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 The slope geometry, rock mass quality, groundwater level, and geological features 
of the mine mainly influence the slope stability of an open-pit mine. In this study, the 
stability analysis of the open pit slope under the influence of various factors was 
studied. The analysis was conducted based on data collected from the Golgohar iron 
ore mine in Sirjan. To build the numerical model, first, the geomechanical and 
hydrogeological parameters of the mine were determined using laboratory and field 
tests. Then, numerical models of slope stability were built based on the finite difference 
method using hydromechanical coupling analysis. The real characteristics in these 
models include lithology types, variations in geomechanical properties, groundwater 
level, and real slope geometry. Numerical models were built based on three different 
conditions, including a model in dry conditions, a model considering the groundwater 
level, and a model after the drainage process. The results show that the whole slope 
angle of the mine that has the highest safety factor is 36 degrees. In addition, the 
groundwater level reduces the safety factor of slope stability compared to dry 
conditions, and the drainage process can increase the safety factor of the mine wall. In 
all three conditions, the whole slope angle of 36 degrees has the highest safety factor. 
Therefore, it is suggested that the whole slope angle be considered to increase the safety 
factor and reduce the stripping ratio to increase the profitability of the open pit mine. 
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1. Introduction 

Rock slope failure in open pit mines is one of 
the hazards that causes about 14% of injuries and 
deaths of workers [1]. This highlights the 
requirement for an extensive study aimed at 
reducing such risks. It also suggests the 
requirement to maintain safety as a top priority for 
safe and profitable ore production. Optimizing the 
pit angle can improve slope stability and increase 
profits by reducing stripping [2]. However, this 
requires a comprehensive understanding of the 
geotechnical parameters and dynamics of slope 
movement [3]. Furthermore, the guidelines 
published by the Canadian Institute of Mines 
(CIM) for estimating mineral resources and 
reserves [4] show that for mineral resources 
recoverable by open-pit mining methods, mineral 
predictions should not be based solely on economic 

constraints but must also consider technical 
requirements (such as slope angles and 
groundwater table) [5]. With these interpretations, 
the selection of the whole slope angle of the mine 
can help mining engineers estimate the mineral 
resources and plan production from the mine 
during the open-pit mining process.  

In open-pit mines, slope stability is a major 
concern, and its failure has negative results on the 
economy and the safety of personnel and 
equipment. Therefore, it is essential to calculate the 
safety factor of the rock slope. Slope stability is 
controlled by various geological conditions and 
rock mass properties, which are unique to each 
mine [6]. The slope stability is generally influenced 
by some factors such as rock strength, slope 
geometry, discontinues, and groundwater [7, 8]. As 
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the mines deepen, the problems related to the 
instability of the mine wall will increase.  

Groundwater level affects the rock strength of 
the slope, which decreases the safety factor of the 
open-pit mine’s slope [9]. Due to the importance of 
this issue, various researchers have conducted 
some investigations in this field to evaluate the 
impact of groundwater on slope stability. In the 
continuation, some of these researches are 
discussed. 

Sjöberg emphasized the critical role of 
groundwater, geological structure, pit geometry, 
and rock mass strength in determining slope 
stability [10]. Stacey and Swart investigated the 
effect of two factors, such as blasting and 
groundwater, on slope stability. The results showed 
that the stability increased by improving the 
blasting and dewatering [11]. Hustrulid et al. did a 
slope stability analysis of mine walls using the 
finite element method and analyzed the influence 
of groundwater level on the safety factor of slope 
stability [12]. Eberhardt analyzed the rock slope 
stability by considering the geological complexity, 
in situ stresses, anisotropy, and pore pressure [13]. 
Jiao et al. studied the influence of groundwater on 
the stability of slopes in weathered igneous rocks 
in Hong Kong [14]. Read and Stacey studied slope 
stability by considering various factors such as 
slope design, complex geology, discontinuities in 
the rock mass, groundwater level, and blasting 
[15]. Zhiguo et al. analyzed the stability of the dike 
slope in Bdg reservoir under flood seepage [16]. 
Gao et al. investigated the index system of rock 
slope safety for open pit mines by using fuzzy 
evaluation and the analytic hierarchy process [17]. 
Zhao et al. improved the method of using a random 
angle to generate a random sliding surface for 
stability analysis of complex slopes [18]. Predrag 
et al. investigated the impact of weathering on 
slope stability in soft rock mass [19]. Rabie studied 
the slope and compared traditional and finite 
element methods in slopes that are under heavy 
rainfall [20]. 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 [21]. Ahmadi-Adli et al. showed the 
prediction of seepage and slope stability in a flume 
test and an experimental field case [22]. Santoso et 
al. [23] investigated the impacts of groundwater 
level variation on slope stability in open-pit coal 
mines. The results found that higher groundwater 
levels reduce the strength of the slope and decrease 
the slope stability. Simataa performed the slope 
stability in an open pit mine and analyzed the 

groundwater’s effect on the slope stability by 
considering the real geological conditions [24]. 
Devy and Hutahayan studied the effect of 
groundwater on slope stability in open-pit mines.  
The results emphasized the effect of water flow on 
the reduction of safety factors. 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 [25]. In 
addition, Zhao et al. improved the method of using 
a random angle to generate a random sliding 
surface for stability analysis of complex slopes 
[26]. Altuntov and Erkayaoglu investigated a new 
approach to optimize the ultimate geometry of 
open pit mines with variable whole slope angles 
[27]. Salu and Bima analyzed the impact of open-
pit mining expansion on slope stability. The results 
showed that the slope geometry and ensuring safety 
affect the safety factor [28].  

Previous studies showed that the slope stability 
analysis of the pit wall is very complicated, 
especially when considering the effects of the 
groundwater table, the whole slope angle, and 
lithology changes.  

Therefore, in this study, the impacts of 
lithology, groundwater level, and whole slope 
angle on the slope stability analysis will be 
investigated. The purpose is to develop the 
hydromechanical model, estimate the 
hydrogeological parameters, investigate the effect 
of drainage, and finally provide the optimal slope 
angle for this mine. The numerical model of the pit 
wall was performed based on the finite difference 
method using the hydromechanical analysis. Real 
conditions, such as different lithologies, variability 
in rock properties, groundwater table, and real 
slope geometry, have been considered. The 
numerical models were done under three 
conditions, including dry conditions, considering 
the groundwater table, and the after-drainage 
process. The results indicate that the optimized 
whole slope angle is 36, which has the highest 
safety factor. The groundwater table can decrease 
the safety factor of the slope stability compared to 
the dry conditions, and the drainage process can 
increase the safety factor. It is advised to apply this 
whole slope angle to increase the safety factor and 
decrease the stripping ratio to increase economic 
profitability. 
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2. Case study: Golgoahr mine 
2.1. General geological setting 

The Golgohar iron deposit is located 55 km 
southwest of Sirjan in the Sanandaj-Sirjan zone 
(Figure 1). This zone extends from the southwest 
of central Iran to the northeast of Zagros' main 
thrust. This zone is approximately 1500 km long. 

The iron deposit in this zone is located at an altitude 
of 1740 m and annual rainfall of approximately 120 
to 130 mm. The total estimated resource is about 
1135 Mt, categorized as one of the main Iranian 
iron deposits. The rock mass consists of quartzite, 
sandstone, schists, gabbro, shale, and amphibolite 
[29]. 

 
Figure 1. Geological map of the Golgohar iron deposit, Iran [29] 
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2.2. Discontinuity data collection  

Discontinuities were collected by manual 
mapping on the slope face of different benches in 
the Golghar mine. A total of two hundred and 
eighty-four discontinuities have been mapped. The 
major joint sets were defined by projecting and 
clustering discontinuity orientations on a stereonet. 
By using the pole point density method in the Dips 
software, the dip and dip direction of the joints 
were obtained. The results showed that there are 4 
joint sets with the characteristics stated in Table 1. 

2.3. Geomechanical characteristics of rock 

The samples were extracted and transported to 
the rock mechanics lab to assess the geomechanical 
characteristics of the rock mass. The uniaxial and 
triaxial tests were done separately for each 

lithology to measure the quantities of Young's 
modulus, Poisson ratio, cohesion, and angle of 
internal friction of intact rock. The information and 
data obtained from surface surveys of boreholes 
and laboratory results for existing geological units 
in different mine zones have been evaluated. Then, 
using the RocLab software, the strength parameters 
of different rocks were calculated.  The computed 
data for the geomechanical properties of rock mass 
are given in Table 2. 

Table 1. The joint sets in the Golgohar mine 
ID Joint sets Dip Dip direction 
G1 J1 68 112 
G2 J2 49 23 
G3 J3 72 291 
G4 J4 46 195 

Table 2. Geomechanical properties of rock mass 
Lithology Young modulus [GPa] Poisson ratio Cohesion [MPa] Friction 

Alluvium 0.355 0.3 0.23 19 
Chlorite schist 1.330 0.22 0.32 25 
Mica schist 0.474 0.24 0.24 18 
Gneiss 2.234 0.23 0.6 31 
Quartz schist 1.326 0.2 0.47 33 
Magnetite 4.620 0.18 1.123 38 

 
2.4. Hydrogeological characteristics of rock 

There were many limitations to obtaining 
hydrogeological characteristics; thus, the 
estimation of these parameters was done indirectly 
and based on experimental relationships. The 
following step states the estimation of each 
parameter and the relationships used. 

Špago and Jovanovski [30] stated that 
estimating the porosity of the rock mass is very 
complicated. In jointed rocks, by calculating the 
rock quality index parameter RQD, it is possible to 
obtain the porosity value by developing empirical 
relationships between the effective porosity and the 
rock quality index. Empirical relationships are 
presented for this purpose, which can be used to 
estimate porosity.  

߶ = ܦܴܳ 0.1583− + 16.126 (1) 

And  

߶ = 19.763 ݁ି଴.଴ଶସଷ ோொ஽ (2) 

where ߶ is the effective porosity [%] and ܴܳܦ 
is the rock quality index [%]. 

Several relationships have been provided to 
estimate hydraulic conductivity, some of which are 
based on the relationship between the rock quality 

index RQD and hydraulic conductivity K, as stated 
below: 

 Qureshi et al. [31] 

ܭ = 0.01382 − 0.003 ln  (3) ܦܴܳ

 El-Naqa [32] 

ܭ = 177.45 exp (−0.0361 ܴܳܦ) (4) 

 El-Naqa [32, 33] 

ܭ = 890.9 exp (−0.0559 ܴܳܦ) (5) 

 Jiang et al. [34] 

ܭ
= 0.4892 exp (−0.0543 ܴܳܦ) (6) 

where ܭ hydraulic conductivity [ܿ݉/ݏ], ܴܳܦ 
quality index of rock [%]. 

In this research, due to the limitations of the 
measurement test, only three measurement tests 
were done to compute the value of porosity and 
hydraulic conductivity of the rock mass. To make a 
numerical model, much data is required. Therefore, 
the other data are estimated using empirical 
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equations. The estimated results are compared with 
the measured data, as shown in Figure 2, in order 

to select the right equations for estimating the 
porosity and hydraulic conductivity.  

 

  
(a) (b) 

Figure 2. Comparison of estimated and measured data of a) porosity; b) hydraulic conductivity vs RQD 

Based on the results, Equation (1) was chosen 
to estimate the porosity, and Equation (5) was 
selected to estimate the hydraulic conductivity. 
Moreover, the relationship between hydraulic 
conductivity and permeability ݇ is expressed as the 
following relationship [35]: 

݇ =
ߤ ܭ
݃ ߩ

 (7) 

where ߩ is fluid density [݇݃/݉ଷ], ߤ is dynamic 
viscosity [݇݃/݉ ݏ], ݃ is gravitational acceleration 
 is hydraulic conductivity [m/s] and ݇ is ܭ ,[ଶݏ/݉]
permeability [݉ଶ]. The computed data for the 
hydrogeological characteristics of the rock mass 
are given in Table 3. 

Table 3. Hydrogeological characteristics of rock mass 
Lithology RQD Porosity Permeability [࢓૛] 

Alluvium 26 0.12 4.06 ∗ 10ିଵ଴ 
Chlorite schist 37 0.1 2.99 ∗ 10ିଽ 
Mica schist 30 0.11 3.62 ∗ 10ିଵ଴ 
Gneiss 48 0.09 3.21 ∗ 10ିଵ଴ 
Quartz schist 40 0.1 2.75 ∗ 10ିଵ଴ 
Magnetite 74 0.04 9.08 ∗ 10ିଵଵ 

 
3. Theoretical and Mathematical Aspects 

The governing equations for hydromechanical 
coupling are presented based on the mass and 
momentum equations. 

3.1. Mass balance 

For single-phase fluid flow in rock mass, the 
mass balance is as follows [36]: 

(߶௪ߩ)߲
ݐ߲

+ ∇ ∙ (௪ܸߩ)

= ܳ − ߙ௪ߩ
௩ߝ߲

ݐ߲
 

(8) 

where ߩ௪ is the water density, ϕ is the porosity, 
 ܳ ,is the time, ܸ is the velocity of the mass flow ݐ
is the source term, ߝ௩  is the volumetric strain of the 

porous material, and α is the Biot’s coefficient. The 
equation of motion is expressed using Darcy’s law 
as [37, 38]: 

ܸ = −
݇

௪ߤ
݌∇) +  ௪݃) (9)ߩ

where ݇ is the permeability and ߤ௪ is the 
dynamic viscosity of water.  

3.2. Momentum balance 

Based on the conservation of linear momentum, 
the equilibrium equation for the rock mass is 
obtained as [39, 40]: 

∇ ∙ (࣌ᇱ − (ܫ݌ߙ + ݃ߩ = 0 (10) 

The constitutive relationship of rock skeleton is 
[41, 42]: 
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࣌ᇱ =  (11) ࢿܦ

where ࣌ᇱ is the effective stress tensor, ࢿ is the 
strain tensor, ݌ is the pore pressure, ܫ is the identity 
tensor, and ߩ is the density, ߩ = (1 − ௦ߩ(߶ +  ௪ߩ߶
in which ߩ௦ is the solid density and ߩ௪ is water 
density. 

The hydromechanical coupling can be 
expressed using the combination of Equation (8) 
and Equation (10). The mentioned equations are 
the strong form, and to discretize the equations, a 
numerical scheme is required for the 
hydromechanical coupling. 

3.3. Boundaries and initial conditions 

Defining the volume as ߗ and the region 
boundary as ߁, which includes the Neumann and 
Dirichlet boundaries of the medium. Specific 
definition: ߁௨ is the displacement boundary, ߁ఙ  is 
the stress boundary, ߁௣ is the pore water pressure 
boundary, and ߁௤ is the flow boundary [41]. The 
boundary conditions are as follows: 
 

ݑ = തݑ , on ߁௨ 

(12) 
Given displacement 

࣌௧ ∙ ݊ = ఙ߁ ത, onߪ  
Given stress 

And 

݌ =  ௣߁ on ,̅݌

(13) 
Given pore water pressure 

ࢗ ∙ ݊ =  ௤߁ ത, onݍ
Given flow 

3.4. Numerical methods 

The hydromechanical coupling can be solved 
using numerical modeling. Generally, 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 
[43]. Figure 3 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 to 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. 

 

 
Figure 3. Continuous and discontinuous rock mass behaviors [44] 

A rock mass with lots of discontinuities is 
generally considered a discontinuous system, and 
discontinuous methods are applied for numerical 
modeling. However, in large-scale modeling, the 
presence of discontinuities always increases the 
volume of calculations, and sometimes the problem 
is unsolvable. On the other hand, performing a 
continuum model with laboratory results generally 

provides unrealistic results. Therefore, in this 
study, to analyze the structural condition of the 
region within a mine, a survey of the joints is 
performed. The results show that four joint sets in 
the area. Table 1 presents the statistical results of 
the joint sets in the study area. To characterize the 
study environment, the Palmström criterion was 
used in the numerical analysis [45]. Based on the 
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Palmström criterion, the continuity factor can be 
computed from Equation (14). 

ܨܥ =
ܪ
ܦ

 (14) 

where CF is the continuity factor, H is the slope 
height, and D is the average joint spacing. If the CF 
value is between 0.01 and 0.2, the environment is 
discontinuous. On the other hand, for values 
greater than 100, the environment is considered to 
be highly jointed and can be modeled continuously. 
According to the Palmström criterion, by 
considering the slope height of 260 and the average 
joint spacing of 0.8, the studied area is placed 
within the range of fragmented and complex rock 
structure. The provided information suggests a 
continuous behavior, and finite difference 
numerical modeling can be implied for the 
Golgohar mine. 

As stated in this study, the influence of 
lithology, groundwater, and the whole slope angle 
on the slope stability is numerically analyzed. The 
slope stability is analyzed using hydromechanical 
coupling and by considering different lithologies, 
groundwater levels, and whole slope angles. The 
finite difference scheme is applied to discretize the 
strong form of Equation (8) and Equation (10) to 
analyze the slope stability. 

3.5. Hydro-mechanical coupling strategy in 
numerical modeling 

To express the hydro-mechanical coupling in 
numerical modeling of the mine slope stability, a 
specific strategy must be used depending on the 
numerical method and the type of software 
selected. In the rest of this paper, it will be stated 
that in this study, the finite difference method and 
the FLAC software will be used. Therefore, in this 
section, the coupling strategy in the FLAC software 
is expressed. Hydro-mechanical coupling strategy 
in FLAC was implemented based on the governing 
equations (Eqs. 8-11) through: 

1. Direct pore-pressure coupling: 
o Pore pressure (݌) is generated from mechanical 

strains via the ߲ߝ௩/߲ݐ term in Equation 8 

o Effective stress (ߪ′) is updated using Equation 
10 

2. Seepage modeling approach: 
o Quasi-static transient flow: Equation 9 

(Darcy's law) is solved implicitly at each 
mechanical step 

o Boundary conditions strictly follow Eqs. 12-13: 

 Prescribed ݌ on vertical boundaries (߁௣) 
for dewatering 

 Zero-flux base (߁௤) 

 Roller constraints (߁௨) 

3. FISH-enabled automation: 
o Lithology-specific properties assigned to zones 

o Dynamic boundary updates during dewatering 

o Transient coupling loop (Figure 3) resolved 
through iterative stress-flow updates 

The workflow ensures two-way coupling where 
mechanical deformations alter pore pressures, 
which in turn modify effective stresses and failure 
behavior. 

The hydraulic boundary conditions applied in 
the FLAC model (Figure 10 and Figure 14) were 
implemented based on the Mathematica-generated 
geometry. The lateral boundaries are defined by 
pore pressure along vertical boundaries to represent 
regional aquifer influence. Also, the water table 
elevation is dynamically adjustable to simulate 
dewatering scenarios. 

4. Results and Discussions 

To analyze the slope stability, hydromechanical 
coupling is used, which complicates the problem 
when solving it numerically. The commonly used 
numerical methods for hydromechanical coupling 
are Finite Element Method (FEM), Boundary 
Element Method (BEM), Finite Difference Method 
(FDM), etc [46]. The finite difference method is a 
numerical scheme for solving differential 
equations with given initial and boundary value 
conditions. In this study, the finite difference 
method is applied to analyze the slope stability.  

4.1. Slope stability analysis 

Based on geomechanical study and rock 
classification systems such as RMR and GSI, the 
Golgohar Sirjan mine was divided into 8 
geomechanical zones as shown in Figure 4. The 
observations in the mine showed that the A-A' 
section is mostly affected by groundwater level. 
Therefore, the analysis of the slope stability of the 
final wall of the mine at the A-A' section is done to 
determine the effect of the groundwater level on the 
safety factor of the mine. 

It is important to note that before proceeding 
with the assessment of the impact of groundwater 
level on the mine slope stability through safety 
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factor, numerical modeling validation should be 
performed. However, it was not possible to access 
observational data from the Golgohar mine to 

validate the numerical modeling. At this stage, it 
can only be suggested that model calibration be 
performed in the future. 

 

 
Figure 4. The geomechanical zones of the Golgohar Sirjan mine [47] 

The FLAC software is used for numerical 
modeling of the slope stability while considering 
hydromechanical behavior. This software is based 
on the finite difference numerical method (FDM). 
The corresponding numerical model is done by 
combining the Fish code language and the graphic 
environment of this software in the A-A' section. 
The shape of the geometric model, types of 
lithology, and slope angle of the mine are shown in 
Figure 5, and the lithology of the rock mass of the 
slope is depicted in Figure 6. Geomechanical and 
hydrogeological characteristics used in this 
simulation were stated for each lithology in Tables 
2 and 3. In this subsection, the numerical modeling 
of the Golghar mine wall is done in two dry states 
and considers the hydromechanical behavior . 

It should also be noted that in the numerical 
modeling carried out, an attempt was made to add 
the anisotropy of the rock mass to the model to 
some extent so that the model is closer to reality. 
Regarding lithology, the following rocks were 
included in the numerical modeling, which are 
shown in Figure 6b: Alluvium, Quartz schist, 
Gneiss, Mica schist, Chlorite schist, Magnetite. 
Regarding structural orientation or heterogeneity, 

the rock joints of the region were extracted, and 
after it was proven that the numerical modeling 
should be continuous. The rock mass data, which 
includes intact rock, joints, cracks, discontinuities, 
and faults, etc., were estimated through RockLab. 
Then, a model similar to the reality of the mine was 
built. Applying different lithologies to separate 
rock mass data is, in a way, applying heterogeneity 
to the aforementioned model. 

 
Figure 5. Whole slope angle of the open pit mine in 

the section A-A' 
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(a) 

 
(b) 

Figure 6. a) Real geometry and lithology of the mine slope, b) Geometry of the mine wall considering its 
lithologies in section A-A' 

In the dry condition, as shown in the field and 
its numerical geometry in Figure 7, after applying 
the geomechanical parameters and boundary 
conditions, the model reaches the initial 
equilibrium. Then, by modifying displacements, 
the mentioned model was executed. 

The results in the dry state under static analysis 
are shown in Figure 8 and Figure 9. 

The results in Figure 9 illustrate that the safety 
factor of the pit wall of the mine under dry 
conditions is equal to 1.45. 

For numerical modeling of slope stability by 
considering the hydromechanical behavior to 

analyze the effect of groundwater level, it is 
necessary to include hydrogeological 
characteristics in the model, which are presented in 
Table 3. The groundwater level on the left side of 
the model, compared to the bottom of the model, is 
equal to 201.5 ݉ and on the right side is equal to 
111.5 ݉ (as shown in Figure 10). It means the 
water height on the left side is 1635.2 ݉ and on the 
right side is 1545.2 ݉. 

The results of slope stability by considering the 
hydromechanical modeling are shown in Figures 11 
to 13. 
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Figure 7. Numerical geometry of the field in dry conditions 

 
Figure 8. Contour of displacement (m) under dry conditions in X direction 

 
Figure 9. Contour of displacement (m) in Y direction and safety factor under dry conditions 
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Figure 10. Domain and its geometry by considering the hydromechanical behavior  

 
Figure 11. Contour of pore pressure (Pa) by considering the hydromechanical modeling 

 
Figure 12. Contour of displacement (m) by considering the hydromechanical modeling in X direction 
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Figure 13. Contour of displacement (m) in Y direction and safety factor by considering the hydromechanical 

modeling 

The results in Figure 13 illustrate that the safety 
factor of the open-pit wall is 1.21, considering the 
groundwater level. By comparing the results with 
the dry condition, the safety factor of the studied 
wall has decreased by 0.24, which is a significant 
quantity. This difference shows the necessity of 
hydromechanical modeling, which helps the model 
to be closer to the real conditions.  

The Y displacement component, as illustrated in 
Figure 13, has a different sign compared to that of 
Figure 9. The reason is because of a numerical 
modeling trick that the user has to do when they 
want to make a hydromechanical coupling. It 
means the water table level should be taken as zero, 
and the other components are modified based on 
this assumption. 

The drainage process was then analyzed using 
another numerical model developed by the authors. 
The results show that the mine drainage caused a 
decrease of about 20 meters in the groundwater 

level after 3 years compared to the initial state, as 
shown in Figure 14.  

To investigate the  slope stability of the mine, the 
wall under the influence of the drainage process, 
numerical modeling is done, considering the 
hydromechanical behavior of the wall. In this 
model, the groundwater level on the left side of the 
model compared to the bottom of the model is 
equal to 181.5 ݉, and on the right side is equal to 
91.5 ݉. It means the groundwater height on the left 
side is 1615.2 ݉ and on the right side is 1525.2 ݉. 
Moreover, the geomechanical and hydrogeological 
characteristics in this model are applied based on 
the data in Tables 2 and 3. 

The mentioned modeling is carried out similarly 
to the initial conditions of the numerical model, and 
the results of slope stability are presented in Figures 
15 to 17. 

 
Figure 14. Domain and its geometry by considering the new hydromechanical data  
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Figure 15. Contour of pore pressure (Pa) by considering the new hydromechanical data 

 
Figure 16. Contour of displacement (m) by considering the new hydromechanical data in the X direction 

 
Figure 17. Contour of displacement (m) in the Y direction and safety factor by considering the new 

hydromechanical data 
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The results in Figure 17 illustrate that the safety 
factor of the final wall of the mine by considering 
the new groundwater level, is 1.23. By comparing 
the results with the dry condition, the safety factor 
of the studied wall has decreased by 0.22, which is 
a large quantity. Furthermore, by comparing the 
results of this new model with the previous model 
that considered the groundwater table, the safety 
factor has increased by 0.02, which is the result of 
drainage and its importance.  

It should be explained that the drainage process 
can increase the slope stability, but it will not reach 
a dry condition, because the rock mass is taken as 
porous media, not the fractured porous media. As 
you know, the fracture patterns control the water 
flow in the rock mass and can effectively decrease 
the safety factor of the slope. 

4.2. Slope stability under the influence of 
various whole slope angles 

To investigate the slope stability under the 
influence of various whole slope angles, numerical 
modeling is performed. To model and investigate 
the impact of the whole slope angle of the mine on 
its stability, different slope angles of the mine wall 
are selected, which are 31, 33, 35, 36, 38, and 40.  

As mentioned in the previous section, these 
numerical models are carried out based on the real 
data from the Golgohar mine in Sirjan. The 
properties of the rock mass and the geometry of the 
mine slope are the same as those of the mine. 
Therefore, the numerical results obtained for slope 
stability cannot be far from reality. 

The numerical models are done under three 
conditions, including the model under dry 
conditions, the model considering the groundwater 
table, and the model after the drainage process.  
The results of the modeling under dry conditions 
showed that the appropriate range for selecting the 
optimal mine slope is the range of 31 to 36 degrees 
because it has the highest safety factor. The results 
related to different whole slope angles of the wall 
under dry conditions are presented in Figure 18 and 
Table 4. 

After that, the results of the modeling by 
considering the first groundwater table illustrated 
that the suitable range for selecting the optimal 
mine slope is the range of 35 to 38 degrees, which 
has the highest safety factor. The results related to 
different whole slope angles of the wall using the 
first groundwater table are shown in Figure 19 and 
Table 5. 
 

 
Figure 18. Different whole slope angles versus their 

safety factors under dry conditions 

Table 4. The different whole slope angles versus 
their safety factors under dry conditions 

Whole slope angle Safety factor 
31 1.45 
33 1.46 
35 1.46 
36 1.46 
38 1.41 
40 1.36 

 

 
Figure 19. Different whole slope angles versus their 
safety factors by considering the first groundwater 

table 

Table 5. The different whole slope angles versus 
their safety factors by considering the first 

groundwater table 
Whole slope angle Safety factor 

31 1.21 
33 1.22 
35 1.23 
36 1.24 
38 1.23 
40 1.22 

 
Next, the results of the model by considering the 

second groundwater table showed that the suitable range 
for choosing the optimal mine slope is the range of 35 to 
38 degrees, which has the highest safety factor. The 
results related to different whole slope angles of the wall 
by considering the second groundwater table are 
indicated in Figure 20 and Table 6. 
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Table 6. The different whole slope angles versus 
their safety factors by considering the second 

groundwater table 
Whole slope angle Safety factor 

31 1.23 
33 1.24 
35 1.24 
36 1.25 
38 1.24 
40 1.23 

 
Finally, the results of the whole slope angles 

versus safety factor changes for all conditions are 
presented in Figure 21 and Table 7, which 

emphasizes that the range of 35 to 38 degrees is the 
most suitable mine whole slope angle (OSA), 
which has a high safety factor (SF). It is essential 
to mention that the slope angle of 31 degrees is 
similar to the real whole slope angle of the mine, 
and the numerical results also emphasize that it has 
appropriate safety. However, a better suggestion for 
the mine slope angle based on the average 
quantities of safety factor could be an angle of 36 
degrees, which has both a higher safety factor and 
a lower stripping ratio than the current mine slope 
angle. 

 

 
Figure 20. Different whole slope angles versus their 

safety factors by considering the second groundwater 
table 

Figure 21. Whole slope angles vs. safety factor 
changes for all conditions stated 

Table 7. The Whole slope angles vs. safety factor changes for all conditions stated 
 SF  

OSA Dry conditions 1st groundwater 2nd groundwater Average 
31 1.45 1.21 1.23 1.296 
33 1.46 1.22 1.24 1.306 
35 1.46 1.23 1.24 1.310 
36 1.46 1.24 1.25 1.316 
38 1.41 1.23 1.24 1.293 
40 1.36 1.22 1.23 1.270 

 
4.3. Sensitivity Analysis  

Sensitivity analysis helps researchers assess the 
effect of an unknown variable, assuming that other 
slope parameters are known. In this study, 
sensitivity analysis was performed for the second 
groundwater state on three different parameters: 
Young's modulus, friction angle, and permeability. 
The choice of each of these parameters is because 

Young's modulus represents elastic behavior, the 
friction angle represents plastic behavior, and the 
permeability represents fluid flow behavior. The 
sensitivity analysis is done for the 36° optimal 
slope. The results quantify how ±20% variations in 
key parameters affect slope safety factors (SF), 
with all other properties held constant. This 
sensitivity analysis is reported in Table 8. 

Table 8. Sensitivity analysis of slope stability on three parameters: young modulus, the friction angle, and the 
permeability  

Base SF ࡱ variation ࣘ variation ࢑ variation 
SF (ܧ) SF (0.8 ܧ) SF (1.2 ܧ) SF (0.8 ߶) SF (1.2 ߶) SF (0.5 ݇) SF (2 ݇) 
1.25 1.25 1.25 1.04 1.43 1.23 1.26 
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The results in Table 8 showed that the effect of 
each parameter on the safety factor is different.  
Young modulus (ܧ) variations show zero influence 
on safety factor (SF=1.25 unchanged), confirming 
that elastic properties affect deformations but not 
shear failure mechanisms. Friction angle (߶) 
changes dominate stability, with -20% reduction 
causing 16.8% SF decrease (SF=1.04) and +20% 
increase yielding 14.4% SF gain (SF=1.43).  
Permeability (݇) adjustments have marginal effects 
due to effective drainage: halving permeability 
reduces SF by only 1.6% (SF=1.23), while 
doubling it increases SF by 0.8% (SF=1.26).  

The results demonstrate that while friction 
angle is the primary control on slope stability 
(±15% SF variability), permeability plays a 
secondary role (<2% SF change) in drained 
conditions, and Young's modulus is irrelevant for 
safety calculations. 

5. Conclusions 

In this paper, the aim was to assess numerically 
the effect of the groundwater and the whole slope 
angle on the slope stability of the wall in the open 
pit mine. Some roles, such as groundwater, 
geological structure, slope geometry, and rock 
mass strength, were considered to numerically 
analyze the slope stability. The input data for 
geomechanical and hydrogeological studies 
applied to the numerical models were obtained, 
respectively, using experimental tests and 
experimental equations. It should be noted that due 
to the limitation of experimental tests for 
measuring porosity and permeability of the rock 
mass, the remaining data are estimated using 
empirical equations that are expressed in the 
manuscript. Based on the numerical results, the 
main conclusions are drawn as follows: 

 The slope stability under dry conditions with the 
whole slope angle of 31 showed the safety factor 
of the final mine wall was 1.45, which results 
emphasize that numerical modeling can 
represent the real conditions. 

 The slope stability by considering the 
groundwater table with the whole slope angle of 
31 indicated the safety factor of the pit wall was 
1.21. By comparing the hydromechanical model 
and the model under dry conditions, the safety 
factor of the wall decreased by 0.24, which was 
a significant quantity.  

 The slope stability by considering the new 
groundwater level showed the safety factor of 
the final mine wall with the whole slope angle 
31 was 1.23, which results emphasize that the 

safety factor increased by 0.02 compared to the 
1st groundwater, which was the result of 
drainage and its importance. 

 The results of slope stability under dry 
conditions emphasized that the range of 31 to 36 
degrees is a suitable mine whole slope angle.  

 The slope stability results, considering the 
groundwater level, emphasized that the range of 
35 to 38 degrees is a suitable whole slope angle 
for the mine.  

 A better suggestion for the mine slope angle 
based on the average quantities of safety factor 
could be an angle of 36 degrees, which has both 
a higher safety factor and a lower stripping ratio 
than the current mine slope angle. This angle 
can increase economic profitability. 

 The sensitivity analysis was performed for the 
second groundwater state on three different 
parameters: Young's modulus, friction angle, 
and permeability. It was done for the 36° 
optimal slope. The results showed that the 
friction angle is the primary control on slope 
stability (±15% SF variability); also, 
permeability plays a secondary role (<2% SF 
change) in drained conditions, and Young's 
modulus is irrelevant for safety calculations. 
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بر   یشناسن ی زم  يهای ژگیو و  ینیرزمیتوده سنگ، سطح آب ز   تیفیک  واره،ید  بیهندسه ش معدن عمدتاً 
معدن روباز تحت   وارهید  بیش  يداریپا  لیمطالعه، تحل  نی. در اگذارندی م  ری معدن روباز تأث  کی  بیش  يداریپا
از معدن سنگ آهن   شدهيآورجمع   يهابر اساس داده   لیتحل  نیقرار گرفت. ا  یعوامل مختلف مورد بررس  ریتأث

معدن  یکیدروژئولوژیو ه   یکی ژئومکان  يابتدا پارامترها  ،ي ساخت مدل عدد  يانجام شد. برا  رجانیگهر در سگل
بر    وارهید  بیش  يداریپا  يعدد  يهاشدند. سپس، مدل   نییتع   یدانیو م  ی شگاهیآزما  يهاش ی با استفاده از آزما

استفاده از ت تفاضل محدود با  ا  یواقع  يهای ژگیساخته شدند. و  کیدرومکان یکوپل ه   لیحلاساس روش   ن یدر 
لمدل  انواع  ز  ،ی کیخواص ژئومکان  راتییتغ  ،يتولوژی ها شامل   وارهید  یواقع  بیو هندسه ش  ینیرزمیسطح آب 

مدل با در نظر   کیخشک،    طیمدل در شرا  کیبر اساس سه حالت مختلف که شامل    يعدد  يهااست. مدل 
 ب یش هیکه زاو دهدی نشان م ج یساخته شدند. نتا ، یزهکش ندیمدل پس از فرآ  کی و   ینیرزمیگرفتن سطح آب ز

  ی منیا بیضر ینیرزمیسطح آب ز ن،یدرجه است. علاوه بر ا 36را دارد،  یمنیا بیضر نیمعدن که بالاتر وارهید
مقا  واره ید  بیش  يداریپا فرآ  دهدی خشک کاهش م  طیبا شرا  سهیرا در   ی منیا  بیضر  تواندیم  یزهکش  ندیو 
 نیرا دارد. بنابرا  یمنیا  بیضر  نیشتریدرجه ب  36  یکل  بیش  هیدهد. در هر سه حالت، زاو  شیمعدن را افزا  وارهید
درجه   36در معدن    یکل  بیش  هیزاو  ،يبردارکاهش نسبت باطلهو    یمنیا  بیضر  شیافزا  يبرا  شودی م  شنهادیپ

  . .ابدی شیمعدن روباز افزا يدر نظر گرفته شود تا سودآور

    کلمات کلیدي 

  پایداري شیب دیواره 
  سازي هیدرومکانیکی مدل

  زهکشی 
  زاویه شیب کلی 

    ضریب ایمنی 

  
 
 
 


