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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. Relevance. The problem of predicting the risk of failure of the Earth's
surface during underground mining remains critically important for ensuring the
safety of mining operations and minimizing environmental damage. Traditional
estimation methods often do not take into account dynamic changes in the stress-
strain state of the rock mass (MGP), which reduces their accuracy. In this regard,
the development of new approaches based on energy criteria and real monitoring
of the state of IHL is an urgent task. Goal. Development of a new method for
zone zoning of the surface according to the degree of failure hazard based on the
energy parameters of the IHL using dynamically updated data on its strength.
Methods. Energy approach; Dynamic monitoring of IHL strength; Zone zoning;
Mapping. Results and conclusions. A new criterion for the danger of destruction
is proposed, based on the geoenergetic potential, taking into account gravitational
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and deformation processes. A method has been developed to refine the dynamic
model using GSI and ultrasound tomography, as well as an algorithm for zoning the
surface according to risk levels. Practical implementation has shown an increase in
the accuracy of localization of areas with a risk of failure by 5-20%. The method
makes it possible to reasonably plan the sequence of excavation, effectively manage
risks and optimize field development. It can be integrated into digital mining
management systems to improve the safety and economic efficiency of mining
operations.

Key words: an array of rocks, sinkhole hazard, zone zoning, criterion, geoenergy,
potential, situational maps
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AHHoOTanust. Ozexminici. )Kep acTel Tay-KeH XYMBICTapBIHBIH KayilCi3Oirin
KaMTaMachI3 €Ty JKOHE SKOJIOTHSUIBIK 3USH/IBI a3alTy YIIIiH *Kep OeTiHIH COTCI3AIriH
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Ooipkay Macerneci eTe MaHBI3BI OOJBIT Kaja Oeperi. JlocTypni Oaramay omictepi
kebOiHece Tay KbIHBICTApBIHBIH MaccuBiHiH (MI'TI) keprey:i-nedopmanusianran
KYHIHAETI JUHAMHKAIBIK ©3repicTepii eckepMeiai, OyJI omapiablH AQIAITiH
toeMeHaeTeni. OcblFaH OaIaHBICTBI SHEPTETUKANIBIK KpuTepuiiaepre xoHe MITI
XKal-KyHiHiH HAKTBl MOHUTOPUHTIHE HET13/IENIIeH KaHa TOCUIAEPIi 93ipiey ©3eKTi
MiHZeT Oonbil TaObutanmel. Maxcam. OHBIH OEpIKTIri Typaybl JWHAMHUKAIBIK
JKAHAPTHUIATBIH  JCpPeKTepAl mnaigamaHa oTeipbin, MITI  3HepreTHKanbIK
napameTpIiepi HeTi31H/e CITCI3MIK Jopekeci OoiibIHIIa OeTTi alMaKkTapra O0eryaiH
JKaHa OfICiH o3ipiey. Oodicmepi. DHepreTHKaIbIK Tocit; MITI GepikririHiH
JMHAMHUKAJIBIK MOHUTOPUHT1; alMaKThl ayIaHAaCThIPY; KapTara Tycipy. Homuoicenep
MeH  KOopuimblHOblIap. |paBUTALMSIIBIK KOHE AeQopMalMsIbIK IIpoLecTepai
€CKepe OTBIPBIII, TEOIHEPTETHKAIIBIK dJICyeTKE HEeTi3ereH )KOUbLTY KayiHiH KaHa
Kputepuidi ycbiHbULABL. GSI oHE ylIbTpaAbIlOBICTHIK TOMOTpadusHBI KOJNaHa
OTBIPHII, TUHAMHUKAIBIK MOACTBA1 HAKThIIAY 9/TICI, COHIAal-aK TOyeKel JIeHTrenlnepi
OoiibiHIIa OeTTi aiiMakTapra Oeiry anropuTmi kacanasl. ToxipuOemik icke acsipy
CoTCi3miK Kaymi Oap aiiMakTapapl okmiaymay maimiriHig 5-20% - Fa eckeHiH
KepceTTi. OJic Kaz0da Ke3eKTUITiH HEri3li jKocmapiayfa, ToyeKeIAepHai THiMII
Oackapyfa jKoHE KeH OpBIHAAPBIH UTEpYIi OHTaWIaHIBIpyFa MYMKIHIIK Oepei.
Tay-keH »KYMBICTApBIHBIH KaYIINCI3Airi MEH 3KOHOMHKAJIBIK THIMIUIILH apTThIPY
yIIiH nupIablK eHaipicTi Oackapy Kyienepine OipiKTipiinyi MyMKiH.

Tyiiin ce3mep: Tay >KBIHBICTAPBIHBIH MACCHBI, OMBIPBUTY Kaylli, aifMaKThI
ayIaHAaCTBIPY, KPUTEPUH, TEOIHEPTHSI, dJICYeT, CUTYaIMsUTBIK KapTanap
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AnHOTanus. Axmyanrvornocms. [Ipodiema mporHo3upoBaHHs IPOBAJIOONACHOCTH
3eMHOM TIOBEPXHOCTH MpPU TOA3EMHOW J00BIYE TIOJNIE3HBIX HMCKOIMAeMbIX
oCTaeTcsi KpUTUYECKH BayKHOU JUT oOecrieueHus! 0e30MacHOCTH TOPHBIX paboT U
MUHHMH3AIIHA SKOJIOTHYEeCcKoro yuiepba. TpaAuHOHHbIE METOABI OLIEHKH YacTO
HE YYUTHIBAIOT JIUHAMUYECKHE H3MEHEHHUS HalpsuKEHHO-Ie(POPMUPOBAHHOTO
cocTosiHMA MaccuBa ropbsix nopoa (MITTI), uyto cHmxkaer ux ToyHOCTh. B 3TOH
CBSI3U pa3paboTKa HOBBIX MO/XOJ0B, OCHOBAHHBIX HAa SHEPreTHUECKUX KPUTECPHIX
U peaJbHOM MOHMTOpHHre cocrosHuss MITI, sBasercs akTyalbHOM 3amadeil.
L]env. PazpaboTka HOBOrO MeToa 30HHOTO PAaOHMPOBAaHUS TOBEPXHOCTU IO
CTEIIEHU IIPOBAJIOONACHOCTH HA OCHOBE sHeprerudeckux napamerpos MITI ¢
WCTIOJIb30BAHUEM JTUHAMUYECKH OOHOBIISIEMBIX JaHHBIX O €r0 TPOYHOCTH. Memoosi.
OHepreTrueckuil moaxoa; JAnHaMmudeckuii MoHuTOpuHT npounoctu MI'TI; 3onHOE
paiionupoBanue; KaprorpadupoBanue. Pezyavmamuvt 1 6b18600b1. [lpenyioxen
HOBBII KpUTEPUI ONACHOCTH PA3PYLICHUs,, OCHOBAHHBIA HAa I'€OYHEPIEeTUYECKOM
MOTEHIHAaNe C Y4ETOM TPaBUTAIMOHHBIX M Je(QOPMAMOHHBIX IPOLIECCOB.
Pazpaboran MeToi yTOYHEHHWS] AWHAMHYECKOW MoJenu ¢ ucrnonb3oBanueM GSI
U yABTPa3ByKOBOH TOMOTrpaduH, a TaKkKe alrOpUTM 30HAJIBHOTO 30HUPOBAHUS
IIOBEPXHOCTU II0 ypOBHsAM pucka. [Ipaktudeckas peanusanus IoKasaga pocT
TOYHOCTH JIOKAJIM3allMU 30H ¢ pUCKOM mpoBajia Ha 5-20%. Metox mo3Bosser
000CHOBAaHHO TIAHMPOBATh OYEPEIHOCTH BBIEMKH, 3()(EKTHBHO YIPaBIATH
pUCKaMH M ONTUMH3HMPOBATh pPa3pabOTKy MeECTOpOKACHUH. Moxker OBbITh
WHTETPUPOBaH B LHU(POBBIC CUCTEMBl YNpPAaBICHUS A0OBIYEH Ui TOBBIIICHHUS
0€301acCHOCTH M IKOHOMHYECKOH 3 PEKTUBHOCTH TOPHBIX padoT.

KuaroueBble ci10Ba: MaccuB TOpHBIX IOpPOJ, MPOBAIOONACHOCTh, 30HHOE
paliOHUPOBAHUE, KPUTEPUI, T€OOIHEPTUs, IOTEHLUAJ, CHTYallUOHHBIE KapThl

Introduction. Extraction of minerals during underground mining is accompanied
by the formation of voids. Simultaneously with the loss of continuity, structural
connections are disrupted, affecting the stability of the system. In response to man-
made impacts, reactionary geomechanical processes are initiated aimed at relaxing
the state of the RM or forming new structure-forming bonds that support its stability.
The transience or inertia of the processes is determined by the rate of redistribution
of the stress-strain state (SSS) and the physical and mechanical properties of the
array. Critical stress concentrations at the boundaries of inhomogeneities with a
high degree of curvature, such as peaks and edges of mine workings, dislocations,
etc. can provoke the formation of foci of destruction, leading to the propagation
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of natural cracks, the appearance of zones of rock disintegration, initiation of
displacement processes, as well as sudden uncontrolled collapse of rocks into
workings. The spontaneity and avalanche-like evolution of the processes make it
possible to achieve induced disturbances of the Earth's surface, which can lead
to its failure in a local area. Such a development of the situation may result in
the unpredictable occurrence of a crisis situation at an unexpected time, in an
unspecified place on the earth's surface of the deposit in the form of its subsidence
or failure (Fig.1).

a)

Figure 1 - Sinkholes of the Earth ‘s surface
a) Ridder city (Ridder-Sokolnoye deposit, East Kazakhstan region), 2014;
b) Maykain mine (Pavlodar region), 2024.

Most of the known methods for predicting the risks associated with sinkhole
formation are formed on the basis of an analysis of the mining and geological
conditions of the deposit (occurrence of rocks, the specifics of their structure
and texture, the presence of discontinuous geological disturbances in the form of
discharges and thrusts, plicative disturbances, karst cavities, the specifics of the
relief of the Earth’s surface), as well as mining and technical conditions for mining
minerals (method and procedure of mining, technological schemes, methods of
protection of workings). The results of the analysis provide detailed information
about the forms of genesis and patterns of placement of violations, about changes
in the properties and condition of the mountain range, allow us to make quantitative
and qualitative assessments of the conditions of formation and occurrence of
violations, the degree of disturbance, and to make assumptions about the directions
and intensity of such processes (Shustov et. al., 2012).

Studies of the risks associated with the development of deposits in conditions
of probable sinkhole formation show that the assessment of the risk of sinkholes
can be divided into three stages: forecasting (Gutiérrez et. al., 2008; Galve et. al.,
2009), assessing the severity of the event (Gutiérrez et. al., 2008) and a retrospective
analysis of previous failures (Theron et. al., 2017). The information obtained from
the analysis of sinkholes and mapping of underground cavities can be used to
identify high-risk areas (Andre Theron et. al., 2018).

Monitoring the condition of the earth’s surface is a traditional way of preventing
risks associated with the side-work of territories (Issabek et. al., 2019). However,
instrumental methods with a fairly high accuracy have a significant disadvantage,
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since they do not allow simultaneous observation of the entire surface. The
established cause-and-effect relationship between the conditions and processes in
the mountain range and the daytime surface located in the zone of mutual influence
determines the sites by the levels of failure hazard. Areas with a high level of
sinkhole risk in the waiting stage of involvement in the sinkhole formation process
may be in this state indefinitely. (Mutambo et. al., 2022) provides a unique example
of the formation of sinkholes in our time on the territory of an abandoned mine
more than a century ago.

A more effective tool for detecting signs of sinkhole formation is the methods
of space radar interferometry (SRI), which can simultaneously cover the entire
field with a satellite image. The paper (Guerrero et. al., 2021) presents innovative
approaches to the detection of subsidence in karst areas using interferometric
radar and InSAR methods, as well as the LiDAR platform for detecting shear
deformations. The ability of these products to detect active karst craters in the
evaporite karst of the Ebro Valley (northeastern Spain) has been demonstrated.
The authors of (Hamdi et. al., 2020) also cite the results obtained using InSAR
methods for large-scale monitoring of deformations of the Earth’s surface and soil
instability in two craters that collapsed and caused serious damage in the Cheria
basin (Algeria). In (Muhagir et. al., 2021), the results of a study of the deformation
of the earth’s surface due to excessive exploitation of groundwater are presented.
Based on the analysis of Sentinel-1 data, deformations of the earth’s surface were
revealed in the form of an extensive subsidence bowl (28.5 km in diameter) with
a maximum sinking rate of 40 mm/year and a standard deviation inside the bowl
of less than 2 mm/year.. The a uthors of (Zherong et. al., 2023) have shown that
the multi-time synthetic aperture interferometric radar (InSAR) is an effective tool
for measuring large-scale land subsidence, but requires automatic methods for
detecting and classifying subsidence.

Radar interferometry makes mistakes due to atmospheric effects that can mask
the actual displacements of the Earth’s surface. Stable reflector methods and special
smoothing filters are used to reduce atmospheric interference when processing a
series of interferograms (Franck et. al., 2021). The use of numerical meteorological
models has also shown its effectiveness in reducing atmospheric noise, which has
been confirmed in tropical regions.

A common disadvantage of space technology is the loss of relevance of the data
obtained due to the long-term processing of information to achieve the required
accuracy, thereby limiting practical use in solving the problems of forecasting
failure formation.

In Kazakhstan, based on the established causal relationship between processes in
the massif and on the surface, the scientific and methodological base of methods for
detecting weakened zones on the earth’s surface of ore deposits has been developed
(Spitsyn et. al., 2019).

These methods, unlike others, allow spatial localization of areas of the earth’s
surface with a high level of sinkhole risk throughout the field. The presence of
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voids leads to an excess of the geoenergy level relative to the level of the array
in a stable state, thereby determining the metostability of the state of the RM. At
the same time, under conditions of mass invariance, the basic principle of stability
is violated, in which the system has a minimum value of potential energy. This
determines the use of the amount of geoenergy between the two states as a criterion
for zone zoning.

In (Sadykov et. al., 2019), the excess geoenergy is considered to be the potential
gravitational energy of RM without taking into account the potential energy of
elastic deformation. This leads to a loss of zoning accuracy. The most accurate
results in the localization of areas with a high level of failure risk were obtained
using two criteria (Imansakipova et. al., 2021), determined, respectively, by changes
in geoenergy during the transition of the array from the initial state (stable) to the
current and from the current (metastable) to the final (stable).

The disadvantages of this approach include the following: the calculation of
criteria does not take into account changes in the GSI rating, in addition, when
calculating the energy density of elastic deformation, only external pressures on the
layer from the overlying rocks are used, but the internal pressure created by its own
weight in the layer is not taken into account.

To improve the accuracy of zoning, a criterion is proposed that takes into account
the internal pressure in the layer and the current values of the GSI rating, which is
set according to the fracture parameters determined experimentally.

Materials and basic methods.

Energy is a universal measure of movement and a source of realization of
processes. The greater the excess of geoenergy of the metastable state of the RM
over the stable one, the greater the likelihood of the development of processes, the
ultimate goal of which is failure formation. Geoenergy W is determined by the
sum of the potential gravitational energies W, and elastic deformation W and is
therefore potential. It follows that the potential of geoenergy ¢ is equal to the sum
of the gravitational potentials ¢, :

¢=0, 0, (1)

W _Wr Wy
m’ QJT ™ ! qjd ™

where @ = , m — the mass of the rock mass.

For the effectiveness of the zoning method, it is proposed to use the potential of
geoenergy as a criterion, taking into account the current values of the GSI rating
of the array and the internal pressure in the layer. The criterion is calculated on the
basis of a model common to all zoning methods (Spitsyn et. al., 2019), according
to which the deposit is divided into mass elements in the form of a square column,
a single area extending along the z axis from its lower horizon (z=0) to the daytime
surface. The rock mass is divided into layers, within which the specific gravity
(density) of the Young’s modulus and the Poisson’s ratio can be considered constant

(Fig. 2).
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Figure 2 — Diagram for calculating the geoenergy potential of a mountain range
a)-in the initial, b) in the current, ¢) in the final states z, and z,, z, coordinates of the upper and
lower boundaries, the center of mass, h=z_ -z — thickness, E, — Young’s module, p, — the Poisson’s
ratio, p, — density, v, — specific gravity of the i-th layer, m,— capacity of the j-th generation

Accordingly, the gravitational potential energy W_ of the entire column in its
initial state (Fig.2a):

"

0,y = i 0,,= ) gz, +05h) @)
=0

i=0

As a result of mining, the continuity of the column is disrupted by mining
operations (Fig.2b). The potential of the column’s gravitational energies in this
(current) state ¢ is determined by the sum of the potentials of the layers not
affected by mining operations:

Prn = Z @ = Z g(z; +0,5k;) 3)
=005 i=0,iF

where -j the index that defines the coordinate of the lower boundary of the mine.

Each layer experiences pressure from the overlying layers and internal pressure
created by its own weight. The internal pressure varies from 0 upper part to gph..
In this regard, its average value of 0,5 gph.. Thus, the total pressure to which the
layer is subjected will be equal to: '
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T

p; = Z p;g; +0,5 gp;h,. (4)

k=it+1l

According to A.Geim, the layer is subject to comprehensive hydrostatic
compression. The equality of the initial stresses follows from this:

Oxi=Oyi =0:=0 =pi (%)

As a result of comprehensive compression, the layer accumulates the potential
energy of elastic deformation with an energy density m, equal to:

z
P’
60522—;; , (6)
where K. is the volumetric modulus of elasticity of the layer equal to:
- _E ™)

= ,
Eoa(1-2m)

where £, Young’s modulus, #, is the Poisson’s ratio.

Cracking processes have an impact on the GSI rating and elastic properties of
the rock mass, thereby changing the energy of elastic deformation. In this situation,
it becomes necessary to update data on fracture parameters.

The studies (Ma et. al., 2022) consider changes in the ultrasonic and mechanical
properties of rock and identify the characteristics of fracturing and subcritical crack
propagation of rocks with different lithologies.

The most effective methods are ultrasound tomography (Zubelewicz et. al.,
2024). For the practical implementation of the method in mining conditions, a
method has been developed, protected by the patent of the Republic of Kazakhstan
(Patent na izobretenie RK No. 35795, 2024), in which the study of fracturing of a
rock mass by ultrasonic waves is carried out from one well according to the delay
time of receiving ultrasonic pulses reflected from cracks relative to those generated,
for this piezoelectric transducers are installed at the vertices of a regular n-gon
inscribed in the cross—section of the well - sensors, the input of which is connected
to the ultrasonic pulse generator, the output — To a pulse analyzer to determine the
delay time that converts electrical energy into acoustic energy and vice versa, the
angle of the polygon is determined by the effective angle of the radiation pattern of
the sensor.

According to experimentally determined parameters of the cracks in the massif,
the geological strength index (GSI) is recalculated based on the Hawke-Brown
elastoplastic deformation model, according to which the modulus of elasticity of
the massif is calculated (Babets et. al., 2017):
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Ei=E0i(0,02 +Eﬁ’f) ®)

where, Ei and E i -the modulus of elasticity of the i-th layer in the current and
initial states respectively.

The currently established modulus of elasticity Ei, determined by the current
values of the GPI rating, leads to a change in the volumetric modulus of elasticity
K.

Accordingly, the energy of elastic deformation of the column in the current state
W,, (Fig.2b) will be equal to:

. .,
3[R, mah; ) (1-2p)k;
2Epy

Wan = ?:Li,-:'_;.' Wriz' = ?:1 s ©
where n is the number of layers.
From (9), for the potential, the energy of elastic deformations of the column in
the current state ¢, follows:

_ . 3[2?::41955?}15 ) (1—2p)h,
@dn o Z 2E. (10)
i=Lizj ‘

The potential of geoenergy in the final state ¢f is determined by:
f
o7 :E?=D,E;=]'g [zz' - E_;':rz m; + ﬂrEhE) +

(e 2, a4
n 3'-£I=[+:—r’ﬂ[ghi:l (1-2u)k; (11)
i=1 1E:
L8

Potential energy is a relative quantity, determined with precision to a constant.
The energy and potential in the final state are taken as the zero level.
According to this, the potential of geoenergy in the current state ¢_; will be equal
to:
3(EL . Agh: ) (1-2u);
2E;

Ono= Xizo,i= 9(2; + 058 XL, +

+ E?:g}i;}'g [E:- - E_J;:E m; + D,El-h:-)

H

+ Z 3[2?: i+1-r 2. 9h; )2 (1— 2p;)h;
2E,

(12)

i=1
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Results. A qualitative assessment of the influence of the parameters that determine
the state of RM and are included in the basis of the criterion on the formation of
the potential of geoenergy is carried out on a simplified model. According to which
the array is considered homogeneous in physical and mechanical properties with
values of density (p =2,7- 10° kg/m®), Young’s modulus (E=0,2- 10 MPa) and
Poisson’s ratio (u=0,6- 107).

Fundamentally differing in the physics of origin, gravitational energy and
elastic deformation differ qualitatively and quantitatively in their contribution to
the accumulation of geoenergy of the layer and the formation of the criterion. The
exponential dependence of the elastic deformation energy on the depth of the layer,
in contrast to the linear dependence of the gravitational energy, leads to an increase
in its share and increased importance in the formation of geoenergy (potential,
criterion). This is clearly seen from the dependence of the potentials of the elastic
deformation energies @, gravity ¢, and geoenergy ¢ on the depth of the layer
following from (10) and (12) (Fig.3).

MlJ/kg i

12 N

10

0 100 200 300 400 500
layer depth Z, m
—ip: — Pd Pg

Figure 3 - Change in elastic deformation potentials ¢ » gravitational energy @, and geoenergy 9,
of the layer with depth Z

The gravitational energy potential of the ¢, layer is determined by its position
in the Earth’s gravitational field, does not depend on its mass, and, in accordance
with the selected reporting system, varies from the zero value of the lower part
of the column to the maximum value in the upper one. The elastic deformation
potential ¢, is determined by the amount of accumulated energy of the layer under
the influence of external forces, which varies from the maximum value under the
weight of the overlying rocks of the entire column to the value determined by the
internal pressure in the lower part. Unlike the gravitational energy potential, the
elastic deformation energy potential depends on the GSI rating (8, 10).

Figure 4 shows a graph of the dependence of the ratio of the specific energies
of the layer in the initial state @ and in the current o, states on the GSI rating (8).
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Figure 4 - Dependence of the ratio of the specific energies of the layer in the initial state o, and
in the current o, states on the GSI rating
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Figure 5 - Dependence of the elastic deformation potential ¢, on the GSI rating at a fixed layer
depth

The influence of the GSI rating on the amount of elastic deformation energy
indicates the need to use its current values in the calculations of the criterion based
on the potential of geoenergy. For this purpose, fracture parameters were determined
by ultrasonic sounding of the rock mass from a drilled well (Babets et. al., 2017).

An OPGS pulsed ultrasonic generator and CA-YD-187T piezoelectric
transducers were used for the study. OPGS is a universal multichannel oscillator
capable of exciting ultrasonic converters with a frequency of 50-500 kHz. The
reception of the signal from the piezo sensors and their analysis was carried out on
a personal computer using MatLab software. An acoustic probe with piezoelectric
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sensors was lowered into the borehole discretely with an interval of 15-20 cm. The
probe was oriented so that the main axes of the lobes of the piezoelectric sensor
pattern were orthogonal to the axis of the well. The position of the probe for each
measurement was fixed by a pressure pneumatic system, which at the same time
provided reliable contact conditions for the piezo sensors with the mountain range.
As an example, Tables 1 and 2 show the fracture parameters from a well drilled at
horizon 13 (Chamber 10, Panel 116, Block 03, K 42).

Table 1 — Angles of incidence of the slit plane on the borehole axis

Angle of incidence of the crack plane

on the borehole axis, degrees (+5°) 1530 (45|60 |75 {90 [105 | 120|135 |150 | 165 | 180

The number of planes with the same

o 6513 (4 (3 |1 |3 |55 |1 (3 [4 |54 |1
angle of incidence

Table 2 — Fracture system for the borehole massif

Elements of occurrence The distance
Fracturing Azimuth Angle between Crack
system of the strike, deg. of incidence, deg. the cracks, m. opening, mm
1 175+15 15£11 0,18+0,6 1
2 270+12 10549 0,24+0,19 6
3 0+11 165+7 0,19+0,23 1

The distance between the cracks ranges from 0.18 to 0.24 m, the degree of crack
opening ranges from 1 to 6 mm, the cracks are filled with a solid filler. Most cracks
are steeply sloping with angles of inclination from 65 to 85 degrees.

According to the obtained fracture parameters, an assessment is carried out
using the GSI rating indicators. For our example, the GSI index is 47, in contrast to
the established value for core samples in laboratory studies - 65.

For convenience in practical use, comparing the results obtained by different
methods, as a rule, a unified form of representation of the criterion in the form of a
relative value is used. In the proposed method, the value vy is selected:

= “‘ﬂ%‘f 100 %, (13)

where ¢_and o, It is determined, respectively, from (11).

The boundary values of the criterion for the conditions of the Ridder-Sokolny
deposit were established based on a retrospective analysis of the causes and
parameters for nine sinkholes that occurred at different times and on different
surface areas (Table 3).
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Table 3 — Funnel parameters

. | Depth .
Ne | Name of the excavation unit (li)eepe;[lhoorfnent (I?;e;iﬁltng of the ;(zioosenmg
velop pacity sinkhole
23 m.o. Blocks 12, 17, 21, panels 54, 15,
1 120, 90 254 70 21 1,19
17 n.0. Blocks 1, 9, 7, panels 18, 135, 2,
2 122,23,50 247 52 36 1,06
The fracture line, Blocks 7, 4-5, panels 45,
3 19,113 211 37 19 1,09
4 |23 n.0. Blocks 16, panels44 283 65 16 1,17
5 4 11.0. (20-24 n.m.), panels 30, 31 99 55 20 1,35
6 |5 mo.(19-24 n.m1), panels 30, 31, 41, 42 111 57 20 1,33
7 |4 no.(11-16 n..), panels 24, 16 91 40 24 1,18
8 |5mo.(11-16 n.m.), panels 4, 16 110 37 16 1,19
9 |2 n.0. Blocks 5, 4, panels 15, 16, 24, 13 266 95 27 1,26

The depth of the sinkholes ranged from 16 to 36 m with a depth of development
from 91 to 283, a dredging capacity from 37 to 95 and a loosening coefficient from
1.06 to 1.35. Based on archived data on the state of the RM preceding each event,
the surface was zoned according to criterion y (13) and its boundary values were set.

For the Ridder-Sokolny deposit, the zones are divided into three levels of failure
hazard, which are determined by two boundary values of the criterion (Table 4).

Table 4 — Numerical values of boundary criteria

Fire hazard level Y

More Less
Medium (yellow) 8 13
Low (green) 8

Situational maps are created based on the results of zone zoning.

For a correct comparison of the zoning results using the proposed M, method
obtained in (Zubelewicz et. al., 2024) and the M, method, the same site of the
Ridder-Sokolny deposit was selected. The same parameters characterizing the
state of RM were used to calculate the criterion, including its boundary values.
The exception is the values of the Young's modulus, which in the new method are
determined by the actual values of the GSI.

Figure 6 (b) provides the current situational map obtained from the results of
zone zoning in accordance with the developed methods (M,). For comparison,
Figure 6 (a) shows a situational map from (Zubelewicz et. al., 2024) based on the

method of zoning according to two criteria (M, ).
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a) b)

I low level low level

2 medium level 2 medium level
s elevated level (criterion a); B : elevated level
. elevated level (criterion B);
I 5 high level of failure risk.

Figure 6 - Situational maps obtained by the M, (a) and M, (b) methods

For comparison, Figure 7 shows a histogram of the areas of zones with different
levels of failure hazard for the results of zoning using the M, and M, methods.

@
£
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k] 50,0
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3 40,0
s R 30,0
£ 200
T E 10,0
a ™ 0,0
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s level level
S mMethod1 36,2 495 143
Method 2 316 599 8,4

Figure 7 — Comparison of the areas of zones with different levels of failure hazard for the results
of zoning using the M, and M, methods.

A comparative analysis of the figures shows that the use of a criterion based on
the potential of geoenergy, which takes into account the current values of GSI and
internal pressure, changes the boundaries of zones with different levels of failure
hazard. Areas with a high level of sinkhole risk, defined by two criteria M, are
represented by separate zones with M, that retain their sinkhole status. At the same
time, the total area of zones with a high level of failure risk is reduced by 5.9%.
This is a consequence of taking into account changes in the elastic properties of the
RM in the M, criterion.

The main objectives of risk management are forecasting, taking preventive
measures to prevent them and minimizing the consequences of their implementation.
In this direction, the method is an effective tool for developing an optimal mining
development plan based on an analysis of its implementation options based on
the results of zone zoning, which does not allow the expansion of existing and the
formation of new zones with a high level of failure risk.
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The laying of voids formed during mining is the most effective method of
restoring a mountain range to a stable state and is therefore an essential component
of risk management related to sinkholes. In this situation, to prevent the realization
of risks, it is necessary to establish the order of laying voids. In the absence of
techniques that determine this sequence, the laying of mine workings is carried
out without taking into account the potential danger of surface failure. At the same
time, the dependence of the criterion of the proposed method on the total capacity
Zm, and the depth of their occurrence z, (11,13) allows us to determine the degree
of influence of the laying of certain voids on reducing the level of sinkhole. The
voids with the greatest degree of influence should be laid first. The effectiveness of
the laying works is largely limited by the problem of choosing the order of laying
the mine workings. In solving this problem, based on a reasonable choice of the
sequence of laying voids, the zonal zoning method has shown its effectiveness. As
an example, the figure shows the results for two virtual options for laying voids
on the 14th horizon (block 2, chambers 10, volume of voids 2217 m?, chamber 12,
volume of voids 7206 m?) and the 16th horizon (block 25, chamber 1, volume of
voids 3070 m?, block 25, chamber 3, volume of voids 7146 m?) and their effect on
the surface condition (Figure 9). Horizon 18 (block 95, chambers 3, void volume
4789) (Fig.8).

I low level

.’ ' 2 medium level

B elevated level

b)
Figure 8 - Situational maps, after laying voids on horizons 14 (a) and 15 (b)

60
ES 50 —
= 40
2 30
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H] 20
" 10 =y
0
Low level Medium level Increased level
m Method 2 31,6 59,9 9,4
W Horizons 14 41,2 52,9 5,9
Horizons 15 51,3 45,1 3,6

Figure 9 -Comparison of the areas of zones of different levels of failure hazard in the initial state and
after the laying of voids on the 14th and 15th horizons
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Obviously, in the current situation, in order to reduce the level of sinkhole risk
of a surface area, it is a priority to lay the 15th horizon, in which the area of high-
risk zones is reduced by 57%. For comparison, when laying the voids of the 14th
horizon, this value decreases by 29%.

The known methods do not contain a justification for the number of observation
stations and the choice of their position on the profile lines in relation to the current
state of the array. At the same time, the results of zoning, obtained on the basis
of a causal relationship between the state of the massif and the processes on the
earth’s surface, allow motivated management of these actions. In accordance with
the physical representation of the potential of geoenergy, taken by the criteria of
zoning, all points of the earth’s surface located on the same equipotential line, in
accordance with the principle of invariance, are in an identical state. This makes it
possible to optimize ground-based instrumental observations.

Figure 10 shows, as an example, a plan for the location of observation stations
with green areas (areas with a low level of sinkhole risk).

Conventional signs

# Observation stations

Low level

“;L

Figure 10 - Combined layout of observation stations and green areas

The green areas are covered by 28 observation stations. At the same time, in
accordance with the principle of invariance of the method, monitoring of the territory
of the green zone can be carried out at one station without loss of information
content. The time saved for monitoring green areas can be used to increase the
effectiveness of monitoring the condition of areas with a high level of failure risk.

Discussion.

The practical implementation of the method of zoning the earth’s surface
according to the level of collapse, the criterion of which is the potential of geoenergy,
taking into account the internal pressure in the layer and the current values of the
GSI rating, has shown its effectiveness. The method makes it possible to increase
the accuracy of localization from a site with a high level of sinkhole risk by 5-20%,

24



ISSN 2224-5278 4.2025

unlike the known ones, and can serve as an effective tool for developing an optimal
mining development plan based on an analysis of its implementation options based
on the results of zone zoning and a reasonable choice of the sequence of laying
voids.

Conclusion.

The conducted research has confirmed its high practical effectiveness for
predicting failures and managing risks in a changing state of the mountain range.
Modeling of the geoenergy potential, a simplified model of a homogeneous array
(p=2.7-103 kg/m3, E=0.2-10-3 MPa, m=0.6-10-3) made it possible to qualitatively
assess the contribution of gravitational energy (linear dependence on depth) and
elastic deformation (exponential dependence). The energy of elastic deformation
dominates with increasing depth, which increases its importance in the formation
of the criterion of failure hazard. The impact of the GSI rating. The elastic
deformation potential depends on the GSI, which confirms the need for its current
values. Ultrasound tomography (OPGS device, CA-YD-187T sensors) revealed a
discrepancy between field (GSI=47) and laboratory (GSI=65) data, which is critical
for the accuracy of the forecast. The criterion of failure risk. A dimensionless
criterion v (relative potential change) has been introduced, which is convenient for
comparing different methods. Using the Ridder-Sokolny deposit as an example,
it was found that taking into account GSI and elastic properties reduces the area
of high-risk zones by 5.9%. Risk management. The method makes it possible to
optimize the laying of voids: priority is given to the workings with the greatest
impact on reducing the risk of failure (for example, laying the 15th horizon reduces
the danger zone by 57% versus 29% for the 14th horizon).

Monitoring is optimized due to the principle of invariance: in homogeneous
zones, one observation station is sufficient, which saves resources. Advantages of
the method. Increase the accuracy of localization of hazardous areas by 5-20%
compared to traditional methods. A tool for adaptive mining planning and a
reasonable sequence of laying operations.
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