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PROVIDING STABILITY OF QUARRY SLOPES
AT COMBINED MINING OF MINERAL DEPOSITS

Purpose. To ensure the stability of quarry slopes during the combined development of mineral deposits by deter-
mining optimal slope parameters, ensuring their long-term stability while minimizing the volume of overburden op-
erations, and reinforcing areas in case of detected fractures, both visible and hidden.

Methodology. The study employs a comprehensive approach that includes field geomechanical observations,
mathematical modeling, and analytical calculations. Modern geodetic methods, such as laser scanning and Global
Positioning System (GPS) navigation, were applied to identify instability zones and assess the impact of geotechnical
factors. The Examine2D software was used to model stress and deformation distribution within the rock mass.

Findings. A zoning scheme of the stress-strain state of the rock mass was developed, taking into account the influence
of tectonic faults and the load from waste dumps. Zones with low stability factor values (0.2—1.4), requiring additional
reinforcement, were identified. Modeling showed that stress concentrations under the quarry bottom and near faults re-
sult in horizontal and vertical displacements of rock masses, affecting the stability of slopes and mining workings.

Originality. For the first time, a comprehensive study of the stress-strain state of the rock mass under combined
mining conditions in Kazakhstan was conducted using modern geodetic and geomechanical technologies. Key fac-
tors affecting slope stability and their long-term stability were identified.

Practical value. The obtained results allow for the optimization of quarry slope parameters, a reduction in overbur-
den operations, the prevention of emergency situations, the safe operation of underground workings, and improved
mining efficiency. Recommendations for reinforcing unstable zones are provided.

Keywords: slope stability, combined mining, rock mass, tectonic faults, geomechanical monitoring

Introduction. Human activity in the use of subsurface
resources causes the development in subsoil of geome-
chanical processes related to changes in the stress state,
strain and shear of rocks [1]. These processes can both
contribute to improved subsoil use efficiency and cause
highly adverse technological and environmental conse-
quences. As a consequence, on the territory of the Repub-
lic of Kazakhstan from negative manifestations of uncon-
trolled geomechanical processes suffer numerous objects
of subsoil use, industrial regions and the earth’s surface
areas [2]. Therefore, with the exploration of new fields and
reconstruction of old mines, the issues of managing geo-
mechanical processes are now important for many mining
enterprises. Monitoring of geotechnical processes is not a
short-term activity, but systematic observation of mining
safety, safety of underground mine workings and surface
structures until the completion of field exploitation [3].
Additionally, the efficiency of subsurface resource devel-
opment and geomechanical process management is close-
ly linked to the optimization of transportation systems,
including excavator-automobile methods [3], cyclic-and-
continuous technologies [4], and the use of dump trucks
[5] for material handling and waste removal.

© Rysbekov K., Nurpeisova M., Kassymkanova Kh.-K., Meiram-
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Over the past 50 years, major geomechanical studies
related to rock pressure and shear management have
been conducted in Kazakhstan and abroad [6, 7]. How-
ever, a great variety of mining-geological conditions
(presence of large tectonic faults, thickness of ore bod-
ies, intense rock mass fracturing, heterogeneity and
variability of mechanical properties of ores and rocks,
etc.) of ore deposits requires special research in each
specific case and the identification of patterns of rock
shear and strain within the rock mass [8].

Issues related to strain, shear and failure, stability of
rocks, namely the stress state of the rock mass in the pres-
ence of underground mine workings near the quarry
slope, the formation of collapse sinkholes at the bottom of
the quarry and some others have not been sufficiently
studied [9, 10]. These circumstances predetermine the so-
lution of the scientific problem — study the rock mass and
on this basis to develop a methodology for geomechanical
assessment and prediction of the shear process of hard-
fractured rocks during open-pit and underground mining
of ore deposits to protect structures and the environment
from the harmful effects of mining operations [11].

To ensure safe and efficient combined field mining,
it is necessary to regularly assess the geomechanical
state of the rock mass, make a prediction of changes in
this state, monitor the development of strain processes
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and manage them by regulating parameters, mutual po-
sition, order and organization of mining operations, as
well as artificial strengthening of unstable rock mass ar-
eas. The results of the survey of mine workings in the
East Saryoba field (quarry and underground levels)
show that the largest number of rockfalls is confined to
fractured rocks, with the volume of rockfalls increasing
as the mine workings are exploited. Observations of the
mine workings driven through fractured rock have re-
vealed that they are stable for a month. After two to three
months, cutter breaks up to 10—15 cm in size are formed.
The formation of cutter breaks and rockfalls develop
within half a year, roof caving occurs in the form of a
dome. This sharply increases the volume and labor in-
tensity of tunneling operations, as well as the cost of fas-
tening and repairing mine workings.

To prevent the failure of mine workings driven
through fractured rocks, roof-bolting supports with
metal mesh and shotcreting are used. However, the
cleavage of rocks from the haulage drift roof and signifi-
cant destruction of rocks indicate that this support does
not solve the problem of ensuring the stability of mine
workings and does not prevent the process of strain de-
velopment. As a result, after 2—3 years of exploitation of
the mine workings, the support is destroyed and requires
major repairs.

In the case of combined mining method and complex
geomechanical situation, a fundamentally important as-
pect is the threat of flooding of underground mine work-
ings, and especially the threat of dynamic water inrush
into underground workings, leading to severe negative
consequences [12]. An example of this is the water inrush
that occurred in 2021 into the East Saryoba mine work-
ing of TOO Kazakhmys Smelting. This problem is rele-
vant not only for Kazakhstan. So, in 2006, there was
flooding of the mine face in Hongbei Province in China,
in 2010 — in the Severnaya Mine of JSC Severokuzbas-
sugol, in March 2013 — in the Osinnikovskaya Mine, in
February 2013 — in the Krepenskaya mine in Ukraine,
which resulted in death of people. All this is a direct con-
sequence of the change in geodynamic and hydrogeo-
logical regime of the geological environment under the
influence of large-scale mining operations, which is con-
vincingly confirmed by the results of scientific research
using the example of the East Saryoba mine.

It is now confirmed that the main factors determin-
ing the nature and values of the earth’s surface and rock
strains are the strength properties and structural pecu-
liarities of the mass, its stress state, depth of mining op-
erations, mining systems, sizes and dip angles of ore
bodies. A significant contribution to the study of the
degree of influence of various factors on the develop-
ment of geomechanical processes in the context of a
combined method of field mining is made by scientists
from many countries of the world, where mineral de-
posits are mined. However, despite the existing indi-
vidual research results, in general, the determination of
patterns of manifestation of geomechanical processes in
these conditions are performed using traditional meth-
ods. The rapid development of technologies in the min-
ing industry causes the growth of mineral mining,
which, in turn, leads to the need to create more ad-
vanced technologies for servicing mining operations
and improving the safety of surveying. Technical prog-

ress has had a significant impact on the tasks of mine
surveying over the last decade.

For specialists of the mining industry, it is becoming
increasingly clear that the solution of such issues as
pressure and shear of rocks, stability of the walls of quar-
ries, is impossible without performing geomechanical
monitoring of the mass state using modern geodetic
methods. The described situation is typical for the
Saryoba mine, where the authors conducted research
into the earth’s surface and rock mass shear under the
influence of the undermined quarry and high-depth
failure. Therefore, the introduction of satellite, elec-
tronic and laser devices into practice can be called the
most significant technological innovation at the begin-
ning of the 21* century in mine surveying, geodesy and
a number of related industries.

Literature review. Geomechanical processes occur-
ring during combined open-pit and underground min-
ing of ore deposits have been the subject of extensive
research worldwide. Numerous studies have focused on
understanding the behavior of rock masses under vari-
ous stress and strain conditions, emphasizing the im-
portance of monitoring and prediction to ensure opera-
tional safety and efficiency.

Several researchers have explored the interaction be-
tween open-pit and underground mining operations,
highlighting the redistribution of stress and its implica-
tions on the stability of quarry slopes and underground
workings. For instance, Portnov, et al. [13] studied the
impact of surface properties of minerals on the disinte-
gration of rebellious ores, concluding that the mechani-
cal and chemical properties of rocks significantly influ-
ence the strain and failure mechanisms. Similarly, Issa-
tayeva, et al. [14] emphasized the role of digital transfor-
mation in geological and economic assessments, pro-
viding insights into the integration of advanced technol-
ogies for better resource management.

In Kazakhstan, significant contributions have been
made in geomechanical studies of rock pressure and
failure mechanisms. Rysbekov, et al. [15] addressed
mine planning issues related to ore reserve rationing,
stressing the need for optimized resource allocation to
mitigate stress concentrations in mining operations. Ad-
ditionally, Nurpeisova, et al. [16] investigated deforma-
tion processes and radiation safety in mining environ-
ments, underscoring the importance of integrated mon-
itoring systems.

A notable advancement in geomechanical monitor-
ing involves the use of modern geodetic instruments,
such as electronic total stations, GPS systems, and 3D
laser scanning. The study by Kassymkanova, et al. [17]
showcased the effectiveness of combining these tools for
detailed spatial analysis of rock mass dynamics, enabling
accurate prediction of subsidence and failure zones.

Despite these advances, unresolved issues remain,
particularly in the context of combined mining opera-
tions. Key challenges include:

- limited understanding of the interaction between
tectonic faults and mining-induced stresses, as high-
lighted by recent studies in the East Saryoba mine;

- insufficient methods for accurately modeling wa-
ter infiltration and its impact on underground stability,
as demonstrated by the catastrophic water inrush inci-
dents in mines globally;
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- gaps in the development of real-time monitoring
systems that integrate seismic, hydrogeological, and
geomechanical data to predict dynamic changes in rock
mass behavior.

Recent works have also addressed the importance of
sustainability in mining operations. Bazaluk, et al. [18]
analyzed ground surface subsidence caused by under-
ground coal mining, providing strategies for mitigating
environmental impacts. Meanwhile, Alpysbay, et al.
[19] reviewed the application of remote sensing in Ka-
zakhstan, emphasizing its potential in enhancing re-
source exploration and environmental monitoring.

The above studies underscore the critical need for in-
terdisciplinary approaches that integrate advanced geo-
technical modeling, real-time monitoring, and data
analysis to address the complex challenges associated
with combined mining operations. The findings form the
basis for the ongoing research aimed at improving safety
and operational efficiency in the East Saryoba field.

Unsolved aspects of the problem. Despite significant
advancements in understanding geomechanical pro-
cesses during combined open-pit and underground
mining, key challenges remain unresolved, particularly
in the context of the East Saryoba field. These gaps un-
derline the need for targeted research to address the
unique conditions of this mining site. While previous
studies have considered stress redistribution in mining
operations, the influence of tectonic faults on the stabil-
ity of the East Saryoba rock mass remains insufficiently
studied. The lack of detailed modeling of fault zones
limits the ability to predict localized displacements and
strain concentrations.

Existing monitoring approaches lack the capacity to
integrate data from seismic activity, hydrogeological
processes, and geomechanical changes in real-time. In
our study, we aim to address this by implementing ad-
vanced geodetic tools such as laser scanning and GPS
technologies to improve prediction and management of
rock mass behavior. Also, the long-term rheological be-
havior of fractured rocks under combined open-pit and
underground mining operations is poorly understood.
Our study focuses on analyzing the transition of rock
masses from elastic to plastic states and their impact on
the stability of sub-quarry layers and pillars.

Traditional geomechanical methodologies often fail
to account for the unique mining-geological conditions
of the East Saryoba field. Our study emphasizes the de-
velopment of customized models and assessment tech-
niques that incorporate these conditions, such as vari-
ability in rock strength and the influence of waste dumps.

Through our research, we aim to solve these gaps by
developing a comprehensive geomechanical model tai-
lored to the East Saryoba field. By integrating advanced
monitoring systems, hydrogeological analysis, and cus-
tomized modeling techniques, our study seeks to en-
hance the safety, efficiency, and sustainability of mining
operations in this complex environment.

The purpose of this research is to develop effective
methods for ensuring the stability of quarry slopes dur-
ing the combined development of mineral deposits. This
involves determining optimal parameters for slope de-
sign, implementing measures to ensure their long-term
stability, and minimizing the volume of overburden op-
erations. Additionally, the research aims to identify and

reinforce areas with visible or hidden fractures to pre-
vent potential failures, enhance the safety of mining op-
erations, and improve the overall efficiency and sustain-
ability of resource extraction processes.

Materials and methods. Research methodology in-
cludes laboratory and mine studies, analytical calcula-
tions, processing of observation results using methods of
mathematical statistics and computer modeling success-
fully implemented in the previous research [20, 21].

The examined natural-technical system (NTS) East
Saryoba consists of underground mine and quarry, ben-
eficiation plant with tailings dumps and appropriate in-
frastructure with the geological environment containing
all this, which is a part of a unified fold anticline system.
A characteristic peculiarity of the field is that its veins
are primarily mined by open-pit mining, with subse-
quent transition to underground method.

The possibility of rock shear process in the field is
conditioned by the fact that under the applied mining
system, mining is conducted in separate blocks with ore
shrinkage, release of inter-block pillars and ceilings. In
such a combined mining system, the rock stratum from
the hanging wall side along the entire strike and at full
depth loses support and will be forced to cave in, causing
the process of shear of the host rocks. The problem of
determining the boundaries of the influence of under-
ground mining operations on the earth’s surface in this
case is considered as the identification of the wall sliding
surface when deepening the quarry bottom. Therefore,
to solve a number of mining-engineering problems, cal-
culation methods should be corrected for specific con-
ditions, and the influence of natural and mining-engi-
neering factors should be taken into account, as well as
the variability of values of rock strength properties in
space and time, etc. [22, 23].

Analysis of the state of the methodology for con-
ducting geodetic observations on the territory of NTS
and interpretation of the data obtained in relation to
geomechanical and hydrogeological impacts is primari-
ly due to the lack of effective methods for determining
the earth’s surface subsidence (ESS) values [18, 24].
This necessitates improvement of the methodology of
surveyor-geodesic observations of rock strains using
modern electronic devices to increase reliability and ef-
ficiency in determining the ESS parameters for the safe
mining of subsoil resources and taking measures to pro-
tect the mined objects.

Mining of the East Saryoba field of the Zhilandy
Group of copper sandstones according to the scale of im-
pact on the environment, and primarily on the stress-
strain state of rocks, refers to the category of major tech-
nogenic impacts that can cause serious accidents, cata-
strophic events such as large landslides, local and large-
scale failures in quarries, pressure and rock bursts at lower
levels caused by imbalance in the earth’s subsoil [25].

Mining operations of the East Saryoba quarry began
in 2008, and underground operations began in 2016.
The extent of influence of quarries, their dumps, tailings
dumps, and underground mining is such that their im-
pact overlaps each other, creating complex patterns of
secondary stress field formation. One aspect of this phe-
nomenon is isostatic vertical displacements. Therefore,
the existing production scale in the area requires in-
depth study and control of the processes that occur to

62 ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2025, N° 2



Fig. 1. East Saryoba quarry

avoid uncontrolled catastrophic manifestations of geo-
mechanical processes (Fig. 1).

Under such conditions, effective and safe mining of
ore veins is possible only by organizing the geomechani-
cal monitoring of the state of rock masses, consisting: in
systematic observations of spatial and temporal geome-
chanical processes occurring in the rock mass as a result
of its mining; in the mathematical processing of obser-
vation results; comprehensive analysis and prediction of
the state of rock masses, development of solutions for
managing negative processes.

In 2020, based on a geomechanical study of mining-
geological conditions of the field, projects for observation
stations were developed: surface and underground. The
projects deal with the creation of geomechanical moni-
toring system based on instrumental mine surveying and
geodesic observations using electronic total station and
GPS receivers of satellite positioning system [26].

The laser scanning method is used to examine the
state of the near-wall mass in the quarries, which sig-
nificantly increases the accuracy and specification of
data on the geometry and structural peculiarities of the
mass. Laser scanning is an advanced non-contact mea-
surement technology that creates a detailed digital mod-
el of the entire surrounding space, using high-precision
equipment to obtain a set of points with spatial coordi-
nates. The resulting point model (or point cloud) con-
tains data on the location of each surveyed surface ele-
ment, which allows for a precise analysis of strains and
changes in the mass.

A Leica HDS3000 scanner is used for the purpose of
strain monitoring in this research. This type of equip-
ment allows measurements to be made with high accu-
racy, which is especially important for identifying and
monitoring changes in the near-wall mass stability. In ad-
dition, the Leica HDS4400 specialized mining scanner is
used to explore the mass structure and analyze its internal
configuration. This scanner is highly efficient and is
equipped with special software designed to analyze the
occurrence elements and structural mass patterns. This
approach can not only create a highly accurate surface
model, but also identify internal structure peculiarities,
which is critical for the safe quarry operation [27].

To improve the accuracy and efficiency of laser scan-
ning, the use of GPS systems is recommended, which
allows the data to be integrated into a single geographi-
cally referenced model. Additionally, the integration of
data obtained using a 3D scanner and GPS navigation
contributes to improving the quality of spatial modeling

and provides the possibility of more accurate tracking of
changes in the mass dynamics [28].

The integration of GPS systems with laser scanning
technologies has been widely recognized for its effec-
tiveness in enhancing the accuracy and efficiency of
geospatial data collection and analysis. By linking data
collected using GPS systems and 3D scanners, research-
ers are able to create a unified, geographically referenced
model that supports detailed spatial modeling and pre-
cise monitoring of mass dynamics. This approach is par-
ticularly useful in applications requiring high-resolution
mapping and dynamic tracking, such as mining explora-
tion, urban planning, and environmental monitoring.

The research [29] demonstrated the utility of inte-
grating laser scanning and GPS systems in creating in-
teractive 3D visualization maps, emphasizing its poten-
tial in developing detailed models within university
campuses. Similarly, it is explored how resource visual-
ization could benefit from advanced spatial modeling
technologies, highlighting the role of geographic inte-
gration in supporting decision-making processes. Fur-
thermore, the authors in research paper [30] showed
how geophysical research, combined with advanced
spatial data processing techniques, significantly enhanc-
es the efficiency of underground ore deposit develop-
ment. Their findings underscore the importance of inte-
grating high-precision technologies to improve the
planning and execution of mining operations. Support-
ing this, [19] reviewed the application of remote sensing
and mining mapping in Kazakhstan, highlighting the
value of geospatial data integration for resource explora-
tion and sustainable management practices.

In the realm of solving complex geophysical prob-
lems a simulated annealing approach to gravity direct
problems is already applied, which showcased the ben-
efits of combining computational methods with spatial
data for modeling geological formations [31]. This re-
search provides a robust example of how integrated geo-
spatial technologies can contribute to advancing the ac-
curacy and reliability of geophysical analyses.

The combined use of 3D laser scanning and GPS
navigation systems not only improves the spatial resolu-
tion of geospatial models but also facilitates real-time
data integration, allowing for more efficient monitoring
of changes in mass dynamics and providing critical in-
sights for industries such as mining, construction, and
renewable energy planning.

The topology of mine workings of the East Saryoba
mine (quarry and underground site) is taken as input
data. In addition, the influence of tectonic faults of in-
quarry waste dumps on underground mine workings is
studied. A tectonic fault occurs in the northern part of
the transportation corridor between profiles 10 and 18 in
the field. The influence of this fault on underground
mining has been calculated and modeled. The Exam-
ine2D program from the Canadian company Roc-
Science is used to calculate the rock pressure with the
following parameters: Poisson’s ratio is 0.2; Young’s
modulus is 90.1—94.76; density is 2.7 tons/m?>. Since the
specified program does not take into account the dump
weight, the dump pressure is added manually (3 MPa).

Based on the comprehensive geomechanical moni-
toring, conducted in the East Saryoba field in the period
0f2021—2024, the rock shear scheme has been compiled
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Fig. 2. Scheme of rock strain during combined mining of
the East Saryoba field:
1 — failure zone; 2 — smooth deflection zone; 3 — ultimate
stress state zone; 4, 5, 6 — tension and compression zones
in the sub-quarry layer; 7 — landslide prism; 8§ — near-
wall mass

(Fig. 2). The scheme identifies two areas: de-stressing
and increased rock pressure, and eight zones with spe-
cific characteristics, peculiar only to these zones.

The de-stressing zone is divided into zones charac-
terized by different degrees of mass disturbance: failure,
through and local fractures. According to this scheme,
eight zones can be distinguished in the undermined
stratum, which differ in terms of strain conditions and
the degree of fracture formation.

To ensure the stability of quarry slopes during com-
bined mining operations, the factor of safety (FoS) is a
critical parameter for assessing the resistance of the
slope against failure. The FoS is defined as the ratio of
resisting forces (shear strength of the material) to driving
forces (shear stress due to the applied loads). It is calcu-
lated using the following formula

FoS — c+(o, —u)-tan(d))’
T

where c is cohesion of the material, representing the in-
ternal binding strength of the slope material, kPa; o, —
normal stress, the perpendicular stress acting on the
failure plane, kPa; u — pore water pressure, which re-
duces the effective normal stress by counteracting it,
kPa; ¢ — the angle of internal friction, a measure of the
shear strength due to frictional resistance, degrees; © —
shear stress, the stress tending to cause sliding along the
failure surface, kPa.

The main focus is on the study of the load-bearing
capacity of the quarry bottom (/¥ level ceiling) and sub-
level pillars. The pillars are initially in an elastic state,
but over time the pillars may change to a plastic (or
yield) state, for example, due to the development of rhe-
ological processes. The plastic state is characterized by a
more than a tenfold increase in the yielding capacity of
the pillars while maintaining their stress state.

The roof rock failure of the mine workings (sub-
quarry layer) occurs after the ultimate tensile and com-
pressive strength of the rocks is exceeded, as a result of
which the mass is broken into blocks by a system of frac-
tures. The mechanism of formation and development of
technogenic fractures in the mass is presented in Fig. 3.

The diagram presented in Fig. 3 illustrates the for-
mation of fractures in the sub-quarry layer during un-
dermining, with three stages represented.

Critical tensile stress for fracture initiation (stage /),
Pa

M
t I . y >
where M is the bending moment, N - m; / — the moment
of inertia of the bending layer, m*; y — distance from the
neutral axis to the outer surface, m.
Fracture propagation depth (stage 2), m
KZ
a=—-}1 X )

TG,

(¢

o))

where a is crack depth, m; K; — stress intensity factor,
Pa - m'?; 5, — tensile stress at the crack tip, Pa.

Formula (1) helps estimate when fractures first ap-
pear due to bending stress in the layer when formula (2)
evaluates how deep the fractures propagate as tensile
stresses increase.

Layer failure due to alternating strains (stage 3)
AL
g=—o0o

L

where AL is change in length due to deformation, m;
L — original length of the layer, m.

Failure occurs when alternating tensile and compres-
sive strains exceed the material’s elastic limit. Alternative-
ly, use Von Mises stress criterion for assessing failure, Pa

_ (2, 2_
G, =4/0f +05—0,0,,

where o,, o, are principal stresses, Pa.
So, failure occurs if ¢, exceeds the material’s yield
strength.

(i
7

WZW/W

07 077

El

Fig. 3. Scheme of fracture formation in the sub-quarry
layer during its undermining:
1 — first occurrence of fractures in the bending layer
(stage 1); 2 — fracture depth opening (stage 2); 3 — layer
failure under alternating strains (stage 3)
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As a result of the layer deflection, tensile stresses ap-
pear in it and at a certain span size they reach the ulti-
mate tensile strength of rocks, therefore transverse frac-
tures begin to appear on the upper and lower surfaces of
the layer. Further increase in span leads to a correspond-
ing increase in tensile stresses and fracture development.

The mined mass state is analyzed from two positions.
Firstly, the potential danger of developing a system of
vertically oriented fractures in the water-protected zone
(WPZ), which may become channels for groundwater
penetration into the mined-out space of the mine, is as-
sessed. Secondly, the possibility of formation of weak-
ened zones on the upper part of the section under the
influence of mining operations, which may pose a real
danger to surface facilities and engineering structures, is
considered. Mathematical modeling of geomechanical
processes is performed in order to determine the distri-
bution patterns of displacements, strains and stresses in
the rock mass in the zone of mutual influence of open-
pit and underground mine workings.

Results and discussion. To ensure safe and efficient
combined field mining, the geomechanical state of the
rock mass is regularly assessed, prediction of changes in
this state is made, and measures to manage them by artifi-
cially strengthening unstable rock mass areas are devel-
oped. Combined open-pit and underground mining results
in the redistribution of stresses, causing their increased
concentration below the quarry bottom and displacement
of rock masses towards the mined-out space. Deforma-
tions of quarry walls can change the stress state around the
underground mine workings and complicate their mining.

In the course of modeling of the rock mass stability
and displacements in the East Saryoba mine, data have
been obtained to assess the influence of tectonic fault
and load from the dump on the state of underground
mine workings. The model demonstrates that dump
pressure, applied with a value of 3 MPa, causes local
stresses and strains in the quarry zone, especially near
the fault line.

Fig. 4, a shows the modeling of the tectonic fault in-
fluence on an underground mine working within a quar-
ry. The figure demonstrates the stress distribution caused
by applied pressure from the dump (3 MPa) and the in-
fluence of the fault on the surrounding rock mass. The
color scale represents the stress distribution: zones with
more intense coloring (red and orange) indicate higher
stresses, while green and blue zones represent relatively
low stresses. The red and blue marks (Fig. 4, a) on the
fault line indicate the values of maximum and minimum
displacements calculated by the program.

The red mark corresponds to the highest displace-
ment in the upper part of the fault, and the blue mark
indicates the zone of minimum displacement in the
lower part of the fault. The vector directions along the
fault line demonstrate the direction of displacement, in-
dicating a slight horizontal rock mass displacement to-
wards the mine working. The modeling results show that
the fault has insignificant impact on the mine working
structure, and its influence on the mass stability in this
area remains limited. Fig. 5 shows the rock mass safety
factor distribution in the zone of dump and fault influ-
ence, measured by a strength factor scale.

The strength factor scale indicates the relative stabil-
ity of rocks: the lower values (0.2 to 1.4), marked in red
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Fig. 4. Stress distribution curves:

a — influence of a fault on mine working; b — areas of po-
tential shears

and orange, indicate zones where rock strength may be
insufficient to resist applied loads, increasing the risk of
strain and failure. On the contrary, higher values (3.0 to
4.2), marked in green and blue colors, indicate more
stable zones capable of withstanding significant loads.
The zone under the dump is marked with bright red
shades, indicating a low safety factor and, consequently,
an increased probability of the mass strains and dis-
placements. The high stress in this area may be due to
the concentration of loads caused by the dump and the
proximity to the fault, which additionally influences the
stability of the mass.

Different levels of stress and strength factors are ob-
served in the zone of fault action. Low strength factor
zones are visible in the immediate vicinity of the fault,
indicating possible rock displacements and the need for
stability control. Away from the fault and in the blue
shaded areas, the safety factor is significantly higher, in-
dicating more stable conditions. The results obtained
suggest that the zone under the dump and near the fault
needs additional stability control measures and possibly
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Fig. 5. Curves of safety factor distribution
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mass strengthening to prevent undesirable strains and to
ensure the safety of underground mine workings.

Based on Fig. 5, it is necessary to construct Fig. 6,
which will provide a detailed representation of the dis-
tribution of the Strength Factor in the quarry slope un-
der the load of 3 MPa. This figure is intended to comple-
ment the analysis and offer a deeper understanding of
the instability zones identified within the rock mass.

A slope is considered stable if FoS > 1.0, where re-
sisting forces exceed the driving forces. Conversely, if
FoS < 1.0FoS, the slope is at risk of failure. For the East
Saryoba field, evaluating the FoS is crucial due to the
complex interplay of geological factors, including the
influence of tectonic faults, material heterogeneity, and
groundwater conditions. High pore water pressures (u)
and low cohesion values (c) can significantly reduce the
stability of the slopes, necessitating careful monitoring
and reinforcement strategies. The application of this
method allows for the identification of critical zones
along the quarry slopes where instability is likely to oc-
cur. By calculating the FoS for various sections of the
slope, targeted measures such as slope angle optimiza-
tion, drainage systems to reduce pore pressure, and the
use of retaining structures can be implemented to ensure
the long-term stability of the quarry and surrounding
areas. This analytical approach forms the basis for de-
signing safe and efficient mining operations while mini-
mizing the risks associated with slope failures. Fig. 7
presents the analysis of the Strength Factor distribution
along the quarry contour at depths 10 and 20 m.

Fig. 7 illustrates the Strength Factor (SF) distribu-
tion along the quarry contour at depths of 10 and 20 m.
At a 10 m depth, the left and right slope sides exhibit
relatively stable conditions, with SF values ranging
from 1.5 to 2.5. However, a noticeable reduction in SF
occurs near the quarry bottom, where values drop to
between 0.0 and 0.5. This indicates a critical instability
zone requiring immediate attention to prevent poten-
tial failures. The right slope side mirrors the stability of
the left slope, with no significant stress accumulation
detected.

At a depth of 20 m, the SF values decrease across all
sections, reflecting the impact of greater stress at deeper
levels. The left slope side shows SF values between 1.2
and 2.0, signaling a moderate reduction in stability
compared to a 10 m depth. Similarly, the right slope side
demonstrates a slight decline in stability, with SF values
ranging from 1.0 to 2.0. The quarry bottom remains the
most critical zone, with consistently low SF values be-
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Fig. 6. Strength factor distribution in the quarry slope un-
der the load of 3 MPa

low 0.5, confirming it as the area most vulnerable to
stress concentration and deformation.

These findings highlight the need for targeted miti-
gation measures. Immediate reinforcement of the quar-
ry bottom is essential, using methods such as retaining
walls, ground anchors, or drainage systems to reduce
pore water pressure. Monitoring systems should be in-
stalled to track stress and deformation in real-time, par-
ticularly in the quarry bottom and deeper slope sections.
Adjustments to slope geometry and additional support
for the lower slopes are recommended to ensure long-
term stability and safe mining operations.

Further research in ensuring the stability of quarry
slopes during the combined development of mineral de-
posits should focus on enhancing geomechanical mod-
eling and monitoring methods. In particular, the devel-
opment of adaptive models of the stress-strain state of
the rock mass, which accounts for dynamic changes in
the properties of the massif under varying mining and
geological conditions, is a promising direction.

Another critical area involves refining methods for
identifying critical instability zones using integrated
monitoring systems in real time. These systems could
combine data from geodetic, geomechanical, and hydro-
geological sensors to comprehensively assess slope con-
ditions and predict potential failures with higher accu-
racy. Finally, future work should investigate the influ-
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ence of complex geological structures, such as fault
zones and heterogeneous rock layers, on slope stability.
Advanced numerical simulations and physical modeling
could help to better understand these interactions, al-
lowing for the optimization of quarry slope designs and
ensuring safe and efficient mining operations.

Conclusions. Based on the results of modeling, it has
been determined that the rock mass in the zone of influ-
ence of the trench experiences heaving and intense hori-
zontal displacements towards the ore body areas located
below the trench bottom, and the underground mine
working is located in the zone of increased horizontal
pressure. A preliminary stage of scientific basis for mea-
sures to predict signs of occurrence of strong strain pro-
cesses at the early stage of their development has been
developed to assess the occurrence of abnormal geody-
namic phenomena, as well as their industrial and envi-
ronmental consequences.

In the course of modeling of stability and displace-
ments of the rock mass in the East Saryoba mine, data
have been obtained to assess the impact of tectonic fault
and dump load on the state of underground mine work-
ings. The model demonstrates that the pressure from the
dump causes local stresses and strains in the quarry
zone, especially near the fault line.

The resulting data of the safety factor distribution
made it possible to identify areas with low strength factor
values (from 0.2 to 1.4), especially under the dump. This
indicates that zones directly influenced by the dump and
close to the fault have an increased risk of strains and
require additional control and monitoring. In contrast,
the safety factor is significantly higher in areas more dis-
tant from the fault and dump, indicating stable condi-
tions and a minimal risk of failure.

Future research should focus on the development of
advanced geomechanical models that incorporate dy-
namic factors such as seismic activity, water infiltration,
and monitoring data further to enhance the accuracy of
predictions regarding rock mass stability.
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Merta. 3abe3neueHHsI CTIKOCTI YKOCIB Kap’€piB Mpu
KOMOiIHOBaHiil po3po0I1li POTOBUIL KOPUCHUX KOTATUH
LUISIXOM BU3HAUYEHHST ONTUMAJbHUX MapaMeTpiB yKo-
CiB, HAJIAHHS 1M JOBrOTPUBANOi CTaOIIBHOCTI 3 MiHiMi-
3alli€10 00CIATY pO3KPUBHUX POOIT Ta YKPITJIEHHS Y pasi
BUSIBJICHHSI TPIlIMH SIK BUAMMUX, TaK i IPUXOBAHUX.

Metomuka. Y [O0CHiIXKEHHI BUKOPUCTAHO KOMII-
JIEKCHMI MiAXid, 1110 BKJIIOYAE MOJIbOBI FeOMeXaHiuHi
CIIOCTEepPEKEHHSI, MaTeMaTUIHE MOJICTIOBAHHS Ta aHa-
JITUYHI po3paxyHKH. 3aCTOCOBaHI CyJacHi reoqe3nyHi
METOAU, 30KpeMa Ja3zepHe ckaHyBaHHd Ta GPS-
HaBirailito, s BMSIBJEHHSI 30H HECTaOiIbHOCTI Ta
OLIIHKY BIUJIMBY reoTexXHiYHUX hakTopiB. st Moaesto-
BaHHS pO3IMOAUTY HapyXeHb i AecdhopMalliii y ripCbKo-
My MacuBi BUKOPHCTAaHO IpOTrpamMHe 3a0e3MedyeHHs
Examine2D.

Pe3ynbTaTu. Po3pobiieHa cxema 30HyBaHHsI HaIIpy-
JKEHO-N1e(DOPMOBAHOTO CTaHy TipPChbKOTO MAacHUBY, IIO
BpaxoOBY€E BIUIMB TEKTOHIUHUX PO3JIOMIB i HABaHTaXKEH-
Hs Bin BigBajiB nmopoau. BusHauyeHi 30HU 3 HUBBKUMU
3HaYeHHAMHU KoedimieHTa criiikocti (0,2—1,4), 1mo
MOTPeOYIOTh AOAATKOBOTO YKpiruleHHs. MomettoBaH-
HS TOKa3ajo, IO KOHUEHTpallid HampyXeHb il
Kap’€pHUM JHOM i OUTSd pO3JIOMiB CIIPUYUHSIE TOPU-
30HTAJIbHI W BEPTUKAIbHI 3CYBU TipChKUX TMOPiA, IO
BIUIMBA€E Ha CTIMKIiCTh YKOCIB i TipHUYMX BUPOOOK.

HaykoBa HoBU3HA. YTIepllie BUKOHaHE KOMITJIEKCHE
JIOCTiIKEHHS HApYyXKeHO-Ae(OPMOBAHOTO CTaHY Tip-
ChKOTO MacHUBY MpY KOMOiIHOBaHii1 po3po01Ii pOIOBUII]
B ymoBax Ka3axcraHy i3 3acTOCyBaHHSIM Cy4acHUX reo-
JNE3UYHUX 1 TeOMEXaHIYHMX TeXHOoJOrii. BusHaueHi
KJTIOUOBIi (paKTOpH, 110 BIUTMBAIOTH HA CTiMKiCTh YKOCIB
1 IXHIO IOBFOTPUBAJLy CTA0LIbHICTb.

IMpakTnyna 3Haunmictb. OTprMaHi pe3yJbTaTh 10-
3BOJISIIOTh ONTUMI3YBaTU MapaMeTpu YKOCIB Kap’€piB,
3MEHIIUTH 00CSATU PO3KPUBHUX POOIT, 3aM00IrTH aBa-
pIiHUM CUTYyallisiM, 3alPOBaIUTU O€3IMeUHy eKCIuTya-
Tallilo Min3eMHUX BUPOOOK i MiABUIIIUTH €(DeKTUBHICTh
ripHUYMX poOiT. 3amporoHOBaHI peKoMeHallii 1oA0
VKPIiTJIeHHST HeCTaOiIbHUX 30H.

Kimouosi ciioBa: cmiiikicme ykocie, kombiHo8aHa po3-
PpoOKa, 2ipcoKuil Macue, MeKmMoHiUHI po310MU, 2eomexa-
HIYHUTI MOHIMOPUHE
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