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The design of a stable slope in a rock mass environment is a quite complicated job
due to the anisotropic behaviour of the rock mass. In this research work, the cut slopes
at the Swat motorway in the weakest schist rock is numerically analyzed by the shear
strength reduction (SSR) approach using the Finite Element-based 2D RS2 software.
The slope is divided into two cases according to the nature of the rock. Each case of
the cut slope is analyzed by two stabilization methods: 1) changing the characteristics
of the slope 2) support system installation based on the Mohr-Coulomb (MCC) and
Generalized Hoek and Brown (GHB) failure criteria in order to propose the most
appropriate method for slope stabilization. The results obtained reveal that the Critical
Strength Reduction Factor (CSRF) before applying the stabilization methods is 1.34
(MCC) and 1.04 (GHB) for Case-I and 1.21 (MCC) and 0.53 (GHB) for Case-Il. CSRF
for Case-I after changing the characteristics of the slope is observed to be 2.43 (MCC)
and 2.33 (GHB), while for Case-II is 1.82 (MCC) and 1.26 (GHB), respectively. CSRF
for Case-I after the support installation criteria is 1.59 (MCC) and 1.07 (GHB), while
for Case-II is 1.65 (MCC) and 0.5 (GHB), respectively. Based on the comparative
analysis, it is revealed that changing the characteristics of the slope method shows
prominent results in both cases; therefore, this method can be effectively used in order
to stabilize the slope in the weakest rock mass environment.

1. Introduction

A slope, either natural or human-made, is a
significant concern to the civil, mining, and rock
engineering professionals in designing the
engineering projects like a road in a hilly area,
tunnel slopes, and dams due to the variations and
heterogeneity in the rock and rock mass properties
[1]. Furthermore, the instability of the slope may
lead to the failure and collapse of the engineering
structures. Therefore, it is essential to carry out the
stability analysis of the slope in order to overcome
the future consequences and propose an
appropriate method for the slope stability,
especially in a weak rock mass environment.

Many techniques have been developed by
different researchers worldwide for evaluation of
the slope stability. These include the conventional
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(Kinematics, Limit Equilibrium Method (LEM)),
empirical (Slope Mass Rating (SMR) and Q-slope),
soft computing, and numerical (continuum,
discontinue, and hybrid). The primary purpose of
these techniques is to determine the factor of safety
(FOS) of a slope at failure. FOS represents the
stability of a slope, which can be defined as "the
ratio between the shear strength and the shear
stress." The conventional methods are commonly
used only for the FOS determination. However, the
conventional methods require comprehensive
slope stability analysis calculations, which is time-
consuming and cost-effective, i.e. LEM divides the
rock mass into several slices and assumes different
inter-slice normal and shear forces for
determination of FOS [2]. These methods do not
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give information about the displacement or
movements over a failure plan [2]. The empirical
methods, i.e. SMR and Q-Slope, are effectively
used in the stability of the slope, and give a proper
mode of failure, whereas these methods require
comprehensive field experience and do not give
any information about the total displacement
during slope failure and support performance.
Compared to the conventional and empirical
methods, the soft computing techniques have
gained more attention from the researchers to apply
it in slope stability [3-4]. In this regard,
Daftaribesheli et al. [5] have quantified the
ambiguities presented during the rock mass
characterization, while applying the SMR
classification for slope stability analysis using the
fuzzy set theory. They presented an algorithm
called the Mamdani fuzzy algorithm. Goshtasbi et
al. [6] have suggested some modifications in the
slope of an open-pit of the Jajarm bauxite mine wall
based on the genetic algorithm. It can be seen that
soft computing is applied successfully in analyzing
the slope stability; however, no study in this field
has yet been reported to give information about the
total displacement during the slope failure and
support performance. Therefore, many researchers
are now focusing on the numerical methods to
capture the real image of rock mass environment
for stability analysis of slope due to: 1) less time-
consumption, 2) giving detailed information about
the mode of failure, 3) giving FOS and total
displacement, 4) giving details about the
performance of support, and 5) capturing the rock
stress-strain  behaviour and neglecting the
assumptions required in the LEM analysis. There
are numerous numerical methods available for
slope stability analysis, as listed by [7]. (Jing,
2003); among those, the Finite Element Method
(FEM) is commonly used for the stability analysis
of slopes, tunnels, and underground excavations [8-
11].

Using FEM as the numerical approach, the rock
mass is considered and modelled as a continuum
and effectively developed as an appropriate
constitutive model based on the Shear Strength
Reduction Approach (SSRA) for the design and
stability analysis of slopes. In SSRA, the slope
failure occurs due to continuous reduction (by
some factors) of the shear strengths until the slope
failure occurs. Furthermore, slope failure happens
when the equilibrium cannot be maintained, like
the limit equilibrium method. At this stage, the
FEM-based developed model does not converge
the data to give a solution. The critical factor at
which failure occurs is called the Factor of Safety
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(FOS) [2]. The SSRA analysis gives an insight
picture about the failure mechanisms, formation,
and proposed path for failure. Further, the SSRA
analysis can model the behaviour of support
elements effectively; the interactions triggered by
the relative stiffness of slope materials also give
complete information about the performance of
support elements, and can even show the
deformations process at failure. In short, SSRA is
the best approach to be used effectively for the
slope stability analysis.

Various research works have been carried out
successfully on the finite element analysis for slope
stability using SSRA [2,12]. In this regard, Ataei
and Bodaghabadi [13] have researched the Chador-
Malu iron ore mine in order to identify the slope
stability problems using the numerical and LEM
methods. They concluded that some instability
problems might occur by increasing the slope
height. Chakraborti et al. [14] have investigated
different approaches for the assessment of FOS
based on SSRA using the non-linear Hoek and
Brown criteria. They proposed that the global
approach could be considered as a first
approximation. A comparison of both methods
reveals that the global approach in comparison to
the local approach can lead to a deviation of up to
15% in both directions. Gupta et al. [15] have
studied the failed slope at Surabhi Resort Landslide
using SSRA. They suggested that proper
monitoring could protect further rock failure.
Hammah et al. [16] have investigated generalized
Hoek and Brown failure criteria for slope stability
analysis using SSRA. They found that this failure
criterion was suitable to be used for analyzing slope
stability. You et al. [17] have analyzed slope in dry
and saturated conditions using SSRA based on the
MCC and GHB failure criteria. They proposed that
MCC could give an overestimation of the shear
reduction parameters compared to the GHB failure
criterion. It can be seen from the literature that
SSRA is used only for the slope stability analysis
using the MCC and GHB failure criteria. However,
SSRA has not yet been applied to stabilize a slope
or propose a suitable slope stabilization method in
weak rock mass environments. Therefore, it is
imperative to propose an appropriate slope
stabilization method, especially for weak rock
mass environments, to stop the rock failure in a
better way. In this research work, the numerical
modelling based on FEM using SSRA for slope
stability analysis of cut slopes at Swat Motorway
was carried out using the Mohr-Coulomb and non-
linear Generalized Hoek and Brown failure criteria,
and proposed a viable method for slope
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stabilization in a weak rock mass environment. The
findings of this research work will provide a better
understanding to field professionals about applying
a numerical approach in a better way for slope
stabilization and a safe execution of the
engineering projects.

2. General and geological description of project
area

The Swat motorway is known as M16 or Swat
Expressway, located in Khyber Pakhtunkhwa,
Pakistan; it connects the M-1 motorway to
Chakdara. It is 81-Km long, starting from Karnal
Sher Khan Interchange to Chakdara. The Swat
Motorway project area is located in the Peshawar
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basin. Internally, the Peshawar basin has
Quaternary sediments including fluvial gravels,
sand, and lacustrine deposits. However, the outer
fringes of the Peshawar basin are predominantly
agglomerate derived from adjacent encircling
mountains such as Malakand-Lower Swat Ranges
in the north, Attock Cherat-Dara Adam Khel
Ranges in the south, and the Khyber Ranges to the
west [18]. The Sediments of the Peshawar basin
have been impounded by the uplifting of the
Attock-Cherat, whose range and movement on
Main Boundary Thrust (MBT) are located at its
southern fringes. These rocks range in the age from
late Precambrian to early Mesozoic, as shown in
Figure 1.

Alluviam
Phyllite
Dolomitic marble

Schistose marble

Green schist

Calcareous phyllite

Mica Schist
Strike & Dip
200m Fault
—E——

-——— Swat Motor way

Figure 1. Rock range in the age from late Precambrian to early Mesozoic.

2.1. Research background about swat
motorway

Swat Motorway is one of the highways that
passes through such weak and steep zones. There
are specific zones on the motorway where the
chances of land sliding are more. One of these
locations is near 37 Km, where excavation has been
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done through the rock height reaching 71 m, and is
mainly located in the weak rock mass environment.
Various sloped fails around this chainage can be
seen in Figure 2. This slope segment is very crucial,
which may cause serious risks for transportation on
the motorway. It is very imperative to evaluate the
slopes at Swat Motorway at section 37 Km and
propose an appropriate slope stabilization method.
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Figure 2. Failure of slope at 37 Km chainage of Swat motorway.

3. Field investigations

Considering the potential hazards in terms of
failure, which are associated with cut slope at the
Swat Motorway stability at chainage 37 Km, a
comprehensive investigation of this incompetent
rock mass was carried out. At 37 Km of the Swat
Motorway, it was observed that the cut slopes were
more susceptible to failure due to a weak schist

———
R

4. Numerical modeling

Numerical modelling is commonly used as a tool
in civil and mining engineering in order to facilitate

Figure 3. Case-I and Case- II of cut slope.

rock. For the effective numerical modelling, the cut
slopes were divided into two cases, i.e. Case-I and
Case-1I, for quickly wunderstanding and
comparative analysis, as shown in Figure 3. Case-I
is located in a schist rock that can be considered
partially competent compared to Case-II. Case-11 is
located in the weakest schist rock mass
environment, and the slope is failed at the existing
conditions of slope geometry.

the site engineers to assess rock mass behaviour
and its effects on the engineering structures.
Compared to the conventional methods, numerical
modelling gives a sound sympathetic to solve



Hussain et al

complex engineering problems related to the slope,
tunnel shape, size, mine layout, and design of these
engineering structures [19]. Numerical modelling
is considered as an exciting tool for research and
innovations. The numerical methods are divided
into a continuum, discontinued and hybrid [20] to
analyze the engineering structures and their effects
in the rock mass environment. Compared to the
discontinue and hybrids methods, the continuum
methods are very flexible and simple for
engineering purposes [7]. Further, the finite
element methods among the continuum numerical
methods are commonly used for slopes, tunnels,
and underground excavations [21]. In FEM, the
rock mass is modelled as a continuum, and
develops an appropriate constitutive model based
on SSRA for slope the design and stability analysis.
FEM is one of the essential numerical methods
extensively used for the design and stability
analysis of slope as compared to the other
numerical methods based on its unique
characteristics of handling the complex rock mass
environment, analyzing the interrelation properties
of a problem in segments, and then combined all
segments to form a general solution of the problem
[15]. Further, FEM is also used to resolve a
complex engineering problem utilizing Plane
Strain Two-Dimension (2D) Analysis,
Axisymmetric 2D Analysis, and Three-Dimension
(3D) Analysis. (Hudson & Feng, 2010) In this
work, the 2D elasto-plastic software, i.e. RS2
developed by rocscience, is used. RS2 is an explicit
finite element method widely used for slope
stability analysis and design of stable slopes. The
finite element-based simulated models of slopes at
the tunnel entrance and exit portal were developed
using SSRA applying the finite element analysis in
order to analyze the slope stability. The simulated
models were developed by the following steps: 1)
external boundary function 2) gravity field stresses
using actual ground surface 3) finite element mesh
having a uniform mesh of 6 nodes tringles element
type and approximately 1500 number of mesh
elements 4) discretized the mesh slope 5)
established the boundary conditions and left free
the slope surface, and 6) rock and rock mass
properties. The slope stability analysis is carried
out using SSRA based on the linear Mohr-
Coulomb and non-linear Generalized Hoek and
Brown failure criteria for FOS.

4.1. Shear strength reduction (SSR)

The SSR approach is unique due to its flexibility
and dealing with complex rock mass environments.
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The slope failure occurs in SSRA due to the
continuous reduction (by some factors) of the shear
strengths until the slope failure occurs.
Furthermore, the slope failure happens when the
equilibrium cannot be maintained as the limit
equilibrium method. At this stage, the FEM-based
developed model does not converge the data to give
a solution. The critical factor at which failure
occurs is called the Factor of Safety (FOS) [2].
SSRA has several advantages over the
conventional methods for slope stability analysis
(LEM, Kinematics). The conventional methods
only analyze FOS, and fail to analyze the support
elements' total displacement and shear strain
behaviour. The conventional methods are suitable
for analyzing the simple slope stability, while fails
to analyze the complex rock mass environments.
As compared to the conventional methods, SSRA
can give a complete analysis about the failure
mechanisms and its mode in a better way; SSRA
can effectively model the support element
behaviour and interactions instigated due to the
relative stiffness of slope materials, and can easily
give detailed information about the deformations at
the failure point. The SSR method has proved its
applicability  effectively ~where the limit-
equilibrium methods give or produce ambiguous
and misleading results or where LEM cannot be
applied, for example, the analysis of such a slope
stability in which the excavations including
caverns and tunnels are constructed. The SSRA
method can smoothly analyze the mentioned
problem in a better way. Hence, SSRA is the best
approach for stability analysis of simple and
complex slopes in a better way than the
conventional slope stability analysis methods.

5. Failure criteria for analysis of slope stability
5.1. Mohr-Coulomb failure criterion

The Mohr-Coulomb failure criterion is also
known as the linear failure criterion, and considers
that the failure envelope for rock behaves linearly.
This failure criterion is widely applied in the
conventional methods and software for slope
stability analysis [22]. This failure criterion uses
two parameters, i.e. internal friction angle (¢) and
cohesion (c), to represent the shear strength of an
intact rock. The shear strength of a rock is
determined by Equation 1.

T=c+ ontang

(D

According to the research works studying rocks,
it is revealed that the failure envelope of a rock is
not linear [22]. Therefore, it is essential to use the
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non-linear failure criterion to capture the actual
image of the rock and rock mass at failure. For this
purpose, the non-linear failure criterion, i.e.
Generalized Hoek and Brown failure criterion, is
also used in the slope stability analysis.

5.2. Generalized hoek and brown failure
criterion

The generalized Hoek and Brown failure
criterion was first introduced by Hoek (1994), and
further modified by Hoek [23]. The simple theme
of this failure criterion is to estimate the strength
properties of a rock mass. The uniqueness of this
failure criterion over the Mohr-Coulomb failure
criterion considered strength envelops/failure
envelops as the not linear envelope for both soils.
This failure criterion is expressed as:

ol= 03+ Uci(mba—s)_+s)"’1 2)

ocl

where ¢l and o3 are the major and minor
principal stresses, respectively, oci is the uniaxial
compressive strength, and mb, s, and a are the rock
mass material constants. The rock mass material
constants are estimated using Equations 4, 5, and 6,
respectively.

GSI — 100

_— 3
28 — 14D ®)

mb = miexp[(
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where mi is the intact rock constant, GSI is the
geological strength index, and D is the disturbance
factor due to the nature of the blast.

GSI — 100
_ el -0 4

s eXp[( 9-3D )] @
1 1, 61 20

o= gtg( ) ®

6. Results and discussion
6.1. Geo-mechanical properties

Numerical modelling is an essential approach for
the stability analysis, mainly used at the initial
stage for a proper design and stability analysis of a
slope. This approach requires rock properties about
the site for the design and execution of the given
project. The geo-mechanical properties of the
representative rock samples collected from the cut
slope face of Case-I and Case-II were assessed in
the laboratory according to ISRM. The generalized
Hoek and Brown parameters were selected using
the roclab software developed by rocscience. The
value of GSI was determined based on the
geological characteristics and joint pattern at the
slope. The results obtained are presented in Tables
1 and 2 for Case-I and Case-II based on the
generalized Hoek and Brown and Mohr-Coulomb
failure criteria, respectively.

Table 1. Input data of generalized Hoek and Brown criteriion for case I and case II.

Input parameters Casel Case 11
Intact uniaxial comp. strength (MPa) 35 25
GSI 40 20
Mi 10 10
Disturbance factor 0.7 0.7
Intact modulus (MPa) 23625 16875
mb 0.37005 0.213
s 0.00017 0.000039
a 0.51137 0.522
Young modulus (MPa) 1375.7 606.688
Poisson’s ration 0.3 0.3
Unit weight (MN/m?) 0.027 0.027

Table 2. Input data of Mohr-Coulomb failure criterion for case I and case II.

Input parameters Case 1 Case 11
Young modulus (MPa) 23625 1685
Cohesion (MPa) 0.26 0.51
UTS (MPa) 3.5 2.5
Angle of internal friction (phi ) 33.96° 15.1°
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As presented in Tables 1 and 2, the rock mass in
Case-I and Case-II are very weak rocks.
Compared to Case-l, the rock strength properties
of Case-II are very weak.

6.2. Numerical analysis of slope in its existence
condition

The stability of cut slopes at the mentioned
chainage was comprehensively analyzed using the
SSR approach based on the generalized Hoek and
Brown and Mohr-Coulomb failure criteria in the
RS2 software. Two slope stabilization techniques,

¢) MCC
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i.e. changes in the characteristics of slope and
support system installation, were applied in order
to stabilize the cut slope. The simulated models of
the cut slopes of Case-I and Case-II having a bench
height of 12 ft, a width of 3 ft, and a bench face
angle of almost 70° were developed in the software.
The results obtained revealed the Critical Strength
Reduction Factor (CSRF) before applying the
stabilization techniques based on the MCC and
GHB failure criteria; CSRF for Case-I was
obtained to be 1.34 and 1.04, as shown in Figures
4a and 4b, while for Case-II, it was 1.21 and 0.53,
as shown in Figures 4¢ and 4d, respectively.

d) GHB

Figure 4. a) Represents Case-I1 CSRF based on MCC, b) Represents Case-I CSRF based on GHB, c¢) Represents
Case-1I CSRF based on MCC, d) Represents Case-II CSRF based on GHB.

According to a safety viewpoint, CSRF in both
cases is less than 1.5, which means that the slope is
not stable. Therefore, it is essential to stabilize the
slope by support installation or by changing the
characteristics of the slope.
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6.3. Numerical analysis after support
installation

With an anchored rock bolt having a length of 4
ft, a spacing of 3 ft with shotcrete thickness of 20
mm was used to stabilize the cut slope. The other
details of the support system are given in Table 3.
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Table 3. Details of support system.

Bolt type

End anchored

Bolt diameter (mm)
Tensile capacity (MN)
Bolt modulus, E (MPa)
Concrete thickness (m)
Tensile strength (MPa)
Formulation

19
0.1
200000
0.02
400
Bernoulli

The CSRF for Case-I after support installation
based on the MCC and GHB failure criteria was
observed to be 1.59 and 1.07, respectively, shown
in Figures 5a and 5b, while for Case-II it was1.65
and 0.5, respectively, as shown in Figures 5c¢ and
5d.

It was observed that CSRF was improved in 5a,
5b, and 5c¢, while not improved in 5d. The
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Shear

a) MCC

Critical SRF: 1.6S
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maximum shear strain was observed in Case-II
compared to Case-I; the zone of the shear strain
was located at the top right corner of the slopes in
both cases. A predominant increase in CSRF was
observed, while stability analysis of cut slope based
on MCC compared to the GHB failure criterion.
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d) GHB

Figure 5. a) Represents Case-I1 CSRF based on MCC, b) Represents Case-I CSRF based on GHB, c¢) Represents
Case-1I CSRF based on MCC, d) Represents Case-II CSRF based on GHB.

6.4. Changes in characteristics of slope

Even applying the support system discussed in
the previous section did not give a satisfactory

outcome, although the slope was stable based on
MCC, while not stable based on the GHB failure
criterion. Therefore, changes in the characteristics
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of the slope method was applied. For this purpose,
the bench height was reduced from 12 ft to 6 ft, the
bench width increased from 3 ft to 4 fi, and the
benclg slope face angle of each bench was reduced
to 50°.

¢) MCC

Journal of Mining & Environment, Vol. 12, No. 4, 2021

CSRF for Case-l by changing the slope
characteristics based on the MCC and GHB failure
criteria was observed to be 2.43 and 2.33, as shown
in Figures 6a and 6b, respectively, while for Case-
I1, it was 1.82 and 1.24, as shown in Figures 6¢ and
6d, respectively.

d) GHB

Figure 6. a) Represents Case-I1 CSRF based on MCC, b) Represents Case-I CSRF based on GHB, c¢) Represents
Case-1I CSRF based on MCC, d) Represents Case-II CSRF based on GHB.

6.5. Significance of proposed method for slope
stabilization

CSRF was improved in both cases of the cut
slope. However, CSRF was predominantly
increased after applying the changes in the
characteristics of the slope compared to the support
installation method for slope stabilization. more,
the maximum shear strain was decreased in the
changes in the characteristics of the slope method
compared to the support installation. The rock mass
environment was weak; therefore, it did not require
any blasting to change to the characteristics of the
slope. Compared to the slope stabilization using the
support system, the changes in slope characteristics
method were cost-effective, and might prevent

937

progressive failure and displacement. Therefore, it
can be proposed that in the weak rock mass
environment, the changes in the characteristics of
the cut slope method can be effectively applied as
a slope stabilization technique.

7. Conclusions

The following conclusions were drawn from the

work:

1. The Case-I and Case-II slope models were
developed and analyzed using SSRA in the RS2
software based on the Mohr-Coulomb and Hook and
Brown failure criteria. The numerical evaluation
result showed that CSRF before applying the
stabilization methods was 1.34 (MCC) and 1.04
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(GHB) for Case-I and 1.21 (MCC) and 0.53 (GHB)
for Case-II.

ii. CSRF for Case-I after support installation
criteria was 1.59 (MCC) and 1.07 (GHB), while for
Case-II it was 1.65 (MCC) and 0.5 (GHB),
respectively.

iii. CSRF for Case-I after changing the
characteristics of slope was observed to be 2.43
(MCC) and 2.33 (GHB), while for Case-II it was
1.82 (MCC) and 1.26 (GHB), respectively.

iv. It was revealed from the numerical analysis
based on the Mohr-Coulomb and Hook and Brown
failure criteria that the changes in the characteristics
of the slope method were much better than the
support system installation method for the
stabilization of slope. Therefore, the changes in the
characteristics of the slope method was proposed to
be used for an effective slope stabilization in a weak
rock mass environment.

References

[1]. Sari, M. (2019). Stability analysis of cut slopes
using empirical , kinematical , numerical and limit
equilibrium methods : case of old Jeddah Mecca road (
Saudi Arabia ). Environmental Earth Sciences. 78 (21):
1-25. doi:10.1007/s12665-019-8573-9

[2]. Tschuchnigg, F., Medicus, G. and Schneider-
Muntau, B. (2019). Slope stability analysis: Barodesy vs
linear elastic — Perfectly plastic models. E3S Web of
Conferences. 92: 1-5.
doi:10.1051/e3sconf/20199216014

[3]. Hussain, Sajjad, Mohammad, N., Khan, M.,
Rehman, Z.U. and Tahir, M. (2016). Comparative
Analysis of Rock Mass Rating Prediction Using
Different Inductive Modeling Techniques. International
Journal of Mining Engineering and Mineral Processing.
2016 (1): 9-15. doi:10.5923/j.mining.20160501.02

[4]. Hussain, Sajjad, Khan, M., Rahman, Z.U.,
Mohammad, N., Raza, S., Tahir, M. and Khan, N.M.
(2018). Evaluating the predicting performance of
indirect methods for estimation of rock mass
deformation modulus using inductive modelling
techniques. Journal of Himalayan Earth Sciences (Vol.
51).

[5]. Daftaribesheli A., Ataei M. and Sereshki. F. (2011).
Assessment of rock slope stability using the Fuzzy Slope
Mass Rating (FSMR) system. Applied Soft Computing,
11, 4465-4473.

[6]. Goshtasbi K., Ataei M. and Kalatehjary R. (2008).
Slope modification of open pit wall using a genetic
algorithm—case study: southern wall of the 6th Golbini
Jajarm bauxite mine,. Journal of the South African
Institute of Mining and Metallurgy (SAIMM), 108, 651-
656.

[7]. Jing, L. (2003). A review of techniques, advances

938

Journal of Mining & Environment, Vol. 12, No. 4, 2021

and outstanding issues in numerical modelling for rock
mechanics and rock engineering. International Journal
of Rock Mechanics and Mining Sciences. 40 (3): 283—
353. doi:10.1016/S1365-1609(03)00013-3

[8]. Hussain, S., Mohammad, N., Tahir, M., Ur Rehman,
Z. and Mohammad, N. (2016). Rock mass
characterization along the tunnel axis for Golen Gol
hydropower project Chitral, Pakistan. Journal of
Himalayan Earth Sciences. 49 (2): 75-83.

[9]. Hussain, Sajjad, Ur Rehman, Z., Mohammad, N.,
Tahir, M., Shahzada, K., Wali Khan, S. and Gul, A.
(2018). Numerical Modeling for Engineering Analysis
and Designing of Optimum Support Systems for
Headrace Tunnel. Advances in Civil Engineering,
2018(1), 1-10. doi:10.1155/2018/7159873

[10]. Hussian, S., Mohammad, N., Ur Rehman, Z.,
Khan, N.M., Shahzada, K., Ali, S. and Sherin, S. (2020).
Review of the geological strength index (GSI) as an

empirical classification and rock mass property
estimation tool: Origination, modifications,
applications, and limitations. Advances in Civil

Engineering, 2020. doi:10.1155/2020/6471837

[11]. Ur Rehman, Z., Mohammad, N., Hussain, S. and
Tahir, M. (2019). Numerical modeling for the
engineering analysis of rock mass behaviour due to
sequential enlargement of Lowari tunnel Chitral Khyber
Pakhtunkhwa, Pakistan. International Journal of
Geotechnical Engineering. 13 (1): 1-7.
doi:10.1080/19386362.2017.1319615

[12]. Gupta, V., Bhasin, R.K., Kaynia, A.M., Kumar, V.
and Saini, A.S. (2015). Finite element analysis of failed
slope by shear strength reduction technique: a case
study for Surabhi Resort Landslide , Mussoorie

township s Garhwal Himalaya.
doi:10.1080/19475705.2015.1102778
[13]. Ataei M., Bodaghabadi S. (2008).

Comprehensively analysis of slope stability and
determination of stable slopes in Chador-malu iron mine
using numerical and limit equilibrium methods. Journal
of China University of Mining and Technology, 18, 488-
493.

[14]. Chakraborti, S., Konietzky, H. and Walter, K.
(2012). A Comparative Study of Different Approaches
for Factor of Safety Calculations by Shear Strength
Reduction Technique for Non-linear Hoek-Brown
Failure Criterion. Geotechnical and Geological
Engineering. 30 (4): 925-934. doi:10.1007/s10706-012-
9517-2

[15]. Gupta, V., Bhasin, R.K., Kaynia, A.M., Kumar, V.
and Saini, A.S. (2015). Finite element analysis of failed
slope by shear strength reduction technique: a case
study for Surabhi Resort Landslide , Mussoorie
township s Garhwal Himalaya.
doi:10.1080/19475705.2015.1102778

[16]. Hammah, R.E., Yacoub, T.E., Corkum, B.C. and
Curran, J.H. (2005). The shear strength reduction



Hussain et al

method for the generalized Hoek-Brown criterion.
American Rock Mechanics Association - 40th US Rock
Mechanics Symposium, ALASKA ROCKS 2005: Rock
Mechanics for Energy, Mineral and Infrastructure
Development in the Northern Regions, (January).

[17]. You, G., Mandalawi, M.Al, Soliman, A., Dowling,
K. and Dahlhaus, P. (2018). Finite Element Analysis of
Rock Slope Stability Using Shear Strength Reduction
Method. Sustainable Civil Infrastructures. 1 (2004):
227-235. doi:10.1007/978-3-319-61902-6 18

[18]. Adil, M., Raza, S. and Amin, L. (2020). Rock Fall
Simulation Analysis at Km 37 of Swat Motorway
Khyber Pukhtunkhwa Pakistan. 9 (10): 678—690.

[19]. Noroozi, A., Oraee, K., Javadi, M., Goshtasbi, K.
and Khodadady, H. (2012). A model for determining the
breaking characteristics of immediate roof in longwall
mines. Yerbilimleri/ Earth Sciences. 33 (2): 193-203.

939

Journal of Mining & Environment, Vol. 12, No. 4, 2021

doi:10.17824/huyuamd.11486

[20]. Hudson, J.A. and Feng, X. T. (2010). Technical
auditing of rock mechanics modelling and rock
engineering design. International Journal of Rock
Mechanics and Mining Sciences. 47 (6): 877-886.
doi:10.1016/.ijrmms.2010.05.001

[21]. Goshtasbi, K.G. and Dehghan, S.F. (2001).
Stability Analysis and Support Design of Glandroud
Coal Mine Tunnel. 17 th Int. Mining Conf. and Exibition
of Turkey, 2001.

[22]. Wu, D., Wang, Y., Qiu, Y., Zhang, J. and Wan, Y.
(2019). Determination of Mohr-Coulomb Parameters
from Nonlinear Strength Criteria for 3D Slopes.
Mathematical Problems in Engineering, 2019.
doi:10.1155/2019/6927654

[23]. Hoek, E. (1997). Support of Underground, 235.



Ve Jlo p)loz o )lad pasjlo 0,50 cung jamo 5 obne (pi093 — oole 41,25 OhlSas 5

16098 (5 3kw Jow ool b canmd Sow 0095 o S 50 s (6l (s3lwylasly gy SO olesuiy
$9 90 axdle

dozmo ol e Juadl JLsts Ll sl yalb deze MUs 5 e e | Glrw! ol deze ol (e 1 adly Yy Sloxaw

Y - Y
O Lymo 97 (ylodw

OlS Ly (ygliiy « owdigeo 9 (o olK1S (o (cwdigo 09,5 -
LSl gl (omdigeo 9 (S oIS (ol yos (pwiigeo 09,5 -

YoYVN VY Ghpdy FeYVAN e L))

engr.sajjad@uetpeshawar.edu.pk :olslKe Jgtus sdinn g5 #

HRWE

Slaes o S350 35 Syt sl e oiliizns 5 5 sl (6] oy el IS K o055 3,Slcanl 128, s & oS o353 45 Jasly o Ky >b
b s ol o g008 ulons Sgamme lall 5 s RS2 (sams ¥ l5le 5 51 aslisl b (SSR) (s cemglivo alS 5,85, by o S (31 g o
Sl ks Golol 32 IS5 s oal (V e o (S et (Vi luly s, 59 b e 5l (50 52 00 el Sl 90 4 S Coole 4y 4z
o g 4325 ot 5 lal sl gy cp cemlio Slpiiiay jglaie 4 (GHB) Brown g Hoek aisl suoss cenSils jlae 9 (MCC) coglS— 1290 oS
MCC) VIV 5 4 6055 s 3 5508k slosigy JLosl 51 Led (CSRE) il s asslivo (2lS gy 45 05 o L skl gulis ol o
i § e Jsl Slllas 5,50 (sl CSRF ool a3gs g0 Slalllas 3,50 (s1ys (GHB) +/0Y 5 (MCC) VY 5 sl lelllas 350 sl (GHB) V/- ¥
(GHB) \[¥8 5 MCC) VAY oy & p3s Slalllas 350 (sl a5 Il )3 w055 o soalice (GHB) Y'Y 5 (MCC) Y/FY (o5 &y s sl s
VIED g 4 pys Slalllas 5,50 (sl a5 > s wcesd (GHB) V/+Y 5 (MCC) VB3 baowi g5 e 5§ oy Jsl lalllas 3,50 (slys CSRF o
o Ol 3,50 93 2 0 ) (s JB Sl ) la Sy et oS ad patiie glaslie Lo 5 428 ol 2l (GHB) +/0 5 MCC)

3,5 oolatwl Jae job 4y Siw oagi Laore o F cand ;0 cd Conl sl e, ol Gliee cnlple e

S pge S (ln e Bl el sl s Ssp CenSh e o sy Canglio 20l i (5l 1 gusdS Colods



mailto:engr.sajjad@uetpeshawar.edu.pk

