 
by Singh et al. [15] in which a simplified rockmass dewatering system was to be installed along 
the perimeter of a future mine. A computer model was developed using Slide Software against 
the planar and circular modes of slope failure at varying slope angles. for Planar failure, the 
study concluded that slopes with an oSA of 28 degrees are safe at a safety factor of less than 
or equal to 1.3. the analysis of the slope models developed against the circular failure revealed 
that a dune sand formation with an average thickness of 48 meters is safe and stable at an oSA 
of 23 degrees for a safety factor of 1.3. the strata underlying the dune sand formation are also 
found to be safe at an oSA of less than or equal to 26 degrees for a safety factor of 1.3.

hammah et al. [16] focused on comparative analysis to compute the probability of failure for 
slopes by using numerical methods such as the finite Element Method (fEM) and Shear Strength 
reduction (SSr) and statistical simulations such as the Point Estimate Method (PEM) and Monte 
Carlo Simulations. the conclusions revealed that the numerical analysis is relatively complex 
compared to statistical methods for estimating the probability of failure of slopes.  El-ramly et al. 
[17] investigated the Shek kip Mei cut slope failure in hong kong, using a Monte Carlo-based 
Probabilistic approach and @risk computer software. based on a probabilistic back-analysis of 
the failure, the slope was regraded to a lower angle.

Eberhardt et al. [18] discussed the potential mechanisms of slope failures by rock slope 
stability assessment based on advanced computer-based techniques for the conventional and 
numerical methods. daiatana et al. [19] illustrated “how a deterministic slope stability package 
can be made into a probabilistic software package or used in a probabilistic manner”. in addition, 
the probability distribution of the safety factor was obtained for a specific slip surface.

literature confirms that the groundwater affects the stability of the open pit slopes. therefore, 
the effect of regional hydrogeology on the stability of the slopes must be taken into considera-
tion while determining the optimum overall Slope Angle. to address this, the study is focused 
on the computer modelling and stability analysis of open pit slopes against circular failure in 
open pit coal mines at thar Coalfield, Pakistan, incorporating the groundwater conditions. this 
study integrates the effect of groundwater at various pore-water pressure coefficients on the 
stability of the excavated slopes against circular failure using computer modelling. Groundwater 
entrapped within the interstices of the geomaterials exerts pressure on the walls (inner-surfaces) 
of the interstices, which is known as Pore-water pressure (PWP). the pore-water pressure ratio 
coefficient (ru coefficient) expresses the pore-water pressure as a fraction of the vertical earth 
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pressure. the ru coefficient values range from zero (minimum) to 1 (maximum). A minimum 
ru value (ru = 0) indicates that the formation is dry, having no groundwater and a maxi-
mum ru value (ru = 1) indicates that the formation is fully saturated.

2. Study area

2.1. location, Stratigraphic and lithological description  
of thar coalfield

thar Coalfield is situated approximately 400 kilometres east of karachi, Sindh Province, 
Pakistan [20]. thar Coalfield, with estimated total reserves of 175.6 billion tons of lignite Coal, 
is spread over an area of approximately 9000 square kilometres. the coal seams are deposited 
at depths between 130 and 250 metres [21]. fig. 1 presents the location of thar coalfield and 
distribution of coalfield into 13 blocks and features the location of the studied area, i.e.,  block-iX 
thar Coalfield, Pakistan [22].

fig. 1. location of thar Coalfield and block wise distribution of Coalfield (tCEb, 2020)

thar Coalfield was first discovered in 1994 by the Geological Survey of Pakistan (GSP) and 
the united States Geological Survey (uSGS) under the Coal resources Exploration & Assessment 
Program (CoAlrEAP) [15]. the coal-bearing formation at thar is the bara formation, where 
the coal deposition is estimated to be from the Paleocene/Eocene era (fig. 2) [23].

in the Coalfield region, the basement Granite is an unconformity overlain by sediments of 
Paleocene to Eocene tertiary age bara formation (the coal-bearing formation). the lignite coal 
seams are deposited in this formation. these Coal seams are bounded by the top and bottom 
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aquifers. the Sub-recent formation rests unconformity on the sediments of the bara formation. 
the stratigraphic column is topped by the recent formation dune Sand. the average thickness 
of the coal-bearing formation is about 95 metres, composed of siltstone, claystone, and alluvial 
formation sandstone, which covers a basement granite formation deposited at approximately 100 
to 220 metres depth. in the thar coalfield, the rock formation overlying the coal beds has low 
compressive strength and is loosely consolidated [10]. due to the low compressive strength, the 
rocks overlying, and underlying coal formation are regarded as “soft sedimentary formations”. 
the top, Middle and bottom Aquifer Sand layers are present within all three formations. these 
Aquifer Sand layers consist of silty to coarse sand with partly substantial fractions of fine gravel 
matrix with more or less the amount of kaolinite clay. the stratigraphic and lithologic scenario at 
the thar Coalfield indicates that the instabilities are likely to be circular in nature and controlled 
by the significantly weak rock mass strength rather than structures [15].

2.2. hydrogeological description of thar coalfield

thar Coalfield hosts three major aquifers [24]. these aquifers are classified based on their 
depth of occurrence from the surface (topsoil) as follows:

i) top Aquifer (tA) – located near the dune sand base having a permeability coefficient of 
3×10–7 m/sec. this aquifer extends across the thar region. in the coalfield region, this 
aquifer has a water head of about 5 metres. Above 10-12 metres from the mean sea level 
lies the water-table of the top aquifer [25].

ii) Middle Aquifer (MA) – this aquifer is spread in scattered water bodies within the Sub-
recent and bara formations. the coefficient of permeability for the middle aquifer is 

fig. 2. Stratigraphic Section of the thar Coalfield region (rWE, 2004) 
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estimated to be ranging between 10–5 to 10–7 m/sec. the water-table of the middle aquifer 
varies between 10 to 20 metres above the mean sea level.

iii) bottom Aquifer (bA) – it is the most predominant of the other two aquifers due to its 
permeability, lateral extension and its thickness (i.e. about 50 to 60 metres) [25]. the 
bottom aquifer is located in close proximity to the base of the bottom coal seam, extend-
ing down to the basement granite layer. the bottom aquifer is identified to be an artesian 
type aquifer having 25 metres of the piezometric head above the mean sea level [24].

it is necessary to assess the effect of groundwater and pore-water pressure on the stability of 
the slopes in open pit mines at thar Coalfield. Singh et al. [26] suggested the possible common 
sources of groundwater inflow towards the pit, as shown in fig. 3.
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fig. 3. different possible groundwater flow regimes in open pit mine at thar

3. materials and methods

the experimental work of this research study was performed as per the methods suggested 
by the international Society for rock Mechanics [27] and the American Society for testing and 
Materials [28]. the core samples from borehole ktn-Gt-01 and ktn-Gt-02 of block-iX taken 
from the thar Coalfield were used. the core samples were acquired, preserved, and tested in 
As-received condition. the core samples were well preserved until tested to retain the natural 
moisture content of the rock/soil. the total number of samples was one hundred and twenty-three, 
tested for determination of the rock properties.
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3.1. Sample preparation

the samples for the direct Shear test were prepared in the rock Mechanics laboratory, the 
department of Mining Engineering of the Mehran university of Engineering and technology. 
the core pieces selected for the sample preparation were of sufficient length so that every piece 
could be cut into at least four sample discs. As the approximate diameter of the core samples is 
64 mm to maintain the suggested (standard for direct Shear test) thickness to diameter ratio of 
0.5:1, the disc samples with a thickness of 32 mm were cut. the samples prepared for laboratory 
investigation are shown in fig. 4.

fig. 4. Some of the samples prepared for the laboratory investigation

3.2. density determination

non-destructive tests are commonly performed before the destructive ones. hence the den-
sity was determined before the samples were tested under direct shear. density was calculated 
by iSrM’s suggested standard calliper technique [27].

3.3. direct Shear test

the direct shear test was performed using the laboratory direct Shear testing Machine 
(Model t-665/n), following AStM d5607–16 for rock samples [29] and AStM d3080–04 for 
soil samples [30]. the area of the rock core specimen having a 64 mm (0.064 m) diameter was 
calculated as 0.003217 m2. however, the area for soil samples was calculated using the inner 
dimensions of the shear box, i.e., 60*60 mm2 equivalent to 0.0036 m2. A series of tests for vari-
ous rock and soil samples were performed at normal loads of 10, 20, 30 and 40 kg, equivalent to 
normal stress values of 30.48, 60.96, 91.45 and 121.93 kPa, respectively for rock samples. for soil 
samples, however, the normal stress values were 27.24, 54.48, 81.72 and 108.96 kPa at normal 
loads of 10, 20, 30, and 40 kgs, respectively. the rate of shear displacement was 0.2 mm/min 
under constant normal stress. the test was stopped after the peak shear stress value was achieved. 



444

the peak shear stress value was achieved between displacement ranges of 8 to 10 percent of the 
specimen’s original dimensions. the relationship between normal stress and peak shear stress 
is established using Microsoft Excel 2010. the Cohesion and internal angle of friction were 
calculated from Mohr-Coulomb’s shear strength envelope. fig. 5 shows a Siltstone sample that 
failed under direct shear and corresponding Mohr-Coulomb envelope.

fig. 5. A Sample of Siltstone failed under direct Shear and its strength envelope

Average values of each parameter (i.e., cohesion, phi, and unit weight) were determined, 
and the summarised results from the density and direct shear tests are presented in table 2, along 
with other geotechnical properties. for the development of slope models, the cohesion, friction 
angle and unit weight parameters were used as material properties input.

tAblE 2

Geotechnical properties of soil and rock units

Rock type UcS 
(mpa)

itS 
(mpa)

plS 
(mpa)

c  
(kpa)

φ  
(degrees)

γ  
(kn/m3)

1 2 3 4 5 6 7
dune Sand 0.512 0.221 0.026 14.6 40.88 17.34
Sandstone 0.616 0.244 0.04 97.68 45.56 18.45
Siltstone-1 1.326 0.301 0.055 33.28 27.83 16.52
Claystone-1 0.641 0.231 0.032 323.43 58.96 17.29
Siltstone-2 2.052 0.511 0.16 150.56 60.17 20.93

Aquifer Sand-1 0.395 0.194 0.02 18.32 39.6 17.3
Siltstone-3 2.01 0.398 0.09 235.16 47.57 19.06
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1 2 3 4 5 6 7
Claystone-2 2.24 0.41 0.066 215.21 54.55 19.54

lignite-1 1.429 0.311 0.043 148.02 50.53 9.86
Claystone-3 1.845 0.321 0.062 340.28 56.33 22.3

Aquifer Sand-2 0.216 0.191 0.022 23.73 31.62 17.82
lignite-2 2.235 0.403 0.068 133.9 40.14 11.36

Claystone-4 1.104 0.297 0.039 172.1 56.09 19.56
Weathered Granite — — — 277.8 50.5 19.2

uCS = uniaxial compressive strength, itS = indirect tensile Strength, PlS = Point load Strength, C = Cohesion, 
φ = Angle of Internal Friction, γ = Unit Weight

3.4. Simplified lithological Section

for the development of the computer models and to execute the stability analysis, the obtain-
able lithology of the area was simplified, as shown in the simplified lithological section (table 3). 

lithologically, the overall strata is grouped into 7 major units:
1) dune Sand (top Aquifer) and alluvial Sandstone of the recent formation. 
2) Siltstone & Claystone of the Sub-recent formation. 
3) Aquifer Sand (Middle Aquifer) of the Sub-recent formation. 
4) hanging wall Claystone and Aquifer Sand of the bara formation. 
5) lignite coal seams of the bara formation. 
6) footwall Claystone and interbedded Aquifer Sand (bottom Aquifer) of the bara forma-

tion. 
7) basement Granite.

tAblE 3

Simplified lithological section of block iX (ref. drillholes ktn-Gt-01 and ktn-Gt-02)

formation Simplified
lithology

depth thickness
(m)from to

recent dune Sand Zero 52.17 52.17
Sandstone 52.17 55.78 3.61

Subrecent

Siltstone – 1 55.78 61.37 5.59
Claystone – 1 61.37 68.93 7.56
Siltstone – 2 68.93 90.50 21.57

Aquifer Sand – 1 90.50 99.72 9.22
Siltstone – 3 99.72 140.21 40.49

bara

Claystone – 2 140.21 177.44 37.23
lignite – 1 177.44 188.88 11.44

Claystone – 3 188.88 195.50 6.62
Aquifer Sand – 2 195.50 202.64 7.14

lignite – 2 202.64 219.63 16.99
Claystone – 4 219.63 241.60 21.97

Weathered Granite 241.60 246.74 5.14
total depth = 246.74 m

tAblE 2. Continued
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the simplified lithological section presented above (table 3) reveals that the overall slope 
consists of a combination of soil and rock units having intercalated lignite coal seams. the top 
layer is wind-blown silty, very fine-grained dune Sand of recent formation. due to the blend of 
fine-grained silts and coarse sand grains, the dune Sand is slightly cohesive in nature. the cohe-
sion values for dune sand range between 0-57 kPa [10]. near the dune Sand base lies a saturated 
formation, forming a thin upper aquifer. As the depth increases, the dune Sand becomes weakly 
cemented Sandstone. Some geologists describe this Sandstone layer as a ‘compacted sand lens’. 
below this is a 70 to 75 m thick sequence of Siltstones and Claystone of Subrecent formation, 
near the base of which is an 8 to 10 m thick aquifer sand layer within which is contained the 
confined middle aquifer. underlying the Subrecent formation lies the fine-grained low perme-
ability bara formation. this sequence consists of carbonaceous Claystone with intercalation 
of lignite seams which increase in thickness with depth. the main (bottom) lignite seam is 
formed by a 10 to 20 m thick unit, the base of which forms the pit floor. the immediate footwall 
underlying the pit floor consists of Claystone intermixed with Aquifer Sand, combinedly form-
ing the bottom aquifer. the bottom Granite complex consisted of highly weathered Granite of 
the pre-Cambrian age. the overall coal-bearing strata rest upon this structural platform of the 
pre-Cambrian era. Generally, the strata dip at less than 2° uniformly throughout the study area, 
suggesting that there are no major off-sets or other large-scale structures. the geological profile 
of the modelled slope is presented in fig. 6.

fig. 6. Geological profile of the modelled slope (reference drillholes ktn-Gt-01 and ktn-Gt-02)

3.5 modeling and the Slope Stability analysis procedures

the safe overall slope angle is determined by the integrated use of two computer software, i.e., 
Slide (version 5.0) and Phase2 (version 6.0). the Slide software is a limit equilibrium-based slope 
modelling and stability analysis software which was used for the limit equilibrium-based proba-
bilistic (lE-P) analysis. Phase2 software is a finite element method (fEM) based software 
package. Slope models at different oSA and pore-water pressure coefficients were developed 
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using Slide software. the probabilistic slope stability analysis using the Monte Carlo simulation 
feature in Slide software was performed to investigate the overall slope failure possibility for an 
open pit lignite mine at block-iX, thar coalfield. the slope geometry, stratigraphy and rock/soil 
properties were incorporated into the computer models to determine the critical slip surfaces. the 
number of samples used for the simulation was 1000, and the analysis type was ‘overall slope’. 
the finite element method (fEM) based slope stability analysis is then performed to compute 
a critical strength reduction factor for each slope model. in fEM, the critical strength reduction 
factor (Srf) is equivalent to the safety factor of the overall slope [16]. the fEM analysis is 
performed using Phase2 software.

Slide software was used for the development of slope models. to develop the computer 
models for the slope stability analysis, the first step was to set up the limits of the drawing region 
in which the model will be created. then project settings were set, and the probabilistic analysis 
option was selected. the model had two types of boundaries that needed to be added, external 
boundaries and material boundaries. the next step was to define the random variables, which 
would be incorporated into the analysis. four properties, i.e., cohesion, angle of internal fric-
tion, unit weight and the pore-water pressure coefficient, were considered random variables in 
this study. then the model was saved, and the probabilistic analysis was carried out using Slide 
software. the results of the analysis were obtained by selecting the “interpret” option. 

A total of thirty-five (35) slope model variants were developed at different overall slope angles, 
as presented in fig. 7. the mean safety factor (fS), probability of failure (Pf) and reliability index 
(ri) based on normal distribution were determined from the probabilistic analysis. the analysis 
was carried out for the overall slope. the slope models developed in Slide software were then ex-
ported to Phase2 software (version 6.0) for fEM analysis. the fEM analysis was performed for 
the computation of critical Srf and corresponding maximum total displacement within the slope. 
this study incorporates three hydrogeological scenarios within the slope models to analyse the 
stability of the overall slope against circular failure. Each model was developed and analysed for 
the following groundwater conditions with both analysis techniques, i.e., lE-P and fEM techniques.

• Dry – Assumed that the formation is completely dry (hence ru = 0),
• Partially Saturated – formation is assumed to be partially saturated at three different 

pore-water pressure ratios (ru = 0.1, 0.2, 0.3),
• Saturated – Ground Water Surface / Water-table Method (ru = 1) formation is assumed 

to be fully saturated.

Overall 
Slope 
Angle 

17 deg 

19 deg 

21 deg 

23 deg 

25 deg 

27 deg 

29 deg 

Dry 
Condition 

Ru = 0 

Partially 
Saturated 
Condition 

Ru=0.1, 0.2, 0.3 

Saturated 
Condition 

Ru = 1 

fig. 7. overall slope angles analysed under three different groundwater conditions
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4. Results and discussion

the results of the lE-P slope stability analysis based on the global minimum slip surfaces 
are displayed beside the slip centre dialogue box, as mentioned in figs 8a and 8b. Global Mini-
mum slip surface is the slip surface having the lowest safety factor out of all the slip surfaces 
analysed within that particular analysis. Global minimum results include fS (deterministic), fS 
(mean), Pf and ri (normal).

• fS (deterministic) is the safety factor calculated by the Global Minimum slip surface, 
from the regular (non-probabilistic) slope stability analysis.

• fS (mean) is the mean (average) safety factor obtained from the probabilistic analysis.
• Pf is the probability of failure which is simply equal to the number of analyses with 

a safety factor of less than 1.3, divided by the total number of samples, and it is calculated 
as follows:

 

Number of samples failed 100%
Total Number of Samples

PF    (1)

• the reliability index (ri) is an indicator of the number of standard deviations which 
separate the mean safety factor from the critical safety factor (i.e., 1.3). Since the nor-
mal distribution is used in this probabilistic analysis, therefore the reliability index is 
calculated using equation-2. the recommended reliability index is greater than or equal 
to 3, which indicates a satisfactory pit slope in terms of safety. ri less than 3 shows an 
unsatisfactory safety level for the pit slope [31].

 

1FS

FS
RI





  (2)

fig. 8a. Slope Model for dry slope at oSA 29 degrees
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fig. 8b. Slope Model for fully-saturated slopes at oSA 29 degrees

the fEM analysis determines the shear strength reduction factor (Srf) for slope, which is 
displayed on the middle-top of the result window, as shown in fig. 9a. due to effective stresses, 
the shear strength properties of the decreasing slope material. As a result of this decrease in shear 
strength, the shear deformation increases eventually, increasing the total displacement within the 
slope. this maximum deformation (total displacement) within the slope is plotted versus the Srf 
for each slope model (fig. 9b shows an example of such a relationship).

fig. 9a. fEM analysis of slope model having oSA 23 deg. At ru = 1
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fig. 9b. Max. total displacement vs Srf at oSA 23 deg. and ru = 1

fig. 9b shows the point where the slope will probably fail, and nodal displacements will rap-
idly increase. hence the fEM analysis will not converge. this point marks the non-convergence, 
and at this stage, the critical Srf is determined. figs 10a-10e presents the summarised results 
from limit Equilibrium Probabilistic (lE-P) and finite Element Method (fEM) based slope 
stability analyses. the factor of safety (foS), shear strength reduction factor (Srf), probability 
of slope failure (Pf) and reliability index (ri) at different overall slope angles are expressed for 
each groundwater scenario mentioned in fig. 7.

table 4 presents the factor of safety (fS) and strength reduction factors (Srf) at various 
groundwater conditions and overall slope angles. the factor of safety and strength reduction 
factor values are separately plotted versus overall slope angles to determine the optimum overall 
slope angle in each case (figs 11a and 11b).

tAblE 4

fS and Srf values at various overall slope angles

OSa 
(deg)

dry partially Saturated fully Saturated
fS SRf fS SRf fS SRf

Ru = 0 Ru = 0 Ru = 0.1 Ru = 0.2 Ru = 0.3 Ru = 0.1 Ru = 0.2 Ru = 0.3 Ru = 1 Ru = 1
17 3.011 3.1 2.884 2.758 2.63 2.95 2.74 2.37 1.999 1.44
19 2.728 2.76 2.61 2.491 2.372 2.66 2.47 2.1 1.75 1.25
21 2.488 2.5 2.379 2.269 2.151 2.4 2.23 1.9 1.555 1.1
23 2.28 2.28 2.204 2.127 2.025 2.21 2.05 1.75 1.396 0.96
25 2.076 2.09 2.075 2.013 1.943 2.01 1.89 1.61 1.249 0.82
27 1.897 1.9 1.889 1.828 1.741 1.82 1.74 1.44 1.12 0.7
29 1.739 1.75 1.738 1.738 1.646 1.7 1.59 1.28 1.004 0.59
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fig. 11a. relationship between the factor of Safety and overall Slope Angle

fig. 10. Summarised results from the lE-P and fEM Slope Stability analyses
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fig. 11b. relationship between the Strength reduction factor and overall Slope Angle

5. conclusions

the mine planning engineers still rely on historical data to set the design criteria and then 
update them based on their present performance. Stability analysis of open pit slopes involves 
a higher degree of uncertainty due to the rock behaviour and hydrogeological situation of the 
strata. based on three different hydrogeological situations, 35 slope models were developed and 
analysed in this study. two different analysis methodologies were used, i.e., limit equilibrium 
based probabilistic (lE-P) technique and finite element method (fEM) based shear strength 
reduction technique, to determine the optimum overall slope angle for an open pit coal mine at 
thar coalfield. the following conclusions have been made for each hydrogeological scenario:

• for dry strata, lE-P analysis shows that the overall slope angle of 33 degrees will remain 
stable at a safety factor of 1.3 against circular failure (fig. 11a). fEM analysis also shows 
the optimum overall slope angle of approximately 33 degrees to be safe for dry conditions 
(fig. 11b).

• Partially saturated formation with a gradual increase in the pore-water pressure ratios 
(i.e., ru = 0.1, 0.2 and 0.3) shows a decrease in the stability which can be observed 
from the orientation of linear trendlines for ru = 0.1, 0.2 and 0.3 (figs 11a and 11b). in 
this case, lE-P analysis suggested a safe oSA of 33 degrees, whereas the fEM analysis 
recommended that an oSA of 29 would be safe.

• for dry and partially saturated situations, lE-P analysis determined the probability of 
failure equal to zero and a reliability index of approximately ≥ 3, which justifies the FS 
values to be reliable.

• finally, the strata were assumed to be fully saturated and based on lE-P analysis, the 
optimum oSA is concluded to be 24 degrees. under fully saturated conditions, the prob-
ability of slope failure remains zero for the rest of the slope models, except for the slope 
models having 25, 27 and 29 degrees, which justifies the suggested optimum oSA of 
24 degrees. however, the fEM analysis shows that due to saturated conditions, the Srf 
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of the formation is greatly influenced, and relatively lower Srf values are obtained. 
the decrease in Srf values is due to an increase in seepage forces. therefore, in a fully 
saturated situation, the fEM analysis indicated an optimum oSA of 19 degrees to be safe.

Practically, this situation (fully saturated) never exists because an effective dewatering system 
is necessary to be installed by the mining operators to keep the water table below the coal seams. 
various techniques have been suggested and implemented practically, and some were presented 
by [24,25,32]. the top stratum dune Sand of recent formations is considered dry throughout 
the analysis (i.e., in all three situations). this is due to the location of the top aquifer being below 
the recent formation (dune Sand) stratum.

following the conservative design approach and considering the safety of the slope as a prior-
ity, this study suggests an overall slope angle of 29 degrees to be safe against circular slope failure.

Recommendations

in this study, only the overall slope angle is considered. hence it is recommended that this work can be 
expanded upon to design bench-face slope angles with multiple assumptions. Such as all the benches 
having constant bench heights or if the situation is different (i.e., all the benches having different 
heights). the analyses were performed with Slide and Phase2 software which are two-dimensional-
based analyses software. these analyses can be carried out using any three-dimensional slope stability 
analysis software.
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