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1. Introduction 
 

Reinforcement corrosion has been identified as the main 

In general, rock slope instabilities can be categorized as 

three modes of material failure, structural failure, and mixed 

material-structural failure. In a material failure, the slip 

surface entirely passes through rock materials or rock 

masses with a great number of closely spaced 

discontinuities, behaving as continua (Wyllie and Mah 

2004). A structural failure of rock slopes is, instead, 

controlled by major discontinuities of the rock mass 

(Agliardi et al. 2013). A mixed material-structural 

instability of rock slopes is caused by a combination of rock 

bridge failure and sliding along non-persistent rock 

discontinuities (Eberhardt et al. 2004, Stead et al. 2006). 

Numerical modeling techniques have been widely used 

to solve complex slope problems, which otherwise, could 

not have been possible using conventional methods. 

Numerical methods of analysis used for rock slope stability 

investigations can be divided into two general approaches: 

continuum modeling and discontinuum modeling. 

Continuum modeling is best suited for the analysis of slopes 

that are comprised of massive intact rocks, soil-like or 

heavily fractured rock masses (Agliardi et al. 2013, 

Babanouri and Dehghani 2017, Blake 1968, Gao et al. 

2016, García López-Davalillo et al. 2014, Jiang et al. 2015, 

Kanungo et al. 2013, Latha and Garaga 2010, Lombardi et 

al. 2017, Pain et al. 2014, Shamekhi and Tannant 2015, 

Stacey 1970, Tiwari and Latha 2016, Zheng et al. 2007). 

This method cannot handle many intersecting joints. In 

continuum models, the displacement field will always be 

continuous. For large slope deformations, the assumption of  
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a continuum may not be realistic. The location of the failure 

surface can only be judged by the concentration of shear 

strain in the model. No actual failure surface discontinuity 

is formed (Sjöberg 1999).  

Discontinuum modeling techniques such as the discrete 

element method (DEM) treat the rock slope as an 

assemblage of rigid or deformable blocks, and explicitly 

model discontinuities present in the rock mass. A DEM 

analysis includes sliding and opening of rock discontinuities 

controlled by the normal and shear stiffness of joints. It 

allows the deformation and movement of blocks, hence,  is 

able to model complex mechanisms (Babanouri et al. 2013, 

Corkum and Martin 2004, Cundall 1988, Cundall and 

Strack 1979, Eberhardt et al. 2004, Faramarzi et al. 2016, 

Hart et al. 1988, Itasca Consulting Group Inc. 1999a, Wang 

et al. 2017). 

The bonded-particle method is one of the variations of 

the discrete element methodology (Potyondy and Cundall 

2004). It allows the rock to be represented as a series of 

spherical particles that interact through frictional sliding 

contacts. Clusters of particles may be bonded together 

through specified bond strengths in order to simulate joint 

bounded blocks. High stresses induced in the rock slope 

breaks the bonds between the particles simulating the intact 

fracture of the rock (Bonilla-Sierra et al. 2015, Huang et al. 

2015, Potyondy and Cundall, 2004, Sarfarazi et al. 2014, 

Scholtès and Donzé 2015, Shi et al. 2016). 

The western area of the Sarcheshmeh open-pit mine 

includes various types of failures, one of which is called the 

“pseudo-wedge” failure (Karimi Nasab 2001). Although 

most parts of the pseudo-wedge failure are kinematically 

infeasible, they have started to slide. In fact, the 

Sarcheshmeh pseudo-wedge failure contains both the intact 

rock failure and the sliding along pre-existing 

discontinuities. The repetition of near-parallel faults in the 

area has made the pseudo-wedge failure a challenge in 

expanding the western sector of the Sarcheshmeh mine. In 
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this research, a stress analysis of the pseudo-wedge failure 

was first carried out using a bonded-particle model in two 

dimensions. Then, a three-dimensional discrete element 

method was used to perform a block analysis of the 

instability. Finally, the influence of geometrical 

characteristics of the mine wall on the stability of the 

pseudo-wedge failure was investigated. 

 

 

 

Fig. 1 Western wall of Sarchseshmeh copper mine and its 

pseudo-wedge failure (Wedge blocks have previously slid 

on the fault plane and cannot be seen in the photograph) 

 

 

Fig. 2 Schematic illustration of Sarcheshmeh pseudo-

wedge failure 

 

 

Fig. 3 Clay-infilled faults at Sarcheshmeh western area 

 

Table 1 Dip and dip direction of fault, joint set, and slope 

face  

Plane Dip (˚) Dip direction (˚) 

Fault 45 75 

Joint set 80 20 

Slope face 65 40 

2. Study area 
 

The Sarcheshmeh copper deposit is the porphyry type, 

which is one of the most complex geological environments. 

The Sarcheshmeh deposit pertains to the late Tertiary 

granodioritic stock which intruded into the early Tertiary 

volcanics. The deposit was intruded by intra-mineralization 

and post mineralization dikes and intrusives (Shahabpour 

1982). The original subcircular Sarcheshmeh porphyry 

stock exhibits an east-west elongation due to dilation by the 

dike swarm. The highest grade hypogene zone occurs as an 

annular ring in altered andesite around the periphery of the 

Sarcheshmeh stock (Waterman and Hamilton 1975). 

As a result of intersection of a fault and a major joint set 

at the western wall of the Sarchseshmeh mine, several 

blocks have started to slide progressively (Fig. 1). This type 

of failure consists of large and loose blocks of weathered 

andesite. A wedge failure may occur along the line of 

intersection of two outward-dipping discontinuities that is 

cut by the slope face. However, the Sarcheshmeh pseudo-

wedge failure continues to the areas where the intersection 

of the fault and joints has no daylight on the slope face, and 

are therefore kinematically infeasible (Fig. 2). In fact, a 

rock bridge exists at the base of pseudo-wedge blocks. 

The bench height in the western wall of the 

Sarcheshmeh mine is 12.5 m. The fault is infilled by clayey 

material (with an average thickness of 15 cm) characterized 

by a friction angle (ϕ) of 20˚ and cohesion (c) of 14 kPa 

(Fig. 3). Dip and dip direction of the fault plane, joint set, 

and slope face are presented in Table 1. 
 

 

3. Particle-bonded modeling 
 

In order to investigate behavior of the rock bridge at the 

toe, a cross section of the infeasible areas of the failure was 

modeled in two-dimensional particle flow code (PFC2D). In 

this method, the rock is modeled as a set of bounded 

particles confined by external boundaries. The main 

bonding models implemented in PFC are contact-bond and 

parallel-bond. Contact bonds are used to represent the 

materials such as cement which attach particles on another. 

In contrast to parallel bonds, no radius or shear and normal 

stiffnesses are considered to contact bounds. A contact bond 

is characterized by its tensile and shear strength (Cundall 

and Strack 1999, Potyondy and Cundall 2004, Yoon 2007). 

The micro properties required for creating a contact-bonded 

particle model in PFC are: ball-to-ball contact modulus, 

stiffness ratio, ball friction coefficient, contact normal bond 

strength, contact shear bond strength, ratio of standard 

deviation to mean of bond strength both in normal and shear 

direction, and minimum ball radius (Potyondy and Cundall 

2004). Three other micro parameters of parallel-bond radius 

multiplier, parallel bond modulus, and parallel-bond 

stiffness ratio need to be considered for generating a 

parallel-bonded particle model. The parallel-bond scheme 

was used to create bonded particle models in this study. 

 

3.1 Generating particle-bonded model 
 
Four stages are routinely followed to create a PFC2D  

670



 

Numerical analysis of a complex slope instability: Pseudo-wedge failure 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4 Stages of generating a PFC2D model of rock 

materials: (a) generating and packing the particles, (b) 

applying isotropic stress, (c) removal of floating particles 

and (d) forming bonds 

 

 

model of rock materials, namely: (i) generating and packing 

the particles, (ii) applying isotropic stress, (iii) removal of 

floating particles, and (iv) forming bonds (Sarfarazi et al. 

2014). 
i) Generating and packing the particles (Fig. 4(a)): a 

rectangular box with frictionless sides was first created, and 

then filled by a series of particles. In order to avoid a large 

overlap between the particles and box boundaries, the 

boundary normal stiffness was set to be greater than the 

average particle normal stiffness. In order to ensure the  

Table 2 Micro properties used to represent rock material 

Parameter Value Parameter Value 

Type of particle Disc Parallel-bond radius multiplier 1 

Density (kg/m3) 1,000 Young’s modulus of parallel bond (GPa) 4 

Minimum radius (mm) 0.27 Parallel bond stiffness ratio (pb_kn/pb_ks) 1.7 

Size ratio 1.56 Particle friction coefficient 0.4 

Porosity ratio 0.08 Parallel bond normal strength, mean (MPa) 5.6 

Damping coefficient 0.7 Parallel bond normal strength, std. dev (MPa) 1.4 

Contact Young’s modulus (GPa) 4 Parallel bond shear strength, mean (MPa) 5.6 

Stiffness ratio (kn/ks) 1.7 Parallel bond shear strength, std. dev (MPa) 1.4 

 

 

appropriate packing of the particles, it is recommended that 

the ball positions and radii are drawn from uniform 

distributions throughout the model domain (Itasca 

Consulting Group Inc. 1999b). A uniform distribution was 

considered for particle diameters ranging between Dmin and 

Dmax. An overall porosity of 8% was assigned to the model 

in order to guarantee that the particles were sufficiently 

packed. It is worth mentioning that the assigned value of the 

model porosity does not necessarily represent the actual 

porosity of the rock material. The resulting porosity of the 

model after equilibration will not be identical to the 

specified porosity. This is due to the fact that balls will 

overlap in the equilibrated system (Itasca Consulting Group 

Inc. 1999b).  

The particles were randomly distributed within the box 

at half their final diameter such that no two particles 

overlap. The particle sizes were then increased to their final 

values. 

ii) Applying isotropic stress (Fig. 4(b)): to obtain a given 

value of isotropic stress, σ0, defined as the average particle-

to-particle stress, the whole particles were resized 

uniformly. The value of σ0 is typically considered 1% of the 

uniaxial compressive strength of rock materials to be 

simulated. This is done to reduce the magnitude of the 

locked-in forces that will develop after the parallel bonds 

are added. 
iii) Removal of floating particles (Fig. 4(c)): the model, 

at this stage, has many particles with one or two contacts 
which are considered as floating particles. To achieve a 
competent assembly of the particles, it is necessary to 
minimize the number of floating particles. By setting the 
number of ball contacts equal to 3 and the allowed number 
of floating particles to zero, a bonded assembly was obtain 
in which the balls away from the specimen boundaries had 
at least three contacts. 

iv) Forming parallel bonds (Fig. 4(d)): parallel bonds 
were made between all adjacent particles.  
 

3.2 Model calibration 
 

Since the rock bridge at the toe was subjected to tensile 

stress, the model was calibrated using the Brazilian test. 

The actual Brazilian test was carried out on ten specimens 

according to the ISRM suggested method (ISRM 1978). By 

adjusting the micro properties listed in Table 2 according to 

the standard calibration procedures (Ghazvinian et al. 2012, 

Potyondy and Cundall 2004), a calibrated PFC particle  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig. 5 Numerical simulation of rock slope with 

neighboring fault, (a) intact model, (b) fault generation 

and (c)-(h) sequence of rock slope excavation 
 
 

assembly was obtained. The Brazilian disk had a diameter 

of 54 mm and consisted of 5,615 particles. Side boundaries 

of the model approached each other at a velocity of 0.016 

m/s until the disk was split. The tensile strength of rock 

samples was nearly 1 MPa, and the tensile strength obtained 

from the numerical model was 1.1 MPa showing a good 

accordance between numerical and experimental results. 
 

3.3 Simulation of rock slope with neighboring fault 
 

After calibration of the model, a cross section of the 

rock slope with the neighboring fault was numerically 

simulated in PFC2D by creating a box of 75×100 m. A total 

of 11,179 disks with a minimum radius of 0.27 mm were 

used to construct the initial model (Fig. 5(a)). Then, the 

fault was entered the model with a length of 30 m (Fig. 

5(b)). The rock slope was sequentially excavated in six 

stages (Fig. 5(c)-5(h)). In this way, the non-intrinsic forces 

were eliminated from the model. The fault has no daylight 

on the slope face, and a small rock bridge exists between 

the toe and the fault (Fig. 5(h)). 
Fig. 6(a) shows the distribution of parallel bond force in 

the model at a state before the crack initiation. The black 

and red lines represent the compression and tensile forces, 

respectively. The bond force distribution in the model 

shows that a large tensile load was distributed in the rock 

bridge. 

Fig. 6(b) shows progress of cracks in the model. Black 

lines represent the tensile cracks in the model. It is clear that 

under this condition, tensile cracks develop from the slope 

toe and coalesce into the fault. The cracks propagate nearly 

perpendicular to the fault plane. In fact, the gravitational 

effect of the rock slope and the torque around the rock 

bridges, bring the rock slope to failure. The formation of 

these new fractures at the toe explains the freedom of the 

pseudo-wedge blocks to slide. The results of further PFC 

analyses demonstrate that the failure will stop as the rock 

bridge width increases beyond 2.4 m. 

 

 

 
(a) 

 
(b) 

Fig. 6 (a) The parallel bond force distribution in the 

models at a state before crack initiation occurs and (b) 

progress of tensile fractures in the models 

 

Table 3 Mechanical properties of joint set (Amuzesh et al. 

2004) 

c (MPa) ϕ(°) Normal stiffness ( GPa/m) Shear stiffness ( GPa/m) 

0.05 25.17 3.7 0.37 
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Fig. 7 Block model of Sarcheshmeh pseudo-wedge failure 

 
 
4. Block analysis 
 

A block analysis of the Sarcheshmeh pseudo-wedge 

failure was carried out considering a hypothetical fracture 

from the bench toe to the fault plane. The strength 

properties of the fracture representing the rock bridge 

failure were considered the same as those of the pre-

existing joint set. Three-dimensional distinct element code 

(3DEC), which is capable of modeling  large 

displacements and rotations of discrete blocks (Cundall 

1988, Hart et al. 1988, Itasca Consulting Group Inc. 1999a), 

was employed. 

Considering low-stress conditions in the mine wall, 

deformation of intact rock is negligible compared to the 

displacements along the discontinuities and therefore, a 

rigid block model satisfied the block analysis. The only 

parameter of rock blocks required here was its density 

having a value of 2700 kg/m
3
.  

The Coulomb slip model was assigned as the 

constitutive model of joints. Table 3 presents the 

mechanical properties of the joint set used in the 3DEC 

model. The joint set has a mean spacing of 2 m (Panahi et 

al. 2001).  

When the thickness of filling materials (t) exceeds the 

amplitude of discontinuity asperities (a), the joint shear 

strength is mainly controlled by the filling material 

(Fereidooni 2017, Indraratna et al. 2014, Khosravi et al. 

2016). If the ratio of t/a reaches 3, the joint shear strength is 

reduced to the strength of the filling material (Goodman et 

al. 1972). Therefore, the strength properties of the clayey 

filling, mentioned earlier, were considered for the fault. 

Fig. 7 shows the numerical simulation of the 

Sarcheshmeh psudo-wedge instability. As can be seen, there 

are two types of blocks sliding: wedge blocks, which are 

kinematically active; and pseudo-wedge blocks, which are 

first kinematically passive and are activated by the rock 

bridge failure at the bench toe.  

 

4.1 Back analysis and model calibration 
 

For the block analysis in which the purpose is to study 

the displacements, it is necessary to know values of normal 

and shear stiffnesses of the fault as the main slip surface. 

The shear stiffness (ks) is quite important, whereas the 

normal stiffness (kn) has a small role in modeling of shear 

displacements. Considering the high thickness of the clayey 

filling, it is expected that the fault behaves plastically and  

 

Fig. 8 Maximum displacement versus friction angle along 

with corresponding safety factor 

 

 

Fig. 9 Variation of FS with bench height 
 
 

has very low stiffness values. However, there were no 

measurements of the fault stiffnesses. Hence, a back 

analysis was carried out to estimate the fault stiffness values 

based on field observation of displacements. As shown in 

Fig. 1, the wedge blocks first slide on the fault plane utterly, 

and then the pseudo-wedge blocks commence sliding. With 

increasing the size of the pseudo-wedge blocks, their 

displacements are gradually stabilized due to the increase of 

the rock bridge at the toe.  
The values of normal and shear stiffnesses of the fault in 

the 3DEC model were varied assuming a constant ratio of 

10 (kn/ks=10) such that the same behavior was observed in 

the model (Fig. 7). The normal and shear stiffnesses were 

consequently back-calculated 30 kPa/m and 3 kPa/m, 

respectively, and the model was calibrated.  
 

4.2 Calculation of safety factor 
 

A factor of safety (FS) is required to quantify the 
pseudo-wedge instability and to study the influence of 
different parameters. Dawson et al. (1999) proposed the 
method of shear strength reduction to calculate the safety 
factor in numerical analyses such as DEM (Dawson et al. 
1999). To determine FS of the pseudo-wedge failure, 3DEC 
models were run for a series of trial factors of safety (FStrial) 
in which the value of the fault friction angle was adjusted 
according to the equation below (Dawson et al. 1999) 

∅𝑡𝑟𝑖𝑎𝑙 = arctan  (
1

𝐹𝑆𝑡𝑟𝑖𝑎𝑙

tan ∅) (1) 

where ϕ and ϕtrial are the actual and trial friction angles of 

the fault, respectively. The value of FStrial was then varied 

using the bracketing technique until the slope was on the 
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verge of failure. In this case, the value of FStrial=0.58 was 

considered to be the safety factor of the pseudo-wedge 

failure. The small value of safety factor suggests a 

progressive failure as happened at the pseudo-wedge failure 

in reality. 

Fig. 8 shows the maximum displacement versus the 

friction angle along with the corresponding safety factor. As 

can be seen, the trial friction angle of ϕtrial=32˚ corresponds 

to the safety factor of 1. The factor of safety typically used 

for rock slopes is in the range of 1.2-1.4 (Wyllie and Mah 

2004).  
 

 

5. Remedial measures based on geometry 
modification 
 

The practical solution to prevent the Sarcheshmeh 

pseudo-wedge failure is to modify geometry of the failure 

area (Karimi Nasab, 2001). This section investigates the 

influence of geometrical characteristics of the mine wall on 

its stability using the block analysis. 
 

5.1 Influence of bench height 
 
The variation of FS for the different values of the bench 

height is plotted in Fig. 9. As can be seen, the more the 

height of the bench, the less the factor of safety is. 

However, the influence of this parameter on the stability is 

not noticeable so that the safety factor still remains below 1 

when the height of bench is reduced to 8.5 m. 

 

5.2 Influence of orientation 
 
Fig. 10 shows the impact of the wall orientation on the 

factor of safety. As can be seen, FS drastically increases as 

the dip direction of the wall decreases, so that the factor of 

safety reaches above 1 with a 10-degree decrease of the dip 

direction. In fact, with increasing the wall dip direction, a 

smaller number of kinematically active wedges are formed. 
 

5.3 Influence of slope angle 
 
As can be seen in Fig. 11, the higher the slope of the 

wall, the lower the factor of safety is. The safety factor 

shows high sensitivity to the slope angle so that a 10-degree 

decrease in the bench dip results in a safety factor of 1.35. 

In addition, the possibility of the wedge block formation 

decreases with decreasing the bench slope.   
 

 

 

Fig. 10 Variation of FS with dip direction of wall 

 

Fig. 11 Variation of FS with bench dip 

 

 

6. Conclusions 
 

From the kinematic point of view, most parts of the 

Sarcheshmeh pseudo-wedge failure are infeasible; however, 

they have become unstable over time. In order to investigate 

behavior of the rock bridge at the toe, a cross section of the 

infeasible areas of the failure was modeled PFC2D. The 

calibrated PFC model indicated development of tensile 

cracks between the slope toe and the fault due to the 

gravitational effect of the rock slope and the torque around 

the rock bridges.  

A block analysis of the instability was carried out 

considering a hypothetical fracture representing the rock 

bridge failure. There are two types of blocks sliding: wedge 

blocks, which are kinematically active; and pseudo-wedge 

blocks, which are first kinematically passive and are 

activated by the rock bridge failure at the bench toe. A 

factor of safety of 0.58 was calculated using a DEM 

analysis in conjunction with the technique of shear strength 

reduction. Modification of geometry of the failure area was 

investigated as a practical solution to prevent the pseudo-

wedge failure. The results showed that the influence of the 

bench height on the stability is not noticeable. On the other 

hand, the factor of safety drastically increases as the dip and 

dip direction of the wall decrease, so that its value reaches 

above 1 with a 10-degree decrease of them. Since a slope 

angle decrease results in higher stripping ratios and 

exploitation costs, it is suggested that the modification of 

the wall orientation is followed in the areas susceptible of 

the pseudo-wedge instability. 
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