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Annotation. An analysis of the state of mine workings of the deep mines of Donbass shows that a significant part
of them are in unsatisfactory condition due to intense heaving of floor rocks. If there are one or more layers of strong
rocks on the more pliable rocks, then sudden destruction of working floor can occur. Cracks that form in the floor can
reach gas-bearing rocks and coal seams. Then there is a breakthrough of methane into the mine, which leads to the
gasification of the mine atmosphere, injuries to miners, increasing the cost of maintaining the mine. To prevent such
negative consequences it is necessary to study the coupled processes of deformation of the layered gas-bearing rocks
and methane filtration. The aim of the work is to numerically simulate the rocks stress state around a mine, provided that
strong and pliable gas-bearing rocks alternate in its floor. The mathematical model has been developed for the coupled
processes of the rock massif deformation and gas filtration in a disturbed area around mine working, in the bottom of
which there are hard and soft gas-bearing rocks. At each time iteration, the influence of the stress field on the formation
of the filtration area, the influence of change in gas pressure on the stress state of rocks are taken into account. The
finite element method was used to solve the problem. There are calculation results of the displacements, stresses and
pressures of methane in the studied area in the paper. It is shown that the difference in the physical and mechanical
properties of the bottom rocks of mine working causes the non-uniform distribution of geomechanics and filtration
parameters. In more strong sandstone, the stresses concentration increases. Therewith, an intensive process of
fractures formation takes place in the argillite and the coal. Methane from the upper part of the gas-bearing sandstone is
filtered into the mine working; the destruction of the coal interlayer is accompanied by release of methane and its
accumulation under the layer of a strong sandstone. The development of a zone of inelastic deformations leads to the
destruction of sandstone. In case of brittle destruction, with the formation of fractures of a certain length, a breakthrough
of methane may occur out of the bottom into mine working.
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Introduction. The analysis of the deep Donbas mines work shows that a
significant part of the preparatory mine workings is in unsatisfactory state caused by
the intensive bottom rocks swelling [1]. The upheaving of the bottom in the
preparatory mine workings sometimes reaches 1.5 m, depending on the technology of
their fastening and geometrical dimensions [2]. The sudden destructions of bottom
rocks occur when one or more layers of hard rocks lie over more pliable rocks. The
mechanism of deforming the strong rock layers is in the elastic bending into the
cavity of mine working with the subsequent fault and the formation of a longitudinal
fracture along the mine working. The destruction occurs either near the boundaries of
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mine working, or in its central part, which is confirmed by the study of cases of
bottom rocks sudden destruction [3, 4]. The growth of fractures is the main factor
leading to the deformation and destruction of the rock massif around the mine
working. To describe this process, a number of models of fractures initiation and
development have been developed [5, 6]. If the fractures which are formed in the
bottom reach the gas-bearing strata, a breakthrough of methane occurs into mine
working, which leads to an excessive gasification of the mine environment, miners’
injury, and an increase in the cost for maintaining the mine working.

To prevent such negative consequences, it is necessary to comprehensively study
the connected processes of the layered gas-bearing rocks deformation and methane
filtration, which is possible only with the use of numerical methods. In this regard,
the purpose of the work is the computational modelling of the stress state of the rock
massif around the mine working provided the alternation of strong and soft gas-
bearing rocks in its bottom.

Methods. The coupled processes of the rock massif deformation and gas filtration
in a disturbed area are described by a system of equations [7-9]:
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where ¢4 — the damping coefficient, kg/(m®s); u; — the displacements, m; cijj — the
derivatives of the stress tensor components along X, y, Pa/m; X;(t) — the projections of
the external forces acting on the volume unit of a solid body, N/m®; Pi(t) — the
projections of forces due to gas pressure in the porous fractured space, N/m?; p — the
gas pressure, Pa; k — the permeability coefficients, D; m — porosity; u — gas viscosity,
Pa-s; q(t) — the gas release function; Q =(c1-03)/yH — the parameter characterizing the
diversity of the stress field components; P =c3/yH — the parameter characterizing the
unloading of rocks from the rock pressure; o;, o3 — maximum and minimum
components of the principal stress tensor; y — the averaged weight of the overlying
mine rocks, N/m*; H — the mining depth, m.

The problem is solved in an elastic-plastic formulation. For the mathematical
description of the process of rocks changeover into a disturbed state, the Mohr-
Coulomb failure theory is applied. The initial and boundary conditions for the task
set:
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where A — the side thrust coefficient; p, — the methane pressure in the virgin massif,
MPa; Q; — the vertical boundaries of the outer contour; €, — the horizontal
boundaries of the outer contour; Q3(t) — the time-varying boundary of the filtering
area; (2, — the internal contour (mine working).

The problem is solved by the finite element method.

Let us consider the mine working with an arch section of 15 m? (width 5.2 m,
height 3.7 m), in the bottom of which the sandstone with a thickness of 1.0 m and the
coal interlayer with a thickness of 0.4 m occur, Figure 1. The host rock is argillite.
The properties of rocks are represented in Table 1.

1 — argillite; 2 — sandstone; 3 — coal.
Figure 1 — The scheme of the rock layers’ location in the bottom of mine working

Table 1 — Mechanical parameters of rock

Axial . Deformation | Poisson’s Gas
compressive . Cohesion, Friction
Rock strength, o, modulus, E, ratio of C MPa angle, deg contgent,
MPa’ ’ MPa rock mass ' ' m°/t
Argillite 25 11.10° 0.32 75 28 -
Sandstone 46 18-10° 0.35 12 35 7
Coal 16 3.10° 0.25 45 32 15

Results and discussion. As a result of modeling, the stresses fields have been
obtained, the values of geomechanics parameters Q" and P’, and the inelastic
deformations zone at different time iterations, Figure 2. The mine working
development initiates the process of the stresses field redistribution in the host rocks.
An area of increased diversity of the stresses field components begins to form around
the mine working. At the first time station in the border areas of the mine working
bottom, Q*<1.2, Figure 2a, in the central sandstone part — Q*<O.7, Figure 3; the
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parameter P~ values in the central part of sandstone exceed 0.1, Figure 4, which
indicates the elastic deformation.

Over time, the area of diversity of the stresses field components increases in size
with a gradual increase in the parameter Q" values and a decrease in the parameter P,
Figure 2b, 2c, 3, 4. The difference in the physical and mechanical properties of the
bottom rocks in mine working causes the non-uniform distribution of geomechanics
parameters: in the more strong sandstone, the stresses concentration increases, in its
central part 1.2<Q’<1.6, in border parts — Q">1.6. At the same time in the argillite

and in the coal Q"<1.0, Figure 3b.
0.8
0.4

c) d)

a—t=1day; b—t=3days; c—t=5days; d—t=10 days

Figure 2 — The distribution of parameter Q" values and inelastic deformation zones at different time
stations

The mine working contour is surrounded by the zone of inelastic deformations,
shown in red in Figure 2, in which the process of fractures formation leads to
stratification and destruction of border rocks.

The further redistribution of the stresses field, Figure 2d, leads to the fulfilment of
the criterion of the Mohr-Coulomb failure theory and the destruction of coal and
argillite under the layer of sandstone in the mine working bottom. In the border and
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central areas of the sandstone, the values of parameter Q" >1.4, Figure 3. Here, the
development of the inelastic deformations zone begins, which leads to its destruction.
Such destruction may occur in the form of the formation of fractures with the
appropriate depth.
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Figure 3 — Changing the parameter Q* values in the mine working bottom
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Figure 4 — Changing the parameter P" values in the mine working bottom

The graphs of vertical displacements of rocks in the mine working bottom,
Figure 5, show that the different rock layers move in a non-uniform manner. That is,
the deformation of the rocks in the mine working bottom occurs with an increase in
the volume of geomaterial, causing the processes of stratification and fractures
formation.

The influence of increase in the mine rocks volume on the filtration permeability
growth was considered when calculating the parameters of methane filtration in the
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disturbed area around the mine working. The change in the relative gas pressure
(p/po) at different time iterations is shown in Figure 6.
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Figure 5 — The vertical displacements of rock layers at t =10 days
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Figure 6 — The relative gas pressure at different time stations
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Beginning from the 3rd day, the gas pressure in the upper part of the gas-bearing
sandstone decreases, Figure 6b. This indicates that methane is moved from the areas
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with a higher pressure to an area where the pressure is minimal — into the mine
working environment. Thus, the process of methane filtration occurs.

The destruction of coal (Fig. 2d) is accompanied by the release of methane and its
accumulation under the layer of strong sandstone (areas p/p, >1.0), Figure 6d.

In the considered time interval, the area of decreased pressure (p/po<1.0) does not
affect the coal interlayer, which is located under the sandstone. Methane from this
source of gas release does not penetrate into the mine working, as it is prevented by
non-permeable lower part of the sandstone. Subsequently, in the case of a gradual
expansion of the permeable area in the mine working bottom, the process of filtration
will continue in a quasi-stationary mode. And with the brittle destruction of the
sandstone, there will be a breakthrough of methane out of the bottom into mine
working.

Conclusions. The mathematical model has been developed for the coupled
processes of the rock massif deformation and gas filtration in a disturbed area around
mine working, in the bottom of which there are hard and soft gas-bearing rocks. By
means of the finite element method, the fields of displacements, stresses,
permeability coefficients and methane pressure in the studied area have been
calculated.

It is shown that the difference in the physical and mechanical properties of the
bottom rocks of mine working causes the non-uniform distribution of geomechanics
parameters. In more strong sandstone, the stresses concentration increases in its
central and border parts. Therewith, an intensive process of fractures formation takes
place in the argillite and the coal. Methane from the upper part of the gas-bearing
sandstone is filtered into the mine working, the destruction of the coal interlayer is
accompanied by release of methane and its accumulation under the layer of a strong
sandstone.

At a certain point of time, the development of a zone of inelastic deformations
leads to the destruction of sandstone. Such destruction may occur in the form of the
formation of fractures to a depth of sandstone thickness. In case of brittle destruction
of the sandstone, there may occur a breakthrough of methane out of the bottom into
mine working. With a gradual expansion of the permeable area in the mine working
bottom, the process of filtration will continue in a quasi-stationary mode.
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AHoTauifi. AHanis cTtaHy nigrotoBuMx BMpoOOK rmubokux waxt [oHbacy nokasye, WO 3HA4YHA iX 4acTuHa
3HAXOAMTLCA B HE3aAOBINbHOMY CTaHi Yepe3 IHTEHCMBHE 34MMaHHS mopig nigowsu. Akwo oauH abo Kinbka Lapis
MiLHMX NOpiZ nexaTb Ha Ginbll NigaaTnMBMX NOpoaax, BidOyBaKTLCS PanTOBI PYMHYBaHHS Mopig MigoWBK BUPOOKM.
YTBOpPEHI B MiJOWBI TPILLMHM MOXYTb CAraTu ra3oHOCHWX Nopif i nnacTie Byrinns. Togi BinbyBaeTbCs NPOPVB METaHy B
BMPOOKY, WO NPW3BOAMTL A0 3ara30BaHOCTI PYOHUYHOI aTMOCdepy, TPABMYBaHHS TipHWKIB, 30iMbLUEHHS BUTPAT Ha
niaTpumky Bupobku. [ns 3anobiraHHs NOAiOHMX HEraTMBHWMX HAcnigkiB HeoOXigHe OOCTIMKEHHS 3B'A3aHMX MPOLECIB
AedopmMyBaHHS LLIapyBaToro BYrnenopogHoOro Macuey i (hinbTpalii MeTaHy. MeTow poboTu € uncernbHe MOLENtoBaHHs
Hanpy)XeHoro CTaHy NOPOAHOrO MacMBY HaBKOMO FipHUYOI BUPODKW 3a YMOBW YepryBaHHs MiLHUX i Criabkux ra3oHOCHMX
nopig B ii nigowsi. Po3pobreHo matemaTtuyHy Mogenb 3B'A3aHKX NpoueciB AedopMyBaHHA MOPOAHOrO Macwuey i
inbTpauii razy B nopyLUeHii 06nacTi HAaBKONO ripHUYOi BUPODKK, B NiAOLBI AKOT PO3TALIOBAHI MiljHi | Cnabki ra3o0HOCHI
nopoau. Ha KoxHin YacoBiit iTepaLlii ypaxoByeTbCA BNAMB NOMS HaNpyxeHb Ha hopMyBaHHa obrnacTi tinbTpaii, Binvs
3MiHW TUCKY ra3y Ha HanpyxeHui cTaH nopigd. Mpu po3s’a3aHHi 3a4adi BUKOPUCTOBYBABCS METOA CKIHYEHHUX ENEMEHTIB.
Y cTaTTi HaBedeHi pe3ynbTaT Po3paxyHKy MepeMmilleHb, HampyXeHb i TUCKYy MeTaHy B AOCMimKyBaHin obnacri.
lMoka3aHo, WO BiAMIHHICTb (DI3NKO-MEXaHIYHMX BIACTMBOCTEN MOpiA MigOLWBKM BUPOBKM 0BYMOBMIOE HEPIBHOMIPHICTL
pO3MoAiNy reoMexaHiuHuX i inbTpavinHux napameTpis. Y 6inbLu MiLHOMY NICKOBMKY 3pOCTA€ KOHLEHTPALis HanpyeHb.
Mpn uboMy B apriniTi i Byrinni BinbYBaETHCA NPOLEC IHTEHCUBHOTO TPILLMHOYTBOPEHHS. MeTaH 3 BEPXHbOI YacTWHU
rasoHOCHOrO NiCKOBMKa (DINbTPYETbCH B BUPODKY, PYMHYBAHHS BYiMbHOMO MPOLLApKy CYNpOBOMKYETHCA BUAINEHHAM
MeTaHy Ta HaKOMMYEHHAM MOro Mif WapoM MILHOMO MiCKOBMKA. 3 4acOM PO3BWUTOK 30HW HEMPYXHWUX Ledopmalii
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NPWU3BOAMTb OO PYMHYBAHHS MiCKOBMKA. [pW KPUXKOMY PYiHYBaHHI 3 YTBOPEHHSIM TPILMHW NEBHOI LOBXWHW MOXeE
CTaTucs NpopyB MeTaHy 3 MigoLLBMY B BUPOBKY.

KntoyoBi cnosa: gedopMyBaHHS NOPOOHOTO MAacuBY, HanpyKEHWA CTaH MOPOOHOMO Macusy, 3B'A3aHi NpoLec,
(inbTpavis rasy, KpUxke pynHyBaHHS.

AHHOTaumA. AHanmM3 COCTOSHWSI MOArOTOBUTENbHbIX BblpaboTok rnybokux waxTt [loHb6acca nokasbiBaeT, YyTo
3HauuTenbHas UX YacTb HAXOAMTCS B HEYAOBNETBOPUTENBHOM COCTOSIHUM M3-32 MHTEHCWUBHOTO MyYeHUst NOPOA MOYBbI.
Ecnv oguH mnu Heckonbko CrioeB MpOYHbIX NMOPOA Nexat Ha bonee nogaTnMBbIX MOpodax, MPOUCXOAAT BHE3arHble
paspyLeHus nopog nousbl. Obpasyiolmecs B NOYBE TPELMHbI MOTYT AOCTUraTb ra30HOCHBIX NOPOA W MNacToB Yris.
Torga npoucxoguT NpOpbIB MeTaHa B BbIpaboTKy, YTO MPUBOAWT K 3ara3vupoBaHWMO PYAHUYHOM aTMocdepsbl,
TPaBMMPOBaHMO ropHOpPaboumx, YBENUYEHUIO 3aTpaT Ha nogaepxaHue BoipaboTku. [ins npegotepalyeHust nogobHbIX
HeraTMBHbIX MOCNEACTBMA HEeOoOXOAMMO UCCMedoBaHWE CBS3aHHbIX MPOLECCOB  AehOPMUPOBAHMS  CRIOMCTOrO
yrnenopogHoro Maccmea u unbTpauun MeTaHa. Lienbto paboTbl SBASETCS YUCTIEHHOE MOAENWUPOBAHNE HANPSHKEHHOTO
COCTOSIHWS! NOPOZHOrO MaccvBa BOKPYT FOPHON BbIPabOTKW NpK YCNOBUK YEPESOBaHNS MPOYHbIX M CrabbiX ra30HOCHbIX
nopod B ee noyse. PaspabotaHa maTemartuyeckas MoAeNb CBSi3aHHbIX MPOLECCOB AeOpMUPOBAHWS NMOPOLHOrO
Maccuea M unbTpauMu rasa B HapyLUEHHOW 0bnacTi BOKPYr FOPHOW BbIpabOTKM, B MOYBE KOTOPOM PaCrofiOXeHb
NPOYHblE 1 cnabble ra3oHOCHble NOpoabl. Ha Kaxaon BpeMEHHON UTepauun yYnTLIBAETCS BUSIHUE MOMS HANPSHKEHWN
Ha dopmmpoBaHe 06nacT unbTpaLum, BAMSHWE U3MEHEHUS [LABMEHWNS rasa Ha HanpsKeHHOe COCTOSIHWE MOpPOA.
Mpu pelleHnn 3agayn MCNonb30Bancs MeTod KOHeYHbIX anemeHToB. B craTbe npuBedeHbl pes3ynbTaThl pacyeTa
nepeMeLLleHN, HanpsHkeHUA U OaBNeHWs MeTaHa B uccriegyemon obnactu. [lokasaHo, 4To pasnuume un3nko-
MeXaHU4ecknx  CBOMCTB  MOpog NouBbl  BblpaboTkm  0bycnaBnMBaeT  HEpPaBHOMEPHOCTb  pacnpe;eneHus
reoMexaHu4ecknx 1 (unbTpauMoHHbIX napameTpoB. B 6onee npoyHOM necyaHuke HapacTaeT KOHLEHTpauus
HanpspkeHuir. [pu aTOM B aprunnute M yrne npoMCXOAWT MPOLECC WHTEHCUBHOTO TpeLliuHoobpa3oBaHus. MeTtaH 13
BEPXHE YaCTW Tra3oHOCHOTO MecyaHuka (unbTpyeTcs B BbIpabOTKy, paspyLleHue YrorbHOro nponnactka
COMpPOBOXOAeTCS BblOENEHMEM MeTaHa W HaKOMMEeHWEM ero noj CrioeM MPOYHOro necyaHuka. Pa3suTue 30HbI
Heynpyrux gedopmauuii CO BpEMEHEM MNPUBOOMT K pPa3pyLleHWo necyaHuka. [lpu XpynkoMm paspylleHun c
0bpa3oBaHNEM TPELLMHbI ONPeaeneHHON ANWHbLI MOXET NPOU3OIATW NPOPLIB MeTaHa 13 NOYBLI B BbIPabOTKY.

KnioueBble cnoBa: [ehopMUpOBaHWE NOPOAHOTO MAacCWBa, HaMPSHKEHHOE COCTOSHWE MOPOAHOMO MaccuBea,
CBsI3aHHbIE NpoLeCChl, (hunbTpaLms rasa, Xpynkoe paspyLueHue.
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