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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
geodynamic conditions is accompanied by the accumulation of man-made stresses
in the rock mass, leading to rock bursts and man-made earthquakes. The main
source of induced seismicity is blasting, the parameters of which directly affect the
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stability of the rock mass and the safety of underground infrastructure. Objective. To
quantitatively assess the impact of seismic blasting parameters on the deformation
and stress state of the ore-bearing rock mass, establish critical levels of vibration
velocities hazardous to underground structures, and substantiate the effectiveness of
backfill and shielding masses as a means of reducing induced seismicity. Methods. A
series of laboratory tests of core samples for uniaxial compression, in-kind seismic
measurements in underground workings, and instrumental deformation monitoring
were conducted. During the field experiments, the explosive mass per deceleration
(200900 kg), deceleration intervals (15—45 ms), and distances to recording points
(5-80 m) were varied. The analysis included recording the horizontal and vertical
components of oscillation velocities, calculating induced stresses, and assessing
the effect of backfill masses with different grain size distributions on seismic wave
attenuation. Results. It was established that the maximum oscillation velocities
reach 0.7-0.9 m/s in the elastic-plastic deformation zone and exceed 1.0 m/s with
increasing charge mass, which corresponds to the conditions for the formation of
man-made seismic events. The horizontal component of oscillations exceeds the
vertical one by 20—40% and has a decisive influence on the damage to the support
structure. Increasing deceleration intervals to 30 ms reduces vibration velocities by
25-35%. Backfill arrays reduce stress at the seismic wave front by 2.5-3.5 times,
with the greatest efficiency achieved using fine-grained and layered backfills.
Conclusions. The obtained results confirm that managing blasting parameters and
targeted use of backfill effectively reduce induced stress levels and seismic hazard
during underground ore mining. The proposed approach enables a transition from
reactive to proactive management of the geodynamic state of the rock mass and
can be used in the design of safe and sustainable underground mining technologies.

Key words: man-made earthquakes, seismic explosive effects, particle
oscillation velocity, mass stress state, underground ore mining, backfill massifs,
seismic safety
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AnHoTamus. Ozexminiei. Kypneni ['eoimHamMuka xKaraaibIH/1a KSH OPbIHIaPbIH
KepacTbl HIrepy Tay KbIHBICTAphl MAacCHUBIHAE TEXHOTCHIIK KepHEYJepaiH
KMHAKTaJIybIMEH KaTap JKypeaAi, Oy Tay COKKbUIapbl MEH TEXHOTCHIIK IKep
CUIKiHICTEpiHIH Maiia OoybiHa oKeneni. MHayKuusiianFaH CelCMUKaHbIH HET13r1
KO31 KapbUIFBIII 3aTTap OOJBIN TaOBbUIAJbI, OJAPJAbIH MapaMeTpiiepi MacCHBTIH
TYPaKTBUIBIFbIHA JKOHE JKEP acThl MH(PPaKYPBUIBIMBIHBIH Kayilci3airine Tikeien
ocep ereai. Maxcam. CelicMUKaIIBIK >KapbUIbIC )KYMBICTAPBIHBIH MapaMeTpIIepiHig
KEH/II MaCCUBTIH Jie(hOpMAIUSIIBIK )KOHE KepHEYJIl KyHiHe ocepiH caHIbIK Oaramay,
Kep acTbl KYPBUIBICTAphl YLIIH KayinTi TepOenMeni >KbUIAaMABIKTapAbIH ChIHU
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NeHreinepin Oenriney >kKoHE WHAYKIUSUIAHFAaH CEHCMUKAIBIKTHI TOMEHJIETY
KYpaJibl PETiHJE TONTBHIPFBINI KOHE CKPHHHUHITIK MAaCCHUBTEPIIH THIMILTITIH
Herizaey. Odicmepi. bip ocbTi KbICyFa apHaJFaH HETi3T1 YATIICPAl 3epTXaHaNbIK
ChIHAY, KepacThl KazOamapblHAAaFbl TaOWFH CEHCMUKAIBIK OIIIeyJep J>KOHE
nedopManysIapIblH - aCHanThlK MOHUTOPHHTI KemleHi kyprizinmi. Jlamameik
AKCIIEPUMEHTTEp Ke3iH/e JKapbUIFBINI 3aTTaplIblH Maccackl 0ip Oasymayma (200-
900 xr), Gasynay apanblkrapbl (15-45 mMc) xoHe TipKey NIyHKTTEpiHE IeHiHTi
KambIKTRIK (5-80 M) e3repmi. Tammay TtepOernic XKbUIIaMIBIFBIHBIH KOJJICHEH
JKOHE TIK KOMIIOHEHTTEPiH TipKey/li, WHIAYKIHUSJIAHFaH KEpHEYNepIi ecenTey/i
KOHE CEWCMHUKAJBIK TOJKBIHAAPIBIH BIIBIPAYbIHA OPTYPJI TPAHYJIOMETPHUSIIBIK
KYpaM/JIaFbl TOJITHIPFBIIT MACCUBTEP/IIH ocepiH Oaranaypl KaMThIIbL. Homuoicenep.
TepOemicTep1iH MaKCUMAIIIBI KBITIAMIBIFBI CEPITIMTI—TIIACTUKAIBIK Je(opMartus
aitmaretama 0,7-0,9 M/c-ka xeTefi JKoHE 3apsili MacCachIHBIH JKOFapbUIaybIMEH
1,0 m/c-taH acazpl, OyJ TEXHOTEH/IIK CEWCMHUKAJIBIK OKUFaJapIblH KaJbIITacy
ImapTTapbiHa colikec keneni. TepOenmicTepiH KolIeHeH KOMIIOHEHT] BEpTHKAIbIaH
20-40% - Fa acajpl )oHE OSKITKIIITIH 3aKbIM/IATYbIHA IICTTYIIT ocep eTei. bastynay
apanbIKTaphlH  YIFAUTy. KopsimuvinObiiap. AIBIHFAaH HOTHXKETEpP JKapbLIbIC
KYMBICTapBIHBIH IMapaMeTpliepiH 0Oackapy JKoHE TOJTBHIPFBIII MAacCHBTEPI
MaKCaTThl KOJIJaHY KEePaCcThl KEHAEPiH OHIIPY Ke3iH/Ie TybIH/IaFraH KepHeyep MeH
CEHCMUKAIBIK KAYINTUTIK IEHreliH THIMJII TOMEHIeTyre MYMKIH/IIK OepeTiHaIriH
pacTaiiipl. ¥ CHIHBUIFaH TOCIT pEaKTUBTI OaKblIayJaH MACCHBTIH T'€0IMNHAMHUKAIBIK
KYHiH MpOakTUBTI Oackapyra KeIIy/ai KaMTamachl3 €Te/li )KoHe KeH OPBIHIapbIH
KepacThl UTEPYIIiH Kayilci3 )KoHe TYPaKThl TEXHOIOTHIIAPBIH jko0anay Kes3iHme
Nai anaHbUTybl MYMKIH.

Tydingi ce3mep: TEXHOTEHIIK Kep CUIKiHICI, CEHCMHUKANIBIK >KapbUIBIC
ocepiepi, OeNmIeKTepAiH TepOeic KbUIIaMIBIFbI, MACCUBTIH KEepHEY Ky, XKep
acThl KEHJIEPiH OH/IPY, Kep KOMHAYBIH MaiJaany, CEHCMHUKAIIBIK Kayilci3aiK
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AnHoTanus. Akmyanvruocms. [logzemHas pazpaboTKa pyIHBIX MECTOPOKACHUH
B YCIIOBHSIX CJIOKHOM I€OIMHAMHUKH COMPOBOXKAAETCSA HAKOIUIEHNEM TEXHOT€HHBIX
HalpsDKEHUH B MAaCCUBE TOPHBIX MOPOJ, YTO IPUBOAUT K BOSHUKHOBEHHUIO TOPHBIX
yAAapOB U TEXHOT€HHBIX 3eMileTpsiceHniH. OCHOBHBIM HCTOYHUKOM HHIYLIMPOBAHHON
CEMCMUYHOCTHU SIBJSIFOTCS B3PbIBHBIE PAa0OTHI, MapaMeTpbl KOTOPBIX HAIPSIMYIO
BJIMSAIOT HA YCTOMYMBOCTH MacCcHBa U 0€30MaCHOCTD MO3eMHON HHPPACTPYKTYPHI.
L]ens. Komn4ecTBeHHO OIIEHHUTD BIMSIHAE MTApaMeTPOB CEHCMOB3PBIBHBIX paboT Ha
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neGopMaIMOHHOE U HAPSHKEHHOE COCTOSTHUE PYAOHOCHOTO MacCHBa, YyCTAHOBHTH
KPUTHYECKHE YPOBHM KOJEOATeNbHBIX CKOPOCTEH, OMacHble Ui IOJ3EMHBIX
COOpYKeHHH, W 000CcHOBAaTh A(PPEKTUBHOCTD 3aKIAJOYHBIX H IKPAHUPYIOIIAX
MacCHBOB KaK CPEACTB CHWKCHHMS HHAYLHPOBAHHOH CEHCMUYHOCTH. Memoosi.
[IpoBenén Komiekce 1ab0paTOpHBIX UCIIBITAHUH KEPHOBBIX 00pa31i0B HA OAHOOCHOE
C)KaThe, HATYPHBIX CEHCMHYECKHMX H3MEpEHMH B MOA3EMHBIX BBIPAOOTKaxX M
WHCTPYMEHTAIBHOTO MOHUTOpPHUHTA Jiehopmariuii. B xo/e moneBbIx SKCIepruMEHTOB
BapbhHPOBAIIMCH Macca B3PBIBUATOTO BelecTBa B oHOM 3ameaieHun (200-900 xr),
nHTepBajbl 3ameieHns (15—45 Mc) u paccTosHUs 10 MyHKTOB peructpauuu (5—80
M). AHaJIM3 BKJIIOYaJl PETUCTPALIIO TOPU30HTAIBHBIX U BEPTUKAIBbHBIX KOMIIOHEHT
CKOpOCTel KonebaHui, pacuéT NHAYMPOBAHHBIX HAIIPSKEHUH M OLICHKY BIMSHUS
3aKJIaJIOYHBIX MACCHBOB Pa3IMYHOTO IPAHYIOMETPUYECKOTO COCTaBa Ha 3aTyXaHHe
celicMUYECKUX BONH. Pe3ynvmamul. YCTaHOBIEHO, YTO MaKCUMAaJIbHBIE CKOPOCTH
kosebannit nocruraiot 0,7-0,9 M/c B 30He ynpyro-miacTudeckux aedopmanuii u
npeBblmaoT 1,0 M/c IpH yBEJIMYEHUH MAcChl 3apsilia, YTO COOTBETCTBYET YCIOBHAM
(GopMHPOBaHHUSI TEXHOTCHHBIX CEeHCMHMYEeCKHX CcOObITHHA. ['opu3oHTanbHas
CoCTaBJIsIoIIas KoieOaHuil rmpeBbinaeT BepTukanbuyio Ha 20—40% 1 oka3pIBaeT
OIIpeeNsiioIIee BIMSHUE HA MOBPEKACHUE KpelH. YBEJIMYEHUE HHTEPBAJIOB
3ame yieHns 10 30 Mc CHIDKaeT CKOpPOCTH KojieOaHuit Ha 25-35%. 3akiagouHbie
MacCHBbl O0ECHEUMBAIOT YMEHbBLICHHE HANPSDKCHUH Ha (POHTE CerCMUYECKON
BOJIHBI B 2,5-3,5 pa3a; npu 3ToM Haubosnbmas 3Q(HEeKTHBHOCT JOCTUTACTCS PU
HCTIOJIb30BAaHUN MEJIKO3EPHUCTBIX M CIOUCTBIX 3aKNIafoK. Beigodsi. [lomydeHHble
pe3yNbTaThl MOATBEPKAAIOT, YTO YIpaBlICHHE MMapaMeTpaMH B3pPBIBHBIX PaOdOT U
IeJIeHATPaBICHHOE MPUMEHEHNE 3aKIIaIOYHBIX MACCHBOB MO3BOJISIOT 3(phekTHBHO
CHMYKaTh YPOBEHb MHIYLUPOBAHHBIX HANPSDKEHUH M CEHCMHYECKYIO ONACHOCTb
npu moa3eMHoOM no0brde pyn. IlpeanokeHHBIH moaxon oOecriedMBaeT Mepexon
OT PEaKTHBHOTO KOHTPOJII K INPOAKTUBHOMY YIPABICHHIO TI'€OJMHAMHYECKUM
COCTOSSHHEM MacCHBa M MOXET OBITh HCIOJBb30BAaH IPHU MPOCKTUPOBAHUHU
0€30TaCHBIX ¥ YCTOHYMBBIX TEXHOJIIOTHH TOI36MHON pa3paboTKH MECTOPOXKICHUH.
KioueBble cjioBa: TEXHOTEHHBIE 3EMIICTPSICCHUS, CEHCMOB3PBIBHBIC
BO3JICUCTBHSI, CKOPOCTh KOJICOAHWI YACTHUIl, HAMPSHKEHHOE COCTOSIHUE MACCHBA,
noJ3eMHas 100bIua Py, 3aKiIal0YHbIe MACCHUBBI, CelicMuuecKasi 0€30MacHOCTb

Introduction. The global development of the mining industry in recent decades
has been accompanied not only by increased mineral extraction volumes but also
by increased man-made impacts on the geological environment. One of the most
dangerous and difficult to predict manifestations of this impact are man-made
earthquakes, which occur as a result of disturbances in the natural stress-strain state
of rocks. This problem is relevant for many mining regions worldwide, including
areas with high natural tectonic activity, where man-made factors are superimposed
on an already stressed geodynamic field (Varenik et.al., 2023; Malozyomov et.al.,
2024). The consequences of such events include the destruction of underground
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workings, damage to surface infrastructure, increased accident rates and significant
economic losses, as well as increased risks to the lives and health of personnel.

Considerable experience has been accumulated in both international and
domestic practice in finding solutions aimed at reducing seismic hazard during
underground ore mining. An approach based on detailed geomechanical modeling
of the stress-strain state of the rock mass, followed by adjustments to mining
parameters, has gained widespread acceptance (Filina et.al., 2024; Khekert et.al.,
2025; Malozyomov et.al., 2025). Within this framework, researchers have analyzed
stress redistribution during mining and stoping operations using numerical methods
such as finite elements and finite differences. Several studies have shown that
accounting for actual fracturing and anisotropy of rocks allows for a reduction
in calculated stress peaks by 20-30% and optimization of the shape and size of
workings. However, the practical application of such models is complicated by the
high sensitivity of the results to the input data and the significant time and resource
expenditure required to develop adequate calculation models, limiting their use in
operational production management.

Another widely used approach is monitoring the seismoacoustic activity of
the rock mass for the early detection of hazardous zones. Several studies have
demonstrated that analyzing the frequency and energy of microseismic events
allows for early prediction of the likelihood of strong rock bursts and man-made
earthquakes. The numerical results obtained demonstrate the potential to improve
the accuracy of hazardous event predictions by up to 70-80% using extensive
sensor networks. However, this approach has significant drawbacks, as it captures
processes already developing in the rock mass and is largely reactive, failing to
address the underlying causes of hazardous stress accumulation (Rassokhin et.al.,
2022; Bulatov et.al., 2022; Bosikov et.al., 2023).

Considerable attention has been devoted to rock mass relief technologies
by changing the order and pattern of ore extraction. The use of multi-stage and
sequential mining, as well as the use of protective pillars, have been considered as
methods for reducing stress concentration. Published studies have shown that such
technological solutions can reduce induced stress levels by 15-25% and reduce the
frequency of dynamic events (Kondratev et.al., 2023; Podoprigora et.al., 2025;
Shabanov et.al., 2023). However, these methods often result in the loss of balance
reserves, increased mining complexity, and increased production costs, making
them economically unfeasible in certain conditions.

A separate group of approaches is comprised of those based on blasting parameter
control. Regulating the charge mass, deceleration intervals, and well layouts was
considered an effective tool for mitigating seismic blast effects. Experimental data
show that optimizing these parameters can reduce the velocity of rock particles
by 1.5 to 2 times, reducing the risk of infrastructure damage. However, if the
geodynamic characteristics of a particular field are not adequately considered, such
measures do not always prevent the accumulation of residual stresses, which may
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eventually manifest as a man-made earthquake (Witschas et.al., 2016; Kondratev
et.al., 2020).

In recent years, methods involving the use of backfill and shielding zones for
broken rock have been rapidly developing. Research shows that backfill effectively
dissipates seismic wave energy and reduces stress transmitted to protected objects.
Numerical and field experiments confirm a reduction in seismic vibration amplitude
at the wave front by several times compared to an unprotected backfill. The main
limitation of this approach is the need for strict control of the backfill material
properties and blasting parameters, as well as the additional costs of its preparation
and placement (Tynchenko et.al., 2024; Podoprigora et.al., 2025; Zaalishvili et.al.,
2024).

Finally, a promising, but still under-utilized, approach is the use of intelligent
and automated decision support systems, including elements of artificial
intelligence. Such systems can integrate monitoring data, modeling results, and
process parameters, generating recommendations for safe operation. Despite the
demonstrated potential for improving industrial safety, the practical implementation
of such solutions is hampered by the lack of standardized methods and the need
to adapt algorithms to specific mining and geological conditions. Against the
background of the approaches considered, the approach presented in this article is
of particular relevance. It examines the problem of man-made earthquakes from the
perspective of integrated management of the geodynamics of ore-bearing massifs,
taking into account seismic blast effects and engineering stress regulation. Unlike
primarily diagnostic or localized solutions, this approach focuses on systemic
interventions to address the causes of hazardous stress states (Korobov et.al., 2018;
Raupov et.al., 2017). Its importance stems from the fact that blasting operations,
as demonstrated in the study, are the primary generator of induced stress in the
vast majority of cases. A comprehensive combination of monitoring, mathematical
description of massif state parameters, and technological measures for shielding
and regulating blast energy not only reduces seismic hazard but also ensures the
sustainability of mine infrastructure facilities without significantly degrading
production performance.

The aim of the work is to develop and substantiate engineering and technological
solutions aimed at preventing man-made earthquakes during underground ore
mining by managing the stress state of ore-bearing massifs, taking into account
their geodynamic and geomechanical features.

Methods and Materials. The research methodology and materials are based on
a comprehensive combination of in-situ observations, laboratory tests, analytical
calculations, and modeling aimed at identifying patterns in the formation and
development of man-made stresses in ore-bearing massifs during underground
mining. The overall experimental plan included a phased study of the physical
and mechanical properties of rocks, an analysis of the geological and structural
features of complex deposits, recording of seismic blast impact parameters, and an
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assessment of the response of the massif and infrastructure to man-made vibrations.
This approach allowed us to link the initial rock properties, mining process
parameters, and man-made seismicity into a unified cause-and-effect diagram.

In the first stage, laboratory studies were conducted on rock samples taken
from cores of exploratory and production boreholes. Test presses, which applied
axial loading to the samples until residual deformation and fracture occurred, were
used to determine their strength and deformation characteristics. During the tests,
compressive strength limits, deformation patterns, and fracture characteristics were
recorded, enabling an assessment of the rocks’ susceptibility to brittle fracture
and elastic energy accumulation. The data obtained were used to establish the
relationship between strength parameters and the level of natural and induced stress
in the rock mass.

In parallel with laboratory studies, geological and mining documentation was
analyzed, which was used to construct geological and structural projections of the
ore bodies and host rocks. Combining these projections with core test results allowed
a quantitative assessment of the degree of structural weakening of the rock mass as
a function of its tectonic disturbance. To study the dynamics of rock deformation
and displacement during mining operations, observation stations, including deep
and contour benchmarks, were installed in underground mines. Their readings were
used to record spatiotemporal changes in the stress-strain state of the rock mass and
to subsequently verify the calculated relationships.

Recording the parameters of seismic blast effects played a significant role in
the methodology. The study utilized seismic measurements of the velocity and
amplitude of rock particle vibrations generated during blasting of ore. These
measurements were performed using standard mining seismic receivers placed
at various distances from the blast epicenter, enabling the derivation of empirical
relationships between the explosive mass, distance to the source, and seismic wave
characteristics. The obtained experimental data served as the basis for analyzing
crushing zones, elastic-plastic, and elastic deformations of the rock mass.

The mathematical framework for the study was based on analytical relationships
in elasticity theory, wave processes, and rock geomechanics. To describe the
conditions of rock failure during blasting, calculation expressions were used linking
the line of least resistance with coefficients accounting for more strength, explosive
characteristics, and the uniformity of its distribution within the rock mass. The
purpose of these transformations was to determine optimal blasting parameters
that would ensure the required ore crushing while minimizing the induction of
hazardous stresses. To assess the seismic impact of explosions, formulas were
used linking the velocity of rock particle vibrations with the horizontal and vertical
components of motion, as well as with the mass of the simultaneously detonated
charge and the distance to the observation point. These relationships made it
possible to move from experimentally measured vibration parameters to calculated
values of stresses and strains occurring in the rock mass and at protected sites.
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Mathematical transformations were aimed at identifying criterion parameters,
primarily the velocity of the horizontal component of the longitudinal wave, which
was considered the main indicator of seismic hazard for infrastructure.

The methodology paid special attention to the analysis of the reflection and
refraction of seismic waves at the boundaries of various media, including the ore
massif and artificial backfill. For this purpose, calculation relationships were used
that allow comparison of stresses at wave fronts in various materials. The purpose of
these transformations was to substantiate the effectiveness of shielding and backfill
as means of controlling the seismic impact of an explosion and reducing the energy
transmitted. The final stage of the methodology involved integrating experimental
and calculated data within the framework of an algorithm for selecting seismically
safe technologies. Quantitative criteria for permissible deformations for various
classes of structures were used, allowing for comparison of calculated vibration
velocities with the limit values ensuring the safety of the structures. Thus, the
methodology.

Results and discussion. The experimental work was aimed at a comprehensive
study of the response of complex ore-bearing rock masses to seismic blasting effects
in underground mining environments. The research was conducted at operating
mining operations, combining in-situ observations, instrumental measurements,
and computational and analytical data processing. As an initial step, core samples
were collected from various structural zones of the deposits, differing in the degree
of fracturing and tectonic disturbance. These samples were subjected to axial
compression until residual deformations and fracture occurred. This allowed us
to determine the rock strength range from 65 to 190 MPa and identify the nature
of their deformation, which is predominantly brittle, with the accumulation of
significant elastic stresses before failure. A network of observation posts equipped
with seismic sensors and deformation benchmarks was deployed in the underground
workings, enabling the recording of both instantaneous vibrations during blasting
operations and slow rock mass displacement processes.

During field experiments, a series of blasts were performed with varying
charge weights, borehole diameters, and deceleration intervals. The mass of the
simultaneously detonated explosive varied between 200 and 900 kg, and the distance
from the blast epicenter to the recording points ranged from 5 to 80 m (Table 1).
This allowed us to obtain a detailed picture of the spatial distribution of rock particle
vibration velocities. For each blast, the horizontal and vertical components of the
vibrations, their amplitudes, and periods were recorded. Additionally, deformations
of the support structure and mine infrastructure elements were monitored, enabling
us to correlate seismic impact parameters with the actual condition of the structures.

Table 1. Integrated blasting parameters and seismic response of ore-bearing rock mass

Parameter Unit | Minimum | Mean | Maximum | Std. deviation
Explosive charge per delay kg 200 520 900 180
Borehole diameter mm 65 105 130 22
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Parameter Unit | Minimum | Mean | Maximum | Std. deviation

Delay interval ms 15 27 45 8
Distance to sensor m 5 32 80 18

Peak particle velocity (horizontal) m-s 0.05 0.68 1.32 0.29
Peak particle velocity (vertical) m-s™! 0.03 0.47 0.95 0.21
Dominant vibration frequency Hz 8 21 46 9
Calculated induced stress MPa 1.2 6.8 14.5 3.4
Rock mass deformation m 0.00005 |0.00038 | 0.0012 0.00027
Observed support damage probability | % <1 18 72 21

The results showed that in the near blast zone, at a distance of up to 5-6 m,
intense rock fragmentation occurs, accompanied by a reduction in their bearing
capacity and the formation of a fracture zone. In the 6-12 m range, the majority
of the explosion energy was converted into seismic wave energy, with particle
oscillation velocities reaching 0.45-0.65 m/s for a charge mass of approximately
500 kg. At distances of 12-20 m, an increase in oscillation velocity to 0.7-0.9 m/s
was recorded, corresponding to the region of elastic-plastic deformations of the
massif. In the far zone, starting at 50-60 m, the oscillation velocity decreased to
0.05-0.12 m/s, and the deformations were predominantly elastic. These data were
supplemented by our own measurements conducted under similar geological
conditions, where, when detonating 300 kg charges, the maximum oscillation
velocity at a distance of 15 m did not exceed 0.55 m/s, and with an increase in mass
to 800 kg, it increased to 1.1-1.3 m/s (Figure 1).
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Figure 1. Spatial distribution of peak particle velocity as a function of distance from the blast
epicenter under different explosive charge masses.

An analysis of the results revealed a stable relationship between the explosive
mass and the oscillation velocity, close to a power law, consistent with known
patterns of seismic blasting processes. It was also established that the horizontal
component of the oscillations in most cases exceeded the vertical component by
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20-40%, which had a decisive influence on the condition of underground workings
and protective pillars. Our own experiments further revealed that increasing the
deceleration interval between blasts from 15 to 30 ms resulted in a decrease in the
overall oscillation velocity by 25-35%, significantly reducing the level of induced
stress.

An important result was confirmation of the effectiveness of the backfill and
shielding arrays. When seismic waves passed through the backfill, the stress at the
wave front was reduced, on average, by 2.5-3 times compared to waves propagating
through the ore mass. Thus, with an initial oscillation velocity of 0.8 m/s, values
of approximately 0.25-0.3 m/s were recorded in the ore after passing through the
backfill (Figure 2). Our own data, obtained using backfills of varying particle size
distributions, showed that reducing the average particle size of the backfill material
from 40 to 15 mm further reduces the oscillation velocity by 10—15% due to more
efficient energy dissipation (Table 2).
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Figure 2. Attenuation of seismic wave amplitude during propagation through ore mass and
backfill material of different granulometric composition.
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Table 2. Comparative attenuation of seismic waves in ore mass and backfill materials

Medium type Mean . Density Incident | Transmitted | Attenuation Stres.s
particle size PPV PPV factor reduction
mm kg'm= m-s! m-s™! — %
Intact ore mass - 2700 0.82 0.78 1.05 6
Cracked ore mass — 2550 0.81 0.62 1.31 24
Coarse backfill 3540 2100 0.80 0.31 2.58 61
Medium backfill 20-25 2050 0.79 0.27 2.93 66
Fine backfill 10-15 1980 0.78 0.22 3.55 72
Layered backfill *| 5 30| 1990 | 077 0.19 4.05 76
+ voids

A comparison of calculated and experimental data revealed that an explosive
mass in a single delay exceeding 300-350 kg near artificial pillars leads to increased
stresses comparable to the fill’s ultimate strength, increasing the risk of fill failure
and ore dilution. In our own observations, a similar effect was observed even at a
mass of 400 kg, where localized deformations of the fill mass of approximately
0.0004—0.0006 m were recorded, exceeding the permissible values for Class 11
criticality structures.

Summarizing the results allowed us to quantitatively link seismic impact
parameters with permissible infrastructure deformations. For particularly critical
structures, a vibration velocity of no more than 0.15-0.2 m/s was considered
safe, with a damage probability of no more than 1-2%. For temporary workings,
permissible velocities increased to 0.4-0.5 m/s, a value confirmed by both the
data in the article and our own measurements. Furthermore, the studies conducted
established that at vibration velocities of 0.6—-0.7 m/s, the probability of cracks in
the support increases to 20-30%, and at velocities exceeding 1.0 m/s, it reaches
60-70%, which corresponds to the conditions for the development of low- and
medium-energy man-made earthquakes.

A comparison of the obtained results with data from other studies conducted
in Canada, China, and at mines in the Eastern Donbass reveals a qualitative and
quantitative agreement between the main patterns. International studies also note
the critical role of horizontal vibrations and the effectiveness of blast control,
providing similar values for maximum vibration velocities for different classes of
structures, typically in the range of 0.2—0.5 m/s. The difference is that the studies
under review place greater emphasis on engineering stress management through
shielding and gradual unloading of the rock mass, which has enabled more stable
results to be achieved under complex geodynamic conditions.

Thus, the combined experimental and calculated data demonstrate that man-
made earthquakes during underground ore mining are caused by the accumulation
of induced stresses, primarily associated with blasting operations. Controlling the
charge mass, deceleration intervals, and parameters of backfilling masses allows
for targeted seismic hazard reduction. The obtained numerical results not only
agree with data from other similar studies but also expand on them, clarifying
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critical parameter values and demonstrating the feasibility of practical regulation
of the geodynamic state of the massif across a wide range of mining and geological
conditions.

Conclusions. The conducted study confirms that man-made earthquakes
and hazardous dynamic manifestations in underground ore mining are primarily
governed by the accumulation and redistribution of induced stresses associated with
seismic blasting operations. A comprehensive experimental program combining
laboratory testing of rock samples, in-situ seismic measurements, deformation
monitoring, and analytical modeling has made it possible to quantitatively assess
the relationship between blasting parameters, rock mass response, and the stability
of underground infrastructure.

The results demonstrate that peak particle vibration velocity is the key integral
parameter controlling the development of elastic, elastic—plastic, and fractured
zones within the ore-bearing massif. It has been established that vibration velocities
exceeding 0.6-0.7 m-s™! significantly increase the probability of damage to support
systems, while values above 1.0 m-s™ correspond to conditions favorable for the
initiation of low- and medium-energy man-made earthquakes. The predominance
of the horizontal vibration component, which was found to exceed the vertical
component by 20-40%, highlights its decisive role in the degradation of mine
workings and protective pillars.

A stable power-law relationship between explosive charge mass, delay interval,
and vibration velocity was identified, confirming that uncontrolled increases in
charge mass per delay lead to a disproportionate growth of induced stresses. At
the same time, increasing delay intervals from 15 to 30 ms was shown to reduce
vibration velocities by up to 35%, providing an effective and technologically feasible
method for stress regulation without a significant loss of production efficiency.

Particular importance is attributed to the use of backfill and shielding zones
as active elements of seismic energy management. Experimental data demonstrate
that backfill reduces stress at the seismic wave front by 2.5-3.5 times, with the
attenuation efficiency strongly dependent on the granulometric composition of the
fill material. Fine-grained and layered backfill structures provide the most effective
dissipation of seismic energy, reducing vibration velocities to levels considered
safe even for critical infrastructure elements.

The comparison of obtained results with international studies conducted in
Canada, China, and other mining regions confirms a high degree of agreement
in critical vibration thresholds and deformation mechanisms. At the same time,
the present study expands existing knowledge by providing experimentally
substantiated quantitative criteria for permissible blasting parameters near artificial
pillars and filled stopes, as well as by demonstrating the feasibility of systematic
stress control under complex geodynamic conditions.

Overall, the findings indicate that the prevention of man-made earthquakes in
underground ore mining should be based on proactive engineering management of
the stress state of the rock mass. The integrated application of controlled blasting
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parameters, optimized delay schemes, and properly designed backfill systems
allows not only for a substantial reduction in seismic hazard but also for the long-
term stability of mine infrastructure. The proposed approach can be effectively
implemented as part of adaptive geodynamic monitoring and operational decision-
making systems, contributing to safer and more sustainable exploitation of deep
and structurally complex ore deposits.
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