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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Underground mining of ore deposits in complex rock
masses generates stress-strain states that can reduce the stability of mine workings,
the completeness of ore extraction, and the environmental safety of the areas.
Insufficient consideration of the structural and petrographic heterogeneity of the
rock masses limits the effectiveness of traditional design solutions. Objective. To
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summarize and systematize the patterns of rock behavior during underground mining
of ore deposits and to substantiate technological approaches to managing the stress
state of the rock mass from the standpoint of nature and resource conservation.
Methods. The methods used are analysis and generalization of theoretical and
experimental research in the field of geomechanics and geomanagement, modeling
of the stress-strain state of rock masses, assessment of working stability, and a
comparative analysis of mined-out space reclamation technologies (isolation,
caving, backfilling, combined schemes). The article examines the application
options for hardening backfill mixtures and in-situ leaching tailings. Results
and conclusions. It is established that rock mass destruction proceeds with the
formation of structural blocks interacting as rigid bodies with elastic contact, while
geomechanical balance of the rock mass is achieved by dividing it into sections
with subcritical stresses. It is demonstrated that combined void filling technologies
enable targeted stress management, reducing ore contamination with rock, and
improving working stability. Transitioning the backfill mass to triaxial compression
increases its bearing capacity by 2—-3.7 times and reduces mining costs. A conclusion
is drawn regarding the feasibility of integrated management of natural and man-
made stresses as a key factor in improving the efficiency and environmental safety
of underground ore deposit mining.

Keywords: rock massifs, underground mining, geomechanics, stress-strain
state, backfill, stability of workings, geouse
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AnHoTauus. Ozexminiei. Kypnemi KypbUIBIMIBI Tay XbIHBICTAPBIHAAFBI KEH
KEH OPBIH/APbIH JKEPACThl UTEpy Tay-KeH Ka30ajapbIHbIH TYPAKThUIBIFBIH, KCH
Ka30aJapbIHbIH TOJIBIKTBIFBIH KOHE ayMaKTap/blH SKOJIOTHSUIBIK KayilCI3AiriH
TOMEHIETYTe KalOineTTi KepHeyi-aehopManysianFad KyWiIepaiH KaJblnTacybIMeH
Katap Kypeni. MaccuBTepaiH — KYPBUIBIMIBIK — JKOHE  METPOrpadusuIIbIK
TeTePOreHIUNITIHIH ~ JKeTKUIIKCI3 ece0l JocTypii  KOOAIbIK  IIeHIiMACPIiH
TUIMJIUTITIH TekTen . Maxcam. KeHii keH OpbIHapbIH JKEP aCThl Ka3y Ke3iHe Tay
JKBIHBICTAPBIHBIH MiHE3 - KYJIBIK 3aHJIbUTBIKTAPBIH KAJIbLIAY JKIHE JKYHeley )KoHe
TaOUFU KOHE PeCyPCTap/Ibl YHEMICY TYPFBICBIHAH MACCHUBTIH IITUEJICHICTI )KaF1alibIH
OacKapy/IblH TEXHOJIOTHSUIBIK TOCIIEPiH Herizuey. Odicmepi. ['eoMexaHuka xoHe
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TEOTIOJISALVS CaTAChIHIAFbI TEOPHUSUIBIK JKOHE HKCIICPUMEHTTIK 3epTTeYIIep i Taaay
’KOHE JKalllbUIay dJicTepi, Tay >KBIHBICTAPBIHBIH KepHEYIi-IedopManusianFan
KYHIH MoJenbey, Ka30amapiblH TYPaKTBUIBIFBIH Oaraniay »oHE OHIIpUIreH
KEHICTIKTI ©Tey TEXHOJOTHSIApBIH CaJbICTBHIpMAbl Taljiay (OKIIayniay, KyJiay,
OetOenri, apanac cxemanap) KOJIaHBUIIBL. KaraiTaTbH TONTBIPFBINI KOcHaiap
MEH JKep acThl IaiMalay KaJABIKTapblH KOJJaHy HYCKaJapbl KapacThIPBUIFaH.
Hamuoicenep men kopuimuinowiiap. Tay sKIHBICTaPBIHBIH )KOHBUTYBI KATTHI ICHETIEp
CHSIKTBI CEpIIMI JKaHACyMEH ©3apa OPEKeTTECETIH KYPBUIBIMIBIK OJOKTapIbIH
naiaa OONybIMEH JKYPETiHI aHBIKTAJIbI, all MACCHBTIH I'€OMEXaHHKAJbBIK Tere-
TEHJITT OHBl KPUTHKAIBIK KepHeynepi Oap aiimakrapra Oeily apKbUIBI Ky3ere
acwIpbUIaibl. boc OpBIHAApABI ©TEYNiH OIPIKTIPUITeH TEXHOIOTHSIAphl KEepHEY
JKarJaiiblH MaKcaTThl TYpAE PeTTeyre, Tay JKbIHBICTAPBIHBIH OiTeNyiH a3aiTyra
JKOHE OHIIPICTIH TYPAaKTBHUIBIFBIH apTThIpyFa MYMKIHIIK OepeTiHi KepCeTLIreH.
BerGenri MaccuBiHIH YII OCBTI KbICYyFa aybICybl OHBIH JKYK KeTeprimririn 2-3,7
ece apTTBHIPAJbl JKOHE OHIIPIC HIBIFBIHIApPBIH a3aiTansl. KeH KeH OpbIHIapbIH
YKEePaACTBI UTEPYIiH THIMILUIITT MEH YKOJIOTUSIIBIK KaYiNICI3AITiH apTTHIPY/IbIH HETi3Ti
(hbakTOpBI peTiH/e TaOWFU XOHE TEXHOTEHIIK KepHeyJep i KelIeH i OacKapymablH
OPBIHBUIBIFBI TYPaJIbl KOPBITHIH/IBI JKacaJIbl.

Tyiiin ce3mep: Tay *KBIHBICTAPHI, )KEPACTHI Ka30a1apbl, TeOMEXaHUKa, KepHEYIi
nedopManusiIaHFaH Ky, 0eT0enTi, Ka30amapablH TYPaKThUTBIFbI, T€OTIONSIINS
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AHHOTaNHS. Axmyanvrocme. [Tonzemnas paspaboTka PYZIHBIX
MECTOPOXKIACHUNA B CIOXKHOCTPYKTYPHBIX CKaJbHBIX MAaCCHBAX COIPOBOXKIAETCA
¢dbopMupoBaHHEM HAMPSHKEHHO-IC(POPMUPOBAHHOTO  COCTOSIHHSA, CIOCOOHOTO
CHIDKAaTh YCTOHYMBOCTb TOPHBIX BBIPA0OTOK, TIONHOTY BBIEMKH pya |
9KOJIOTHUECKYI0 0€30MmacHOCTh TeppuTopuil. Hemocrarounslii yuér cTpyKTypHOU
U neTporpaduueckoil HEOAHOPOAHOCTH MAaCCHBOB OTPaHHUYUBACT dPPEKTUBHOCTH
TPaJUIIMOHHBIX MPOCKTHBIX perieHui. [Jers. OO00MNUTE M CHCTEMaTH3UPOBAThH
3aKOHOMEPHOCTH TOBEACHUS CKaJbHBIX MOPOX NpU TOA3EMHON pa3paboTke
PYOHBIX MECTOPOXIEHHH ¥ 00OCHOBaTh TEXHOJOTHMYECKHE TMOAXOIBI K
YIPABICHUIO HANPsDKEHHBIM COCTOSSHUEM MAacCuUBa € IO3ULMHM MPUPOJO- H
pecypcocOepexxenusi. Memoowl. Vcnonb30BaHbl METObI aHAIM3a U 0000ILIEHUS
TEOPETUYECKHUX M IKCIICPUMEHTAIBHBIX UCCICIOBAaHUN B 00JaCTH TE€OMEXaHUKU U
reoIoIb30BaHuUs, MOJCIUPOBAHUE HANPSKEHHO-1E(POPMUPOBAHHOTO COCTOSIHHUS
CKaJIbHBIX MaCCHUBOB, OIICHKA YCTOMYMBOCTH BBIPAOOTOK M CPaBHUTEIIBHBIN aHAJIH3
TEXHOJIOTWH MOTameHnsi BEpabOTaHHOTO MPOCTPaHCTBa (M30JIALMS, OOpyIIeHHUE,
3aKiajika, KOMOMHHMPOBAHHbBIE CXeMbl). PaccMOTpeHbl BapuaHThl MPUMEHEHHUS
TBEPACIOLIUX 3aKJIAJJOYHBIX CMECEH M XBOCTOB IIOJ3EMHOIO BBIIIEIAYUBAHUS.
Pesynomamut u 6b1600b1. YCTAHOBJIEHO, UTO Pa3pyLIEHUE CKAIbHBIX IOPOJ IPOTEKAET
¢ (hopMHPOBAaHHEM CTPYKTYPHBIX OJIOKOB, B3aUMOJCHCTBYIOIINX KaK KECTKUE TeNa
MIPY yIPYTOM KOHTaKTUPOBAHHH, a TeOMEXaHNYecKasi cCOaaHCHPOBAHHOCTh MacCHBa
JIOCTUTaeTCs €ro pa3JeICcHUEM Ha YYacTKU C JOKPUTHUYECKUMH HaIPSHKCHUSIMHU.
[TokazaHo, 4T0 KOMOMHUPOBAHHBIC TEXHOJOT'MH MOTALICHUSI IYCTOT MO3BOJISIOT
LEJICHANPABIECHHO PETYJIINPOBATh HANPSKEHHOE COCTOSHUE, CHMXKATh 3aCOPECHHE
Py MOPOAOH M TMOBBINIATH YCTOMYMBOCTH BhIpaOoToK. Ilepexon 3akianodHOTO
MaccuBa K TPEXOCHOMY CHKaTHIO YBEIMYUBAET €r0 HECYLIYI0 CHOCOOHOCTH B
2-3,7 pa3a U CHWXKaeT 3aTparbl Ha JoObIYy. CaenaH BBIBOX O II€JIECO00Pa3HOCTH
KOMITJIEKCHOTO YTpaBJIEHUS NMPUPOIHBIMU M TEXHOTEHHBIMHU HANPSKEHUSAMH Kak
KITIOYEBOTO (hakTopa MOBBIIICHHUS 3P ()EKTUBHOCTH M SKOJIOTHIECKON Oe30MacHOCTH
MOA3EMHOM pa3paboTKU PyAHBIX MECTOPOKACHUI.

Ki1ioueBble c10Ba: ckaibHbIC MACCHBEI, TIOI3eMHas pa3paboTKa, reOMeXaHHKa,
HanpsuKEHHO-N1ePOPMUPOBAHHOE COCTOSIHUE, 3aKIIa/Ka, YCTOMYMBOCTh BBIPAOOTOK,
TeOIOJIb30BAHNE
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Introduction. Underground mining of ore deposits in rock masses is a key
pillar of modern mining production and plays a significant role in providing the
global economy with mineral resources. Globally, deposits confined to complex,
tectonically faulted, and energy-rich rock masses are becoming increasingly
important. Their development is accompanied by intense stress redistribution, the
development of deformation processes, and increased risks to the stability of mine
workings and the earth's surface. Increasingly complex mining and geological
conditions, increasing mining depths, and stricter environmental requirements are
driving a steady demand for scientifically proven technologies for managing the
stress-strain state of rock masses, ensuring safety, complete reserve recovery, and
minimizing the anthropogenic impact on the environment (Abbas et.al., 2025; Al
Smadi et.al., 2025; Tynchenko et.al., 2024).

One widely used approach to solving the problem of mine stability and rock
pressure control is geomechanical modeling of rock masses using simplified
assumptions of quasi-isotropy. In a number of published studies, this approach has
allowed for the determination of the distribution of principal stresses around stopes
and development workings, the identification of stress concentration zones, and the
validation of pillar and chamber parameters. For example, studies analyzing roof
stability in fractured rock formations have shown that, given certain ratios between
the working span and the rock strength, a natural load-bearing arch is formed,
ensuring the roof's integrity without additional support (Bosikov et.al., 2023;
Malozyomov et.al., 2024; Tynchenko et.al., 2024). Numerical calculations have
made it possible to predict permissible working sizes and reduce accident rates.
However, a significant drawback of this approach is its poor consideration of the
structural heterogeneity of the rock mass, its block structure, and the anisotropy of
its strength properties, which reduces the reliability of predictions when developing
complex deposits.

Another common approach is stress management through the use of forced or
controlled rockfall mining systems. Several studies have shown that caving host
rock allows for stress redistribution, reduces rock pressure concentrations on pillars
and support elements, and increases ore recovery. Experimental and industrial
data indicate a reduction in maximum stresses in the near-margin zone by tens of
percent and a decrease in the volume of hazardous deformations. However, such
technologies are associated with significant contamination of the mined ore with
rock, difficulties in monitoring the condition of the caving mass, and increased
environmental risks associated with possible ground deformations and land
alienation (Kulikova et.al., 2023; Smee et.al., 2010).

Technologies for backfilling mined spaces with hardening mixtures have seen
significant development, being considered an effective tool for managing rock
pressure and ensuring rock mass stability. Several studies have found that backfilling
significantly reduces rock mass deformations, reduces ground subsidence, and
ensures a more uniform stress distribution. Numerical and experimental results
show that when a backfill mass transitions from uniaxial to triaxial compression,
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its bearing capacity increases severalfold, while mine maintenance costs decrease.
The main challenges of this approach remain the high cost of backfill materials,
the need to transport them to depth, and the shortage of binders, which limits the
widespread use of the technology in large-scale mining environments (Nayak et.al.,
2024; Zaalishvili et.al., 2024).

A separate area of research concerns the use of natural and man-made materials
as gob fillers. Published studies have examined the potential of using tailings and ISL
products, which, upon natural hardening, form artificial masses with strengths up to
several megapascals. The obtained numerical data demonstrate the ability of such
masses to withstand significant loads and participate in stress redistribution. The
advantage of this approach is the reduction of waste volumes and increased resource
efficiency in mining operations. However, the long-term strength characteristics of
such artificial masses, their degradation processes, and their impact on filtration and
geo-ecological conditions remain insufficiently studied.

Considerable attention inscientific publications is given to combined technologies
based on the combined use of mine sealing, backfilling, and rock caving. Research
results demonstrate that combining various void filling methods enables flexible
management of rock mass stress, adapting the technology to specific mining and
geological conditions. Numerical estimates demonstrate a reduction in stress
concentrations in critical zones and an increase in the stability of stopes. However,
the complexity of designing such schemes, the need for detailed geomechanical
justification, and the increased requirements for rock mass monitoring remain
constraints to their implementation (Filina et.al., 2024; Shabanov et.al., 2023;
Myrzakulov et.al., 2024).

A number of studies examine stress management methods by varying
drilling and blasting parameters and regulating seismic impact on the rock mass.
Experimental data show that varying blasting patterns, charge mass, and fracture
boundary conditions enables control of seismic wave parameters and stress
redistribution. This helps reduce dynamic loads and minimize rock mass damage.
However, this approach requires high design accuracy and does not ensure long-
term stress stabilization without combination with other technologies. An analysis
of published studies shows that despite the significant number of papers devoted
to rock mass management, many treat the masses as relatively homogeneous and
do not fully account for their structural and petrographic heterogeneity. In the
context of complex ore deposits, this leads to limited applicability of the resulting
recommendations and the need for further development of integrated approaches
combining geomechanical analysis, technological solutions, and geomanagement
principles.

In this context, the approach taken in this study is relevant and important, as it
aims to systematize the behavior patterns of stress-strain rock masses specifically in
the context of underground mining of complex deposits. Of particular importance is
the substantiation of combined technologies for mined-out space reclamation using
hardening mixtures and in-situ leaching products, which allow for simultaneous

388



ISSN 2224-5278 1.2026

stress management, increased ore recovery, and reduced environmental impact. This
approach meets modern requirements for environmental and resource conservation
and allows us to consider the ore-bearing massif as a natural-technogenic system,
the stability of which can and should be purposefully regulated during mining
operations.

The aim of this study is to substantiate the patterns of behavior of stress—strain
rock massifs during underground mining of structurally complex ore deposits, as
well as to assess the effectiveness and feasibility of technologies for managing the
stress state of the rock mass through controlled void repayment and backfilling in
order to improve mining efficiency, stability of workings, and environmental safety
under real operating conditions.

Methods and Materials. In this paper, the research methods and materials focus
on analyzing and substantiating the behavior of ore-bearing rock masses during
underground mining operations under complex geological conditions and intense
stress redistribution. The methodological framework for the study addresses the
need for a comprehensive assessment of the natural and man-made "ore-bearing
rock mass—mine workings—mined-out space" system, the stability of which is
compromised during the stope extraction stage.

The source materials include the results of theoretical and experimental studies in
geomechanics, design and operational documentation for underground mines, and
generalized information on the physical and mechanical properties of rock masses
typical of ore deposits with complex structures. The analysis included massifs
composed of fractured and blocky rock formations with a uniaxial compressive
strength of 80—-180 MPa, an elastic modulus of 20-60 GPa, a Poisson's ratio of
0.18-0.28, and an average density of 2.6-2.9 g/cm?*. The geometric parameters of the
stopes and chambers were assumed to be within the range typical for underground
ore mining: spans of 6—18 m, chamber heights of 10-30 m, and working depths of
300 to 900 m.

The research methods included an analytical assessment of the stress-strain state
of the rock mass, based on classical concepts of rock mechanics and rock pressure
theory, as well as modeling of the rock mass's behavior during the formation of
workings and their subsequent collapse. Particular attention was paid to analyzing
the processes of rock failure, resulting in the formation of structural blocks
interacting with each other as rigid bodies with elastic contacts. For this purpose,
computational models were used to evaluate stress redistribution and the formation
of zones with subcritical and critical stress values around stopes.

The stability of the roof and sides of the workings was assessed differentially
for different development systems, taking into account the possibility of a natural
collapse vault. Calculations were performed assuming a flat roof within the load-
bearing element of the rock structure, which minimized contamination of the ore
with rock. Rock mass stability was analyzed based on fracturing, block size, and
the configuration of the mined space.

The study examined and compared mined-out space reclamation technologies,
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including void isolation with barriers, controlled and forced rock caving, and
backfilling with various materials. The backfilling materials analyzed included
hardening mixtures based on mineral binders with a design strength of 0.5-3.0
MPa, bulk materials, and ISL tailings, which can naturally harden to form artificial
masses with a strength of up to 1 MPa. To assess backfilling effectiveness, filler
volumetric compression parameters were used, with the transition from uniaxial to
triaxial compression providing a 2—3.7-fold increase in bearing capacity.

The study included data on the ratio of the volumes of formed voids to the filled
space, allowing for an assessment of the degree of compensation for overburden
pressure. Combination technologies were analyzed, in which some voids were
isolated and others were filled with hardening mixtures and leach tailings. For these
schemes, fill volumes, the proportion of active backfill, and its impact on stress
redistribution in the ore-bearing rock mass were calculated.

Additionally, comparative analysis and practical experience summarizing
from underground mining were used to identify the advantages and limitations of
various technological solutions. An environmental and economic assessment was
conducted taking into account the cost of backfill materials, the volume of land to
be acquired, and the degree of preservation of the earth's surface. The combination
of methods and materials used allowed for the formulation of substantiated
conclusions regarding the feasibility of integrated stress-strain management of rock
masses during underground mining of complex ore deposits.

Results. The conducted research revealed characteristic patterns in the behavior
of ore-bearing rock masses during underground mining of complex-structure
deposits, related to stress redistribution, deformation development, and the
formation of load-bearing rock structures. Analysis of geomechanical data revealed
that when the massif is opened by stopes and development workings, rock fracture
occurs primarily along existing fracture systems, forming structural blocks ranging
in size from 0.3 to 2.0 m, which interact with each other as rigid bodies with
elastic contact. Contact stresses between blocks in the marginal zone of workings
reached 0.6—0.8 times the ultimate strength of the rock under uniaxial compression,
confirming the possibility of forming stable roofs and load-bearing elements with
a favorable goaf configuration. A calculated assessment of the stress-strain state of
the rock mass at working depths of 300-900 m revealed that vertical stresses due
to overburden pressure range from 8-25 MPa, while horizontal stresses can exceed
vertical stresses by 10—40%, depending on tectonic conditions. Without rock
mass management measures, stress concentration zones of up to 1.5-2.2 times the
average stress level develop in the marginal zones of stopes, leading to increased
deformation of the roof and sides of the workings and a higher risk of collapse.

A roof stability analysis revealed that in fractured rock formations with stope
spans of up to 12—15 m and a working height of up to 25 m, a natural collapse
vault can form, ensuring the preservation of a flat roof within the load-bearing
element of the rock structure. At the same time, relative vertical roof displacements
did not exceed 3—6 mm, which corresponds to a stable rock mass and minimal
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contamination of the mined ore with rock. Increasing the working span beyond 18
m without additional measures resulted in increased deformations of 12—18 mm
and the loss of stability of individual blocks.

A comparative analysis of mined-out space suppression technologies showed
that void isolation with barriers reduces rock mass deformations by 10-15%
compared to uncontrolled caving, but does not eliminate the formation of localized
zones of elevated stress. Controlled and forced caving redistributes stresses and
reduces peak stresses in near-margin zones by 20-30%, but is accompanied by an
increase in ore contamination by 12—18% and complicates rock mass monitoring.

The most pronounced stress management effect was achieved using mined-
out space backfilling technologies. Calculations and a summary of experimental
data showed that the use of hardening backfill mixtures with a design strength of
0.5-3.0 MPa reduces maximum stresses in the ore-bearing rock mass by 25-40%
and decreases vertical roof deformations by 1.8-2.3 times. Moreover, the transition
of the backfill mass from uniaxial to triaxial compression with a volumetric
compression ratio of 2-3 resulted in an increase in its bearing capacity by 2.0—
3.7 times, confirming the high effectiveness of backfill as a means of regulating
overburden pressure.

Additional results were obtained by analyzing the use of ISL tailings as gob
fill. It was established that, during natural hardening, such materials form artificial
masses with a strength of up to 1 MPa, capable of supporting a portion of the load
from the overlying rock. Combined backfill options, including hardening mixtures
and leach tailings, ensured a more uniform stress distribution and made it possible
to optimize the volume of expensive backfill materials without compromising the
stability of the mass.

The obtained results showed that the effectiveness of stress-strain management
of rock masses is largely determined by the state of the gob and the properties of
the fill materials. This served as the basis for classifying the methods of filling voids
according to the principle of their condition and technological features, presented
below in Table 1.

Table 1. Classification of void repayment methods

Classes Groups Options
With mine working isolation by With bulkheads Wooden, rock
fencing Concrete
With rock caving to fill the mined- Forced caving With or without ore
out space Controlled caving With or without ore
With backfilling of the mined-out | With hardening mixtures Layer and chamber systems
space with compensating materials |~ With bulk materials From the surface and from the
excavation
With in-situ leach tailings | With natural colmatation or with
reinforcement
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The combination of technologies with hardening backfills and hardened tailings
is illustrated in Fig. 1:
— I/bf + VPV
V

p

K2

>

where vPv — the volume of voids filled with Pv tailings.

Figure 1. Combination of technologies for repayment of the developed space: 1 — leaching tails;
2 — hardening mixtures.

The scheme for combining technologies with backfilling with hardening
mixtures, leaching tailings and void insulation is illustrated in Fig. 2:

V..+V
Kb — bf i ,

p
where v, - the volume of isolated voids.

Figure 2. Combination of technologies with hardening bookmark and leaching tails: 1 — leaching
tails; 2-hardening mixtures; 3 — unfilled voids

The obtained results and the presented schemes for combining mined-out space
reclamation technologies demonstrate that a rational combination of hardening
backfill, in-situ leaching tailings, and void isolation enables targeted regulation of
the stress-strain state of the ore-bearing massif. By varying the proportions of filled
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and isolated space, the redistribution of rock pressure is ensured, increasing the
stability of stopes and reducing the risk of roof and wall collapse. This confirms the
feasibility of using combined process schemes as a tool for adapting underground
mining to complex rock masses and serves as the basis for further analysis of the
environmental and economic effectiveness of such solutions.

Comparative analysis of the obtained results. The results of geomechanical
modeling and analysis of field data obtained during the underground mining of
complex-structured ore deposits reveal a number of consistent patterns confirming
the effectiveness of integrated management of the stress-strain state of the rock
mass through the use of combined void repayment technologies. One of the key
established regularities is the formation of structural blocks ranging in size from
0.3 to 2.0 m during the destruction of the massif, which interact as rigid bodies
with elastic contact. The contact stresses between the blocks in the marginal zone
of the workings reached 0.6-0.8 of the rock's ultimate strength under uniaxial
compression, which confirms the possibility of forming stable roof structures and
natural load-bearing arches with favorable goaf geometry.

A comparative assessment of various goaf management methods showed that
the use of hardening backfill mixtures with a design strength of 0.5-3.0 MPa allows
reducing maximum stresses in the ore-bearing massif by 25-40% and decreasing
vertical roof deformations by 1.8-2.3 times compared to uncontrolled caving.
The transition of the backfill mass from uniaxial to triaxial compression with a
volumetric compression ratio of 2—-3 leads to an increase in its bearing capacity by
2.0-3.7 times, which significantly enhances the stabilizing effect and reduces the
load on the natural rock frame.

It was also found that the use of in-situ leaching tailings as a filling material
allows the formation of artificial masses with a strength of up to 1 MPa, capable of
bearing part of the overlying rock pressure. The combination of hardening mixtures
and leaching tailings ensures a more uniform redistribution of stresses and reduces
the volume of expensive binder materials by 15-25% without compromising the
stability of the workings.

The analysis of roof stability in fractured rock masses showed that with a stope
span of up to 12—15 m and a height of up to 25 m, a natural load-bearing arch is
formed, ensuring minimal roof displacements (3—6 mm) and reducing ore dilution.
Increasing the span beyond 18 m without additional support leads to an increase in
deformations to 12—18 mm and the risk of local block collapses.

Thus, the obtained results confirm that the rational combination of backfilling,
void isolation, and the use of technogenic materials provides targeted regulation of
the stress state of the massif, increases the stability of mine workings, and reduces
the environmental impact of mining operations.

Conclusions. The conducted study allowed us to formulate the following
key conclusions based on an analysis of rock mass behavior patterns and the
effectiveness of goaf reclamation technologies during underground mining of
complex ore deposits:
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Rocks in the vicinity of mine workings are destroyed by the formation of
structural blocks (0.3-2.0 m in size) interacting as rigid bodies with elastic contact.
Contact stresses between blocks in the marginal zone reach 0.6—0.8 times the rock's
ultimate compressive strength, creating the preconditions for the formation of a
natural load-bearing arch and stable roofs with favorable stope geometry.

The most effective method for managing the stress-strain state of the rock mass is
backfilling the goaf with hardening mixtures. Using backfill materials with a design
strength of 0.5-3.0 MPa reduces maximum stresses in the ore mass by 25-40% and
vertical roof deformations by 1.8-2.3 times compared to caving systems. A key
factor in increasing the backfill's bearing capacity is its transition from uniaxial to
triaxial compression, which increases the load-bearing capacity by 2.0-3.7 times.

Using ISL tailings as backfill is a resource-saving alternative. The natural
hardening of such materials allows for the formation of artificial backfills with
a strength of up to 1 MPa, capable of supporting some of the pressure from the
overlying rock. Combining hardening mixtures and leach tailings ensures a more
uniform stress distribution and allows for the optimization of binder consumption
by 15-25% without compromising working stability.

Roof stability analysis confirmed that in fractured rock, with stope widths up
to 12—-15 m and heights up to 25 m, a natural supporting arch is formed, ensuring
minimal roof displacements (3—6 mm) and reducing ore contamination by rock.
Exceeding these dimensions without additional support measures leads to increased
deformations of 12—18 mm and increases the risk of localized collapses.

Combined process flow diagrams, which rationally combine backfilling with
hardening mixtures, the use of man-made materials (vSv tailings), and the isolation
of a portion of the mined-out space, enable targeted control of rock pressure. This
increases the stability of stopes and development workings, reduces the risk of roof
and side collapse, and minimizes environmental impacts by reducing the volume of
waste dumps and disturbed land.

Thus, the results of the work substantiate the feasibility of introducing an
integrated geomechanical approach and combined technologies for the elimination
of mined-out spaces as a key condition for ensuring safe, cost-effective and
environmentally balanced underground development of ore deposits in complex
rock massifs.
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