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Abstract 

Purpose. The research aims to assess the impact of geological disturbances located in the bottom part of the super-deep 

Kacharsky Ore Quarry on the stress-strain state (SSS) of its walls and to determine the safety factor of the walls, taking into 

account the complex geological situation. 

Methods. Fault plane modelling methodology is based on 3D finite-element analysis using the RS3 Rocscience software. 

Fault zone is represented by a medium with a system of fractures. Fracture characteristics, such as openness, contact filler type, 

and surface quality are achieved by selecting the normal and shear stiffness of the contact. The strength and deformation prop-

erties of rock inside the fault zone are defined by low geological index values (GSI = 20), corresponding to the “poor” quality 

mass according to the Hoek-Brown classification. The main mass outside the fault zone is represented by elastic-plastic  

medium, where the transition to inelastic deformation stage is determined by the Mohr-Coulomb failure criterion. 

Findings. FEM-analysis of the stress-strain state of the Kacharsky quarry walls at various stages of mining, taking into ac-

count faults in its bottom part, provides a safety factor (FoS) that is 28-30% lower than that obtained without considering the 

faults. Parametric analysis shows that for normal stiffness values of the fracture-filling material up to 2.5 GPa/m, the difference 

in the realized shear strains is most significant. When the Er index, which characterizes the ratio of material stiffness inside 

and outside the fault zone, decreases from Er = 0.2 to Er = 0.05, the maximum shear strains in the bottom part of the quarry 

increase from 0.05 to 0.075, that is, by 50%. Thus, a weaker and more disintegrated medium in the fault zone provokes the 

development of shear strains and causes a decrease in the stability of the walls. 

Originality. For the first time, under real mining-geological conditions of deep ore quarry, a pattern of change in safety 

factor of steeply sloping walls has been identified, taking into account geological faults in the bottom part of the quarry. A 

dependence of shear strains on the normal stiffness index of fractures and the ratio of stress-strain modules of the rock medium 

inside and outside the fault zone has been found. 

Practical implications. The wall safety factor (FoS) value at each stage of mining is a key parameter for adoption of tech-

nological decisions and regulations. The established fact that the stability of the walls has decreased to a critical level 

(FoS = 1.1) at the final stage of mining due to the presence of faults may serve as a basis for revising the technological scheme 

of ore mining at the final stage, in particular, to reduce the slope angle of the benches. 
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1. Introduction 

Open-pit mining continues to be the dominant trend in 

the development of the mining industry worldwide. How-

ever, with the increase in the mining depth and the slope 

angle of the quarry walls, ensuring the stability of walls, and, 

consequently, the safety of workers, has become more com-

plicated [1]. Mining also causes large-scale disturbance of 

the earth’s surface and requires integrated approaches to 

improve the state of mining-affected territories [2]. 

A sound prediction of slope stability is a crucial issue 

when planning a quarry wall, both in soil and rocks [3], [4]. 

Probabilistic and rating-based approaches for rock mass 

stability assessment are increasingly applied in deep mining 

conditions [1], [5]. 

Rock masses are the product of long-term geological pro-

cesses, including tectonic ones. This leads to the rock mass 

having structural peculiarities such as discontinuities, which 

are called faults. The interaction between the stress field in 

the upper part of the Earth’s crust and pre-existing faults is a 

critical issue in geomechanics [6]-[8], since the value and 

orientation of the natural stress field directly determine the 

stability of rock outcrops during mining [9], [10].  
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A cluster of several parallel faults forms a fault zone. 

However, this term is also used to refer to an area of frag-

mented rock along a single fault. Long-term displacement of 

rocks along closely spaced faults can blur the boundaries 

between them, as the rock between the faults is converted 

into rock lenses and then gradually crushed [11]. Many  

scientists have studied the properties of discontinuities and 

their impact on the stability of natural slopes and quarry 

walls [12]-[14]. It should be noted that quarry walls often 

comprise several rock layers, many of which are relatively 

weak and disturbed by faults [15]. The authors emphasize 

that mining operations near faults can have a radical impact 

on the stability of nearby areas. A typical example of this is 

the Mavropigi open-pit lignite complex in north-western 

Greece, where discontinuous faults occurred at a depth of 

150 m near the excavation and created serious problems for 

the stability of the quarry walls [16]. Faults often form rock 

blocks that become unstable when mined, causing local  

caving. This case is described in detail in [17]. 

Later works also focus on studying the influence of mul-

tiple faults on the stability of steep and very steep slopes in 

quarries. In [18], a joint assessment was conducted to ana-

lyze the stability of steep slopes under the combined influ-

ence of four faults at the Tan Ya limestone mine owned by 

Gezhouba Xing Shan Cement Co. The assessment covered 

the current state of fault development and the characteristics 

of damage associated with slope instability during subse-

quent deep mining. The finite difference method implement-

ed in the FLAC3D software code was used to model faults. 

The results show that the presence of faults determines the 

shape of slope damage in the Tan Ya quarry, which in turn 

affects slope stability. The mechanical cause of slope damage 

is a fault passing through the rock mass, which leads to a 

relative shear and extrusion of rock in the fault zone. In [19], 

it is indicated that understanding how stress is redistributed 

during shear is extremely important for assessing the risks 

associated with faults. This study uses a discrete element 

method to model fault activation and stick-slip sliding, as 

confirmed by laboratory experiments. The numerical model 

takes into account stress changes on fault planes, stress field 

distribution in surrounding rock masses, as well as local 

stress and fracture development in the fault zone. The model-

ling results show that sliding along the fault causes stress 

redistribution, which is primarily characterized by a change 

in the direction of the principal stress near the fault and het-

erogeneity in stress distribution. 

The authors in [20] indicate that fault reactivation is a 

dynamic, non-equilibrium process. As the rock mass gradual-

ly collapses, the stress field in the fault zone is redistributed, 

resulting in the fault reactivation. This process further exacer-

bates damage to the rock mass, leading to a steady increase in 

permeability coefficient in the fault zone, thereby increasing 

the probability of water ingress into the mined-out space. The 

peculiarities of fault reactivation here are associated with 

water seepage and, consequently, with changes in contact 

conditions at the boundary of fractures in the fault zone. 

Analysis of publications shows that it is extremely im-

portant to study how faults affect the stability of the surround-

ing soil-rock mass, focusing both on fault activation crite-

ria [21], and on quantitative assessments of the influence of 

faults on the stability of rock outcrops [22]. Recent studies also 

analyse the stress-strain state of the near-wall rock mass in 

deep quarries to improve stability management strategies [23]. 

The purpose of this paper is to assess the influence of 

faults located in the bottom part of the quarry on the wall 

stability during the sequential removal of steeply sloping ore 

layers, based on mathematical modelling of these complex 

geological structures. 

Since modelling a large-scale discontinuity in solids is a 

very complex task in solid mechanics, researchers mainly use 

two-dimensional (2D) slope analysis with numerical me-

thods, including the finite element method (FEM). As a rule, 

the result of the analysis is only the local stability of that 

slope area where the fault has formed. However, most natural 

disasters, such as slope landslide and quarry wall caving, 

occurring in practical engineering, are caused by the state of 

the entire three-dimensional (3D) area where mining opera-

tions are carried out. Therefore, in complex geological condi-

tions, the results of two-dimensional numerical modelling 

will differ significantly from the actual situation. Three-

dimensional analysis of the stress-strain state (SSS) of the 

rock mass near the outcrop, in particular around the quarry 

bowl, taking into account the localization of faults, will more 

realistically reflect the stability of the quarry walls [25], [26]. 

With the development of computer technology, more  

and more researchers use the FEM in 3D setting to assess 

slope stability and study the mechanism of their failure. 

However, the issue of the influence of faults on slope  

stability in a 3D setting has not been sufficiently explored,  

as noted by the authors in [27], [28]. 

An important issue requiring discussion is the method of 

mathematical modelling of solid-body discontinuity. In geo-

mechanics, a fault is considered to be an internal displace-

ment discontinuity that allows slippage along the discontinui-

ty surfaces. The description concept of Mohr-Coulomb shear 

strength is applied in terms of cohesion and internal friction 

angle [29]. It is a well-known fact that the physical-

mechanical properties of rocks in the fault zone differ signi-

ficantly from those characteristic of the rest of the mass. This 

heterogeneity determines the influence of the fault zone on 

the stress field near the fault zone, along with the complex 

fault geometry, as shown in [30]. 

The authors of papers [31], [32], considering faults as 

three-dimensional structures with different material proper-

ties in different areas of the fault zone, developed a concept 

known as “fault facies”. It is believed that the volume inside 

the fault can be filled with a special facies, which is similar 

in properties to weak sedimentary rocks. When using a con-

tinuous approach, the fault is modelled using specially se-

lected elements with modified properties, such as reduced 

Young’s modulus, plastic or viscous behaviour. In contrast, 

in a discrete approach, the fault is represented by contact 

elements that allow displacement along the boundaries of 

these structures [33].  

The authors in [34] used various mechanical properties to 

describe the fault zone, distinguishing between the host rock, 

the damage zone, and the fault core. The numerical model 

uses contact elements for which the Young’s modulus and 

friction coefficient vary. In addition, the angles of dip and 

strike of the fault vary. The results showed that the stress 

tensor outside the fault core depends significantly on the 

fault friction coefficient, rock strength, and fault stiffness. 

The greatest influence of the fault on stress values and stress 

tensor orientation is observed at a distance of 1000 m from 

the fault boundaries. 
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This paper also uses a finite-element model of a rock 
mass with a complex structure, which includes an open-pit 
mining and a fault zone in the bottom part of the quarry. The 
purpose of modelling is to determine the influence of fault on 
the wall stability of the super-deep round-shaped quarry. 

2. Materials and methods 

2.1. Object of research 

The Kacharsky quarry, one of the largest iron ore quarries 
in Kazakhstan, is located in the Kostanay Region. Ore depo-
sits here extend to a depth of more than 1 km. Magnetite 
predominates in the composition of the ores, but pyrite,  
chalcopyrite, sphalerite and other minerals are also found. 
The quarry is almost circular in shape (Fig. 1) and has an 
actual depth of 570 m. 

 

 
Figure 1. View of the Kacharsky quarry (Google Earth) 

 
Ore mining in the quarry is conducted with steeply slo-

ping layers from top to bottom. The removal of each i-th 
steeply sloping layer (i = 1, n) is considered as a stage in 
mining of the ore body. The planned depth of the quarry is 
achieved by organizing 25 stages (n = 25). Figure 2 shows the 
contours of the first nine stages of mining on a section of the 
eastern wall of the quarry. It is during these stages that the 
boundary contours of the quarry on the surface are reached. 

 

 
Figure 2. Quarry wall fragment showing the contours of the first 

nine mining stages  

 
The layers of rock overburden differ in their mechanical 

properties, but a height of 15 m and a slope angle of 70° are 
adopted for all benches. Double benches and safety berms 
5 m wide are also used. The width of the working platforms 
is 60 m. The most important parameter of mining, influen-
cing both the efficiency of operations and their safety, is the 
resulting slope angle of the wall, which is formed by a line of 
benches, working platforms and berms. At each stage of 

mining, the depth increases and the wall slope angle increas-
es, which, together with the strength properties of the rock, 
controls the wall stability. In [35], the stability of walls at 
each stage of mining was assessed using both 2-D and 3-D 
finite element models, taking into account both the structure 
of the rock mass and the possible statistical variation of 
properties within the rock layer. Despite the fact that all 
previous calculations predicted a sufficiently stable state of 
the wall even at the final stage of mining, there is concern 
about the fact that a fairly large geological fault has been 
identified in the bottom part of the quarry (Fig. 3). It creates 
additional zones of weakening and, consequently, causes a 
redistribution of stresses as the quarry deepens. 

 

 
Figure 3. Digital model of a quarry rock mass in the vicinity of an 

open pit excavation, with emphasis on the geological 

fault zone 

 
Changes in the stress-strain state of rocks in the area of 

lower benches may influence the overall wall stability. 
Therefore, in this paper, we focused specifically on model-
ling the geological fault zone in order to assess its influence 
on the formation of potential shear strains and sliding surfa-
ces in the quarry walls. 

2.2. Method for modelling rock mass SSS 

It was mentioned above that one of the effective methods 
for modelling geomechanical processes in rock masses with 
complex structures is FEM. Rocscience’s RS3 software, 
implementing FEM in a 3-D setting, was used to determine 
the SSS components of the rock mass area covering the  
entire Kacharsky quarry bowl. 

The digital contours of the quarry were initially created in 
Surpac software and implemented in the RS3 calculation 
module. The area including the quarry bowl is divided into 
tetrahedral finite elements. The calculation scheme assumes 
that there are no displacements along the XY plane (bottom of 
the model), that is, the plane is fixed along the X, Y and Z 
axes; the YZ plane is fixed along the X and Y axes; the XZ 
plane is fixed along the Y axis (Fig. 4). 

Due to the large volume of the finite element model 
(more than 3000 tetrahedral finite elements), at this stage of 
research, a homogeneous mass was modelled, to which ave-
rage properties characteristic of limestone were assigned, 
since layers of this rock dominate in the rock mass structure. 

The homogeneous rock mass has the following average 
physical-mechanical properties: cohesion 475 kPa, internal 
friction angle 36°, Poisson’s ratio 0.27, Young’s modulus 
2.65 GPa. The absence of layer boundaries reduces the number 
of elements in the finite element mesh and allows you to focus 
on accurately reproducing the line of the quarry wall benches. 
An idealized rock medium is modelled for the purity of the 
computational experiment to exclude the influence on the SSS 
of layers with different stiffness. This makes it possible to assess 
the influence of fault boundaries on the quarry wall stability. 
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(a) 

 

(b) 

 
Figure 4. Designed (a) and finite element (b) model schemes 

 
The main quantitative indicator of quarry wall stability is 

the safety factor (FoS), which is generalized in the Expression: 

( )tan
FOS

C dA

dA

 



+
=


,            (1) 

where: 
C and φ – cohesion and internal friction angle, respectively; 
σ – normal stress; 
τ – shear strength; 
A – sliding surface area [36]. 
To combine the FoS concept with a numerical approach, 

the Shear Strength Reduction method is used. To do this, two 
additional shear strength parameters CR and φR are intro-
duced, obtained by dividing the actual shear strength parame-
ters C and φ by the Strength Reduction Factor (SRF). By 
stepwise modification of SRF, a set of CR and φR is generated 
for finite element calculations. The value of SRF, at which 
the finite element model collapses, that is, solution of the 
constitutive equation system diverge, is assumed to be equal 
to the safety factor (FoS). Therefore, we will continue to use 
the SRF parameter as a stability indicator, understanding it to 
mean the safety factor. 

2.3. Geological fault modelling 

For direct modelling of the tectonic fault, a plane coinci-
ding with the strike of the fault is added to the finite element 
model. This plane is a discontinuity surface along the edges 
of which sliding is possible. The RS3 software utilizes the 
“Add Joint Surface” function. The modelled surface inter-
sects part of the domain geometry and divides the external 
volume in accordance with the specified edge conditions. In 
essence, this surface is the fault core (Fig. 5), which is most 
often accompanied by feathering fracturing, that is, it is sur-
rounded by a damaged rock zone that extends 30-60 m from 
the fault core [37]. 

(a) 

 

(b) (c) 

  

Figure 5. Creating volume for filling with a fracture system: 

(а) schematic representation of the fault core and the 

zone of disturbed rocks; (b) adding a fault plane to the 

model; (c) “extruding” the plane to a width of 30 m to 

obtain a zone of intense fracturing 

 

In accordance with the work [38], the fault zone can be 

divided into the fault core, the damage zone, and the proto-

lith. Most of the displacement is concentrated in the fault 

core, where intense fracturing, breccia formation and geo-

chemical changes are observed. In most cases, the fault core 

is a cavity filled with clay material. The adjacent fault zone is 

a network of secondary fractures, veins and small faults. The 

protolith or host rock shows virtually no signs of brittle de-

formation, with the exception of fractures. Fault cores are 

zones of damage, that is, structures of about 1.0 m thick, 

consisting of fractures filled with clay material and smaller 

faults. Damage zones often have rather asymmetrical thick-

ness within individual fault zones [39]. 

To model the corresponding volume that will be filled 

with the fracture system, RS3 provides an operation “Ex-

trude”, which adds the w parameter to the model geometry, 

characterizing the actual width of the fault zone. In our re-

search, in accordance with geologic service data, the w pa-

rameter is taken to be equal to 30 m. A test model imple-

menting the idea of “extrusion” is shown in Figure 5c. To 

create the fracture system, the RS3 option “Discrete Fracture 

Networks” was used, which allows modelling contact between 

elements taking into account the fault structure and provides 

both sliding between the fault boundaries and the main mass, 

as well as sliding inside the fracture system. Fracture systems 

are implemented in a volume with a width w, which is con-

trolled by the RS3 DFN Control Volume option. 

The edges of fractures are characterized by their open-

ness, type of filler and the roughness of the walls. These 

fracture features are modelled using the Discreet Fracture 

Networks tool, which involves parameters such as normal kn 

and shear ks fracture stiffness. For the conditions of the Ka-

charsky quarry, setting these parameters is a rather complex 
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task, since there is limited access to the rocks that fill the 

geological faults located in the bottom part of the quarry. 

According to the geological service data, the core of the fault 

is filled with breccia, which is a conglomerate of fragmentary 

rocks (quartz, limestone, calcite, clay minerals), partially 

cemented. Damaged rock zone is a limestone heavily dis-

turbed by fracture systems. The fractures are filled with sec-

ondary calcite crystals. Even if a certain rock volume can be 

extracted by drilling, it is difficult to conduct standard tests, 

since determining the rock properties using direct methods 

requires a large number of samples of the correct shape. 

Making such samples from breccia is practically impossible 

because it is a weak material and the samples can be dam-

aged when cutting, shaping and grinding of the surfaces [40]. 

For this reason, assessing the strength properties of fault 

breccia using indirect methods in accordance with its texture 

is the most accessible approach. In particular, the assessment 

of the rock mass “quality” in accordance with the RMR 

(Rock Mass Rating) and GSI (Geological Strength Index), as 

well as the introduction of the structural weakening coeffi-

cient [35] into the calculation, can be performed to assess the 

deformation properties of the fractured medium. For cemen-

ted rock inside the fault, the GSI index is assessed to be  

25-35, and for uncemented rock, the GSI is assessed to be 

15-25. By analogy with [41], in this work, for fractured sand-

stone, we assume GSI = 20. Then, using the recommenda-

tions in [42], the rock stress-strain modulus Ef in the fault 

zone can be estimated using the Formula: 

0 60 GSI/11

1
0.02

1
fE E

e −

 
= + 

+ 
,          (2) 

where: 

E0 – average rock stress-strain modulus outside the fault 

zone. 

Then Ef = 4.6 GPa · 0.05 = 0.23 GPa (since Ef / E0 = 0.05 

for GSI = 20). For fractures with an opening of h = 0.01-0.1 m, 

a normal stiffness of no more than kn = Ef / 0.1 = 2.3 GPa/m 

should be specified. Shear stiffness is assumed to be equal to 

ks = 0.1 · kn = 0.23 GPa/m. 

In reality, the mass structure in the bottom part of the Ka-

charsky quarry is very complex, with a system of intersecting 

disturbances (Fig. 6). Each of them is modelled as described 

above, that is, as a separate volume filled with fractured materi-

al. This model implements a system of three intersecting frac-

ture systems identified during the geological exploration stage. 

The configuration of the fault planes changes slightly 

when removing the next steeply sloping layer. The model, 

including faults, is created for each stage of mining in ac-

cordance with the actual geometry of the weakening plane. 

3. Results and discussion 

3.1. Model without faults 

It was mentioned above that the starting point for the 

simulation is the creation of a homogeneous rock mass  

model with averaged properties, without simulating rock 

layers and faults. During the first two stages of mining, when 

the first two layers are removed, the quarry walls are quite 

stable, as loose overburden is removed during these stages 

and the slope angle of the walls does not exceed 15°. Safety 

factor (FoS or SRF) is 2.6, which is twice the standard value 

recommended for the planning of ore quarries [43]. 

 

Figure 6. Visualization of a model with disturbed zones near  

fault planes 

 

A slight decrease in SRF begins at stage #3 when the 

slope angle of the walls increases to 17° and the quarry depth 

reaches 27 m. At this stage, the safety factor is SRF = 2.52 

(Fig. 7), and the largest potential shear strains and total dis-

placements are formed in the eastern and north-eastern sec-

tors of the quarry. 

According to the shear strength reduction procedure, the 

fact that the safety factor is 2.52 means that slope stability 

will only be lost if the strength parameters (cohesion, internal 

friction angle) decrease by 2.52 times. In this case, a poten-

tial sliding surface is formed (red colour in Fig. 7b), where 

potential maximum shear strains ү are realized, as well as 

maximum displacements U. 

 

(a) 

 

(b) 

 

Figure 7. Results of finite element modelling for a homogeneous 

model at stage #3 (without taking into account faults 

and fracturing): (a) maximum shear strains; (b) maxi-

mum total displacements 

 

In the absence of complicating factors such as faults, the 

sliding surface at stage #3 of mining is local, although the 

maximum shear strains γ reach values of 0.05-0.11 (Fig. 7a). 

The total displacements U in the area highlighted in  

Figure 7b could potentially develop to a value of 9-12 m. 
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3.2. Influence of faults 

The presence of tectonic faults in the bottom part of the 

quarry (Fig. 8) has a significant influence on the rock SSS 

even at the above-discussed stage #3 of mining, when only 

loose overburden is actually removed. Modelling of weaken-

ing planes led to a decrease in the minimum SRF of the quar-

ry wall at stage #3 from 2.52 (no-fault model) to 1.91 (model 

with faults, Fig. 8a), that is, by 24%. 

 

(a) 

 

(b) 

 

Figure 8. Determination of SSS and SRF taking into account 

faults (stage #3 of mining): (a) designed scheme; 

(b) potential rock displacements in the quarry walls at a 

safety factor of 1.91 

 

In this case, it is impossible to identify a local sliding  

surface with the greatest displacements on the 3D model of 

the entire quarry bowl. It can be said that the wall stability is 

reduced along the entire perimeter compared to the model 

without faults. 

We cut the model in north-south (Fig. 9a) and east-west 

(Fig. 9b) directions to show the distribution of displacements 

in detail. A model section in the east-west direction (Fig. 9b) 

showed that the largest potential displacements in this sec-

tion are U = 3.2 m, and their distribution is such that it is 

impossible to clearly identify the potential sliding surface. 

Larger potential displacements of U = 5.9 m were noted 

when the model was sectioned by a “north-south” plane. 

They are located in the northern part of the wall, where the 

sliding surface is clearly visible. 

This calculation result is confirmed by data from in-situ 

observations of the near-wall mass state, conducted when the 

quarry depth was 270 m, that is, at stage #3 of mining. In the 

northern part of the quarry, deformation zones were recorded 

(Fig. 10) extending 550 m along the front, where fractures 

developed on the surface of the benches. In addition, a sub-

sidence of ramps and service roads occurred by up to 5 m. 

(a) 

 

(b) 

 

Figure 9. Potential rock displacements in the diametric sections of 

the quarry (stage #3): (a) model section with a north-

south plane; (b) model section with an east-west plane 

 

 

Figure 10. Deformation zones along the Kacharsky quarry walls 

 

The digital model of the quarry wall and the weakening 

planes in its bottom part at stages #4 and 5 of mining remains 

almost unchanged compared to stage #3, since the deepening 

of the quarry and the change in the line of benches during 

this period are not significant. However, increasing the quar-

ry depth to 390 m and the corresponding increase in the  

average wall slope angle along the perimeter to 20° causes a 

decrease in the safety factor to 1.62 at stage #4 and to 1.55 at 

stage #5. The stability drop is 15% at stage #4 compared to 

stage #3 and 4.3% at stage #5 compared to stage #4. At  

stages #4 and 5, the 3D model of the entire quarry bowl in-

cluding faults in the bottom part, demonstrates the equal 

possibility of realizing shear along the perimeter of the quar-

ry. The model sectioned with radial planes (Fig. 11) shows 

the formation of potential sliding surfaces in each section, 

where displacements of 4-5 m can occur with a potential 

reduction in strength properties by 1.62-1.55. 
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Figure 11. Distribution of rock displacements in radial sections 

(stage #5) 

 

At subsequent stages of mining, the deepening of the 

quarry and the change in the line of benches make a differ-

rence in the distribution of displacements and the wall stabi-

lity. The most important factor is assessing the wall stability 

at the final stage of ore mining, when the planned depth of 

the quarry (570 m) is reached. At this stage, the average wall 

slope angle along the perimeter is 30°. 

It should be noted that the SSS simulation based on a 

homogeneous model without taking into account the in-

fluence of faults [44] gives a stability prediction at the level 

of FoS = 1.53 (Fig. 12a). From this, it is concluded that the 

quarry walls are stable at the final stage of mining, because 

the FoS does not fall below a level recommended by project 

standards SoFn = 1.3. However, this prediction may be 

overly optimistic, as it does not take into account the in-

fluence of the weakening surfaces on the rock SSS in the 

quarry bottom part. Modelling of faults at the final stage of 

quarry deepening (Fig. 12b) shows that the safety factor of 

a steeply sloping wall in a structurally disturbed rock mass 

decreases to the value FoS = 1.1 and becomes less than the 

recommended value SoFn = 1.3. 

Thus, at the final stage of mining, when the planned 

depth of the quarry is reached, the fault presence causes a 

decrease in the stability of the quarry walls to a level of 

SoF = 1.1, which is less than the safety factor recommended 

by project standards. In addition, fault accounting shows that 

the greatest shear strains, and therefore absolute displace-

ments, can occur at the final 25 stage rather on the eastern 

quarry wall than on the southern wall, as predicted without 

taking fault lines into account. 

A summary of the results on the reduction in wall stabi-

lity as the quarry deepens is presented in Figure 13, which 

indicates the stages of mining and the corresponding resul-

ting slope angles of the quarry walls. 

Analysis of the generalized graph shows that modelling 

of faults in the bottom part of the quarry gives a stability 

estimate (FoS or SRF), which is 24-32% lower than that 

obtained without taking faults into account. 

3.3. Model sensitivity analysis 

A problematic stage of modelling is the assignment of 

physical-mechanical properties to the material located in the 

fault zone. It was mentioned above that the influence of a 

fault on the adjacent rock SSS is determined by the physical-

mechanical properties of the material in the fault zone, and 

how these properties correlate with the properties of the 

entire rock mass. 

(a) 

 

(b) 

 

Figure 12. Distribution of displacements in the quarry walls at 

stage #25: (a) homogeneous model without considering 

faults; (b) distribution of displacements in the walls, 

taking into account faults 
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Figure 13. Diagram showing the reduction in safety factor at all 

stages of mining: SRFhom – safety factor calculated 

for a homogeneous mass; SRFfault – safety factor cal-

culated taking into account faults 

 

In this case, a key role is played by the stiffness ratio of 

mentioned rock mass parts, which is reduced to the ratio of 

elastic modules Er = Ef / E0. 

When modelling faults in the bottom part of the quarry, 

this ratio was assumed to be 0.05, which in turn determined 

the normal and shear stiffness of the fracture-filling mate-

rial: kn = 2.3 GPa/m; ks = 0.23 GPa/m. To assess the in-
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fluence of these characteristics on the occurrence of shear 

strains and, consequently, on the formation of sliding sur-

faces, the fault was modelled in a 2D setting (Fig. 14) using 

RS2 Rocscience software. The fault boundary is simulated 

with a fracture characterized by normal stiffness kn and 

tangential stiffness ks, and the fault zone is simulated by 

specifying a strain modulus Еf, which is reduced relative to 

the elastic modulus of surrounding rock mass E0. The ratio 

of Er = Ef / E0 varied in calculations from 0.05 to 2.0,  

normal stiffness varied from 2.0 to 200 GPa/m, and tangen-

tial stiffness took values from 0.2 to 20 GPa/m, respective-

ly. This simulated various degrees of fracture opening, 

bordered the fault zone. 

 

 

Figure 14. Designed scheme for modelling a fault in 2D 

 

The distribution of maximum shear strains and displace-

ment vectors (Fig. 15) confirm that in the fault zone there is a 

tendency for extruding disintegrated rock mass into the 

mined-out space under the action of shear stresses. 

 

 

Figure 15. Distribution of maximum shear strains and displace-

ment vectors 

 

Multivariate simulations showed that shear strains are 

greater, the lower the stiffness of the fracture-filling material 

(Fig. 16) and the lower the ratio Er. In the range of changes in 

the kn argument up to 2.5 GPa/m, the difference in the rea-

lized shear strains is the most significant. When reducing the 

stiffness of the material inside the fault zone from Er = 0.2 to 

Er = 0.05, the maximum shear strains in the bottom part of the 

quarry increase from 0.05 to 0.075, that is by 50%. 

Thus, the maximum strain values depend on how weak 

and disintegrated the material is in the fault zone.  

Therefore, in order to adequately model the state of deep 

quarry walls in the absence of complete information  

about the properties of rocks inside the fault zone, it is 

necessary to focus on the lower normal stiffness of the 

fracture-filling material (no more than 2.5 GPa/m) and  

a lower rock stiffness in the fault zone, characterized  

by Er value of no more than 0.05. 
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Figure 16. Change in maximum shear strains in the bottom part 

of the quarry depending on the normal stiffness of the 

fracture-filling material and the ratio Er = Ef / E0 

 

In general, accounting for the characteristics of geologi-

cal faults, such as openness, contact filler type, and fracture 

surface roughness, is a complex task in geomechanics and at 

this stage is accomplished by selecting the normal and shear 

stiffness of the contact, modelling the interaction between the 

fracture-fault and the main rock mass. The algorithm for 

selecting contact parameters should be improved, conside-

ring surveyor observation data of the fault state in the event 

of its outcrop to the surface. 

Another way to improve the reliability of mathematical 

modelling is to modify well-known strength criteria based 

on the development of ideas about processes of soil and 

rock mass shear. In particular, the Mohr-Coulomb criterion 

can be improved, as shown in [45], by taking into account 

the influence of the stress state of rocks on their plastic 

deformation potential. 

It should also be noted that the reliability of modelling 

the soil-rock mass SSS and assessing the stability of quarry 

walls is quite difficult to confirm through observations, in-

strumental measurements or special experiments. The excep-

tion is cases of obvious stability loss, which can serve as a 

basis for solving the inverse problem and, consequently, for 

calibrating the constitutive model of the medium. However, a 

more promising approach appears to be the comprehensive 

and complementary use of mathematical modelling and geo-

physical methods, in particular acoustic emission analysis 

and seismoacoustic prediction. In [46], it is noted that rough 

fault surfaces, characterized by the presence of depressions 

and protrusions, cause stress concentration and energy accu-

mulation, leading to local failure in the upper and lower fault 

blocks. Various failure modes are possible here, provoking 

the activation of the fault. Monitoring of acoustic emission in 

these areas can be an effective method for identifying fault 

activation. The current seismoacoustic prediction [47] can 

also provide timely information on the evolution of fault 

characteristics in the mining process, with appropriate adap-

tation of existing methods. 

4. Conclusions 

FEM-analysis of the stress-strain state of the Kacharsky 

quarry walls at various stages of mining, taking into  

account faults in its bottom part, provides a safety factor 

(FoS) that is 24-32% lower than that obtained without  

taking faults into account. 
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Modelling faults using RS3 software involves specifying 

the relevant volume, which is filled with a fracture system 

(“Extrude” operation). To do this, parameter w is added to 

the model geometry, characterizing the actual fault zone 

width, and which, according to geological service data from 

the Kacharsky quarry, is assumed to be 30 m. To create the 

fracture system, the RS3 “Discrete Fracture Networks” op-

tion was used, which allows modelling contact between ele-

ments taking into account the fault structure and provides 

both sliding between the fault boundaries and the main mass, 

and sliding inside the fracture system. 

The fracture properties are modelled using parameters 

such as normal kn and shear ks fracture stiffness, which are 

determined using mass quality indicators (GSI) inside the 

fault zone. Parametric analysis shows that in the range of 

argument changes kn < 2.5 GPa/m, the difference in the rea-

lized shear strains is the most significant. When reducing the 

Er index, which characterizes the ratio of material stiffness 

inside and outside the fault zone, from Er = 0.2 to Er = 0.05, 

the maximum shear strains in the bottom part of the quarry 

increase from 0.05 to 0.075, that is, by 50%. Thus, the disin-

tegrated medium in the fault zone provokes the development 

of shear strains. 

In general, accounting for the characteristics of geologi-

cal faults, such as openness, contact filler type, and fracture 

surface roughness, is a complex task in geomechanics and at 

this stage is accomplished by selecting the normal and shear 

stiffness of the contact, modelling the interaction between the 

fault and the main rock mass. The algorithm for selecting 

contact parameters should be improved, considering surveyor 

observation data of the fault state in the event of its outcrop 

to the surface. To adequately model the state of deep quarry 

walls in the absence of complete information about the pro-

perties of rocks inside the fault zone, it is necessary to focus 

on the lower normal stiffness of the fracture-filling material 

(no more than 2.5 GPa/m) and a lower rock stiffness in the 

fault zone, characterized by Er value of no more than 0.05. 
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Чисельне моделювання стійкості бортів кар’єру з урахуванням  

локалізації геологічних розломів у донній частині 

А. Молдабаєв, Д. Бабець, С. Молдабаєв, О. Сдвижкова, А. Баскетін, Ж. Султанбекова 

Мета. Оцінка впливу геологічних порушень, розташованих у донній частині надглибокого рудного кар’єру Качарський, на на-

пружено-деформований стан (НДС) його бортів та визначення запасу їх стійкості з урахуванням ускладненої геологічної ситуації. 

Методика. Методика моделювання площин розлому ґрунтується на 3D скінчено-елементному аналізі засобами програмного 

продукту RS3 Rocscience. Зона розлому представлена середовищем із системою тріщин. Характеристики тріщин, такі як ступінь 

розкриття, тип наповнювача контакту, якість поверхонь, здійснюється за рахунок підбору нормальної та зсувної жорсткості 

контакту. Міцнісні та деформаційні властивості гірської породи всередині зони розлому регламентуються малими значеннями 

геологічного індексу (GSI = 20), що відповідають за класифікацією Хоека-Брауна масиву “поганої” якості. Основний масив поза 

зоною розлому представлений пружно-пластичним середовищем, де перехід у непружну стадію деформування визначається 

критерієм міцності Кулона-Мора. 

Результати. МКЕ-аналіз напружено-деформованого стану бортів кар’єру Качарський на різних етапах розробки з урахуванням 

розломів у його донній частині дає оцінку стійкості (SF), яка на 28-30% нижча за ту, що отримана без урахування розломів. Пара-

метричний аналіз показав, що при значеннях нормальної жорсткості матеріалу-заповнювача тріщин до 2.5 ГПа/м різниця у реалізо-

ваних зсувних деформаціях найбільш істотна. При зменшенні показника Er, що характеризує співвідношення жорсткостей матеріа-

лів усередині та поза зоною розлому від значення Er = 0.2 до Er = 0.05, максимальні зсувні деформації в донній частині кар’єру 
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збільшуються від 0.05 до 0.075, тобто на 50%. Таким чином, більш слабке та дезінтегроване середовище в зоні розлому провокує 

розвиток зсувних деформацій і зумовлює зниження стійкості борту. 

Наукова новизна. Вперше для реальних гірничо-геологічних умов глибокого рудного кар’єру встановлена закономірність змі-

ни запасу міцності крутих бортів з урахуванням геологічних розломів у донній частині кар’єру. Встановлено залежність зсувних 

деформацій від показника нормальної жорсткості тріщин та співвідношення модулів деформації породного середовища всередині 

зони розлому та поза нею. 

Практична значимість. Значення коефіцієнта стійкості бортів на кожному етапі розробки є ключовим параметром для прий-

няття технологічних рішень і регламентів. Встановлений факт зниження стійкості бортів на останньому етапі розробки до критич-

ного рівня (SF = 1.1) через присутність розломів може бути основою для перегляду технологічної схеми видобутку руди на фіналь-

ній стадії, зокрема, може бути прийнято рішення зменшити кут укосу уступів. 

Ключові слова: геологічний розлом; відкрита гірнича виробка; глибокий кар’єр; стійкість укосу; чисельне моделювання 
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