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2 Clarivate
Analytics

«Central Asian Academic Research Centery LLP is pleased to announce that “News of NAS
RK. Series of Geology and Technical sciences” scientific journal has been accepted for
indexing in the Emerging Sources Citation Index, a new edition of Web of Science. Content
in this index is under consideration by Clarivate Analytics to be accepted in the Science
Citation Index Expanded, the Social Sciences Citation Index, and the Arts & Humanities
Citation Index. The quality and depth of content Web of Science offers to researchers,
authors, publishers, and institutions sets it apart from other research databases. The
inclusion of News of NAS RK. Series of Geology and Technical Sciences in the Emerging
Sources Citation Index demonstrates our dedication to providing the most relevant and
influential content of geology and engineering sciences to our community.

«Opmanvix Asusn axademusnvik vinvimu opmanvizely KIIC «KP ¥FA Xabaprapoi.
Teonocus oicone MeEXHUKANLIK bLILIMOAP Cepusicbly 2bliviMu dcypranvinvily Web of
Science-miny scanananean nyckacet Emerging Sources Citation Index-me unoexcmenyee
Kabvli0aneanvin  xabapnaiovl. byn unoexcmeny oapwiceinoa Clarivate Analytics
KOMRAHUusACul Jcyprandvl odan api the Science Citation Index Expanded, the Social
Sciences Citation Index ocone the Arts & Humanities Citation Index-xe kabwiioay
Mmacenecin Kapacmuipyoa. Web of Science zepmmeywinep, asémopnap, 6acnawiviiap
MeH MeKemenepee KOHmeHm mepenoiei men canacwin Ycvinaovl. KP ¥YFA Xabapnapeo.
Teonocus scone mexuuxanvix eviavimoap cepuscol Emerging Sources Citation Index-xe
enyl 0i30iH KO2amOacmulK YWiH eH 63eKmi dcane 0edendi 2eon02usi JHeaHe MexXHUKAIbIK
EbLIBIMOAP OOULIHUWA KOHMEHMKe a0anoblblmbi30bl 0i10Ipeoi.

TOO «llenmpanvro-a3uamckutl akadeMuuecKull HAy4Hulil yeHmpy coodwjaem, umo
nayunoii oicypuan “Useecmuss HAH PK. Cepusi ceonocuu u mexuuueckux Hayk» Obll
npunam oas unoexcuposanusi 6 Emerging Sources Citation Index, obnosnennou
sepcuu Web of Science. Cooepoicanue 6 3mom UHOEKCUPOBAHUU HAXOOUMCS 8 CMAOUU
paccmompenusi komnanueti Clarivate Analytics ons oanvhetiwezo npuHAMUS JICYPHANA
6 the Science Citation Index Expanded, the Social Sciences Citation Index u the Arts &
Humanities Citation Index. Web of Science npednazaem kauecmso u enyouny Konmenma ot
uccredosamenetl, agmopos, uzoameneli u yupesicoenuil. Brmouenue Hzeecmus HAH PK.
Cepus ceonozuu u mexnuyeckux nayk ¢ Emerging Sources Citation Index oemoncmpupyem
HAWLy npuepIHCeHHOCMb K Haubonee akmyaibHOMY U 6IUSMETIbHOMY KOHMEHMY N0 2e0N02UU
U MEXHUYECKUM HAYKAM OJisl Haue20 coobuecmsa.
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Abstract. The article presents information and results of assessing the stability
of the near-pit wall rock mass of the Central Pit at the Akzhal deposit, as well as the
technogenic risks arising from the interaction between open-pit and underground
mining operations. Based on a developed step-by-step modeling algorithm
consisting of six stages, a comprehensive analysis of the geomechanical conditions
determining the probability of collapse of the southern pit wall was carried out.
At the 1st stage, geomechanical risks in the active mining zones were assessed;
the 2nd stage focused on identifying and locating potentially hazardous areas
affecting transport communications and infrastructure. At the 3rd stage, the natural
stress field of the rock mass was determined, allowing clarification of deformation
zones; the 4th stage included the analysis of engineering-geological, geodetic, and
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geomechanical investigation results. The 5th and 6th stages involve slope stability
calculations and the assessment of how identified deformations influence the safety
of underground mine workings. The study results showed that the southern wall of
the Central Pit is in a state of limiting equilibrium and exhibits a high probability of
sudden collapse. It was established that underground mining using a caving system
contributed to the formation of zones with increased rock mass displacement, which
is confirmed by modeling data. Additionally, specific geomechanical conditions
were identified between the open-pit space and underground workings, creating
an elevated collapse risk. The findings emphasize the need for comprehensive
geomechanical monitoring and the improvement of technogenic risk management
methods under combined mining conditions.

Keywords: slope stability, technogenic risk, geomechanics, rock mass
deformation, pit wall
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AnHoTaumMs. Makanana Axxan KeH OpHbIHIArbl LleHTpanbHbI Kapbep
KBIHBIC MACCHBIHIH TYPaKTBUIBIFBIH JKOHE alllbIK opi JKEp acCThIHAAFbl Tay-KeH
JKYMBICTAPBIHBIH ©3apa OpPEKeTTeCyl HOTHMKECIH/E KaJbITACAThIH TEXHOTCHJIIK
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aiiMakThl Oaranay OOWBIHIIA AJIBIHFAH MAIIMETTEP MEH HOTHIKENep KeNTipuIreH.
ANTBI KE3eHHEH TYpaThlH Ke3eH-Ke3eHIMEH MOJENbACY alIrOpUTMi HeTi3iHze
Kapbep/iiH OHTYCTIK OOpPTBIHBIH OMBIPHUTY BIKTUMAIBIFBIH  aWKbIHJAWTHIH
reoMeXaHUKabIK JKaFjaiiapra KelmleHAl Tanfgay Kypriziami. Mrepimin skarkax
aliMakTapJarbl T€OMEXaHHKaJbIK JKargaibl 1-kesenne Oaramanabl; Kemik
KOMMYHHUKaLIUsIapblHa XKOHE MH(PaKypbUIBIM HbICAHIApbIHA dcep €Tyl MYMKIH
KayinTi ydJacKelepi aHBIKTayFa >KOHE OJapAbl JIOKaIHM3aIusiiayFa 2-Ke3eH
OarpITTanabl. MaccuBTiH TaOWFM KepHEylnl KyHi alKblHAANbIN, aedopmanus
aliMaKTapbIH HAKThUIAyFa 3-Ke3eH 1e MyMKIHIIK Oep/i; HKeHepIIiK-reoor usIbIK,
reoJe3UsUIBIK )KOHE FeOMEXaHUKAIIBIK OaKblIaynap HOTHKEIEPIH Tanaay sl 4-Ke3eH
KaMmThInbl. Kappep OeTKeHiHiH TYpaKTBUIBIFBIH €CENTeydl JKOHE aHBIKTaJFaH
nedopmanusiapbiH Kep acThl Tay-KeH Ka30alapblHbIH KayilCi3diriHe ocepiH
Oaranayzpl 5- xoHe 6-Ke3eHIep KapacThlpaasl. 3epTTey HoTmxkemepi LienTpanbHbiit
KapbepiHiH OHTYCTIK OeTKeii JedopMalusIblK TYPFBIIAH KEHET OIBIPBLIY
BIKTUMAJIABIFBI KOFaphl eKeHIH KopceTTi. JKep acThl OHmIpyAiH OMBIPBLTY KYHeci
MaCCHBTIH JKOFapbl JKbUDKBIMAIBLUIBIK alMaKTapbIHBIH KaJlbINTACYybIHA BIKIAI
eTKeHi, Oyl MoJenpAey AepeKTepiMeH pacTalaTbiHbl aHbIKTanAbl. CoHbIMEH
KaTap, Kapbep KEHICTIr1 MEH Kep acThl Ka30aiapbl apachlHIaFbl T€OMEXaHUKAJbIK
JKarmaniIap ONBIPBUTY KayIiH KYIIEHTETiHI OenTiaeHi. AJTBIHFAaH HOTIKETEP KeH
OPBIH/IAPBIH OIPIKTIPITeH diCIIEH UTepy JKarJalbIHIa TEXHOTCHIIK yaepicTep/i
Oackapyabl KETUIPY KOHE KEHICHAlI TeOMEXaHUKAIBIK MOHUTOPHHT KYPTi3ydiH
MaHbI3/IbUIBIFBIH aHKBIHAAN B
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AHHoTanus. B cratbe mpencTaBieHBl pe3yabTaThl OLEHKH YCTOWYMBOCTH
npuboproBoro MaccuBa LleHTpambHOro Kapbepa MECTOPOXICHHS AKKal U
aHaJIN3a TEXHOTEHHBIX PHCKOB, BOSHUKAIOIIUX MPHU B3aUMOJICHCTBUH OTKPBITHIX U
MOA3EMHBIX TOPHBIX paboT. Ha ocHOBe pa3paOOTaHHOTO MO3TAHOTO alrOpUTMa
MOJICJIMPOBAHUS, BKJIOYAIOLIET0 INECTh CTAAWi, BBINOIHEH KOMIUIEKCHBIN
reOMEXaHMUECKUI aHai3, TO3BOJUBILMI ONPENETUTh BEPOSTHOCTH OOpPYIICHHUS
10KHOTO OopTa Kapbepa. Ha mepBom aTare mpoBeneHa OLieHKa FeOMeXaHMYeCKUX
PHCKOB aKTHUBHBIX 30H pa3paboTku. BTopoii aTam Okl HanpaBiieH Ha BBISBICHUE U
JIOKAJIN3alMI0 MOTEHIINAIbHO OMACHBIX YYAaCTKOB, BIUSIOUIMX HAa TPAHCIOPTHBIE
KOMMYHHUKaIUU 1 HHPpacTpyKTypy. Ha TpeTbem sTame onpenenacHo ecTecTBeHHOE
HanpspKEHHO-T1ePOPMUPOBAHHOE COCTOSIHUE MacCHBa, YTO MO3BOJIMJIO YTOYHHTH
30HBI TOBBIICHHOU Aedopmannu. YeTBEPTHIN 3Tan BKIIOYAI aHATIH3 HHKEHEPHO-
TEOJIOTHUECKUX, TEOJC3MUECKUX W T'eOMEXaHHMUeCKuX HaOmoneHui. [lareiid
W IIECTOM 3Tambl MperycMaTpuBajd pacdéT yCTOWYMBOCTH OOPTOB U OLCHKY
BJIMSIHUS YCTaHOBICHHBIX AedopMannii Ha 6€30MacHOCTh MOA3EMHBIX BBIPAOOTOK.
Pesynbrarsl nccnenoBaHus MOKa3aid, 4To IOKHBIA OopT LleHTpansHOro Kapsepa
HaXOJUTCSI B COCTOSTHUM TPEAETBHOIO PaBHOBECHS M XapaKTEpPHU3YeTCsl BBICOKON
BEPOSITHOCTHIO BHE3AIMTHOTO OOPYIIEHHUs. YCTaHOBIICHO, YTO MOJ3eMHast 0TpadoTKa
no cucreMe OOpyIIeHHs CHOCOOCTBOBaJIa (OPMUPOBAHUIO 30H IOBBILICHHON
MOJBMKHOCTH MacCuBa, 4YTO MOATBEPkKAAETCS JAHHBIMU MOJAETUPOBAHMS.
JIOTIOTHUTENBHO BBISBIEHBl TEOMEXaHMUYECKHE YCIOBHS MEXKAY KapbepHBIM
MPOCTPAHCTBOM U MOA3EMHBIMU BBIPAOOTKAMH, CO3/IAIOIINE PUCK BO3SHUKHOBEHHUS
obopymenusi.  [lomyyenHele  pe3yabTaThl  MOAYEPKHUBAIOT  HEOOXOIUMOCTD
KOMITJIEKCHOTO T€OMEXaHUYECKOTO MOHUTOPHHIA U COBEPIIEHCTBOBAHMS METO/IOB
yOpaBieHHUsT TEXHOTCHHBIMM pPHUCKaMH MpU KOMOMHHMPOBAHHOHM pa3paboTke
MECTOpOXKICHUH.

KuroueBbie cj10Ba: yCTOHYMBOCTh OTKOCOB, TEXHOT€HHBIN PHUCK, TEOMEXAHUKA,
nedopmanus MmaccuBa, O0pT Kapbepa

Introduction. Open pit mining is the Kazakhstan’s resource sector foundation,
enabling the development of valuable minerals such as uranium, copper, iron ore,
coal and gold. Quarries are usually developed as a series of downward ledges with
motor roads, that provide surface access to the quarry lower horizons (Figure 1).
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Figure 1. Quarry general view

As a result, formed the quarries sides or slopes, which often have significant
inclination angles, represent geotechnical complexity and are inherently at risk
of deformations and landslide processes (Mikhaylov, 2011:23). During the
period 2022-2025, several cases of slopes collapse in open pits were recorded in
Kazakhstan, which led to significant damage to the mining infrastructure and a
and temporary shutdown miming operations. In some cases, the slope collapses
consequences were accompanied by workers injury and death, which emphasizes
the critical importance of timely and high-quality geotechnical monitoring for
quarries sides and slopes stability (Khabarova, 2018:18).

In conditions of Kazakhstan’s open pits, slopes landslides and collapse can
develop under the both internal and external factors influence. The internal ones
include tectonic breaks, fracture zones, the weak presence or weathered rocks,
which reduces the massif internal strength. External factors are heavy precipitation
and fluctuations in the groundwater level, leading to an increase in pore pressure
and a decrease in shear resistance; seismic activity typical for a number of country
regions, which can cause destabilizing vibrations; as well as man-made impacts
caused by mining operations, including drilling and blasting operations and massive
excavations that upset the slopes balance (Sizov, 2012:441).

As shown in Figure 2, these factors can lead to four main mechanisms of slopes
and quarries sides destruction:

- shear displacements along weakness zones or tectonic faults;

- rock blocks collapse;

- landslides;

- combined forms of destruction combining several mechanisms.
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Figure 2. Slope destruction mechanisms in action

1- flat destruction, 2- wedge-shaped destruction, 3- circular destruction (bottom
left) and 4 - overturning destruction

In open mining conditions, slope collapse’s various mechanisms are observed,
which is confirmed by modern researches:

Flat caving, quarry sides significant fragments can slide on flat surfaces formed
along crusts, cracks or faults characteristic of the deposits geological structure
(Smirnov, 2005:349, Kashkin, 2001).

Wedge-shaped collapse is the most common and potentially dangerous
deformation type resulting from the two structural intersection planes that form
a wedge, which, under the gravity influence or man-made loads, can separate and
descend along the slope (Nurpeisova, 2012).

Circular destruction occurs on slopes composed of relatively homogeneous
materials (weathered rocks, cohesive soils) and is characterized by displacement
along a curved sliding surface (Nurpeisova, 2024:223). Overturning destruction is
recorded in the presence of steeply falling rocks blocks or columns, which, under
the gravity influence, washing by groundwater or seismic vibrations, tip over,
disrupting the slope stability (Pisciotta, 2021:13, Kim, 2017:222).

Considering the high risks associated with slope collapses and deformations in
open-pit rock masses, effective stability monitoring plays a crucial role in ensuring
mining safety and maintaining the continuity of production processes (Kenzhekhan,
2022:36). The primary objective of slope stability monitoring is the timely detection
and displacement rates analysis, as an increase in deformation often serves as an
slope failure early indicator (Dosanov, 2019).

Slope and pit wall destructions rarely occur suddenly; instead, they typically
develop gradually as a cumulative displacements result. Therefore, early
identification of destabilization signs in pit slopes enables mining companies to
implement preventive measures, reduce the emergency situations risks, and ensure
mineral deposits the safe and sustainable operation (Fusco, 2023)

Monitoring methods for pit slope stability are generally classified into two main
categories based on the data acquisition approach (Figure 3):
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QUARRY MASSIFS STABILITY
MONITORING METHOD

Qonitoring methods c!assiﬂcatioD
( Subsurface monitoring > < Surface (open) monitoring >

Detection of displacements on the
sides surface

Deep deformations detection

Methods:
- Geodetic observations
- GPS/GNSS shooting
- Photogrammetry
- Lidar, InSAR

Tools:
- Inclinometers
- Strain gauges
- Piezometers
- Downhole sensors

Integrated application (integration of surface and
subsurface monitoring data)

\C Quarry massif stability Assessment >

Figure 3. Monitoring methodology’s structural diagram for the quarry massif stability

1. Subsurface monitoring focuses on detecting deformation processes within
the rock massif, including deep-seated displacements occurring in zones of
weathered or weakened rocks and near structural discontinuities. This approach
utilizes borehole inclinometers, tensometers, piezometers, and other geotechnical
instruments to record variations in the stress—strain state of slope materials.

2. Open mine workings monitoring is focused on identifying and measuring
displacements occurring on the sides surface and quarry slopes. Geodetic methods
(tacheometric observations, GPS/GNSS), photogrammetry, lidar surveys and
satellite radar technologies (InNSAR) are used as the main means of control, which
make it possible to obtain data on the speed and direction of instrument massifs
displacement.

The integrated application of both subsurface and surface monitoring methods
provides a pit slope stability comprehensive assessment. This combined approach
allows for the destabilization trends timely detection and the proactive measures
implementation to prevent hazardous incidents and maintain safe mining operations
(Almenoy, 2025:1241).

Traditional approaches to monitoring the condition of open-pit slope rock masses
have long been based on the geotechnical instruments and geodetic measurements
use, which make it possible to quantitatively assess slope displacements and
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deformations (Almenoy, 2025:46). Although technological advancements have
significantly improved these processes, a comprehensive understanding of pit slope
stability monitoring methods remains fragmented. This is largely due to the absence
of review studies that critically analyze both existing and emerging monitoring
techniques. Consequently, there is a growing need for a systematic synthesis of
accumulated practical experience and scientific findings, an effectiveness objective
assessment of current monitoring methods, and the identification of unresolved
challenges requiring further research. The ultimate goal is to develop and refine
methodologies for pit slope stability monitoring that ensure the reliable real-time
data acquisition and enhance the mining operations overall safety (Begalinoy,
2024:34).

Geological structure. A key priority for the mining industry in the Kazakhstan
Republic is to improve the open-pit mining operations efficiency and safety. Global
mining practice demonstrates that with the increasing depth of open pits, the slope
rock massifs stability becomes one of the critical factors determining the resource
extraction reliability and economic efficiency.

Thus, open pits annual deepening typically ranges from 20 to 40 meters, which
significantly increases the deformation processes risks and landslide phenomena. At
the largest mines in India and South Africa, pit depths exceed 1,000 meters; in the
United States, Canada, and Australia they reach 800—1,000 meters; while in Russia,
Sweden, and Finland, open-pit operations are carried out at depths greater than
500 meters. Under such conditions, the issues of monitoring and controlling slope
stability gain particular importance, as they are essential for ensuring the mining
operations safety and continuity (Begalinov, 2024:34; Bekbergenov, 2024:66).

Similar tasks are faced by the KazakhstanRepublic mining industry, where
several large deposits are under development, including the Akzhal open-pit mine.
This site is characterized by significant depth and complex engineering-geological
conditions, which necessitate the advanced methods application for monitoring pit
slope stability (see Figure 4).

Figure 4. East Quarry Plan
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The “Akzhal” deposit’s eastern section is characterized by difficult mining and
geological conditions, since it is located on the three large structures junction of
the Dzungarian-Balkhash geosynclinal region. In the northern part, the Zhaman-
Sarysuysky synclinorium southern wing is observed, in the Aktau-Mointinsky
anticlinorium southern and northern parts, and the central zone is confined to
the Akzhal-Aksorinsky synclinorium eastern part (Bekbergenov, 2025:07). The
field itself is located within the large anticlinal fold southern wing, which core
is composed of effusive-pyroclastic rocks of Frasnian age, and the wings are
terrigenous-carbonate Famen and Lower Tournai deposits. The most significant
Akzhal anticline folded elements, the Central syncline and the Eastern anticline are
distinguished in the structure of the area (Bekbergenov, 2024:66).

The deposit is administratively and territorially confined to the Shetsky district
of the Karaganda region. At a distance about 90 km southwest from deposit located
the Mointy railway station, and about 110 km northwest is the Agadyr station. 12
km north-east from deposit is the Karaganda-Almaty highway.

The nearest mining center is the Balkhash city, located at a distance about 130
km to the southeast. Geomorphologically, the area is characterized by a low, but
pronounced in relief ridge, divided into a number of small hills with complex
outlines and steep slopes (30-40°) (Duong Van Binh, 2024:268). The uplands are
separated from each other by shallow trough-shaped logs, sometimes turning into
narrow gorges. Relative elevations are 30-60 m. The Akzhalskoye deposit location

coordinates are shown in Figure 5.
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Materials and methods of research. For a quarries pit wall stability
comprehensive assessment, a wide range of methods is used, which can be
conditionally divided into several main groups: geodetic, geotechnical, geophysical,
geomechanical, analytical and numerical, as well as visual observations. Each of
these approaches has its own purpose: from displacements and deformations direct
measurement to forecasting the processes development based on modeling. Their
combination allows not only to record the slope rock massifs current state, but
also to identify hidden hazardous areas, as well as to develop measures to prevent
emergency situations.

One of the most accessible and widely applied techniques for monitoring the
open-pit slope rock masses stability is tacheometric surveying. Tacheometers
enable high-precision measurements of angular and linear variations between a
stationary instrument and reflective prisms installed along the pit slopes. Repeated
surveys allow to detect even rock mass minor displacements and facilitate the long-
term deformation trends observation.

In addition to tacheometric surveying, modern geodetic monitoring employs
other advanced technologies, notably the Global Positioning System (GPS) and
pseudolite (PL) systems. These methods are based on the differential positioning
principles and enable the determination of points relative displacements situated
along pit slopes and benches (Keximov, 2024; Alimkuloy, 2023). Unlike traditional
measurement approaches, GPS and PL systems provide autonomous, real-time
monitoring with millimeter-level accuracy (Liu, 2025; Fusco, 2023), making
them particularly effective for large-scale slope stability control. The tacheometric
integrated application, GPS, and PL measurements ensures high data reliability
and enables the potentially hazardous slope movements timely detection, thus
representing a modern methodologies core component for open-pit slope stability
monitoring (Lesnikoy, 2024:22).

@ - GPS-coordinates recorded during primary survey
@® - GPS-coordinates revealing circular destruction during second survey
Figure 6. Differential GPS positioning to detect circular landslide processes

The assessment of pit slope stability is a multi-stage process that combines
instrumental, analytical, and modeling methods aimed at developing a rock mass
condition comprehensive understanding and forecasting its temporal behavior.
Figure 6 presents a schematic representation of the slope stability assessment
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process, which is based on a comprehensive, iterative geomechanical control cycle
(Zhumagalieva, 2023:96).

This integrated approach provides a systematic framework for combining various
observation and analysis methods, thereby enhancing the predictions reliability and
enabling the potentially hazardous zones early identification (Fig. 6).

The process begins with the geomechanical methods application, which
determine the fundamental strength and rocks deformability parameters — serving
as the foundation for subsequent modeling. The next phase involves dynamic
monitoring, during which three principal groups of methods operate concurrently,
forming a unified diagnostic complex:

- Geodetic methods, characterized by high precision, record even minimal
surface displacements;

- Geotechnical methods monitor subsurface processes and groundwater levels;

- Geophysical methods perform mass probing, revealing concealed structural
heterogeneities and potential failure zones.

The final stage is the stability evaluation, which serves as a critical decision-
making point in ensuring operational safety and risk management during open-pit
exploitation (Fig. 7).
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Figure 7. Implementation scheme of pit slopes stability assessment
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Results. /I MonenupoBaHusi TEXHOI€HHOTO pPHCKA OOPYIICHHUS MOA3EMHBIX
TOPHBIX BBIPAOOTOK, OOYCIIOBIEHHOTO Ae()OpPMAIIMOHHBIMH CBOWCTBAaMH OOPTOB
LleHTpanbHOTO Kapbepa, NpeIaraeTcs CIEAYIONMHA MOATANHBIA  alrOpUTM
MOJICJIUPOBAHHS:

1-u stage includes the geomechanical risks assessment typically for Akzhal
deposit active production areas, using modern methods of geomechanical
investigations.

2-11 stage is aimed to localizing potentially hazardous zones forming within the
pit slopes and affecting transport communications, personnel movement, and the
placement of infrastructure facilities within the potential collapse zone.

3-u stage provides for the natural stress field determination, which makes it
possible to more fully characterize deformation zones and establish their influence
degree on the stability of pit slopes.

4-u stage is related to the analysis of initial data obtained during previously
conducted scientific research and engineering—geological works, including the
geomechanical and geodetic observations results.

5-u and 6-1i stages represent the pit slope stability calculation and their impact
assessment on the underground mine workings safety, which makes it possible to
identify critical areas and predict the deformation processes development.

At present, during the sub-pit reserves extraction in the Akzhal deposit’s Central
pit, the sudden collapse risks of the Central pit’s southern slope have been identified.

Discussion. The stability assessment results along the southern slope’s geological
profiles indicate that it is in a limiting equilibrium state. A high potential for slope
collapse is observed, which is associated with underground mining carried out
using a caving system. This led to the formation of massif’s increased movement
zones. These conditions pose a risk to mining productivity, may cause equipment
damage, and threaten the personnel life and health (Bekbergenov, 2025:07).

There is also an air shock waves risk occurring in underground workings: during
the previously mined-out stopes inspection, a direct acrodynamic connection was
identified between the underground workings and the open-pit space (Figure 8).
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On-site measurements of the natural stress fields at the Akzhal deposit have not
been previously performed; therefore, their evaluation was carried out based on data
from the international World Stress Map (WSM) project. According to the WSM
database, the rock massif’s natural stress state in the deposit area is characterized
predominantly by a Strike—Slip (SS) tectonic deformation regime. Along the ore
body strike, the magnitude of horizontal stress is approximately 1.9 MPa, and in
the direction perpendicular to the strike — about 1.4 MPa (Figure 9) (Bekbergenov,
2024:66)

Figure 9. Geomechanical assessment site

Southern slope area modeling was performed along three profile lines (A, B, C).
Since the available geological profiles have an inclined vector, profile lines with
direct dip were constructed in the Micromine software, covering elevations from
+660 m to +400 m (Figure 10).

Figure 10. Geomechanical assessment site with cross-sections
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Further, to assess the local slope section stability, the evaluation was carried
out considering the key elements of the pit slope monitoring methodology. To
obtain initial data, all influencing factors were thoroughly analyzed and taken into
account, including rock massif’s geological and hydrological conditions, physical—
mechanical properties, and technological parameters. Based on these data, slope
stability analysis was performed using Slide2 software (Figure 11).

Figure 11. Pit slope massif’s stability analysis results performed in the software environment Slide2

The model’s computational boundary was established by extending the mining
zone threefold relative to its actual dimensions. This model expansion allows to
consider the mining operations influence on the rock massif stability within a
broader area and enables prediction of possible changes in its geometry at different
stages of development. Such an approach is an important condition for a correct
risk assessment and for substantiating the optimal mining methods choice.

The conducted geomechanical modeling provides predictive data on the ground
surface’s behavior and condition above the mined-out space. This is critically
important for assessing the technogenic disasters risk both during ore extraction
and after mining operations are completed

For the Akzhal deposit, whose projected operational life is 25-30 years,
systematic monitoring is required. It is considered essential to conduct regular
researches of the geomechanical and geotechnical processes development within the
rock mass, as well as ground surface behavior continuous instrumental monitoring.
Such an approach will allow timely adjustments, hazardous zones refinement, and
the preventive measures development to avoid technogenic disasters. Moreover,
understanding the mining influence limits ensures the buildings safety, engineering
and infrastructure facilities, as well as underground communications.

Conclusions. As a research result, an improved methodology for monitoring the
pit slope rock masses stability has been developed and tested. The method is based
on the differential GPS positioning integrated application, geomechanical modeling,
and an automated data collection system. The high-precision communication
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system use at the base station ensured data transmission stability and deformation
process accuracy recording in real time. The obtained results confirm the integrated
methodology effectiveness for the early slope failure detection mechanisms and
for forecasting their development. The proposed approach improves the reliability
of pit slope stability, enables timely hazardous zones identification, and allows for
the preventive stabilization measures implementation. The research results can be
used in geomechanical monitoring systems of existing and planned open-pit mines,
as well as in engineering calculations for the underground and transport workings
design.
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