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Abstract 
 

One of the key safety concerns at the Kachar open-pit mine – currently exceeding 500 meters in depth – is the management 
of unstable slopes caused by stress-induced effects. High horizontal compressive stresses in the rock mass have a complex 
influence on slope stability. To analyze slope behavior as mining progresses toward the projected depth of 760 meters, a 
comprehensive methodology combining numerical modeling and geodetic monitoring was adopted. This integrated approach 
leveraged advanced software tools, accurate geomechanical characteristics of the rocks, and a robust representation of the 
stress-strain state. The principal stresses σ_1 and σ_3 derived from numerical simulations closely matched field 
measurements, providing confidence in the model’s validity. Results from in-situ geophysical stress tests confirmed the 
reliability of the simulation outputs. The dominant failure mode identified was tensile fracturing, initiated by microcrack 
accumulation that leads to extensive delamination of the rock mass. This insight underscores the need for proactive stability 
management. The proposed predictive framework offers a dependable geomechanical assessment tool for tracking stress 
and deformation dynamics in the near-slope zone throughout different phases of mine development. By capturing both 
physical measurements and simulated behavior, it enhances safety planning and supports informed decision-making. 
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1. Introduction 

At present, there is a long-felt need to take into account the 

actual stress-strain state when developing deeper horizons of 

solid mineral deposits. In highly stressed, solid and brittle 

rocks, displacements can be difficult to detect, right up to the 

moment of collapse. The main complication associated with 

the increase in mining depth is the increased risk of large-scale 

destruction of mining structures (pit walls and benches, mine 

workings and stope) caused by the action of tectonic stress 

fields, which is confirmed by periodically occurring powerful 

destructions at mines.  

The existing approaches to its solution result in 

distinguishing two main groups of methods – direct and 

indirect.[1-2] The first group includes the methods based on 

measurements of rock deformation parameters. The second 

group includes geophysical methods that use variations of 

natural or artificially induced geophysical fields. 

High horizontal stresses and increased depth can lead to 

unfavorable stress conditions, causing disintegration of rock 

mass and strength loss. These conditions cannot be 

satisfactorily taken into account by traditional stability 

analysis using the limit equilibrium method.[3-4] 

The problem of predicting the tectonic influence on the 

stress state of a rock mass is urgent in geomechanics. The 

initial stress state changes as the quarry is developed. The 

mined-out space in the rock mass causes the stress to be 

redistributed around the quarry. The resulting main stresses 

around the quarry have different directions compared to the 

initial stress state. Knowing the patterns of stress distribution 

in rocks ensures safe and efficient operation of deposits in a 

range of mining, geological and mining engineering 

conditions.[5] 

Characteristic features of tectonically stressed rock 

masses are specific manifestations of rock pressure in 
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underground workings, core disking and azimuthal deviations 

of borehole shafts as well as abnormally high values of stress 

field components in one of the horizontal (or close to it) 

directions.[6-9] 

There are still no developed theoretical methods for 

analyzing the tectonic stress state of a rock mass. 

Many works deal with the problems of formation of 

stress-strain state. One of the first researchers to put forward a 

hypothesis about the causes of stress-strain state of rock 

masses was the Swiss geologist A. Heim. Based on 

observations of a rock mass behavior during the excavation of 

a large transalpine tunnel back in the 1970s, he concluded that 

the rock is in a spatial stress state. In this case, the vertical 

component of the stress is equal to the weight of the overlying 

rocks. The main point of Heim's hypothesis[10] was that the 

stresses are of geological origin, and the ratio of the vertical 

and horizontal components is close to one (hydrostatic stress 

distribution). 

Numerous experimental data obtained in recent decades 

have shown that in many cases the ratio in real rock masses 

did not correspond to the stress measurements. Based on a 

large number of stress measurements in deep mines in 

Scandinavia, the Swedish geologist N. Hast[11] established that 

horizontal stresses are often greater than vertical ones. The 

same conclusion was reached by American researchers Barry 

Voigt, J. Taylor, J. Voigt and G. Herget[12] as well as Hiromatsu 

and Oka.[13] 

The depth of excavation related damage induced by high 

stress concentrations in brittle rock masses has relied on 

empirical methods (for example, Martin et al., 1999, 

Diederichs, 2007) or case specific numerical modelling (for 

example, Hou, 2003, Hudson et al., 2009, Rutqvist et al., 2009, 

Lisjak et al., 2015a, Lisjak et al., 2015b).[14-17] 

Well known are the works of a group of researchers led by 

J. Sjoberg, who is engaged in a range of issues related to the 

stability of the Aitik quarry (Sweden). In this quarry, despite 

the rather fractured and watered rock mass, it was possible to 

form a final pit wall iwith a slope angle of 51о.[18-19] 

It is worth noting the studies conducted under the 

supervision of A. Karzulovic. These studies are based, as a rule, 

on a fairly detailed description of the lithological features of 

the rocks that make up the studied pit walls. The quarry field 

is divided into sections that can be considered homogeneous 

in their geological structure. Further recommendations on the 

stability of quarry walls are given for each section.[20] It is also 

essential to emphasize that the stress–strain state of rocks 

cannot be separated from their mineralogical and chemical 

composition. The breakdown of silicate lattices, hydration–

dehydration reactions of clay minerals, and oxidation–

reduction processes within sulfide ores can significantly 

influence the strength and long-term stability of rock masses 

under deep mining conditions. For example, pyrite oxidation 

in fractured zones leads to the formation of sulfuric acid, 

which accelerates the dissolution of carbonates and weakens 

cementing bonds between mineral grains. Similarly, hydration 

of feldspars and micas produces swelling clays that reduce 

shear strength, while pressure-induced phase transitions of 

quartz and feldspar at great depths alter the elastic modulus of 

the rock. These chemically driven transformations act in 

synergy with mechanical stresses, enhancing fracture 

propagation and destabilization. Therefore, in addition to 

geomechanical and geophysical models, an adequate 

evaluation of quarry wall stability at great depths requires 

consideration of geochemical reactions, mineral stability 

fields, and thermodynamic properties of rock-forming 

compounds. 

To date, the works related to the study of structural and 

geological features of rock masses, including for the purpose 

of determining stable slope angles in quarries, are based on 

various indicators of rock mass quality (ratings).[21-28] It can be 

noted that none of the known systems for assessing the quality 

of a rock mass fully takes into account its stress-strain state.[29] 

Opencast mining in tectonically stressed rock masses, 

accompanied by an increase in the level of both gravitational 

and tectonic active stresses, inevitably results in a situation 

when rock masses begin to collapse in a dynamic mode.[30] 

The combination of tensile damage and decrease in 

confinement play an important role in stress-induced failure of 

hard rocks at great depths. Extensile fracturing at low 

confining stresses encountered at and close to the excavation 

boundary occurs as a result of exceeding the rock mass 

strength controlled by damage initiation mechanisms that are 

relatively insensitive to confinement and by facture 

propagation mechanisms that govern the rock mass response 

at low confining stresses. 

Massive to moderately jointed rock masses with a high 

ratio of compressive to tensile strength under anisotropic, 

high-magnitude stress regimes are prone to brittle fracturing, 

with the dominant failure mechanism being that of extensile 

fracturing, as previously mentioned.[31]  

Vazaios and collegues demonstrated that the Finite-

Discrete Element Method (FDEM) is capable of accurately 

simulating tensile fracturing and brittle failure that occur in 

hard rocks under high-stress conditions during their extraction. 
[32] 

Various researchers have utilised different numerical 

methods in order to assess brittle fracturing in rock mass 

excavations, varying from the application of continuum 
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techniques[31,33] to discontinuum, and hybrid finite-discrete 

element approaches.[34,35] 

This occurs when the deformation of the rock reaches a 

critical value, which leads to its destruction.[36-39] In this case, 

to assess the stability of the rock mass, the level of the acting 

stresses is calculated for the design depth of the quarry. 

Numerical methods for calculating the distribution of stresses 

are used for this. At the same time, the stability of the walls is 

assessed based on a comparison of the level of the estimated 

stresses in the vicinity of the wall against the ultimate strength 

of the rocks. If the level of the estimated stresses in the 

designed structure does not exceed the ultimate strength of the 

rocks with due account for the safety factor, then in this case 

the structure is considered generally stable. 

The management of unstable walls caused by the action 

of the stress-strain state is one of the most important issues in 

solving safety issues in the Kachar quarry, the actual depth of 

which currently exceeds 500 m. At the Kachar quarry, an 

unforeseen deformation process caused by a change in the 

stress-strain state of the rock mass under the action of 

geodynamic movements resulted in significant destruction and 

suspension of quarry operations in 2015 and economic losses. 

The stress-strain state of the Kachar quarry is of the 

gravitational-tectonic type with a fairly high level of 

horizontal compressive stresses. For deep quarries, the stress 

state is much more complex due to zones of both low and high 

stresses. 

The Kachar deposit is characterized by complex 

engineering-geological and hydrogeological conditions of 

occurrence. Long periods of open-pit mining and the 

associated large volumes of rock mass movement contributed 

to the disruption of the natural stress-strain state of the earth's 

crust in the area of the deposit. 

Landslide-type processes are typically observed only in 

the uppermost benches of the pit and are most commonly 

triggered during periods of seasonal flooding. At the benches 

located at the ±0 m level and below, instances of rapid bench 

collapses extending over several meters have been recorded. 

These failures are most often associated with the presence of 

slip planes within the rock mass. Deformation processes are 

unevenly distributed across the pit area, with the highest 

concentration of events observed on the southwestern and 

northeastern pit walls. The deformation processes occurring in 

the area of the crushing and conveying complex, which began 

in 2011, were a consequence of rock mass failure caused by a 

high level of horizontal tangential stresses induced by ongoing 

geodynamic movements of the Earth's crust. 

The stress state and its parameters acting in the horizontal 

plane plays an ambiguous role. At moderate levels, they 

contribute to increased stability compared to the calculated 

values. However, when certain thresholds are exceeded, they 

cause disturbances in the form of shear fractures that 

propagate deep into the pit wall. The rock mass bounded by 

these fractures undergoes failure. Our analysis suggests that in 

moderately fractured rock masses under anisotropic stress 

conditions, failure predominantly initiates with the formation 

of tensile fractures. This mechanism triggers the accumulation 

of microcracks, which, as they develop, lead to large-scale 

fracturing, ultimately resulting in rock failure or delamination. 

To analyze the stability of the Kachar walls when it was 

deepened to 760 m, an integrated approach was used, 

combining numerical modeling methods and field studies that 

took into account the stresses acting in the rock mass.[40-45] 

This study aims to improve understanding and prediction 

of the stress–strain state in deep open-pit mining by analyzing 

geodynamic movements at the Kachar quarry, determining 

geological and structural factors affecting rock stability, 

creating a 3D numerical stress distribution model, applying 

mechanical failure criteria to assess brittle fracturing, 

evaluating pit wall and bench stability with increasing depth, 

integrating field monitoring with modeling to forecast 

hazardous zones, and proposing measures for safe and 

sustainable quarry operation under complex tectonic and 

geomechanical conditions. 

 

2. Methods and materials 

2.1 Analysis of recent geodynamic movements at the 

kachar quarry 

The Kachar quarry is located in the Kostanay Region of 

northern Kazakhstan.  

The geotechnical conditions for the development of the 

Kachar iron ore deposit are very complex and are determined 

by: 

- the presence of a 130÷200m layer of loose sediments;  

- the 30°-60° dip of sedimentary rock bedding towards the 

mined-out space typical of the northwestern, western, 

southwestern and southern walls, and the presence of 

weakened surfaces along the bedding; 

- the presence of karsting, watered limestones in the structure 

of the western, southwestern and southern pit walls. The 

limestones in the southern part of the quarry are especially 

watered; 

- the presence of faults and zones of excessive fracturing in the 

Paleozoic rocks; 

- the presence of five aquifers; 

- the intensive manifestation of recent geodynamic activity of 

natural and man-made genesis. 

Structural disturbances of various scales have been 

identified along almost the entire perimeter of the pit. The 

southwestern part of the pit is the most heavily disturbed, 

where four zones of major disrupted blocks have been  
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Fig. 1: The vectors of horizontal geodynamic displacements of geodetic points in the area of the Kachar quarry. 

 

delineated. 

The parameters of the stress-strain state of the rock masses 

of the Kachar quarry were determined using geodetic methods 

by means of redefining the coordinates of geodetic points in 

adjacent territories using satellite geodesy technologies.[46-49] 

At each point, located both within the deposit and away 

from it, cyclic measurements of spatial coordinates were 

performed using the satellite positioning method. As a result 

of office analysis of the measurement results and mathematical 

analysis, displacements of the geodetic network points were 

determined. 

The vectors of horizontal displacements of geodetic points 

characterizing the recent geodynamic movements in the 

quarry and the corresponding stress-strain state (Fig. 1). 

Cyclic short-term movements include displacements that 

take place once or several times during continuous several-

hour observation sessions.[50-54] 

The parameters of cyclic short-term geodynamic 

movements are determined by means of continuous several-

hour monitoring of the benchmark system by satellite methods. 

The measurements record changes in the spatial coordinates 

of the monitoring network points. The interval between 

discrete measurements can vary from several minutes to 

several tens of minutes. The continuous monitoring by satellite 

geodesy complexes ensures the obtainment of all three 

coordinates of the device's location at a given time. The use of 

several devices simultaneously results in the obtainment of a 

spatial displacement of the points, where the devices are 

located, relative to each other at any given time interval (from 

several tens of minutes to several hours). The accuracy of 

displacement measurements between points is 1-5 mm. 

Using the mathematical methods of continuum mechanics, 

the deformations of intervals, the values and directions of 

displacement vectors obtained as a result of instrumental 

observations were transformed into a tensor representation of 

the deformation field with the identification of the main 

components of the deformation tensor. 

In line with the research results, within the studied rock 

mass of the Kachar quarry, two structural blocks are 

distinguished that have oppositely directed mutually 

perpendicular recent geodynamic movements – northwestern 

and southern. The displacement of the northwestern block to 

the south creates a zone of concentration of compressive 

stresses and deformations in the contact area of structural 

blocks in the southwestern pit wall. This can cause shear 

cracks in the rock mass of the wall along with the disruption 

of the primary structure and destruction of the shifted rock 

mass. The boundary of the zone of compression and tensile 

deformations goes along the tectonic fault in the north-eastern 

direction (Fig. 2). The values of vertical displacements in the 

quarry area during its existence have been in the range from 

+0.391 m to -0.209 m. Surface subsidence gradually increases  
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Fig. 2: The distribution of isolines of the first invariant of horizontal deformations in the area of the Kachar quarry. 

 

from the western pit wall in all directions. 

The vectors of horizontal movements of points are 

generally multidirectional and have rather small values from 

0.003 m to 0.025 m. 

The initial and secondary stress-strain states of adjacent 

rock masses of the Kachar quarry are very heterogeneous, 

which leads to micro-movements of large geological blocks 

along tectonic contacts, and can cause changes in the 

hydrogeomechanical structure of the adjacent rock mass and 

the groundwater regime. In harmony with the parameters of 

recent displacements of peripheral geodetic points, their 

values and directions, the initial stress-strain state in the quarry 

area as a whole is formed under the influence of tensile 

deformations. 

The analysis of the obtained results shows that the western 

slope of the quarry exhibits more heterogeneous deformation 

characteristics compared to the other slopes. This area 

contains zones of increased tensile and compressive 

concentrations that alternate with each other. Elevated values 

of tensile deformations are observed on the eastern slope of 

the quarry, while a slightly increased concentration of 

compressive deformations is present on the northeastern slope. 

The formation of the anomalous zone with high 

compressive tangential stresses, which caused shear failures at 

the –30 m level of the Kachar quarry in 2015, was due to the 

mutually perpendicular displacements of adjacent structural 

blocks under the influence of ongoing geodynamic 

movements.[55] 

 

2.2 Numerical modeling of the stress state of the rock mass 

of the kachar quarry 

A three-dimensional model of the Kachar quarry was built in 

the Datamine software (Fig. 3). Almost all the rocks that make 

up the adjacent rock mass of the Kachar quarry are brittle.  

Numerical models help in assessing failure mechanisms, stress 

distribution, energy changes, and deformation changes, among 

several other factors which influence the stability of deep 

mining excavations.[56] The estimated physical and mechanical 

properties of the identified lithotypes of the quarry rock mass 

obtained in the course of various studies are presented in Table 

1. 

The numerical modeling was performed using the RS2 

RocScience software,[57] where the slope stability was 

quantitatively assessed using the shear strength reduction 

method (SSR). 

The entire simulation model of the pit wall down to the 

design depth of 760 m (level -570 m) was divided into many 

finite elements based on lithological differences, connected to 

each other at the vertices, which were then assigned their 

physical and mechanical characteristics. 

The model was controlled by boundary conditions – along 

the lateral boundaries and at the base of the model, all nodes 

were assigned fixed boundary conditions (prohibition of 

displacements). The surface of the estimated area remains free 

for deformations and displacements. 

The maximum component of the initial stress state of the 

rock mass is modeled subparallel to the strike of the ore 

deposit. The stresses and their change with increasing depth 

are assessed in-situ on the basis of regional stress values. The 

coefficients of lateral soil pressure in two opposite directions 

of the main stresses were λ1=2.03 and λ2=1.31. 

To model the nature of rock deformation at the Kachar  
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Fig. 3: The geometry of a three-dimensional numerical model for modeling the stress-strain state. 

 

Table 1: Physical and mechanical characteristics of rocks taken into account during the modeling. 

Rock Type 𝜎𝑐𝑖(MPa) GSI mi Em (MPa) ν 𝜎𝑡(MPa) C (MPa) φ 

OVERBURDEN 

ROCK 

- - - - - 0 0.040 17 

FAULT 20 30 6.6 0.3 0.34 0 0.010 22 

WEATH 0.7 40 6 0.3 0.34 - 0.010 22 

BRX 26 61 12.5 25.24 0.23 5.1 1.652 36.4 

LST 67 71 12.9 55.55 0.25 5.3 3.214 45.9 

META 64 71 9.9 33.31 0.23 7.2 2.537 40.8 

ORE 33 63 16.7 10.20 0.21 7.4 2.625 37.2 

PLAG 71 63 16 5.08 0.27 6.7 1.085 42.1 

TUFF 72 62 17.5 35.74 0.23 7.9 2.801 46.6 

Rock Type 𝜎𝑐𝑖  (MPa) GSI mi Em (MPa) ν 𝜎𝑡 (MPa) C (MPa) φ 

where: σc = uniaxial compressive strength of intact rock, GSI = the geological strength index, mi =Hoek-Brown dimensionless 

material constant for intact rock, Erm= Young's modulus of rock mass, ν = Poisson's ratio, σt = tensile strength, C = cohesion, φ = 

internal friction angle. 

 

quarry, the Mohr-Coulomb elastic-plastic medium model was 

used. This criterion serves to describe the response to shear 

stress and normal stress by materials.[58-60] 

Brittle failure is caused by the excess of the greatest 

normal stress over the rock ultimate compressive or tensile 

strength. Shear fracture is characterized by significant 

tangential stresses exceeding the ultimate shear strength of 

rocks (this type of failure is always preceded by the 

development of noticeable plastic (inelastic) deformations). 

The maximum normal stress theory (the maximum-stress 

theory) is based on a comparison of the latter with the 

compressive and tensile strength of rocks, taking into account 

the disturbance of the rock mass presented in Eq. (1): 

𝜎1 ≤ 𝐾𝐶𝜎𝑐𝑖 

|𝜎3| ≤ 𝐾𝐶𝜎𝑡 
(1) 

where 𝜎1 and 𝜎3 are respectively, the maximum compressive 

and minimum tensile principal stresses acting in the rock mass 

(obtained from the elastic solution), MPa; Кс is the coefficient 

of structural weakening; 𝜎𝑐𝑖  is the ultimate compressive 

strength of the rock, MPa; 𝜎𝑡 is the ultimate tensile strength of 

the rock, MPa. 
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In real conditions, the rock mass is characterized by cracks. 

Therefore, possible risks in the calculations of the stability 

indicator were taken into account through the coefficient of 

structural weakening of the rock mass (𝐾𝐶 = 0,5). 

According to Protodyakonov’s research,[61] it has been 

established that the rock strength is influenced only by the 

ratio of maximum and minimum stresses (𝜎1, 𝜎3), in the plane 

of which the maximum shear stress acts (𝜏𝑥𝑦). 

In accordance with the strength theories for brittle 

materials,[62] in practice it is considered that the loss of stability 

of a section of the adjacent rock mass, according to the results 

of numerical modeling, is possible when one of the following 

criteria is realized:[56-57] 

- when the maximum component of compressive stresses 𝜎1 

exceeds 50% of the ultimate uniaxial compression strength of 

rocks)     (Ϭ ci) that make up the wall section (|𝜎1| ≥ 0.5 | Ϭ ci 

|), the rock mass enters the limit state; 

- when the minimum component of tensile stresses Ϭ3 exceeds 

the ultimate tensile strength: 𝜎3  > 𝜎𝑡 , opening of natural 

cracks and formation of man-made cracks is possible; 

- when the maximum tangential stresses τxy exceed the ultimate 

shear strength, there is a possibility of shift of rock blocks 

along natural and man-made cracks. 

According to the theory of limit equilibrium, the condition 

of stability (non-failure) under biaxial stress for an arbitrary 

plane, such as along I–I (Fig. 4), is determined by an inequality 

that relates the normal and shear stresses based on the 

Coulomb failure criterion Eq. (2):[63] 

𝜏𝑥𝑦 < [𝜏0] + 𝜎𝑛𝑡𝑔𝜑 (2) 

where 

𝜏𝑥𝑦 is effective maximum shear stresses; 

𝐶 , 𝜑  are adhesion and angle of internal friction of the 

destroyed material; 

𝜎𝑛  is a normal component of stress acting on the sliding 

surface. 

 

 
Fig. 4: Stress distribution diagram on a plane during failure in the 

form of spalling (shear). 

 

In shear failure according to the Mohr–Coulomb criterion, 

the interaction between normal and shear stresses, as well as 

the material’s internal properties (cohesion and internal 

friction angle), determine the onset and plane of failure. 

The stress components on an arbitrary plane can now be 

expressed in terms of the principal stresses as shown in Eq. (3) 

and Eq. (4): 

σ𝑛 = σ3cos2 𝛼 + σ1 sin2 𝛼 (3) 

𝜏𝑥𝑦 =
𝜎1 − 𝜎3

2
sin 2𝛼 (4) 

where σ1  and σ3  are maximum and minimum principal 

stresses respectively;𝛼 is the angle of inclination of the sliding 

surface to the line of action of the minimum principal stress 

σ3.  

Shear stresses reach their maximum values on planes 

oriented at an angle of 45° to the principal planes. 

The general condition for the loss of stability of an 

individual bench is the exceeding of resisting forces by the 

acting shear forces. 

Based on this, and using formulas (2), the factor of safety 

with respect to the maximum shear stress 𝜏𝑚𝑎𝑥  can be 

calculated using the following expression for 𝛼 =  45°  Eq. 

(5): 

𝑛 =
(σ1 + σ3)𝑡𝑔𝜑 + 2𝐶

2𝜏𝑥𝑦
 (5) 

where  

𝜑 is the angle of internal friction, degree 

𝐶 is adhesion in the rock mass, 𝑡 𝑚2⁄  

 

3. Results and discussion 

The stress-strain state of the host rocks of the Kachar quarry 

was assessed in two of the most characteristic perpendicular 

sections: in the direction of the northwest-southeast walls 

(across the strike of the ore body). 

Letter designations of the main stresses according to their 

values, as used in calculations: 

σ1 –major principal stress at failure 

σ2 – the principal intermediate stress 

σ3 –minor principal stress at failure 

𝜏𝑥𝑦 – the maximum shear stress. 

The Kachar open-pit mine is located approximately 45 km 

north of the city of Rudny, the nearest major population center. 

By the end of its operational life, the Kachar pit will 

measure approximately 3 km by 2.5 km in diameter, with a 

current depth of about 450 meters (Fig. 5). The final planned 

depth of the pit is 750 meters. 

The Kachar open-pit mine, with a present depth of ~450 

m and projected depth of 750 m, represents one of the largest  
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Fig. 5: Kachar Open-Pit Mine (Google, 2023). 

 

 

Fig. 6: a) Finite element model of the Kachar open-pit slope in the northwestern (NW) and southeastern (SE) directions after 

discretization and mesh generation b) lithology color coding. 

 

iron ore excavations in northern Kazakhstan (Fig. 5). The pit 

geometry, approximately 3 km by 2.5 km, creates an immense 

zone of redistributed stresses within the host rock mass. Such 

large-scale excavation alters the natural gravitational–tectonic 

equilibrium of the crust, producing both compressive and 

tensile anomalies along pit slopes. Similar effects have been 

reported for other deep open-pits worldwide, such as the 

Palabora mine in South Africa and the Chuquicamata pit in 

Chile, where depth-induced stress anisotropy generated 

hazardous instabilities. [64-65] The combination of steep slope 

geometries and brittle lithologies creates conditions highly 

sensitive to geodynamic perturbations. The development of 

fractures, faults, and zones of stress concentration is 

particularly pronounced in the northwestern (NW) wall, 

consistent with field evidence of recurrent deformations. This 

underscores the importance of combining geometrical analysis 

with advanced modeling and geodetic monitoring to capture 

the evolving stress–strain state. 

Fig. 6 and 7 show the finite element model of the Kachar 

open-pit slope in the northwestern (NW) and southeastern (SE) 

directions after discretization and mesh generation, as well as 

the stress contour distribution, produced using the RS2 

software by Rocscience. 

The finite element model (FEM) constructed for the 

Kachar quarry (Fig. 6) discretizes the pit walls and adjacent 

rock mass into lithological blocks with distinct mechanical  
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Fig. 7: Contour plot of the in-situ stress distribution. 

 

properties (see Table 1). Such models have proven effective in 

simulating complex stress redistribution patterns in 

heterogeneous geological environments.[55,66] The 

discretization ensures that contrasts between strong lithotypes 

(e.g., tuffs, limestones) and weaker units (fault gouge, 

weathered rock) are realistically represented. The adoption of 

the Mohr–Coulomb elastic–plastic criterion allows for 

simulation of shear-dominated failure, while tensile fracture 

initiation is captured through tensile stress thresholds. 

Importantly, the FEM accounts for anisotropy in lateral stress 

coefficients (λ₁ = 2.03, λ₂ = 1.31), which reflects the strong 

tectonic control over the stress regime. Comparable anisotropy 

has been noted in Scandinavian and Canadian deep mines, 

where horizontal stresses often exceed vertical stresses due to 

glacial and tectonic loading histories.[67-68] 

Fig. 8 presents the stress distribution graphs of the 

principal stresses Ϭ1, Ϭ3, and shear stress τху along the 

northwest–southeast direction of the Kachar open-pit mine, 

for both the excavation area and the surrounding rock mass.  

The stress contour plots (Fig. 7) demonstrate the non-

uniform propagation of stresses within the quarry. Zones of 

elevated σ₁ (major principal stress) are concentrated near slope 

faces and lithological boundaries, especially where strong 

rock types are juxtaposed with weaker fault materials. This 

agrees with international observations that stress 

heterogeneity intensifies around geological discontinuities, 

which act as both stress concentrators and potential slip planes. 
[69,15] Stress “shadow zones,” characterized by low σ₁ and σ₃ 

values, are also evident in the model. These regions can create 

instability “windows” by promoting differential displacement, 

eventually triggering localized collapses. In the Kachar quarry, 

these effects are magnified by hydrogeological activity, as 

water-bearing limestones and aquifers further reduce effective 

stress and accelerate chemical weakening of rocks through 

dissolution and hydration processes.[70]  

 

 
Fig. 8: The distribution of Ϭ1, Ϭ3, and τху with depth of the pit, 

based on simulation results for both the quarrying and the 

surrounding rock mass. 

 

The stress profiles with depth (Fig. 8) reveal critical 

thresholds for instability development: Alternating tensile and 

compressive stress zones at –300 to –330 m; These stress  
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Table 2: Impact assessment of shear stresses 𝜏𝑥𝑦 on the rock mass of the Kachar quarry in the direction of the northwest-southeast 

pit walls based on the results of numerical modeling. 

Pit wall 

Dangerous areas in 

terms of 

deformations, 

horizons m 

Fulfillment of non-failure condition 

𝜏𝑥𝑦<[с]+ 𝜎𝑛𝑡𝑔𝜑 

Estimated safety 

factor of the section 

Predicted condition 

of the section Effective maximum 

shear stresses τxy, 

MPa 

Estimated ultimate 

shear strength, MPa 

NW (-510) ÷ (-555) 1.54 1.46 0.94 

Possible 

development of shear 

deformations 

 

reversals correspond to tectonic fault zones intersecting the 

NW wall. The alternation of stress regimes facilitates shear 

offset along pre-existing discontinuities, consistent with case 

histories of tectonically stressed pits in Chile and Sweden.[71-

72] Non-uniform σ₁ distribution near excavation boundaries; 

Elevated σ₁ values contribute to localized shear cracking and 

spalling, particularly at shallow to intermediate depths. 

Concentration of maximum shear stresses τxy at –510 to –555 

m; The modeled τxy values reach 1.54 MPa, surpassing the 

ultimate shear resistance of plagioclase-rich zones (1.46 MPa, 

see Table 2). This exceeds the stability threshold, indicating 

the likelihood of shear slip or dynamic failure at these depths. 

Low confinement in the NW wall; The predominance of low 

σ₃ values fosters extensional fracturing, which aligns with 

field evidence of tensile failure being the dominant mode in 

Kachar. Similar findings were reported by Martin et al.[68] and 

Kaiser et al.,[73]who demonstrated that extensional spalling 

dominates in brittle, low-confinement conditions. 

The analysis of distribution of the main σ1  and σ3  and 

maximum shear stresses 𝜏𝑥𝑦 in the direction of the northwest-

southeast walls of the Kachar quarry up to the (-570) m level 

based on the results of numerical modeling shows: 

- at the levels of (-300) m – (-330) m of the 

northwestern pit wall of the Kachar quarry, the main stresses 

in the mass blocks change. Zones of tensile and compressive 

stresses alternate in the tectonic fault zone. The boundary of 

the zone of compressive and tensile deformations goes along 

the tectonic fault in the northeastern direction; 

- the distribution pattern of the maximum stress 

component Ϭ1 for the quarrying of the northwestern wall is 

non-uniform. The maximum stress component Ϭ1 acting near 

the quarrying of the northwestern pit wall affects the 

configuration of the pit wall (contributes to the deformations 

in the form of shear cracks) up to the horizon (-330) m.; 

- the greatest shear stresses in the northwestern wall 

(up to 1.54 MPa) are concentrated at the (-510) – (-555) m 

horizons, at the intersection points of the slope with the bench 

toe. This section will be potentially dangerous in terms of 

dynamic fracture; 

- according to the results of numerical modeling, the 

geomechanical state of the rock mass in the northwestern slope 

is characterized by low compressive stress. 

For the most stressed section, where there is an 

unfavorable effect of shear stresses on the adjacent rock mass 

and the maximum shear stresses ( 𝜏𝑚𝑎𝑥 ) may exceed the 

ultimate shear strength (Table 2), the non-failure condition 

was checked according to (2) and the stability factor of the 

deformable section was calculated according to (5). 

The values of the maximum shear stress component τxy in 

the marginal zone of the northwestern pit wall are 

concentrated at the (-510) ÷ (-555) m levels composed of 

plagioclases, and are equal to 1.54 MPa. The estimated 

stability factor of the section at the intersection points of the 

slope with the bench toe is 0.94. Here, the devel opment of 

shear deformations is probable. 

Table 2 presents a quantitative assessment of the NW wall 

stability at critical depths. The calculated stability factor of 

0.94, below unity, confirms that the rock mass is at or beyond 

the threshold of shear failure. This result is consistent with the 

observed deformations in the NW sector of the quarry. 

A safety factor <1.0 is unacceptable for long-term pit 

stability. International practice dictates that a factor of at least 

1.2–1.5 is required for operational safety.[20,74] Thus, the 

Kachar quarry’s NW wall, particularly between –510 and –

555 m, represents a geomechanically unstable zone where 

preventive measures are urgently needed. These could include 

slope flattening, controlled destress blasting, drainage of 

water-bearing zones, or chemical stabilization of weak 

horizons.[75]  

The distribution of deformation processes over the quarry 

based on the data obtained from deformation data sheets (Fig. 

9).[43-45] The areas where deformation events are concentrated 

characterize the general stress-strain state of the Kachar rock 

mass. The northwestern section is characterized by the most  
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Fig. 9: Distribution of actual deformations over the quarry surface. 

 

unfavorable mode of occurrence. 

Due to the use of modern software tools, accounting for 

the geomechanical properties of rocks and a reliable 

representation of the stress-strain state model of the rock mass, 

the distribution of principal stresses σ1  and σ3  predicted by 

the numerical model agrees well with field observations and 

adequately reflects the real processes in the rock mass. 

Numerical modeling enhances our understanding of the 

behavior of brittle rocks and provides well-founded 

predictions of the expected level of damage. Every mining 

operation must perform stress modeling as excavation 

progresses to avoid unforeseen problems during subsequent 

stages of development. 

The distribution of actual deformations (Fig. 9) across the 

quarry surface validates the reliability of the numerical model. 

Deformation hot-spots coincide with zones of elevated stress 

predicted in Fig. (7–8), particularly in the NW wall. This 

congruence between modeled and observed behavior 

underscores the robustness of integrating numerical modeling 

with geodetic monitoring. 

The field data show that deformation processes are not 

evenly distributed across the quarry: 

NW wall: exhibits the highest concentration of 

deformation events, consistent with the lowest safety factor 

and highest τxy values. 

Eastern slope: predominantly tensile deformation zones, 

reflecting extensional fracturing under low confinement. 

Western slope: alternation of compressive and tensile 

zones, producing complex deformation signatures. 

The distribution of deformation processes over the quarry 

based on the data obtained from deformation data sheets (Fig. 

9).[43] The areas where deformation events are concentrated 

characterize the general stress-strain state of the Kachar rock 

mass. The northwestern section is characterized by the most 

unfavorable mode of occurrence. 

Due to the use of modern software tools, accounting for 

the geomechanical properties of rocks and a reliable 

representation of the stress-strain state model of the rock mass, 

the distribution of principal stresses σ₁ and σ₃ predicted by the 

numerical model agrees well with field observations and 

adequately reflects the real processes in the rock mass. 

Chemical–Geomechanical Interactions in the Stress–

Strain State: The results obtained clearly demonstrate that the 

Kachar quarry rock mass is highly sensitive not only to 

mechanical stress redistribution but also to chemical and 

mineralogical transformations. The lithological units present 

(limestones, plagioclase-rich rocks, tuffs, and sulfide ores) 

undergo physico-chemical processes under stress, fluid 

circulation, and exposure, which strongly influence stability. 

In fractured sulfide-bearing zones, pyrite oxidation (FeS₂ 

→ Fe2+ + SO4
2-) generates sulfuric acid, accelerating 

carbonate dissolution and weakening intergranular 

cementation. This chemical degradation reduces cohesion and 

magnifies the propagation of microcracks already predicted by 

stress analysis. Hydration of feldspars and sheet silicates 

further produces swelling clays, lowering shear strength—an 

effect consistent with observed collapses during seasonal 

flooding. 
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At greater depths, phase transitions of quartz and feldspars 

under pressure alter elastic moduli and influence the stress–

strain response, shifting mechanical failure thresholds. 

Simultaneously, redox reactions involving Fe- and Mn-

bearing minerals modify porosity and permeability, creating 

preferential weakness planes that often coincide with zones of 

concentrated shear stresses identified in the numerical models. 

These findings show that mechanical and chemical processes 

act in synergy, amplifying rock mass instability. For reliable 

forecasting, stress-strain modeling must be integrated with 

geochemical stability fields and thermodynamic simulations 

of mineral reactions. Such an approach would enable the 

identification of chemically active hazard zones where 

dissolution, hydration, and oxidation overlap with 

mechanically critical stress regimes. 

In the Kachar quarry, high-risk zones are anticipated along 

tectonic contacts, karstified limestones, and sulfide-rich ore 

horizons. Similar to the way phytoremediation studies have 

demonstrated the importance of understanding geochemical 

interactions and their effects on plant physiology,[76] effective 

slope management in deep mining also requires a 

multidisciplinary approach. In this context, an integrated 

monitoring system that combines geodesy, hydrochemistry, 

mineralogy, and numerical geomechanics is essential for 

assessing and mitigating geotechnical hazards. Such 

agreement between field and numerical evidence reflects best 

practice in geomechanics, where model calibration against 

monitoring data enhances predictive capability.[77] 

The findings of this study carry several important 

implications for the broader field of deep open-pit mining and 

geomechanics. First, the results confirm that tensile fracturing 

under conditions of low confinement constitutes the dominant 

failure mechanism at the Kachar quarry. This observation is 

consistent with the established theory of brittle failure in hard 

rocks, whereby the progressive accumulation of microcracks 

under tensile loading evolves into large-scale macro-

fracturing and eventual delamination of the rock mass.[15,73]  

Second, the study demonstrates that the most critical 

stress conditions are concentrated at depths of –510 to –555 m. 

This depth interval represents a key hazard zone, as further 

mining towards the projected depth of 750 m is expected to 

amplify the extent of deformation. Without appropriate 

reinforcement measures, progressive failure originating in this 

zone could propagate both upwards and laterally, thereby 

threatening the stability of benches, pit walls, and haulage 

infrastructure. 

Third, the results highlight the significance of tectonic–

mining stress interactions. The observed anisotropy in stress 

fields reflects the combined influence of excavation-induced 

stress redistribution and ongoing geodynamic activity in 

northern Kazakhstan. The superposition of these two stress 

sources accelerates the development of instabilities, a 

phenomenon consistent with experiences from other 

tectonically active mining regions such as the Andes and the 

Fennoscandian Shield.[78-79]  

Fourth, the study underscores the importance of 

hydrogeological and chemical processes in slope stability. The 

occurrence of karstified, water-bearing limestones and clay-

rich formations indicates that physico-chemical mechanisms 

such as dissolution, swelling, and acid-induced weakening of 

cementing bonds act synergistically with mechanical stresses. 

These processes significantly reduce the shear strength of the 

rock mass, thereby intensifying the potential for slope failure, 

as also noted in earlier studies by Burra et al. [70] and Gray & 

Gibbons.[80] 

Finally, the close correspondence between numerical 

predictions and field observations underlines the value of 

predictive modeling as a practical safety tool. Continuous 

calibration and updating of numerical models using geodetic 

data are essential to ensure accurate forecasting of hazardous 

zones. Modern computational approaches, particularly finite–

discrete element methods (FDEM) and hybrid continuum–

discontinuum models, offer advanced capabilities for 

simulating brittle failure and refining geomechanical 

predictions.[17,81]  

The combined application of numerical modeling (Fig. 6–

8), field monitoring (Fig. 9), and stability assessment (Table 2) 

reveals that the northwestern slope of the Kachar quarry is 

approaching conditions of critical instability. The dominant 

mechanisms of failure are tensile fracturing and shear slip, 

particularly within the depth interval of –510 to –555 m. The 

high level of agreement between simulated stress–strain 

responses and observed deformation patterns provides strong 

validation of the adopted methodology, which is consistent 

with international best practices in geomechanical risk 

assessment.[20,64] 

Overall, the results establish a robust scientific foundation 

for the implementation of proactive geotechnical measures. 

By integrating predictive modeling with continuous field 

monitoring, it is possible to ensure safe and sustainable mining 

operations as the quarry advances to its final planned depth of 

750 m. 

 

4. Conclusion and perspectives 

The Kachar deposit represents one of the most complex 

geomechanical environments in Kazakhstan, where 

lithological heterogeneity, tectonic activity, and 

hydrogeological factors combine to create extreme challenges 
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for deep open-pit mining. The coexistence of unconsolidated 

sediments, fractured Paleozoic rocks, water-saturated 

limestones, and tectonic faults produces a highly anisotropic 

stress–strain state. Under such circumstances, ensuring the 

stability of pit benches and walls, as well as the safety of 

mining operations, is not possible using conventional 

approaches alone. The present study has shown that reliable 

prediction of slope deformation and destruction requires the 

integration of numerical modeling with high-precision 

geodetic monitoring. This combined methodology enabled the 

substantiated identification of deformation-prone zones, 

clarified the redistribution of stresses in the rock mass, and 

provided an explanation of observed slope failures at the 

Kachar quarry. Numerical simulations demonstrated that 

under anisotropic stress conditions, the dominant failure 

mechanism is tensile fracturing, initiated by microcrack 

accumulation and evolving into large-scale delamination of 

the rock mass. These results are consistent with field 

observations and confirm the predictive value of the applied 

models. Importantly, the study highlights that the mechanical 

response of rock masses is inseparable from their chemical and 

mineralogical evolution. Pyrite oxidation generates acidic 

environments that accelerate carbonate dissolution and 

weaken cementing bonds. Hydration of feldspars and sheet 

silicates produces swelling clays, which reduce shear strength 

under water-saturated conditions. Pressure-induced phase 

transitions of silicates alter elastic moduli, while redox 

reactions involving Fe- and Mn-bearing minerals increase 

porosity and fracture propagation. These geochemical 

processes act synergistically with tectonic stresses, amplifying 

instability and necessitating a multidisciplinary assessment 

framework. 

The perspectives for further research include: 

• systematic calibration of stress models using experimental 

in-situ measurements and mineral stability data; 

• development of a comprehensive geomonitoring system 

integrating geodesy, hydrochemistry, mineralogy, and 

geomechanics; 

• incorporation of thermodynamic modeling of mineral 

reactions into geomechanical simulations to improve long-

term predictive capability; 

• application of the proposed methodology to other large-

scale open-pit operations in tectonically active regions. 

By uniting mechanical, geodynamic, and geochemical 

perspectives, this study contributes to the development of a 

scientifically grounded predictive framework for managing 

slope stability in deep quarries. Such an approach not only 

enhances mining safety but also ensures the sustainable 

exploitation of mineral resources in geologically complex 

settings. 
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