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The groundwater and subsurface flows may cause instability in the open pit
mines. The water in pores leads to applying pressure to the rocks, decreasing
the effective stress and reducing the shear strength of rock slopes. It means
that water pressure causes instability in the benches of open pits. In the
present study, we used the versatile and sophisticated distinct element

method to investigate the water flow influence on the stability of the pit wall
of one of the Golgohar mines, in Kerman, Iran. Numerical results showed
that the smaller the distance of the water level from the crest of the first
bench of the mine, i.e. the ground level, the higher the amount of flow in the
discontinuities. Also, the results showed that the slope's overall safety factor increases with the water level
reduction, that is, drainage. For a water level with a height of 57 meters compared to the ground level (the crest of
the first bench), the safety factor is estimated to be 0.78. The same issue for a water level with a height of 150
meters shows a safety factor of 1.1, which its safety factor has increased compared to the previous case. The safety
factor obtained from the numerical method compared with the results obtained from the Janbu and Bishop
analytical methods confirms the validity of the modeling. In addition, the failures in benches indicated, there are
planar sliding and toppling occurrences in this mine slope. For this case, it is proposed to decrease the water table

level to reach a stable state in this mine.

1. INTRODUCTION

Many factors such as geology, slope height,
groundwater pressures, and rock strength affect slope
design. When the instability is due to water pressure,
it is required and effective to install a drainage system
to reduce water pressure. So far, several researches
have been done showing the relation between slope
angle, geology, and slope height for both open pit
mine slopes and natural slopes [1].

Due to the importance of this issue, numerous studies
have been carried out considering the slope stability
of open pit mines and effective factors on stability.
Jiao et al. studied the influence of groundwater on the
stability of slopes in weathered igneous rocks in
Hong Kong [2]. Predrag et al. investigated the impact
of weathering on slope stability in soft rock mass [3].
Rabie studied the slope and compared traditional and
finite element methods in slopes that are under heavy
rainfall [4]. Zhiguo et al. did the stability analysis of
the dike slope in the Bdg reservoir under the seepage
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of the flood [5]. Shao et al. coupled a dual-
permeability model with a soil mechanics model for
landslide stability evaluation on a hill slope scale by
using the COMSOL Multiphysics software [6]. Gao
et al. investigated the index system of rock slope
safety for open pit mines by using fuzzy evaluation
and the analytic hierarchy process [7]. Zhao et al.
improved the method of using a random angle to
generate a random sliding surface for stability
analysis of complex slopes [8]. Ahmadi-Adli et al.
showed the prediction of seepage and slope stability
in a flume test and an experimental field case [9].
Setyananda et al. analyzed the Influence of
Groundwater Level on slope stability at Highwall,
South Kalimantan, the results showed that the
reduction of water level caused to increase in the
safety factor [10].

Previous studies showed that the stability analysis of
the pit mine wall is very complicated, especially by
considering the underground water table, on the other
hand, due to the anisotropic nature of the rock mass,
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the studies conducted by others cannot be considered
as the best path for new mines. Therefore, it is
necessary to follow this issue and determine the
stability of the mine wall based on its conditions.
Therefore, the purpose of this research is to do a
stability analysis of the mine wall based on the
distinct element numerical method. In the
aforementioned numerical model, the subject of
hydromechanics was followed, and in the mentioned
model, the effect of the underground water level on
the stability of the mine wall was analyzed. Also, the
validation of this numerical model was done by
comparison with the results of analytical methods.
The results of the research showed that the safety
factor of the mine wall increases with the reduction of
underground water level, i.e., drainage of the mine.

2. GEOLOGICAL AND HYDROGEOLOGICAL
EVIDENCE OF THE GOLGOHAR MINE

From a geological point of view, the Golgohar
mineral zone is situated in the southern part of the
Sanandaj-Sirjan zone. This zone is a beam from the
southwest of central Iran to the northeast of the
Zagros' main thrust. This zone is approximately 1500
km long. Due to the existence of several
metamorphism  phenomena,  magmatism, and
successive tectonic processes in this zone, it is
considered the most unstable geo-structural zone in
Iran.

3. GEOMECHANICAL CHARACTERISTICS OF ROCKS
AND DISCONTINUITIES

To analyze the stability of the mine wall, analytical
and numerical methods should be used. To do the
numerical modeling of the pit wall, firstly it is
necessary to select the type of numerical method and
then select and determine the essential modeling
parameters. Therefore, these parameters for doing a
distinct element analysis are the geomechanical
parameters that can show the mechanical behavior of
the rock mass. In this research, the Mohr-Coulomb
criterion is used to express the behavior of rock mass
and calculate the safety factor.

The Mohr-Coulomb model is an elastoplastic
criterion that is very important in many topics related
to mining geomechanics, geotechnics, and rock
mechanics [11]. The Mohr-Coulomb consists of three
key principles, namely: (a) the elastic law, (b) the
yield criterion., and (c) the flow rule [12].

Therefore, the required parameters such as Young's
modulus, Poisson's ratio, density, bulk modulus, and
shear modulus were determined for this study. Table
1 shows the geomechanical characteristics of the
studied zone and the geomechanical properties related
to the joint sets observed in the studied area are
presented in Table 2.

74

Table 1. Geomechanical characteristics of rock in
Golgohar mine

Parameter value
Density 2700 kg/m?®
Compressive strength 164 MPa
Yang’s modulus 5 GPa
Poisson’s ratio 0.23
Cohesion 1.53 MPa
Friction angle 36 degree

Table 2. Geomechanical properties of joint sets

Jsetl Jset2 Jset3 Jset4
Dip (°) 85 51 54 8
Dip direction (°) 110 215 8 250
Joint 15 12 13 14
persistence(m)
Spacing(m) 0.6 1 1 1

Cohesion (MPa) 0.33 0.33 0.33 0.33
Frictionangle (°) 26 26 26 26

4, GEOMECHANICAL CHARACTERISTICS OF ROCKS
AND DISCONTINUITIES

The limit equilibrium method (LEM) is a powerful
tool for solving many engineering problems. Several
LEM methods have been developed for slope stability
analysis. Fellenius [13] introduced the first one,
referred to as the Ordinary or the Swedish method,
for a circular slip surface. Bishop [14] advanced the
first method introducing a new relationship for the
base normal force. The equation for the FOS hence
becomes non-linear. At the same time, Janbu [15]
developed a simplified method for non-circular
failure surfaces, dividing a potential mass into several
vertical slices. The generalized procedure at the same
time developed the simplified method [16]. Later,
Morgenstern-Price [17], Spencer [18], Sarma [19],
and several others made future contributions with
different assumptions.

4.1. Janbu’s method

In Janbu’s method the failure surface is divided into
some slides and then calculations are done for each
slide using the following equations:

Xi= [éi +(y by = rohy,) tan g, }ﬂxi(mﬂi +1)

¥, =tan¢, = tana; @
Z; = yh;Ax; * tana;
1
Thus, the safety factor is:
s |1, @
2
_La+pl
XZ;+Q
d dy\’ ©)
fo=1+k(7-14 (T)
Where: )
If €;=0 K =031
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If ¢@;<0 and K=05 failure is defined by the Mohr-Coulomb failure
C; >0 criterion (Eq.4) [20].
T=C+tang.g, 4)

Fig.1 shows all the parameters used in this method.
Janbu’s method is applied for materials in which
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Fig. 1. Janbu’s method of slope stability analysis [20]
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Fig. 2. Bishop’s method of slope stability analysis [20]
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4.3. Morgenstern-Price’s method

The Morgenstern-Price method satisfies both force
and moment equilibriums and assumes the interslice
force function. The interslice force inclination can
vary with an arbitrary f(x) as:

T=f(x)AE (11)
Where f(x) is interslice force function, A is the scale
factor of the assumed function.
The method suggests assuming any type of force
function, for example, half-sine trapezoidal or user-
defined. The relationships for the base normal force
(N) and interslice forces (E,T) are the same. For a
given force function, the interslice forces are
computed by iteration procedure until, F; is equals to
F,.
Y(e'l+ (N —ul)tang') seca
I Y(W + (T, —T;)tana) Y AE

(12)

~ X(e'l+ (N —ul)tang")
m YWsina

(13)

Where AE is net interslice forces, ¢’ and ¢’ are
cohesion and friction angle, « is the inclination of the
slip surface at the middle of slice, u is the pore
pressure, I is the slice base length, W is the weight of
sliding mass, T, — T is the interslice forces.

4.4. Spencer’s method

Spencer’s method is basically a modified and
extended version of the Bishop’s method. The
Bishop’s F is defined as the ratio of total strength
available § on the slip surface to the total shear
strength mobilized S,,;:
F=5/S, (14)
In Spencer's analysis, the derived resultant @ of pair
of interslice forces:

FyH = 2HF 2H
tang’

15
cos a cos(a — @) [1 +—F tan(a — 6‘}] ( )

C—+htan¢’ (1—2r, -)—crc:sZn')—hSmZ[r
Q@ =yHb

Where F is safety factor, S and S, are the total
strength available and total shear strength mobilized,
respectively, @ is the resultant of pair of interslice
forces, b and h width and mean height of slice,
respectively, a is the slope of base of slice, 7, is the
pore-pressure coefficient, & is the slope of resultant @
of pair of interslice forces, y is the bulk density, H is
the height of embankment, ¢ is the angle of shearing
resistance with respect to effective stress, ¢” is the
cohesion with respect to effective stress.

And if the external forces on the embankment are in

equilibrium, the vectorial sum of the interslice forces
must be zero. Hence:
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(16)

Z[Q cosB] =0
Z[Q sinfd] =0

5. MODELING

(17

As mentioned in this research, the mine wall stability
has been analyzed analytically and numerically.
Analytical methods were performed to validate the
numerical modeling. Also, numerical modeling has
been used to investigate the effect of fluid flow on
wall stability. The analytical and numerical modeling
will be presented as follows:

5.1. Safety factor obtained using Bishop’s and
Janbu’s methods

The water level in the studied mine is located at a
depth of 57 meters from the first mine bench or
ground level. To consider the effect of water level on
the wall stability, it was decided to perform modeling
with 3 different water levels that are measured
relative to the ground surface, i.e. 57, 100, and 150
meters. The safety factor of the studied mine wall has
been obtained by the method of Bishop and Janbu
and is presented in Table 3. In these methods, it is not
possible to define joint sets directly in analysis, but
we can define parameters related to rock properties
and its joints which show discontinuities. Bishop and
Janbo's ability to capture the water level made it
possible to consider the effects of available water on
pit wall stability.

Therefore, the safety factor was estimated using the
two mentioned methods while applying all the
required parameters. The geometry of the pit wall and
the three water table levels considered in this model
are shown in Fig. 3.

Fig. 3 Geometry of the Golgohar mine pit wall and its
slices for Bishop’s and Janbu’s method analysis
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Table 3 shows the safety factors obtained by Bishop’s
and Janbu’s methods by considering 3 water tables.
It’s observed that in present conditions the slope is
unstable, and to achieve the stability that is in mind it
is essential to reduce the water table level to a depth
of 157 meters from the ground surface using the mine
drainage.

Table 3. Safety factors were obtained from Bishop’s

and Janbu’s methods

Water Janbu Bishop Morgenstern-  Spencer
table Price

57 0.9 0.91 0.87 0.88
meter

100 1.06 0.99 1.03 0.96
meter

150 111 1.15 1.08 112
meter

5.2. Probable sliding in Golgohar mine

There are two main types of numerical models,
continuous and discontinuous. The selection of the

most adequate numerical approach to simulate the
behavior of rock slope will depend on the overall
behavior of the rock mass under operation which
could be either continuous, homogeneous, and
isotropic or discontinuous, inhomogeneous, and
anisotropic [21, 22, 23]. Fig. 4 summarizes the cases
when either continuous or discontinuous numerical
modeling is used in rock engineering design.
Generally, continuous methods are used either when
the rock material is completely intact and has no
defects; when there are just a few main planes of
weakness (fractures, joints, and discontinuities); or
when the rock mass is so highly fractured that its
behavior can be assumed equivalent continuous.
Discontinuous modeling is usually used when there
are a few main discontinuities that could cause
instability or when the failure in the system is mainly
governed by the orientation, persistence, size, and
strength of the discontinuities.

Rock mass

Continuous

Discontinuous

Equivalent continuous

Intact

Slightly and moderately fractured

discontinuity

Highly fractured or crushed

Fig. 4. Continuous and discontinuous rock mass behaviors [24]

The main purpose of this research is to perform
numerical modeling to analyze the stability of the
Golgohar mine wall. Selecting the type of numerical
method is essential to perform the numerical model.
From field surveys and data analysis of the Golgohar
mine wall, it was obtained that the probable failure in
the mine was mainly because of the orientation,
persistence, size, and strength of the joints. The
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results in Fig. 5 and Fig. 6 showed that there 4 sets of
joints in which this classification was formed based
on the approximate similarity of the dip and dip
directions of joints.

Fig 5(a) presents the Rose diagram of joints scanned
in the studied area. In Fig 5(b) the pit slope plane and
joints (discontinuities) contour lines are illustrated in
the stereo net.
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Fisher
Concentrations
% of total per 1.0 % area
0.00 %
1.00 %
e 280 %
460 %
E— 6.40 %
—_— 820 %
—_— >10.00 %

No Bias Correction
Max. Conc. = 7.2358%

Equal Angle
Lower Hemisphere
284 Poles
284 Entries

@ (b)

Fig. 5. (@) Rose diagram of joints, and (b) joints contour lines in the stereonet

To analyze the possible failures of the pit wall, sliding in a region with a dip angle of 0 to 160
probable sliding should be considered. To accomplish ~ degrees and dip direction of 248 to 290 (Fig 6(a)). In
this purpose, Goodman's method was used. The  addition, the plane sliding occurred in this pit wall
results of this investigation showed there is toppling and no wedge sliding is illustrated (Fig 6(b) and (c)).

POLE TOPPLING REGION

Poles

Plannar sliding zone

(@)

PLANE FRICTION CONE

Equal Angle
Lower Hemisphere
284 Poles
284 Entries

(b)

WEDGE SLIDING ZONE

(©
Fig. 6. (2) Toppling sliding, (b) plane sliding, and (c) wedge sliding zone in the stereonet
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5.3. Numerical modeling

In this paper, the effect of underground water on the
stability of the final pit wall of the Golgohar mine
was analyzed numerically. To perform the numerical
model, the Distinct Element method was selected to
make the discontinuous numerical model because the
rock mass of this pit wall behaves discontinuous. The
numerical model was done using UDEC software. In
this model, the four joint sets were imported as

65m

450 m

reported in Table 2. To consider the underground
water on the stability of the pit wall, three different
depths of 57, 100, and 150 meters of underground
water which were measured from ground surface
level, were selected.

The slope of the pit wall consisted of 19 benches with
a height of 10m, width of 10m, and dip angle of 60
degrees (Fig. 7).

1401

Fig. 7 The geometry of the final pit wall of the Golgohar mine

In addition to constructing the geometry of the final pit wall, individual benches were modeled for a more
detailed analysis of the effect of underground water on stability. Fig. 8 shows the geometry of a single bench.

10m

10m

11m

Fig. 8 The geometry of the single bench of the Golgohar mine
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To make the distinct element analysis, the domain of
the model should be meshed. In this numerical model,
the triangular elements with three dimensions were
used for meshing the model. The geomechanical
properties of the rock mass and the joints of the pit
wall of Golgohar mine are imported into the model
using input data. Moreover, the initial and boundary
conditions of this pit wall were applied in this model.
To be able to show the failure of the pit wall and the
stability of its slope, it is essential to define the
behavioral constitutive model. Thus, the Mohr-
Coulomb criterion was used to perform slope and
wall stability calculations. The geomechanical
properties of rock mass are given in Table 2.

Table 4. The geomechanical properties of the rock
mass of the pit wall of Golgohar mine

Joint

. 0.6 1 1 1
spacing, [m]

Cohesion,

[MPa] 0.33

0.33 0.33 0.33

Internal
friction 26 26 26 26
angle

Parameters Values
Density, [K g /m?] 2700
Uniaxial compressive strength, [MPa] 164
Young modulus, [GPa] 5
Poisson ratio 0.23
Cohesion, [MPa] 1.53
Friction angle, [°] 36

In addition, the information related to the joint’s
conditions of the environment such as number of joint
sets and properties of the joints should be entered into
the model. The joint properties of the Golgohar mine
are reported in Table 5.

Table 5. The joint properties of the Golgohar mine

Joint Joint Joint Joint
set 1 set 2 set 3 set 4
Dip, [7] 85 51 54 8
Dip
direction, 110 215 8 250
[°]
Joint length, 15 12 13 14
[m]
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In order to model the water flow, it is essential to
apply fluid flow in hydromechanical boundary
conditions. In this study, the fluid flow conditions are
created by applying pore pressure on both sides of the
model. The pore pressure is determined according to
the following equation:

p=p.gh (18)

Py 1S the water density.

In this study, water pressure was applied as boundary
conditions on three different levels to the left and
right side of the model and then, the numerical model
was built and implemented.

6. Discussion

The numerical modeling of the pit wall stability was
done. In the continuation of this article, some of the
results obtained from this model are assessed and
analyzed.

To model the water flow, it is essential to apply
boundary conditions for the flow on the right and left
boundaries of the model. After applying the boundary
conditions, the numerical model was run. The process
reached equilibrium and the fluid flow can be seen in
Fig. 9. Then, based on the developed model, the
safety factor for the open pit mine wall is determined.
This process is presented below.

Stage 1
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NI

Fig. 9 Stages of reaching flow equilibrium at the final wall of the open pit mine

water pressure in discontinuities in three levels of
water table. This parameter is obtained as 2.6, 2.5,
and 1.97 MPa for water levels with a height of 57,
100, and 150m, respectively compared to the ground
level.

The diagram of flow rate in three levels of water table
is drawn in Fig. 10. It’s seen from this figure that the
maximum flow rate is obtained when the distance
between water table and ground surface level is 57m.
According to Fig. 10, it is noticeable that where the
distance between water table and ground surface level
is low, the flow rates increase. Fig. 11 shows the

5.17E+01

3.67E+01

57 100

1.08E+01

150

Fig. 10 Diagram of flow rate for water tables of 57,100 and 150m
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2.89E+06

2.46E+06

1.97E+06

57 100 150

Fig. 11 Diagram of water pressure for water tables of 57,100 and 150m

The maximum displacement values for water tables  water table of 57 is 6.55 mm and it is larger than the
are shown in Fig. 12. The displacement value for  two other cases.

6.55

6.46

57 100 150

Fig. 12 Maximum displacement in slope for three water tables of 57,100 and 150m

As shown in Fig. 13, as the depth of water table from ground level) in this open pit. The same
decreases, horizontal component of velocity also  variation is observed in vertical component too.
decreases and the probabilistic sliding on slope

becomes lower. Therefore, a drainage system is

required to lower the water table to 150m (presented
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57m

100 m

150 m
Fig. 13 Horizontal velocity contour in pit wall for three levels of water table

After building the model, it is necessary to express  factor separately for three water levels. The results

the safety factor of the wall. The safety factor was  showed that there is pit wall instability for the water
obtained, which is presented below as the safety  table of 57 and 100m and it’s necessary to decrease
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the water table to 150m. The safety factors obtained 14. Also, the shear strain contour in XY direction and
from this numerical model for each water table are  the safety factor are indicated in Fig. 15.
given in Table 6. The shear strain rate and safety
factor at 57 meters of water depth are shown in Fig.
Table 6. Safety factors obtained by numerical modeling

WT57m  WT100m  WT 150m
Safety factor 0.78 0.92 11

boundary plot

4 ‘. . . f
A

Fig. 14 Shear strain rate and safety factor at 57 meters of water depth
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Fig. 15 Shear strain contours and the safety factor for water table 57m

Table 7 shows the safety factors obtained from
numerical and analytical methods. As expected, there
are differences between the results of the safety factor
value obtained from UDEC software and the results
of Bishop and Janbu calculation methods. Since fluid
flow in discontinuities is well modeled in UDEC
software, the effect of underground water flow at

different depths is more evident. However, in both
numerical and computational methods, it is possible
to observe water's effect on reducing the slope's
stability and the value of the safety factor. It should
also be noted that the calculated safety factor values
were obtained in Bishop and Janbu methods for
circular or spoon failure mode.

Table 7. Comparison of safety factors obtained from analytical and numerical methods

Safety factor
Bishop Janbu Morgenstern-Price Spencer Numerical result
57m 0.91 0.9 0.87 0.88 0.78
100 m 0.99 1.06 1.03 0.96 0.92
150 m 1.15 1.11 1.08 1.12 1.1
Numerical and analytical analysis of underground 7. Conclusion

water in the pit wall of Golgohar mine presented that
by reducing the height of the water, for example, by
using a drainage system, stability can be increased
and a safe safety factor can be increased as well.

The results obtained emphasize that for optimal
mining and reducing problems, the drainage process
should be done well. Proper drainage can prevent
mine collapse and mineral dilution and increase the
profitability of the project. This issue is emphasized
to be done well in mines and the management of mine
drainage and the effect of fluid on the stability of a
single bench and the final slope of the mine should be
investigated.
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Numerical modeling of the final pit wall stability of
the Golgohar mine was done using UDEC software,
and the effect of underground water flow on slope
stability was investigated. The analyses performed in
this research are based on the effect of underground
water on the stability of the slope and its flow in
discontinuities. Moreover, the safety factor value for
three different water table depths was obtained
through the numerical model and calculations of
Bishop and Janbu analytical methods. The results
obtained from this article are summarized as follows:
1) The lower the water depth measured from the
ground surface level, the higher the flow rate in
discontinuities. This difference is due to the water
pressure created inside the discontinuities.



Mohammad Shekari Nejad, Mohammad Fatehi Marji, Manouchehr Sanei

Journal of Rock Mechanics

2) Some local sliding in types of toppling and plane
sliding were probable in this pit wall. Hence the
overall dip of slope should be decreased. There was a
possibility of slip in the upper benches of the mine.

3) The effect of underground water depth on the
stability of the mine wall is evident. The lowest value
of the safety factor was obtained by using the
numerical method for the water depth of 57 meters
from the ground surface level as 0.78. With the
decrease in the water level, the value of the safety
factor increased until the value of 1.1 which was
obtained at a water depth of 150 meters measured
from ground surface level.

4) Bishop and Janbu methods showed a good
verification of safety factor values compared to
numerical modeling. The safety factor obtained by
Janbu method for three water depths of 57, 100, and
150 was obtained as 0.9, 1.06, and 1.11 respectively.
The safety factor values obtained from the Bishop
method for these three depths were 0.91, 0.99, and
1.15, respectively.

5) The results of analytical and numerical models of
pit wall stability of Golgohar mine indicate that to
reach a stable and safe state in the final wall, it is
necessary to reduce the underground water level.

6) Numerical modeling showed that instability
occurred in the current level of water. Thus, a
drainage system was required to decrease water table
to 150m. The safety factor was around 0.78 and after
drainage raised up to 1.1.
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