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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 Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH 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 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 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).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Ensuring the stability of mine workings remains one of
the most pressing issues in the coal industry today. When studying such issues,
it is essential to consider the actual properties of the rock mass that contribute to
the onset of its failure under static and quasi-static fields of superimposed stresses
and strains. An important task is to determine the stress-strain state of the rock
mass, taking into account the factors affecting the stability of the mine workings’
boundaries. From this perspective, it becomes essential to develop a decision-
making framework aimed at ensuring the stability of mine workings. Objective.
Based on theoretical and numerical experiments, to investigate the stability of
mine workings oriented in various directions within an inclined-layered rock
mass, depending on the degree of discontinuity in their bonding. Methods. A
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mathematical model of an inclined-layered rock mass with discontinuous interlayer
bonding is considered. The contacts between plane-parallel layers of an elastic-
creeping isotropic rock mass in the vicinity of an underground mine working are
represented by identical bridges between collinear slits of equal length. Results.
Unlike the anisotropic model, the proposed model with discontinuous layer
bonding does not have such drawbacks, providing a more complete description of
the mechanical processes in an inclined-layered rock mass. Along with a rigorous
description of isotropic creep, it takes into account the dip angle ¢ of the strata
just as fully as the anisotropic model does. Conclusions. Analysis of the results of
numerical simulations of the patterns of change in the stress-strain state of rock
masses makes it possible to determine support parameters to improve the stability
of preparatory mine workings, as well as to develop new and improve existing
technologies for the efficient and safe execution of mine workings in inclined-
layered rock masses.

Keywords: inclined-layered massif, stress, displacement, rock pressure, mine
workings, stability, discontinuity of cohesion, gap
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AHHoOTauus. Ozexminici. Tay-KeH  KYMBICTapbIHBIH  TYPaKTHUIBIFBIH
KaMTaMachI3 €Ty Ka3ipri yaKpITTa KOMip OHEpKICIOIHACTI €H 03€KTi MoceNeIepIiH
O0ipi Oompim Kama Oepemi. MyHmait wmocemenepai 3eprrTey Ke3iHIe Tay
KBIHBICTAPBIHBIH KOCBIMINIA KepHeylep MeH JehopMarusIapAblH CTAaTHKAIBIK
JKOHEe KBA3WCTAaTHKAIBIK OpiCiHAe OY3bUIYBIHBIH OacTadyblHAa BIKMAT €TeTiH
HaKTBI KACHETTEPIH ecKepy Taburu Hopce. MaHBI3 A MIHIIET Tay-KSH OHIIPICIHIH
KOHTYPJIApbIHBIH TYPaKTBUIBIFBIHA dCep eTeTiH (haKkTopiapAbl €CKepe OTBIPHIIL,
MAacCHBTIH KepHEym aedopManusiaHFaH KYWiH aHbIKTay. byn mo3unusman
Tay-KeH JKYMBICTapbIHBIH TYPAKTBUIBIFBIH KaMTaMmachl3 eTyre OarbITTalFaH
mermiMaepai 0ackapy TYKbIphIMIaMachIH 331pJiey 03eKTi O0IbIN OThIp. Makcamubi.
TeopusnbIK KoHE CaHJIBIK AKCIEPUMEHTTEp HETI3iHJe op TYpii OarbITTarsl Tay-
KEH XYMBICTapbIHBIH Key0ey KaOaTThl MacCHBTET1 TYPaKTBUIBIFBIH OJAp/AbIH Oip
OipiMeH 1imiricy mopekeciHe OalmaHBICTBI 3epTTey. Odicmepi. KabarrapasiH
OipryTac emec imiricyi 6ap xeindey KaOaTThl Tay >KBIHBICHBIHBIH MaTEMaTHKAIBIK
MOJIEITi KapacThIpbIIaanl. JKep acThl Tay-KeH Ka30aChIHBIH MaHbIHIAFEI CEPITIMIi-
AKKBIIII H30TPOTITH MACCUBTIH JKa3bIK-TIapajlIieh KaOaTTapbIHBIH )KaHACYHI Oipaeid
Y3BIH/IBIKTAFbl KOJUTMHEAPIBIK CaHbUIAYIAp apKbUIBl YCHIHBUIFAH. Hamuowcenepi.
Kabatrapasin TyTac emec MiricyiH €CKepeTiH, YCHIHBUIBIN OTHIPFaH MOJIENb/E,
AQHU3OTPONTHl MOENBJCH alBIPMAIIBIIBIFBI, YKCAC KEMIIUTIKTEp JKOK, Keidey
Ka0aTThl Tay KBIHBICTAPBIHJIAFBI HEFYPIBIM TOJIBIK MEXaHUKAJBIK MPOIECTEPIl
cunartaisl. I30TponThI aryabplH KaTaH CUITaTTaMachIMeH Karap, 01 KabaTTapabIy
Kej0ey OYpbImBIH @-ai eckepelli (aHM30TPOITHI CHIKTHI). Kopuimwsinovl. Tay
KBIHBICTAPBIHBIH KepHEYIi-AeQopMannsiianFad KYHIHIH e3repy 3aHAbUIBIKTapbIH
CaHJBIK MOJIETBACY HOTIDKEIEePIH Tajady NaWbIHIBIK Tay-Ke€H KYMBICTapBIHBIH
TYPaKTBUIBIFBIH apTTBIPY YIIIH O€KiTy mapaMeTpiiepiH OpHaTyra, COHIai-
aK KeJIoey-KabaTThl MacCHUBTEpHAE Tay-KeH Ka30alapblH THIMII KoHE Kayircis
KYPTi3ydiH ’KaHa TEXHOJIOTHAJIAPBIH 3ipiieyre XoHe >KeTLIAipyre MYMKIHIIK
Oeperi.

Tyiiin ce3nep: xenbey KadaTThl MacCHB, KEPHEY, KBIJDKY, Tay KBICBIMBI, Tay
KYPBUIBIMBI, TYPAKTBUIBIK, TYTAaC eMeC LTiHICY, CaHbLIay
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AHHOTauusl. Axmyarvhocms.  OOecredeHne  YCTOWYMBOCTH — TOPHBIX
BBIPA0OTOK oOcTaércs OAHOM M3 Hambosiee aKTyalbHBIX MPOOJIEM YroJbHOU
MpOMBIIITICHHOCTH. [Ipy ncciienoBaHuK yCTOMYMBOCTH BHIPAOOTOK HEOOXOIUMO
YUUTBIBATh peanbHble CBOIMCTBa IOPOJHOIO MAaccuBa, CIOCOOCTBYIOIIHE
BO3HHMKHOBEHUIO M Pa3BUTHIO DPa3pyILICHUN IOJ JEHCTBHEM CTaTHMYECKUX U
KBa3HCTAaTMYECKUX TMOJIEH JOMOJHUTENBHBIX HaNpsDKEHUH u  Aedopmaruid.
Ocoboe 3HayeHHWE HMEET ONpeleeHUue HaNpPsHKEHHO-Ie(POPMUPOBAHHOTO
COCTOSIHUSI MaccuBa ¢ y4€ToM (hakTOPOB, BIUSIONIMX HAa YCTOWYMBOCTH KOHTYpa
TOPHOH BBIPAOOTKU. B CBSI3M ¢ 3THM aKTyaJbHOH SIBISETCS pa3paboTKa HAYyYHO
00OCHOBAHHBIX PEUICHUH MO YNPABICHUIO YCTOWYMBOCTHIO TOPHBIX BHIPAOOTOK B
HAaKJIOHHO-CJIOUCTBIX MaccuBax. [Jenv. Ha 0CHOBE TEOPETHUECKUX UCCIIENOBAHUN
W YHCJICHHOTO MOJEIMPOBAHMS OLEHUTh YCTOMYMBOCTH TOPHBIX BBIPAOOTOK
pa3IUYHON OpHEHTAMH B HAKJIOHHO-CIOMCTOM MAacCHBE B 3aBUCHMOCTH OT
CTENEHU HECIJIONIHOCTH CLEIUICHUS MEKAY CIosMH. Memoowl. Paccmorpena
MareMaTH4eCcKasi MOJENb HAKJIOHHO-CJIOUCTOrO FTOPHOIO MACCUBA ¢ HECIUIOLIHBIM
cueruieHneM cino€B. KOHTaKThl IuIocKkomapaiedbHbIX CIOEB YIPYTOMOI3ydero
H30TPOITHOTO MaccHBa B OKPECTHOCTH TIOJ3€MHOW TOPHOH BBIPaOOTKU
MIpPEJICTABIEHbl CUCTEMON OJMHAKOBBIX MEPEMbIUEK MEXKAY KOJUIMHEApHBIMU
LIEISIMU PABHOU JUIMHBL. [TpOBENEHO UMCIEHHOE MOJAEINPOBAHUE HAIPSKEHHO-
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ne(hOpMUPOBAHHOTO COCTOSIHUSI MacCHBa IMPH PA3IMYHBIX YIJIaX HAKIIOHA CIIOEB
Y CTETIeHN HapyIIEHUS MEKCIOEBBIX KOHTAKTOB. Pesynvmamei. llpennoxennas
MOJIeJIb HECIUIOMIHOTO CIETJICHUsI CJIOEB MO3BOJISAET OoJjiee MOJIHO OIMHMCHIBATH
MEXaHUYECKHE IPOLECChl, MPOUCXOASIINE B HAKIOHHO-CIOUCTOM IOPOAHOM
MAacCCHUBE, [0 CPAaBHEHUIO C TPAJULIMOHHON aHMU30TPONHOW Mozenbto. Hapsay c
ONMCAaHUEM M30TPONHOM MOJ3YYECTU MOAENb YUUTBHIBAET YTOJl HAKJIOHA CIIOEB
TOJNIINA @ U OCOOCHHOCTH TepepachpenesicHNs HAPsHKCHUH U TIEPeMEIICHU B
OKPECTHOCTH TOPHOM BHIPAOOTKH. YCTaHOBJICHO, YTO CTENEHb HECIUIOIIHOCTH
MEXXCIIOEBOTO CIEIUICHUS W OPUEHTAIUs BRIPAOOTKA OTHOCHUTENHHO CIOUCTOCTH
CYIIECTBEHHO BIHSIOT Ha XapakTep AePOpMUPOBAHMS MOPOJ U YyCTOWYHBOCTH
e€ KOHTypa. Bbigoovl.. AHaMHM3 pe3ylIbTaTOB YHCICHHOTO MOICIHPOBAHUS
3aKOHOMEPHOCTEH HM3MEHEeHHs HanpsHDKEHHO-Ae(POPMUPOBAHHOTO  COCTOSIHUS
MMOPOJTHOTO ~ MacCHBa IMO3BOJIIET OOOCHOBHIBATh MapaMeTpPhl  KPETUICHUS
MTOJITOTOBUTENBHBIX TOPHBIX BHIPAOOTOK, MOBBIIIATH YCTOMYUBOCTh UX KOHTYPOB,
a TakKe pa3pabaThiBaTh HOBBIC M COBEPIIICHCTBOBATH CYIIECTBYIOIINE TEXHOIOTHU
6e3omacHOTO M A(P(HEKTUBHOTO TPOBEICHHS BHIPAOOTOK B HAKJIOHHO-CIIOHUCTHIX
MacCHUBax.

KuroueBble ¢Ji0Ba: HAKIOHHO-CIOUCTBII MAaCCUB, HAIPSDKEHUE, [IEpEMELIEHUE,
TOpPHOE JIaBJICHNE, TOPHAs BRIPAOOTKA, YCTONIMBOCTE, HECTUIONTHOCTE CIICTUICHHS,
ienb

Introduction. The most common form of rock pressure is the deformation
of rock masses, which leads to a loss of stability and the formation of significant
loads on the support. When developing mineral deposits, the roof of the workings
is often a limiting factor, since this is where areas of tensile stress are most likely
to form, to which rock masses are particularly sensitive due to their structural
features and deformation and strength properties.

Studying the effect of discontinuous bonding between layers on the stability
of mine workings is a complex engineering task in mining and geomechanics, as
rock stratification is often the main cause of roof collapses. The key aspects are:

First, reduced rigidity: in the absence of cohesion, the layered strata ceases
to function as a single monolith. Each layer deforms independently, which
sharply reduces the overall load-bearing capacity of the structure. Second, stress
concentration: additional tensile stresses arise in areas of contact disruption,
contributing to the deflection of the lower layers. Third, man-made discontinuity:
this often arises not only due to natural factors, but also as a result of blasting or
pressure redistribution during tunneling.

Taking into account the discontinuity of layer adhesion allows us to move from
empirical estimates to accurate geomechanical predictions. This is necessary to
optimize the density of support and prevent sudden collapses in complex rock
mass conditions. The creation of underground workings for various purposes,
including deep underground workings of all possible configurations, is directly
related to the need to develop sound methods for their calculation.
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The issue of the stability of the equilibrium state of rock masses near mine
workings has remained a pressing concern for the past 50 years. The founder
of this field is L.V. Ershov, whose first article on this topic was published in
1962. It examines the axisymmetric problem of the stability of a vertical mine
workings with a circular cross-section when modeling rock as an elastic isotropic
compressible body.

In his works, M. A. Bio was the first to apply the linearized theory of stability of
deformable bodies to the study of flat problems of fold formation. Subsequently,
Zh.S. Yerzhanov developed the theory of fold formation in the Earth's crust in the
case of discontinuous, dome-shaped, and linear folding based on the Leibenson-
Ishlinsky approach.

Literary review. Ensuring the stability of mine workings remains one of
the most pressing problems in the coal industry today, relevant both for leading
enterprises and for unprofitable mines with low production levels. In repaired
sectional workings and workings restored by backfilling, there is no attenuation
of the deformation rate; on the contrary, there is an intensification of contour
displacements (Zubov et al., 1985; Negrei, 2007; Pankov et al., 2018; Morozov
et al., 2021). From this perspective, it becomes relevant to develop a concept for
managing solutions aimed at ensuring the stability of mine workings. According
to G.N. Kuznetsov, the adhesion on various weakening surfaces can range from
zero to 0.6-0.9 of the adhesion of the rock in the layer (Kuznetsov, 1981). Similar
information is provided by N.N. Kuvayev and other authors (Kuvaev, 2005).

It is known that mining leads to a redistribution of stresses in the rock mass.
From the moment of excavation, several major stages of change in the stress field
of the surrounding rock can be identified, which are associated with the formation
of a stress-strain state of the rock mass. At the same time, the greater the volume
of rock that falls into the stress redistribution zone, the greater the effort required
to ensure the stability of the excavation.

The issue of the stability of mine workings with increasing rock pressure
and the stress-strain state of the rock mass is of practical importance in modern
conditions with the increase in the depth of workings and the complication of the
geological conditions of mining. The contours of preparatory workings as man-
made structures are the load-bearing elements of the technological structure. An
important task is to determine the stress-strain state of the rock mass, taking into
account the factors affecting the stability of the contours of the mine workings.

In the work G.N. Savina first noted elastic anisotropy in the form of a lateral
pressure coefficient, and S.G. Lekhnitsky solved the problem of the stress state
of a heavy elastic transversely isotropic array with a horizontal plane of isotropy,
weakened by a mine shaft (Savin, 2014; Lekhnitsky, 2013). The influence of elastic
anisotropy of rocks on the stress state is considered in the works of G. Sonntag, H.
Werner and P. Felix (Sonntag, 2013; Werner, 2015; Felix, 2013).

Materials and methods. A mathematical model of an inclined-layered rock
mass with discontinuous layer adhesion was first proposed by Zh.S. Yerzhanov,
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K.K. Kaidarov, and M.T. Tusupov (Yerzhanov et al., 1989). The contacts of
plane-parallel layers of an elastic-creeping isotropic massif in the vicinity of an
underground mine are represented by identical bridges between collinear gaps of
equal length (see Figure 1). This refers to a finely layered massif in which the
thickness of the layer is at least an order of magnitude smaller than the characteristic
transverse dimension of the mine workings. The stress state of the intact rock mass
is modeled across the strike of the layers, inclined at an angle ¢, by an isotropic
body weakened by a doubly periodic system of cracks.

When studying the elastic state of a body (plane) with a doubly periodic system
of slots, the latter are placed horizontally, and the plane is loaded at infinity by
forces ¢ and p such that @, iw, are the main periods; 24, ¥,,,, are the length and
contours of the slots; 11, m are their indexing (see Figure 2).

The origin x Oz is placed in the middle of the slit ¥ao, called the main slit.
It is assumed that the edges of the slits do not interact; E, v is the modulus of
elasticity and Poisson's ratio.
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Figure 1. Diagram of a rock mass with discontinuous layer bonding.
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Figure 2. Plane with a doubly periodic system of slits.
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To determine the stresses and displacements, a plane with three infinite
horizontal rows of slots symmetrical to the abscissa axis is considered. This
made it possible to estimate the degree of stress invariance within a characteristic
element ABCD (see Figure 2) as the number of slot rows increases and to extend
it to a doubly periodic problem. Such a focus of analysis within a single element
(ABCD) completely resolves the issue, since, due to the double periodicity of the
problem itself, the stresses and displacements near any slit (within any element)
will be the same.

The stress state of a plane with a finite number of rows of slots is determined
by periodic functions fP[Z ], X [z ] that satisfy the following conditions on the
contours of the slots

—_— 4+ - —
o) +(t—De () +x() ="t +57% (1
where ¢ is the affix of a point on one of the slit contours.
Due to force and geometric symmetry, these holomorphic stress functions
outside the slit contours are obtained following A.S. Kosmodamiansky
(Kosmodamiansky, 2013). Assuming &y = @, @y = 2a and expandmg these

functions into Taylor series with respect to the small parameter (R= _‘1]
inside the circle encompassing yOI, without touching the neighboring contours,

we can write for a plane with five rows of slots:

o axl f
QG(EJ = Ekzl [l’rl:;,:,]k + E?:l‘q}'zf’ (2)

X(zj Zk J-[.’Vl }].{+Z_;| 1 _;I (3)

limiting ourselves to terms containing a small parameter no higher than the
sixth degree (third approximation). Here, the first sum is a holomorphic function
outside the contour yOI (1=0,1,2); z; = z — ilw,; the second reflects the influence
of other slits on the stresses near one of the slits yOIl. The coefficients A;, B;
depend on the coefficients a;;, by, determined by conformal transformation of the
exterior of the slits ¥um to the exterior of the unit circle I',,,,. From the boundary
conditions on the contours Iy, I'y; @and I'y,, a system of algebraic equations is
obtained for determining the coefficients a ,,b with accuracy up to a constant
factor ga. It turns out that b, =a;, ay = = by, = by, = 0. As complex
potentials @(z).x(2), we cail take functlons (2) and (3) at 1 = 0. For three rows
of slits, it is sufficient to limit ourselves to boundary conditions on two contours
Yoo - You-

Results and discussions. Calculations of the coefficients @y
of ga for various %: @, = 2,5a for three and five rows of slots are given in
Tables 1 and 2. These data show that the difference between the coefficients found

with an accuracy
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in the second and third approximations decreases with an increase in the ratio

=2 At

)

second decimal place.

Table 1. Coeflicients aj; for three rows of slits.

w, = w; = w = 2,5a, this difference, as well as the values of the new
coefficients in the third approximation, do not exceed the error of determining the

Three rows of slits
First Second approximation Third approximation
Ly —ay appro?dmation . . . . .
a j=1 =] =3 ] =3 ] s
e foy, = 0,75
2.5 1=0 0.627 0.761 0.017 0.692 0.002 -0.001
=1 0.654 0.741 0.011 0.713 0.005 0.4 1072
3 1=0 0.582 0.632 0.007 0.615 0.003 03 107
=1 0.597 0.630 0.005 0.623 0.003 01 107°%
4 1=0 0.543 0.556 0.002 0.554 0.001 04 107
=1 0.550 0.559 0.001 0.558 0.001 02 10~
6 1=0 0518 0521 | o4-1p=2 | 0520 | 93-102| 04 1075
=1 0.521 0.523 02-1072 | 0523 | y5-107% | _0.1-10°F
Wy fury = 1,00
2.5 1=0 0.668 0.727 0.007 0.727 0.007 05 107®
=1 0.675 0.723 0.006 0.730 0.008 0.1 1072
3 1=0 0.606 0.628 0.003 0.628 0.003 021077
=1 0.609 0.628 0.003 0.629 0.003 03 10~
4 1=0 0.554 0.560 0.001 0.560 0.001 0.3-10~¢8
=1 0.556 0.561 0.001 0.561 0.001 0.4-107%
6 1=0 0.523 0.524 02-10~2% | 0524 | 95. 12| 0.7-10~°
=1 0.523 0.524 0.1-107% | 0524 | g 1. 1072 | 04 10~
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Table 2. Coefficients i for five rows of slots.

Five rows of slots
First Second approximation Third approximation
Ly —a; approximation
a =1 =1 | =3 == s
iy fy; = 0,75
2.5 1=0 0.629 0.763 0.018 0.693 0.003 -0.001
=1 0.628 0.762 0.017 0.693 0.003 -0.001
1=2 0.654 0.741 0.011 0.713 0.005 031072
3 1=0 0.683 0.630 0.007 0.615 0.003 203 102
=1 0.583 0.630 0.007 0.615 0.003 03 1072
1=2 0.597 0.630 0.005 0.623 0.003 01-1072
4 1=0 0.543 0.556 0.002 0.554 0.001 04 107
=1 0.543 0.556 0.002 0.554 0.001 04 107
1=2 0.550 0.559 0.001 0.558 0.001 02 107
6 1=0 0.518 0.521 0.4-10-2 0.520 | (3-1p-F 04 107F
1=2 0.521 0523 | go.9p-2 | 0522 |g2-10-2| o 107
m:fmj_ = 1_.':]0
2.5 1=0 0.668 0.727 0.007 0.727 0.007 02-10~2
I=1 0.668 0.727 0.007 0.727 0.007 021078
1=2 0.673 0.723 0.006 0.736 0.008 0.9-10~%
3 1=0 0.606 0.628 0.003 0.628 0.003 0.2- 10~
I=1 0.606 0.623 0.003 0.628 0.003 0.1-10-7
1=2 0.609 0.627 0.003 0.629 0.003 0.3- 10—4_
4 1=0 0.554 0.560 0.001 0.560 0.001 0.2- 10—t
I=1 0.554 0.560 0.001 0.560 0.001 02-10-%
1=2 0.556 0.561 0.001 0.561 0.001 0.4-10°F
6 1=0 0.523 0.523 02-107% 0.524 | 00152 | o7 10—1-:_
1=2 0.523 0524 | g1-102 | 0524 [(1.10-2| 04 10-%

Therefore, for simplicity, we can limit ourselves to tw, = @y = @, i.e.,
a square arrangement of the centers of the slots ("square lattice"). Then, for
2,5a = w < 6a, a second approximation is sufficient, and for @ = 6a, a first
approximation is sufficient.

Additional stresses Gﬂu, G';'u and displacements u®®, w®® at points A4,,0, C,
of the element AECD (see Figure 2), calculated in the third approximation,
are given in Table 3. As can be seen, the stress and deformation states of the
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element ABCD gt w, = w; = w = 2,5a for three and five rows of slots in the
third approximation coincide with an error (discrepancy) of no more than 1%.
Consequently, this state of the element with the specified error is preserved even

when the plane is weakened by a doubly periodic system of slots with main periods
wy, i, | where Wy, = @y = w = 2,5a,

Table 3. Additional stresses and displacements of the element 4 B £L.

W _ @ Element Three rows of slots Five rows of slots

- oint 10 1nE 10 .
T U_E'DJ'I':I U,EPJ""] unn£ wnnﬂ U_EPJ"':I UEP.""] unn£ wnnﬂ
oa oa ga ga

A -0.294 | -0.072 | 0.000 3.250 |-0.293 | -0.073 0.000 3,249

25 ) -1.000 | -1.000 0 4,456 | -1,000 | -1,000 0 4,456
C, 1,660 | 1,660 | -0.119 0 1,631 | 1,661 | -0.119 0.000

A -0.147 | -0.129 | 0.000 | 2.426 |-0.147| -0.129 | 0.000 2,425

3 (0] -1.000 | -1.000 0 3,870 | -1,000 | -1,000 0 3,870

Ly 0.832 | 0.832 | -0.048 | 0.000 | 0.832 | 0.832 0.048 0.000

A -0.051 | -0.121 | 0.000 | 1.693 |[-0.051| -0.121 | 0.000 1,693

4 ) -1.000 | -1.000 0 3,464 |-1,000| -1,000 0 3,464

C, 0.371 | 0.371 | -0.017 | 0.000 | 0.371 | 0.371 0.017 0.000

A -0.011 | -0.072 | 0.000 | 1.094 |-0.011] -0.072 | 0.000 1.094

6 ) -1.000 | -1.000 0 3,243 | -1,000 | -1,000 0 3,243

C, 0.145 | 0.145 | -0.006 | 0.000 | 0.145 | 0.145 | -0.006 0.000

Therefore, when calculating the stress and strain states of a plane with a doubly
periodic system of slots with this given error, complex potentials (2) and (3) can
be used for five rows of slots. Stresses and displacements are found using them
according to the known formulas of Kolosov-Muskhelishvili (Mushelishvili, 1966).

The criterion for selecting a continuous anisotropic plane equivalent in stiffness
to a plane with slots is the equality of the corresponding average displacements

< U Zpge and < W Z4p of the sides of the element ABCD (see Figure 2). In this
case, the displacements of the points are expressed in terms of the potential (2) by
the formulas

u= i [(¢—Duy—uy +uzl, w= i [( + 1wy — wy +wy], 4)
where

u, = Reg(z), u,= Re[(z— z'}m], Uy = [(x - 1)‘“%— ?]x', w, = Imo(z), w,=

Im[(z—z_)m, wy = [(H— l]p:—q—?]z', (5)

The displacements of the points of the contour AB D (see Figure 2), but only
in a continuous homogeneous transversely isotropic body, whose plane of isotropy
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coincides with the plane of extension of the slots, under the action of the same
forces ¢ and p, are found by integrating the corresponding equation of Hooke's
generalized law:

Ug = (bnp + bla@'jxfr Wy = (balp + baa‘?:]z?: (6)
where

_ 1—1% _ _ _v._..':1+v._]l _ i_ ﬁ 7
by, = E bz = by = 5 ' b3s TE E ()

E,, E, are the moduli of elasticity for directions in the plane of isotropy and
perpendicular to it; ¥1: ¥2 are the corresponding Poisson's ratios.
From the conditions of equivalence

< U :‘Bc._:‘: g ::=Br_-__, W }A__B=::: Wy }A__B (8)

at
g#0,p=0 u g=0 p=0

we have
by = —[(x— 1)(0,125w+< u, >) — (0125w +<u, >)]

by = ——[(*+ D)(0,125w+< wy >)—<w, >]
b, =* — ¥73 )
11 = g * 31 8
From equality (9), taking into account (7) Ey,E,,v,v,, the physical
(E, v) and geometric (@, w, = @, = @) parameters of the medium are
determined. The relationship by = by, for the body of the structure
under consideration is approximately satisfied — the maximum deviation at
w, = w, = 2,5a and v = 0.2, which are usually used in calculations, is 4.5%.
Thus, at w; = 2,5a from (9), taking into account E; = E, the following

representations apply
E,=E E,=E(Av*+A4,v+4) vy =v, v, =v, (10)

where A,,A4,, A3 are some coefficients. The shear modulus &5 can be found
in a similar way, considering the shear of the element AECD under the action of
tangential forcest applied at infinity, in the following form:

G, = G(Ayv + A5) 7, (11)

where the numerical values of the coefficients A, — A for different w are
summarized in Table 4.
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Table 4. Numerical values of the coefficients 4, — Az for various .

wia Ay As Az Ay As
2.5 -1.514 -0.019 2,495 -1,110 2271
3 -0.896 0.003 1.899 -0.688 1.792
-0.446 0.008 1.454 -0.332 1.386
6 -0.184 0.005 1.190 -0.138 1.158

The values of E,,E,, v, V,, G,, determined by formulas (10) and (11), act as
some reduced elastic parameters of the model.

The described averaging of the structural features of a plane with slots allows
its stress state to be determined by means of an equivalent continuous anisotropic
(transversely isotropic) plane. The angle of inclination of the slots can be taken into
account using the formulas for transforming the elastic constants of an anisotropic
body when rotating the coordinate axes. The parameters (10) and (11) are functions
of the physical constants E and v, therefore, according to the Volterra-Rabotnov
principle, replacing them with time operators directly reveals the isotropic creep
of a body weakened by a system of slots. This allows the calculation of the stress
and deformation states of underground mine workings in an inclined-layered
massif to be based on the methods of rock creep theory. It should be noted that:
the anisotropic model reveals the effect of the angle of inclination of the rock mass
stratification plane on the initial stress state of mine workings. The limitations of
this model approach are related to the fact that its results reflect the influence of the
anisotropy of the elastic properties of rocks, which is established on the basis of
rock samples. Another methodological shortcoming is the incomplete description
of creep deformations.

The proposed model of a massif with discontinuous layer adhesion does not have
such disadvantages, unlike the anisotropic model, describing more completely the
mechanical processes in an inclined-layered rock massif. Along with a rigorous
description of isotropic creep, it takes into account the angle of inclination ¢
of the layers of the thickness as fully as the anisotropic model. Together with it,
the thickness of the layers @'s and the degree of continuity of their adhesion (so
important for assessing theﬂstrength of the rock mass) are reflected; the latter is

=z

determined by the ratio ——— (for a "square lattice"), equal to one in the absence
of gaps. In general, this model is very representative and promising in applications.
Let us first determine how the degree of discontinuity of the adhesion between
layers affects the stressed and deformed states of an inclined-layered massif with
mining. We will consider two cases of determining the lateral pressure coefficient:
1) when the stress state of the intact massif is non-hydrostatic and
A, = (g wl), A, = .Fl,y{cp, w,l) (Solonenko et al., 2017; Makhmetova et
al., 2019; Solonenko et al., 2022). Table 5 shows their values for an aleurolite
massif at different distances between the centers of the cracks and angles of their
inclination. These data indicate a significant influence of the inclination of the
stratification plane (slots) on the stress state of the massif at e < 4a;
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Table 5. Values of 4, 4, for siltstone at different distances between the centers of the cracks.

w Lateral pressure P deg
a coefficient 0 30 45 60 90
2.5 Ay 0.250 0.390 0.356 0.238 0.100
]"y 0.250 0.278 0.271 0.248 0.220
3 Ay 0.250 0.331 0.314 0.235 0.131
:"'y 0.250 0.266 0.263 0.247 0.226
4 2 0.250 0.283 0.274 0.233 0.172
Ay 0.250 0.257 0.255 0.247 0.234
2) when the stress state of the intact rock mass is hydrostaticand 4, = 4 y=1

(Solonenko, et al., 2025).

The stresses T on the rock contour of the round drift and crosscut,
calculated for @ = 0 and ¢ = 60% are summarized in Tables 6 and 7.
As can be seen, they depend on the degree of discontinuity of the layers. At

A= 0w, Ij!"q‘_}r = ﬂ"_}r{‘p! @, 1), an area of tensile stresses appears in the
roof of these workings, and it decreases with increasing distance between the
gaps. At A, = ﬂ-y =1, the maximum compressive stresses on the contour of
the drift are confined to the points & = 90% + ¢; they decrease with increasing
distance between the gaps. On a steep dip, the effect of the discontinuity of the
adhesion between the layers on the stress state of the crosscut is insignificant, and
at @ = 90“, the latter coincides with the state of a continuous isotropic massif
around the working.

Table 6. Stresses o on the rock contour of a circular drift.
8, —ag fyH (drive)
deg A = Alpowl), A, =0 =1 A =0
p=10 ip = 60° p = ¢ = 60°

25a 3a 4a 2.5a 3a 4a |[25a| 3a 4a | 2.5a | 3a 4a
0 |2.609]2.652]2687]2,745 2,769 | 2,785 [2,134]2,109 2,065 1,884 [ 1,918 | 1,958
15 | 2,446 | 2,472 | 2,504 | 2,220 | 2,311 | 2,418 |2,075|2,059 (2,034 | 1,855 | 1,884 | 1,931
30 | 2,024 | 2,017 | 2,015 | 1,714 | 1,782 | 1,862 | 1,947 |1,954|1,970| 1,947 |1,954| 1,970
45 11,946 | 1,391 | 1,340 | 1,202 | 1,210 | 1,213 | 1,855 1,884 |1,931|2,075|2,059 | 2,034
60 | 0.726 | 0.652 | 0.584 | 0.673 | 0.622 | 0.560 | 1.884|1.918|1.958|2.134|2,109 | 2,065
75 [-0.131]-0.114]-0.093 | 0.199 | 0.121 | 0.036 | 2.066|2.056|2.034|2.075|2.059 | 2,034
90 [-0.631]-0.497|-0.385|-0.122 |-0.180 [-0.234|2.211|2.150|2.079| 1.947 | 1.954 | 1,970
105 [-0.131{-0.114 [ -0.093 | -0.215 | -0.202 | -0.171 | 2.066 | 2.056 | 2.034 | 1.855 | 1.884 | 2,931
120 | 0.726 | 0.652 | 0.584 | 0.046 | 0.158 | 0.283 | 1.884|1.918|1.958|1.884|1.918| 1,958
135 | 1,446 | 1,391 | 1,340 | 0.947 | 1,054 | 1,141 | 1,855| 1,884 | 1,931 |2,066 |2,056 | 2,034
150 [ 2,024 | 2,071 | 2,015 | 2,391 | 2,266 | 2,143 [ 1,947 1,954 1,970 2,211 [ 2,150 2,079
165 | 2,446 | 2,472 | 2,504 | 3,057 | 2,912 | 2,761 |2,075|2,059|2,034 | 2,066 |2,056 | 2,034
180 | 2,609 | 2,652 | 2,687 | 2,745 | 2,769 | 2,785 |2,134|2,109 |2,065| 1,884 | 1,918 | 1,958
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Table 7. Stresses @g on the rock circuit of a circular drift.

B, —og/YH (crosscut)
deg :"'y :}T{LPJ{_.}J]_}J },_1_: 0 1_.{: 1, }LT:D
p=0 g =60°" p=0 g = 60°

25a 3a 4a 25a 3a 4a |25a| 3a 4a (25a| 3a 4a
0 [2.609 |2652 | 2,687 |2667 | 2,688 |2713|2,134(2,109|2,065|2,008| 2,007 | 2,004
15 | 2,446 | 2,476 | 2,503 | 2,505 | 2,517 | 2,530 | 2,075 |2,058(2,034| 2,004 | 2,003 | 2,002
30 | 2,024 | 2,017 | 2,015 | 2,039 | 2,030 | 2,019 | 1,947 | 1,954|1,970| 1,996 | 1,996 | 1,998
45 | 1,446 | 1,391 | 1,339 | 1,338 | 1,315 | 1,289 | 1,855 | 1,884 |1,931|1,991 | 1,993 | 1,996
60 | 0.726 | 0.652 | 0.584 | 0.548 | 0.533 [ 0.517 | 1.884 | 1.918|1.957|1.995| 1.996 | 1,998

75 -0.131]-0.114 | -0.093 | -0.100 | -0.091 | -0.079 ] 2.066 | 2.056 | 2.034 | 2.004 | 2.003 | 2,002
90 [-0.631[-0.497 |-0.385 [-0.355|-0.332 |-0.305| 2.211 | 2.150|2.079 | 2.009 | 2.007 | 2,004

Figures 3 and 4 show the displacement diagrams (—8,  10° /yHR) around
the circular drift and crosscut at ¢ = 0 and ¢ = 60°. These data show that at
o=@ wl), 4, =2,(p w]l), the maximum displacement in the drift
roof shifts toward the hanging side of the roof, while in the crosscut it is located
strictly in the middle of the roof. The minimum displacements of both the drift and
the crosscut are observed at the sides and are directed towards the rock mass, which
indicates the complexity of the stress state. At 44,71, the maximum displacements
on the drift contour are confined to points with coordinates & = 90% + ¢, but
their magnitude remains constant; on the crosscut contour, they are in the roof, and
for ¢ = 907, the discontinuity does not affect the displacements of the crosscut
contour points.

Analysis of the numerical results shows:

l. In the case of A, =4 (¢ wl), 1, =2,(p wl): the maximum
displacements are observed on the hanging side of the drift and in the middle
of the roof of the crosscut; the minimum displacements of both the drift and the
crosscut are observed on the sides and are directed towards the rock mass.

2. In the case of 4, = 113,; = 1: the maximum displacements on the contour of
the drift are confined to points with coordinates @ = 90% + ¢; on the contour of
the crosscut — in the roof, and for ¢ = 907, the discontinuity does not affect the
displacements of the points on the contour of the crosscut.
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The curves correspond to: 1 —w = 2,5 2 —w=3m3 —w = 4a;
at Ay =LA =0ig—gp=0%6-¢p =60"
Figure 3. Diagrams of displacements of the contour of a round profile drift caused by creep of
the rock mass with discontinuous adhesion of layers.
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The curves correspond to: 1 —w = 2,5 2 — w = 3m3 —w = 4a;
. ; ]
i —ﬂy :ﬂylftﬁ', e, ), A, = 0. = 0;6 —ﬂy =14, =0.p = 60"
Figure 4. Diagrams of displacements of the contour of a round profile tunnel caused by creep
of'a rock mass with discontinuous layer adhesion.

Conclusion. It should be noted that the anisotropic model reveals the effect
of the angle of inclination of the rock mass stratification plane on the initial
stress state of mine workings. In addition, the anisotropic model does not take
into account creep deformations. The proposed model with discontinuous layer
adhesion does not have such disadvantages, describing mechanical processes in an
inclined-layered rock mass more completely. Along with a rigorous description of
isotropic creep, it takes into account the angle of inclination and thickness of the
layers, as well as the degree of continuity of their adhesion. Overall, this model is
very representative and promising in applications.

At A, = (@, ,1), A:,,. = -1:,,. (e, tw, 3), the maximum displacement in the roof
of the drift shifts towards the hanging side of the roof, while in the crosscut it is
strictly in the middle of the roof. The minimum displacements of both the drift
and the crosscut are observed at the sides and are directed towards the massif,

which indicates the complexity of the stress state. At 4, = 413,- =1, the maximum
displacements on the drift contour are confined to points with coordinates
8 = 90% + ¢, but their magnitude remains constant; on the crosscut contour,
they are in the roof, and for ¢p = 90% the discontinuity does not affect the
displacements of the crosscut contour points.
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At A, = (p.w,1), 4, =1, (@, w,1), an area of tensile stress appears in
the roof of the drift and crosscut, decreasing as the distance between the gaps
increases. At 4, = A, =1, the maximum compressive stresses on the drift
contour are confined to the points & = 90° + @; they decrease as the distance
between the gaps increases.
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