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Abstract 

Slope stability assessment of open pit mines is critically important, since it forms part of the overall 

productivity and safety management strategy of the mines. This work aims to investigate the overall 

stability conditions of three (3) open pits in Gold Fields Limited, Tarkwa, Ghana. Field and laboratory 

investigations were conducted, as well as empirical methods. Finite element analysis (FEA) in 

Rocscience was carried out using the shear strength reduction technique. Results from the analysis 

revealed that the design planned for the pit walls was stable, with the critical strength reduction factor 

(SRF) of 5.45, 5.3, and 2.6, respectively, for Akontasi, Pepe, and Teberebie. However, critically and 

actively unstable zones, including potential failure mechanisms involving the oxides, transition, and the 

fresh rocks, have been revealed. From the analysis, there is potential for progressive failures in the pits. 

These will be propagated from the critical zones in the rocks. However, to ensure safe and efficient 

mining operations and optimize cost-effectiveness, targeted dewatering systems, especially dewatering 

wells and grout curtains, should be installed in the critical deformation zones to reduce water influxes, 

infiltration, and seepage into the pits. Also, effective monitoring programs should be intensified in the 

pit faces to avert any potential failure in the future. 
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INTRODUCTION 

The mining industry contributes hugely to the achievements of the Sustainable Development Goals 

(SDGs) and therefore operates in alignment with environmental, social, and governance stewardship 

(ESG). More importantly, the mining enterprise is a significant driver of socio-economic advancement 

worldwide through infrastructure development and job creation. Therefore, as stated by scholars, e.g., 

Mirzehi and Moradi Afrapoli [1], a comprehensive approach including the integration of economic 

development, environmental stewardship, and social welfare is required to pursue the SDGs in mining 

enterprises. Moreover, the increasing importance of 

sustainability has led to the incorporation of 

environmentally and socially responsible principles 

into modern mine design, ensuring that mining 

operations are aligned with the principles of 

sustainable development [2, 3]. 

 

As highlighted by scholars, e.g., Xu et al. [3], 

sustainable mining practices encompass five key 

aspects: economic viability, environmental 

stewardship, community engagement, safety 

protocols, and operational efficiency. Despite the 

importance of these factors, integrating them into the 

mining industry's internal decision-making 

processes is a daunting task. 
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Also, while the mining sector endeavors to attain the SDGs, it presents harmful economic, 
environmental, social, and governance impacts if it’s not pragmatic in its operations, especially in slope 
stability management. 

 
Scholars have indicated that slope stability is an integral component of the Slope Management Plan 

(SMP). Modeling and prediction of slope instability are important phases of the SMP, utilized by mine 
practitioners at both design review and operational stages of a mine’s life to categorize the risks of a 

mine slope. Different approaches have been proposed and used by experts and scholars to model mine 

slope stability. The limit equilibrium methods have been utilized and are still in use in mine slope 
stability modeling [4–6]. However, experts and scholars, e.g., Raghuvanshi (2019) [7], pinpointed some 

factors affecting the factor of safety (FOS) in the limited equilibrium methods, including the geometry 
of the slope, failure plane characteristics, water forces, and external triggering factors. 

 
To overcome the shortcomings of the limit equilibrium methods, numerical methods have been 

developed and utilized for mine slope modeling [8, 9]. In literature, the finite difference method (FDM), 
finite element method (FEM), boundary element method (BEM), distinct element method (DEM), 

discontinuous deformation analysis (DDA), and bonded particle model (BPM) are employed in 
numerical modeling, having the ability to handle material heterogeneity, non-linearity, and boundary 

conditions.  
 

Precisely, authors have indicated some power and flexibility regarding the FEM, as it eliminates a 
priori assumptions on the shape and location of failure surfaces, eliminates assumptions regarding the 

inclinations and locations of interslice forces, can model progressive failure, calculate deformations at 
slope stress levels, and is robust enough to perform successfully under a wide range of conditions. 

 

This study aimed to assess the stability conditions of Gold Fields Ghana Limited, Tarkwa, using input 
parameters from geological and geotechnical investigations. Based on studies, e.g., Pigois et al. (2003) 

and Seidu et al. (2023) [10, 11], the study area is composed of three lithological units, including 
conglomerates, quartzites, and phyllites, hosted in the Banket Series in the Tarkwa Concession area.  

 
Also, intrusive rocks such as dykes and sills penetrated these sedimentary units, which are weathered. 

Structurally, the major features found on the mine site are characterized by sub-vertical features, 
intersecting the mine slopes at various points, with varying continuities, depending on the degree of 

disturbance within the slope areas. Experts and scholars identified the varying continuities of these 
features to impact the stability conditions of the mine slopes. Also, these features provide pathways for 

groundwater migration. Moreover, the degradation of infill materials within these structures has been 
pointed out as a primary cause of instability in the pit faces. 

 
Therefore, detailed geological mapping and slope stability analysis were conducted to ascertain the 

safety conditions of the mine pits. Geological mapping based on systematic mapping was employed in 
Akontasi, Pepe, and Teberebie pits to obtain structural characteristics, failure modes, groundwater 

seepages, and shear zones in the pit faces. However, finite element analysis (FEA) is based on the stress 
reduction factor (SRF) to determine the stability conditions of the slopes, for optimization purposes. 

 

THE CASE STUDY AREA 

Overview 

The Tarkwa Gold Fields are located near the town of Tarkwa (Figure 1), characterized by distinct 
ridges, influenced by the underlying geological structure. The drainage system in the area is mainly 

tributaries flowing westwards. The average yearly precipitation in the Tarkwa area is approximately 
2030 mm, with a variable rainfall pattern. Studies, e.g., Avane and Saayman AF (2007) and Seidu and 

Ewusi (2018) [12, 13] revealed that the mine area complex structural geology and extreme rainfall 
patterns pose enormous challenges to the design and maintenance of stable slopes and pit 

depressurization (Figure 1). 
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Figure 1. Location map of Tarkwa and the gold fields gold mine (after [14]). 

 

 
Figure 2. Local geology of Tarkwa Gold Mine area (after [14]). 
 

Geological Setting of the Tarkwa Mine 

The Tarkwa mine is dominated by the Banket Series, consisting of footwall and hanging wall barren 

quartzite, separated by a sequence of mineralized conglomerates and pebbly quartzites (Figure 2). The 
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stratigraphy of the quartzite units consists of auriferous reefs interbedded with barren immature 

quartzites. Structurally, the Tarkwaian belt has been subjected to moderate folding. Also, the ore bodies 

are cut by numerous faults, which generally run perpendicular to the strike and are predominantly 

reverse faults. A number of igneous intrusions also cut the reef ore bodies and can cause areas to be 

sterilized in Figure 2. 

 

MATERIALS AND METHODS 

Geological Field Mapping 

The pits in Goldfields Ghana Limited, Tarkwa, contain various structures of varying degrees of 
attitudes. Therefore, rock face mapping was conducted by the author based on the ASTM (American 

Society for Testing and Materials) and ISRM (International Society for Rock Mechanics and Rock 
Engineering) standards. The purpose was to assess the walls to identify major structures that could 

impact slope stability. Also, it is aimed at determining structural characteristics, possible failure modes, 
shear zones, geological strength index (GSI), and groundwater seepages on wall surfaces for subsequent 

numerical modeling. During the mapping, structural attitudes were assessed, felt, measured, and 

recorded for in-situ or undisturbed structures. The attitudes included: dip, dip direction, weathering, 
alteration, mineralization, seepage, rock quality designation (RQD), spacing, continuity, roughness, 

infilling, and joint wall hardness. The dip and dip direction were measured with the structural compass. 
However, weathering, alteration, seepage, and roughness were qualitatively assessed by inspection and 

inference from standards. The alteration was assessed based on the natural stains on joint wall surfaces, 
whereas roughness was assessed based on feelings (micro) by fingers and observable features (macro) 

on joint wall surfaces. The macro features included: planar, undulating, and stepped; however, the micro 
features included: slickensides, smooth, and rough. Both spacing and continuity were determined using 

the tape measure. The RQD was determined for a 100 cm span stretch structure with the same 
orientation. The structures within the 100 cm stretch, which were less than 10 cm, were ignored, whereas 

those equal to or greater than 10 cm were summed to give the RQD of that set. 
 

The Geological Strength Index 

The rock mass in the Goldfield concession area consists of varying strengths, and therefore, GSI was 

determined for the various lithologies in the pits. It is an estimate of the rock mass strength and the rock 
mass deformation modulus. In literature, the GSI system is a description of two factors: rock structure 

and block surface conditions. Therefore, the GSI was determined using RQD and joint condition, 

JCond89 [15], adopting the chart [16]. The GSI was used as input to determine Hork-Brown parameters 
for subsequent numerical modeling. The procedure and guidelines used for the determination of GSI in 

pits are summarized and presented in Tables 1–3, respectively, in Figures 3–6. 
 

The Hoek-Brown Parameters 

The FEM in Rocscience was utilized to numerically estimate the peak and residual values of the 

Hoek-Brown parameters. The peak Hoek-Brown parameters are: 𝑚𝑏, a, and s, whereas the residual 

parameters are: 𝑚𝑟, 𝑠𝑟 and 𝑎𝑟. The finite element estimates these parameters based on the GSI values, 

the disturbance factor (D = 1) for controlled large open pit production blasting and overburden removal 
[17], the joint surface condition (roughness, weathering, and infilling), and block size (joint spacing, 

joint orientation, number of joint sets, and joint persistence). The results of the peak and residual values 
of these parameters are presented in Table 5. 

 
The Joint Shear Strength Characteristics 

A quantitative characterization of the joints, or joint sets, in order to provide three input parameters, 

was conducted by the author based on Barton-Bandis criterion. These are: joint surface roughness (JRC: 
joint roughness coefficient), the joint wall compressive strength (JCS: joint compressive strength), and 

an empirically derived estimate of the residual friction angle (φr). As presented in literature, these three 
parameters have typical ranges of values from: JRC = 0 to 20 (smooth-planar to very rough-undulating), 

JCS = 10 to 200 MPa (weak-weathered to strong, unweathered), and φr =20° to 35° (strongly weathered-
fresh unweathered). 
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Table 1. Input parameters for finite element analysis in Akontasi. (a) Physical properties, elastic 
constants, and Mohr-Coulomb parameters. (b) Hoek-Brown parameters. (c) Barton-Bandis parameters. 

(a) Physical properties, elastic constants, and Mohr-Coulomb parameters 

Materials Physical 

property 

Elastic constants Mohr-Coulomb parameters 

Material name Color 𝛾 

(𝑘𝑁/𝑚3) 

E 

(kPa) 
𝑣 𝛿𝑡 

(kPa) 

𝜑 

(Deg) 

C 

(kPa) 

Oxide  
 

22 300000 0.28 17 29 65 

Transition  
 

23.55 9.8e6 0.26    

Transition intrusion  
 

22.5 200000 0.39    

Fresh quartzite 
 

27 2.3e6 0.19    

Fresh intrusion 
 

24.9 3.5e6 0.38    

Fresh conglomerate 
 

27.1 2e6 0.22    

(b) Hoek-Brown parameters 

Material name Color UCS 

(kPa) 

𝑚𝑏 𝑚𝑏𝑟 𝑠 𝑠𝑟 𝑎 𝑎𝑟 

Oxide  
 

       

Transition  
 

75000 2.90711 2.90711 0.011109 0.011109 0.501071 0.501071 

Transition intrusion  
 

40000 2.88148 2.88148 0.018316 0.018316 0.500838 0.500838 

Fresh Quartzite 
 

150000 3.35355 3.35355 0.015504 0.015504 0.500911 0.500911 

Fresh intrusion 
 

90000 3.09483 3.09483 0.021637 0.021637 0.500771 0.500771 

Fresh conglomerate 
 

148000 4.06196 4.06196 0.021637 0.021637 0.500771 0.500771 

(c) Barton-Bandis parameters 

Joint  Color 𝜑𝑟 JCS 

(kPa) 

JRC Kn 

(kPa/m) 

Ks (kPa/m) 

Joint 1 
 

28 65000 9 20000 15000 

 

Joint Roughness Coefficient 

As stated by Barton (2023) [18], roughness is an essential component of the shear strength of rock 

joints, particularly in the case of unfilled joints. In literature, among the joint roughness parameters, the 

joint roughness coefficient (JRC) is the most widely used in practice. It is used for evaluating rock joint 

shear strength and quantifying roughness and, therefore, is adopted by the standards for the description 

of discontinuities [18]. The conventional visual comparison method was adopted by the author for the 

estimation of JRC. It was done by using the mapped rock faces as presented in Tables 1–3 and in 

comparison with the adopted roughness profile [19]. Authors acknowledged this approach as it surpasses 

the experimental methods, e.g., direct shear test, tilt test, and push or pull test) and the amplitude/length 

test, as these methods are subject to experimental and human errors in measurement. 

 

Joint Compressive Strength 

The author adopted the Schmidt rebound hammer approach to estimate the joint compressive strength 

(JCS) as proposed [20], illustrated in Figure 3 using the adopted [21] standards. During the field 

estimation of JCS, the standard type-L hammer was used. About twenty (20) rebound readings were 

taken along horizontal impact surfaces, to avoid normalization due to non-horizontal (gravitational 

effects) impact directions [22]. The data reduction process was carried out by removing the lowest 

readings attributed to the presence of hidden cracks and averaging the others by the author. Each impact 

point was separated by at least two plunger diameters. The mean values were used to estimate the JCS 

using the adopted [20] chart. 
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Table 2. Input parameters for finite element analysis in Pepe: (a) physical properties, elastic constants, 

and Mohr-Coulomb parameters, (b) Hoek-Brown parameters, (c) Barton-Bandis parameters. 
(a) Physical properties, elastic constants, and Mohr-Coulomb parameters 

Materials Physical 

property 

Elastic constants Mohr-Coulomb parameters 

Material name Color 𝛾 

(𝐾𝑁/𝑚3 

E 

(kPa) 

𝑣 𝛿𝑡 
(kPa) 

𝜑 

(Deg) 

C 

(kPa) 

Oxides  
 

22 2.8e6 0.29 25 28 60 

Transition quartzite 
 

23.9 1.15e7 026    

Intrusion dolerite  
 

25 7e6 0.32    

Fresh quartzite 
 

26.5 2.4e6 0.19    

Fresh conglomerate  
 

26 1.95e7 0.21    

(b) Hoek-Brown parameters 

Material name Color UCS 

(kPa) 
𝑚𝑏 𝑚𝑏𝑟 𝑠 𝑠𝑟 𝑎 𝑎𝑟 

Oxides  
 

       

Transition quartzite 
 

74000 2.70671 2.70671 0.009404 0.009404 0.50116 0.50116 

Intrusion dolerite  
 

90000 4.11832 4.11832 0.042144 0.042144 0.500541 0.500541 

Fresh quartzite 
 

145000 3.86853 3.86853 0.021637 0.021637 0.500771 0.500771 

Fresh conglomerate  
 

143000 5.4053 0.590429 0.042144 0.00024 0.500541 0.505734 

(c) Barton-Bandis parameters 

Joint  Color 𝜑𝑟 JCS 

(kPa) 

JRC Kn 

(kPa/m) 

Ks (kPa/m) 

Joint 1 
 

28 65000 9 100000 10000 

Joint 2 
 

28 65000 9 100000 10000 

Minor fault  
 

15 15000 9 100000 10000 

 

Residual Friction Angle (φr) 

The tilt test approach was used to estimate the residual friction angle (φr) of joints in the open pits 

based on the study by Barton (2014) [23]. In the test, the tilt angle (𝛼) of joint sets was first estimated. 

Two blocks forming the joint were extracted gently from the rock mass in each pit. The upper block was 

weighed gently with a balance, and the contact area was estimated. One block (upper block) was placed 

on top of the other (lower block), with the joint resting on a horizontal plane. The two-block set was 

made to progressively turn, but prevent the interaction with the upper block, the one that will have to be 

in contact according to its own weight, without external forces. An angle measurement was done with a 

compass on the joint. Once the upper block started to slide, the test was stopped. 

 

The angle between the joint and the horizontal plane gives the angle of inclination 𝛼. Equation (1) 

below was then used to estimate the residual friction angle. The estimation was done on two different 

joint sets to obtain the average residual friction angle. 

𝐽𝑅𝐶 =
𝛼−𝜑𝑟

𝑙𝑜𝑔10
𝐽𝐶𝑆

𝑎𝑛𝑜

  (3) 

Where,  

𝐽𝑅𝐶 is the joint roughness coefficient 

𝛼 is the joint tilt angle 

 

𝐽𝐶𝑆 is the joint compressive strength and 𝑎𝑛𝑜 is the normal stress on the joint corresponding to the 

normal component of the weight divided by the apparent contact area. 
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Table 3. Input parameters for finite element analysis in Teberebie: (a) physical properties, elastic 
constants and Mohr-Coulomb parameters, (b) Hoek-Brown parameters, (c) Barton-Bandis parameters. 

(a) Physical properties, elastic constants, and Mohr-Coulomb parameters 

Materials Physical 

property 

Elastic constants Mohr-coulomb parameters 

Material name Color 𝛾 

(𝑘𝑁/𝑚3 

E 
(kPa) 

𝑣 𝛿𝑡 
(kPa) 

𝜑 

(Deg) 

C 
(kPa) 

Oxides  
 

22 2.8e6 0.28 25 31 60 

Transition quartzite  
 

24 1.2e7 0.22    

Intrusion dolerite  
 

26 1.12424e7 0.32    

Fresh quartzite  
 

26 2.5e7 0.22    

Fresh conglomerate  
 

27 1.9e7 0.20    

(b) Hoek-Brown parameters 

Material name Color UCS 

(kPa) 
𝑚𝑏 𝑚𝑏𝑟 𝑠 𝑠𝑟 𝑎 𝑎𝑟 

Oxides  
 

       

Transition quartzite 
 

75000 2.34638 0.211283 0.006738 0.000123 0.501355 0.507551 

Intrusion dolerite  
 

120000 1.877111 0.98696 0.006738 0.001503 0.501355 0.502644 

Fresh quartzite 
 

150000 1.2337 1.2337 0.001503 0.001503 0.502644 0.502644 

Fresh conglomerate  
 

160000 3.52122 3.52122 0.015504 0.015504 0.500911 0.500911 

(c) Barton-Bandis parameters 

Joint  Color 𝜑𝑟 JCS 
(kPa) 

JRC Kn 
(kPa/m) 

Ks 
(kPa/m) 

Joint 1 
 

28 65000 9 20000 15000 

 
Joint Normal Stiffness (𝑲𝒏) and Shear Stiffness (𝑲𝒔) 

The finite element in Rocscience numerically estimates the normal and shear stiffness of the joints 
based on JRC, JCS, and 𝜑𝑟, adopting the Barton-Bandits slip criterion. The results of 𝐾𝑛 and 𝐾𝑠 are 
summarized and presented in Table 5. 
 

FINITE ELEMENT MODELING 

The author performed finite element analysis (FEA) utilizing Rocscience, RS2, which is capable of 

calculating stress and strain distributions and displacements at various stages of mining. The purpose of 
the FEA was to determine the critical stress reduction factor SRF and the total displacement of the rocks 

on the pit faces, in addition to evaluating stress and strain distributions. This would determine the overall 
stability conditions of the pits. Also, it is aimed to provide slope stability counter measures in order to 

avert any slope failure catastrophe. 
 

The FEA was carried out at the hanging walls in order to ascertain the overall slope stability 

conditions. Studies reported that joints form the final phase of deformation in the concession area. Two 

sets of near-vertical joints have been identified, striking north-south (NS) and east-west (EW), the 

former being open and the latter having quartz infill. A third, less well-developed set of joints striking 

north-west (NW) is also found in Teberebie. These combinations of joint orientation and bedding plane 

dip may result in bench and high wall stability problems. 

 

These structural characteristics, as identified during field mapping, warranted the hanging wall slope 

stability analyses. However, the footwall, which is relatively gentle and stable, is being used for the 

waste rock dump. 
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Figure 3. Estimate of joint wall compressive strength from Schmidt hammer rebound hardness 

(adopted [20]). 

 

 
Figure 4. Established geometrical model of Akontasi pit. 
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Figure 5. Established a geometrical model of the Pepe pit. 

 

 
Figure 6. Established a geometrical model of the Teberebie pit. 
 

As indicated by Zienkiewicz (2005) [24], finite element is one of a continuum of problems such that 
the continuum is divided into a finite number of elements, the behavior of which is specified by a finite 
number of parameters. As pointed out by Blachowski and Ellefmo (2012) [25], the general form of the 
FEM includes discretization of the continuum into a finite number of elements, analysis of particular 
elements of the discrete, formulation and solving a set of equations describing the model, and 
calculations of displacement, stress, and strain values. In view of this, three established models, as 
presented in Figures 4–6, were used for the finite element analyses of the pits in Akontasi, Pepe, and 
Teberebie, respectively. These models consist of quartzite, conglomerate, and intrusion as materials in 
the three zones of mining. 

 
These mining zones are the oxides (heavily weathered zone), transition zone (slightly weathered), and 

fresh rocks (unweathered). 
 
For the oxides, the slope angle is 55° with a bench width of 8 m and a bench height of 12 m. Likewise, 

both the transition and the fresh rocks have slope angles of 90° each with a bench width of 8 m and a 
bench height of 18 m each, as indicated in the models below. 

 
The input parameters used for FEA consist of shear strength properties of intact core specimens, 

physical properties of intact core specimens, and shear strength of joints (Tables 1–3). 
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CASE STUDY APPLICATION 

Data Description 

The slope faces have three sets of structures based on their orientations. These joint sets are sub-
vertical structures as observed in their dip amounts. The predominant structures have a dip and dip 

direction of about 85°/220 dipping favorably into the pit faces. The slope faces are dry, and there is no 
evidence of groundwater seepage within structures except at Teberebie, where there are isolated cases 
of moist conditions. These sub-vertical structures may be responsible for wedge and toppling failures as 
evidenced on the pit faces. The structures are typically straight, planar, and slightly rough with a 
maximum continuity length dip and strike of about 12 m and 10 m, respectively. 
 

As presented in Tables 4, 5, and 6, the RED sandstone and GSI obtained from the slope faces suggest 
that the lithologies are generally good and highly competent, rough, slightly weathered, with iron-
stained surfaces. 
 

Table 4. GSI in Acontias. 
Lithology Conglomerate Quartzite Intrusive 

RED% 80 75 70 75 70 80 75 

0.5RQD% 40 37.5 35 37.5 35 40 37.5 

Weathering  Slightly Slightly Slightly Slightly Slightly Moderately Moderately 

Alteration Slightly Slightly Slightly Slightly Slightly Slightly Slightly 

Roughness  Slightly Slightly Slightly Slightly Slightly Slightly Slightly 

JCond89 
(Bieniawski, 1989) 

25 25 25 25 25 25 25 

1.5JCond89 37.5 37.5 37.5 37.5 37.5 37.5 37.5 

GSI 77 
(App. A1a) 

75 
(App. A1b) 

72 
(App. A1c) 

75 
(App. A2a) 

72 
(App.A2b) 

77 
(App. A3b) 

75 
(App. A3a) 

 

Table 5. GSI in Pepe. 
Lithology Conglomerate Quartzite/quartz vein intrusive 

RQD% 75 75 66 65 

0.5RQD% 37.5 37.5 33 32.5 

Weathering  Slightly Slightly Slightly Slightly 

Alteration Slightly Completely Completely Completely 

Roughness  Slightly Slightly Slightly Slightly 

JCond89 (Bieniawski, 1989) 25 25 25 25 

1.5JCond89 37.5 37.5 37.5 37.5 

GSI 75 (App. B2a) 75 (App. B1c) 70(App. B1b) 70 (App. B1a) 

 

Table 6. GSI in Teberebie. 
Lithology Conglomerate Quartzite/Mafic intrusive 

RQD% 100 90 85 75 75 75 70 70 

0.5RQD% 50 45 42.5 37.5 37.5 37.5 35 35 

Weathering  Slightly  Slightly Slightly Slightly Slightly Fresh Slightly Fresh 

Alteration Slightly Slightly Slightly Slightly Slightly Slightly Slightly  Slightly  

Roughness  Slightly Slightly Slightly Slightly  Slightly Slightly Slightly  Slightly  

JCond89 
(Bieniawski, 
1989) 

25 25 25  25 25 30 25 30 

1.5JCond89 37.5 37.5 37.5 37.5 37.5 45 37.5 45 

GSI 90 
(App. 
C2d) 

85 
(App. C2c) 

80 
(App. C2b) 

75 
(App. C2a) 

75 
 (App. C1b) 

81.5 
 (App. C1a) 

72 
(App. C1c) 

80 
(App. C1d) 
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Moreover, in Teberebie, there are some fresh unweathered surfaces, such as the quartzites, present in 

some points. In addition, based on the macro and micro roughness scale, the roughness profile obtained 

in the slope faces in the mine is slightly undulating, planar, and rough. Juxtaposing this to the adopted 

[19] roughness profile gives an estimated JRC of about 8 to 10 in the mine (Figure 7). 

 

Also, the average rebound number of rocks in Akontasi, Teberebie, and Pepe pits is found to be 37, 

36, and 37, respectively. The average rebound number, however, is found to be 2 along the minor fault 

plane in Pepe. From the adopted [20] chart in Figure 8, the estimated JCS is found to be 65 MPa in the 

mine pits. Meanwhile, the JCS is found to be 15 MPa along the minor fault plane in Pepe pit, as indicated 

in Figure 8 and presented in Table 7. 

 

 
Figure 7. Roughness profile and corresponding JRC values (after [19]). 

 

Table 7. Estimated JCS. 

 Rebound number Unit weight (kN/m3) JCS (MPa) 

Akpntasi  37 23.5 65 

Teberebie  36 24.0 65 

Pepe  37 23.5 65 

2 23.5 15 

Jrc = 0–2 

Jrc = 2–4 

Jrc = 4–6 

Jrc = 6–8 

Jrc = 8–10 

Jrc = 10–12 

Jrc = 12–14 

Jrc = 14–16 

Jrc = 16–18 

Jrc = 18–20 

0 5 cm 10 
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As stated by Barton et al. (2023) [18], roughness is an essential component of the shear strength of 

rock joints. The JRC, which is a joint roughness parameter, is used for evaluating rock joint shear 

strength. Also, JCS, which is dependent on JRC, is a function of joint roughness. The joint roughness 

characteristics among the rock faces in the pits are similar. They are generally slightly undulating, planar, 

and rough. This accounted for similar values of JCS and the residual friction angle in the pits. However, 

due to heavy weathering and shearing along the minor fault zone, its JCS is found to be much smaller 

(15 MPa) (Figure 8). 

 

 
Figure 8. Estimated JCS from [20] Chart (a) Akontasi and Pepe (red), (b) Teberebie (yellow), (c) Pepe 

minor fault (green). Furthermore, the residual friction angle as presented in Table 8 is on average 28° 
in the mine pits, indicating highly competent rocks. 
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Table 8. Estimated residual friction angle (𝜑𝑟). 

Pit  Joint JRC JCS 

(MPa) 

𝜶 W 

(kN) 

A 

(cm2) 

𝒂𝒏 

(
𝑾

𝑨
) 

(MPa) 

𝒂𝒏𝒐 

(𝒂𝒏𝒄𝒐𝒔𝜶) 
(MPa) 

𝝋𝒓 

(Deg) 

Akontasi Set one 9 65 31 7.0 2.0 35 30.0 28.0 

Set two 9 65 29 9.5 1.8 53 46.5 27.7 

Teberebie Set one 9 65 30 8.8 1.8 49 42 28.3 

Set two 9 65 29.5 9.1 1.8 52 45 28.1 

Pepe  Set one 9 65 30 9.0 2.0 45 39 28.0 

Set two 9 65 30.2 9.0 2.0 45 39 28.2 

Fault 

(minor) 

9 65 18.0 6.8 2.0 34 32.5 15.2 

 

Finite Element Analysis 

During the FEA, six node triangles were utilized for discretization. The approach utilized the stress 

reduction factor SRF method to evaluate the critical stress reduction factor (critical SRF) and 

deformation of rocks in pit faces. During the analysis, field stress and body force were considered as the 

initial element loading. This is because the stresses were due to both in-situ stresses and stresses due to 

the surroundings. The surrounding stresses are mining-induced, due to weathering, due to blasting 

effects, and a change in structural orientation. Additionally, the analyses were conducted independently 

within the three distinct operational mining zones based on their failure criteria. These zones, thus the 

oxides, transition zone, and the fresh rocks, have specific and distinct rock properties and failure modes. 

 

In the oxides, the analysis was based on the Mohr-Coulomb criterion since the failure mode was 

predominantly circular. However, within the transition and the fresh rocks, the analyses were based on 

the generalized Hoek-Brown criterion since the failure modes were variable (predominantly planar, 

wedge, and toppling). Furthermore, Barton-Bandis joint slip criterion was considered for modeling the 

joint shear strength. As stated by Barton (2023) [18], the Barton-Bandis joint model provides a nonlinear 

shear strength envelope for rock joints and therefore allows the shear strength and normal stiffness of 

rock joints to be estimated. Moreover, wedge failures were predominantly encountered during the field 

mapping and were due to sub-vertical joint intersections. For this reason, these joints were considered 

for the finite element analyses. Also, the Pepe open pit is cut by a number of east-west striking, near-

vertical transverse minor faults and therefore illustrated in the Pepe model (Figure 5). 

 

The steps involved in the modeling procedure are constructing a geometrical model based on the mine 

plan and the geological characteristics of the rock mass, discretizing the model, defining the boundary 

conditions and stresses, defining and assigning material properties for the three zones in the model, 

performing calculations, and visualizing and interpreting results. The FEA was performed using input 

parameters in Tables 4, 5, 6, 7, and 8. Also, the analysis used the shear strength reduction method (SRF) 

to analyze and evaluate the critical SRF, displacements, and stress and strain distributions around the pit 

faces. The analysis was done with Rocscience RS2 software. 

 

Models Developed 

In the finite element analyses, the models generated consist of horizontal displacement, vertical 

displacement, total displacement contours, and the maximum shear plastic strain. These models help 

evaluate stress and strain distribution, slope deformation, and the overall slope stability condition. 

Specifically, the horizontal, vertical, and total displacement contours determine the deformation rate of 

the slopes. The strain contours, however, determine the strain distribution around slope faces. The oerall 

condition of the slopes is, however, ascertained by the critical SRF (Figures 9–12). 
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Figure 9. Total displacement contours in (a) Akontasi, (b) Pepe, (c) Teberebie open pit. 

 

Comparison of Models Developed 

The FEM is a powerful approach utilized by experts and scholars to assess the stability of slopes under 

varying stress conditions. The critical SRF obtained from the FEA is a robust variable for inferring the 

general stability condition of a rock slope. When its value is greater than 1, the slope is stable; otherwise, 

Total 

Displacement 

Min (stage); 0.00e+000n 

0.000e +000 

3.10e-001 

6.20e-001 

9.30e-001 

1.24e+000 

1.55e+000 

1.86e+000 

2.17e+000 

2.48e+000 

2.79e+000 

3.10e+000 
Max (stage): 3.09e+000n 

Critical SRF: 5.45 

Total 

Displacement 

min (stage): 0.00e+000m  

0.000e +000 

9.00e-003 

1.80e-002 

2.70e-002 

3.60e-002 

4.50e-002 

5.40e-002 

6.30e-002 

7.20e-002 

8.10e-002 

9.00e+002 
Max (stage): 8.94e-002m 

Critical SRF: 5.3 

Total 

Displacement 

min (stage): 0.00e+000m  

0.000e +000 

6.70e-001 

1.34e+000 

2.01e+000 

2.68e+000 

3.35e+000 

4.02e+000 

4.69e+000 

5.36e+000 

6.03e+000 

6.70e+000 
Max (stage): 6.67e+000 

Critical SRF: 2.4 

(a) 

(c) 

(b) 
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it is unstable. From the results, the overall stability conditions of the slopes are very stable in accordance 

with the planned design, since the critical SRF values are far greater than 1, as depicted in Table 9. The 

order of stability as obtained from the FEA is Akontasi > Pepe > Teberebie.  

 

         

                                                     

   

Figure 10. Horizontal displacement contours in (a) Akontasi, (b) Pepe, (c) Teberebie open pit. 

Horizontal 

Displacement 

min (stage): -2.04e+000m  

-2.10e+000 

-1.83e+000 

-1.56e+000 

-1.29e+000 

-1.02e+000 
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Figure 11. Vertical displacement contours in (a) Akontasi, (b) Pepe, (c) Teberebie open pit. 

 

The high stability of the pit slopes is evidenced by the GSI values and the roughness profile of the 

structures, which is an indication of strong and highly competent rocks present in the mine slopes. The 

SRF, however, is influenced by various factors, including: the presence of weak zones, rock stress levels, 

squeezing or swelling ground conditions, and the rock mass quality. Though the rocks in Teberebie are 

Vertical 
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-1.96e-002 

-5.96e-003 
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-1.84e+000 
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-2.20e-001 

5.90e-001 

1.40e+000 
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strong and highly competent, it has the lowest SRF value due to the weak zone revealed in the total 

displacement contour, having a critical displacement of 6.67 m. Also, as shown in Table 9, Teberebie 

leads with critical horizontal and vertical displacements, in addition to the shear plastic strain. 

 

      

                                                        

 

Figure 12. Maximum shear plastic strain contours in (a) Akontasi, (b) Pepe, (c) Teberebie open pit. 
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Table 9. Summary of results from the FEA. 

Pit Critical SRF Critical readings 

Horizontal 

displacement (m) 

Vertical 

displacement (m) 

Total 

displacement (m) 

Shear plastic 

strain 

Akontasi 5.45 0.541 0.354 3.09 0.123 

Pepe 5.3 0.015 0.0893 0.0894 0.0325 

Teberebie 2.6 1.59 1.37 6.67 1.92 

 

The displacement contours show the distribution of displacement of structures around the pit faces. 

These contours reveal the overall deformation patterns, identify potential failure zones, and indicate 

underlying failure mechanisms such as sliding, settlement, and subsidence. In Akontasi, the benches 

show some active behavior of total displacement with a potential sliding behavior from the crest to the 

foot. However, in Pepe and Teberebie, the benches show some regressive behavior in total displacement, 

illustrating some relative stability of the slope benches. The horizontal and vertical displacements show 

directional movement of slope structures and are essential to evaluate the directional movement of 

structures in the slope. These contours indicate the potential for slope instability, identify deformation 

patterns, and may reveal localized failures. The oxides in the mine pits experienced the highest 

horizontal displacement, revealing a higher risk of instability. The fresh rocks, however, experienced the 

highest vertical displacement. The shear plastic strain contours visualized the shear strain distribution 

around the pit faces. These contours also reveal potential failure zones and strain localization. The 

contours revealed that the pit slopes have minimal shear strain distribution, illustrating a higher stability 

of the pit slopes. 

 

VALIDATION WITH LITERATURE 

A comprehensive evaluation of an open pit mine was conducted using FEA in Rocscience. The 

strength reduction factor (SRF) in Rocscience was utilized to assess the stability conditions of the mine 

slopes. The results unequivocally showed that all the pit slopes are stable with the critical SRF of 5.45, 

5.3, and 2.6, respectively, for Akontasi, Pepe, and Teberebie open pits. This is evident from the high GSI 

values depicting strong and highly competent rocks in the mine pits. The findings underscore the 

effectiveness of the strength reduction factor in assessing the stability of mine rock slopes. The findings 

are also consistent with previous studies that have proven effective in mine slope stability assessment. 

For example, Díaz-Durán [26] found the SRF of an open pit with thin weak layers at various excavation 

stages to be 3.26, 2.32, and 1.46 during a static evaluation of the slope utilizing the strength reduction 

factor. Also, Wang et al. (2024) [27] conducted a static stability analysis of the Fushun West open pit 

mine in China and found the SRF of 1.55. Moreover, You et al. (2018) [28] investigated three slope 

configurations composing of shale and siltstone formation with some volcanics, for three stage inter 

ramp angles of 43°, 49° and 54° and obtained the equivalent FOS of 1.96, 1.87 and 1.40 for the 

generalized Hoek-Brown failure criterion and 2.76, 2.00 and 1.96 for Mohr-Coulomb failure criterion 

under dry slope for the three configurations, respectively. 

 

LIMITATIONS OF THE STUDY 

While this study offers a valuable assessment of the surface mine stability condition from the shear 

strength reduction analysis, there are several limitations that should be acknowledged. Firstly, the FEA 

may not fully capture the complex behavior of the rock mass. Uncertainties in input parameters, such as 

rock properties and in-situ stress conditions, may affect the accuracy of the FEA. Moreover, the choice 

of mesh size and discretization may affect the accuracy of the FEA (Appendix). 

 

CONCLUSION 

FEA was conducted for three (3) open pits in Goldfields Ghana Limited, Tarkwa. The analysis was 

conducted to ascertain the overall stability conditions of the pits, the deformation, and stress and strain 

distributions around the pit faces. Results from the overall rock mass stability analyses revealed that the 
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design planned for the pits' walls, namely Akontasi, Teberebie, and Pepe, were stable. However, three 

(3) regimes of deformations were revealed, namely: regressive, active, and critical. Around the pit faces, 

the deformation was mainly active. Critical deformation was, however, revealed behind the pit faces, 

illustrating zones of instability. The oxides experienced the highest horizontal displacement, particularly 

the Akontasi open pit, revealing a higher risk of instability. The fresh rocks, however, experienced the 

highest vertical displacement as a result of settlement. 

 

Hence, to ensure safe and efficient mining operations and optimize cost-effectiveness, targeted 

dewatering systems, especially dewatering wells and grout curtains, should be installed in the critical 

deformation zones to reduce water influxes, infiltration, and seepage into the pits. Also, an effective 

monitoring system, such as GroundProbe, should be installed to monitor deformations of the pit's faces. 
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APPENDICES 

Appendix A 

Appendix A1. Determination of GSI of conglomerate in Akontasi (a) RQD = 80% (green), (b) RQD = 

75% (black), and (c) RQD = 70% (blue) (Figures A1 and A2). 

 

Appendix A2. Determination of GSI of quartzite in Akontasi (a) RQD =75% (yellow), (b) RQD = 70% 

(blue). 

 

 
Figure A1. Determination of GSI of conglomerate in Akontasi. 

 

 
Figure A2. Determination of GSI of quartzite in Akontasi. 
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Appendix A3. Determination of GSI in intrusive in Akontasi (a) RQD =75% (green), (b) RQD = 80% 

(blue) (Figure A3). 

 

 
Figure A3. Determination of GSI in intrusive in Akontasi. 

 

Appendix B 

Appendix B1. Determination of GSI of quartzite/quartz vein in Pepe (a) RQD =65% (green), (b) RQD 

= 66% (black), (c) RQD = 75% (blue) (Figure B1). 

 

 
Figure B1. Determination of the GSI of quartzite/quartz vein in Pepe. 
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Appendix B2. Determination of GSI of conglomerate in Pepe (a) RQD = 75% (blue) (Figure B2). 

 

 
Figure B2. Determination of the GSI of conglomerate in Pepe. 

 

Appendix C 

Appendix C1. Determination of GSI of quartzite/mafic intrusion in Teberebie (a) RQD =75% (fresh), 

(b) RQD = 75% (slightly weathered, (c) RQD = 70% (slightly weathered (d) RQD = 70% (fresh) (Figure 

C1). 

 

 
Figure C1. Determination of GSI of quartzite/mafic intrusion in Teberebie. 
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Appendix C2. Determination of GSI of conglomerate in Teberebie (a) RQD =75% (yellow), (b) RQD = 

85% (green), (c) RQD = 90% (green), (d) RQD = 100% (green) (Figure C2). 

 

 
Figure C2. Determination of GSI of conglomerate in Teberebie. 


