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Annotation. A method for calculating gas permeability of the rock massif depending on its stress-strain state is
presented. By using methods of the mine experimental studies, influence of mining operations in the adjacent longwalls
on intensity of gas release from the previously worked-out long- pillar was determined, as well as impact of the massif
stress-strain state on efficiency of the drainage boreholes. Formulas were obtained for calculating coefficients of the
impact of zones with static and dynamic abutment pressure on intensity of gas draining in the previously worked- out
long-pillar. The laws, according to which stress-strain state of the rock massif is changed in the process of mining
operations, were studied by the mine experimental methods. Experimental studies were conducted in the Zasyadko
Mine. Rock cracking was determined by method of electrometry at different distances from the mine roadway. Stress-
strain state of the massif was studied by method of local hydraulic fracturing and by method of boreholes. Data on the
methane-air mixture and methane flow rates were provided by the mine ventilation service.

Studies have identified laws of gas draining in the massif disturbed by mining operations:

— conjugate zone between the previously worked-out and working long-pillars is a concentrator of static abutment
pressure. Therefore, in the previously worked-out long-pillar and with increased distance to its conjugate zone with the
working long-pillar, methane flow rate increases by logarithmic dependence;

— in the massif of previously worked-out long-pillar, processes of fracture formation are intensified under the
influence of mining operations in the adjacent longwall. Rock breaking is observed above the conjugate zone between
the long-pillars. Front abutment pressure forces the gas to drain from the underworked (overworked) rocks and working
long-pillar into the previously worked-out long-pillar. With decreased distance to the conjugate zone between the long-
pillars, rate of methane flow into the gas-drainage boreholes increases by more than 10 times according to the
logarithmic law;

- equations are obtained for determining coefficient of influence of static and dynamic abutment pressure zones on
intensity of gas drainage. This coefficient characterizes rock massif permeability in the previously worked-out long-pillar
and takes into account volume of drainage rocks and influx of methane under the influence of mining operations in the
adjacent longwall.

Keywords: stress-strain state of the rock massif, gas permeability of the rock massif, long- pillar method for mining
coal seams.

The most effective method for mining flat coal seams in the Donbas deep mines
is the long- pillar method with roof control in terms of its complete fall. Today, about
90 % of the coal seams are mined by this method [1]. The main sources of methane
gas flowing into the mine roadways are coal seam and sandstones in its roof.
Sandstones are characterized by the greatest natural gas content and easy gas release
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at their destruction. This fact should be taken into account while developing schemes
for gas drainage from the massif.

With the view of the gas-drainage operations, a coal-rock massif can be
conditionally divided into three zones: zone of the previously worked-out long-pillar,
zone of the working long-pillar and conjugate zone between these long-pillars. Each
of the zones is characterized by its own specific geomechanical processes of the rock
breaking and consolidation and methane release during the mining operations.

Efficiency of the gas drainage can be improved by choosing rational parameters
for the gas-drainage boreholes: their number and length, angles of their inclination to
the horizon and their location around the roadway axis; besides, these parameters
should be calculated with taking into account stress-strain state of the rock massif.
Therefore, it is necessary to determine the laws, according to which stress-strain state
of the rock massif is changed in the process of mining operations. These laws taken
into account in the gas-drainage schemes will improve efficiency of degassing
operations.

Any rock massif is a pore-fractured structure, and its gas permeability is an
important parameter, which characterizes its draining properties. This parameter takes
into account geomechanical state of the massif and its ability to pass gases and their
mixtures (fluids) in the presence of a pressure gradient. The rock permeability is
described by the Darcy equation:

K, =—9%
dP/dl¢

(1)

where K, is rock permeability, m?; dP/dl; is pressure gradient, N/m*; Vg is flow
velocity of gas, m/s; p is dynamic viscosity of gas, N-s/m?; Iy is length of the gas
seepage path, m.

In terms of quantity, gas permeability of the rocks is determined by calculation by
formula (1) converted for the one-dimensional laminar flow of gaseous fluids with
regard to their compressibility [2]:
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where Q is flow rate of the drainage gas, m*/s; P, is barometric pressure in the rock
massif, N/m% S is area of the drainage flow, m?; P;, is gas pressure in the entry to the
drainage zone, N/m?; P, is gas pressure in the exit from the drainage zone, N/m”.

From equation (2), we conclude that the drainage process can be quantitatively
characterized by an informative indicator - flow rate of the drainage gas Q, which is
determined by experimental studies. To this end, it is necessary to have: reference
data on the dynamic viscosity of the drainage gas; given or experimentally measured
geometrical dimensions of the drainage zone; value of input and output gas pressure
in the drainage zone.

Conditional drainage radius rg, is an important parameter for assessing change in
the state of the gas-containing rock massif in zone of the gas-drainage borehole
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influence [3]. This parameter characterizes in time spatial distribution of the drainage
zones relative to the surface of the free flow. Parameters of the drainage zone depend
not only on the drainage properties of the rock massif, but also on the patterns of gas
flowing to the drainage surfaces.

Gas enters the gas-drainage borehole through its walls and ends:

Sy, = 2ntty Iy, + 7 3)
from the rock massif, area of which is calculated by the formula:
Sar = 2nTgelgr + gy, (4)

where S, and Sy, are areas of the borehole surface and drainage zone, respectively,
m? ry, ry are radius of the borehole and drainage zones, respectively, m; Iy, Iy are
length of the borehole and drainage zone, respectively, m.

Ratio of areas of the wall and end surfaces of gas drainage borehole and drainage
zone allows neglecting the second term in the formulas (3) and (4). Then, volume of
the rock massif contoured by the drainage surface and surface of the gas drainage
borehole, will be:

2 2
Var = migelgr — iyl (5)

With the known reservoir properties of the rock massif and volume of gas
released during time t, volume of the drainage zone can be calculated by the well-
known gas state equation:

aVgh

Vd = 1 (6)
' rnW PaV

where o is coefficient of gas compressibility under the given temperature and
pressure conditions; V, is volume of gas released during time t, m>; m,, is coefficient
of pore-fractured structure of rocks with regard to their humidity; P, is average
pressure equal to half-sum of input P;, and output P, pressures in the rock massif on
the drainage surface, N/m?.

From equation (5) and with considering of (6), it follows that:

aV,B I 2|
rdr—J =B ™)
7l gy My Pay lgr

At various distances from the gas-drainage boreholes, rock massif permeability
can be estimated by numerical values of the rock massif permeability coefficient K.
In the massif undisturbed by mining operations, this coefficient is calculated by the
known dependence for the flat-radial pattern of gas flowing [2]:

o __ 23QoR, Ty ,gﬁrdr}
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(8)
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where Q is rate of gas flow at atmospheric pressure, m*/s; T, is temperature in the
rock massif, °C; T, is atmospheric temperature, °C.

It is known that gas flows from zones with high rock pressure to zones with low
rock pressure. In order to drain gas from the coal-rock massif with the help of gas-
drainage boreholes, it is important to determine direction and intensity of methane
flows. Methane moves as a result of the stresses redistribution in the massifs of
previously worked-out and working long-pillars under the influence of technological
processes of the coal mining operations [4, 5].

In the previously worked-out long-pillar, broken rocks were partially compacted.
Degree of the rock compaction significantly depends on location of the worked-out
massif under the consideration. The mine experimental studies showed that process
of the rock compaction was much more intense in the lateral parts of the previously
worked-out long-pillar than in its middle part. This phenomenon significantly
influences gas permeability of the underworked (overworked) rocks.

It is experimentally established that methane drains to the previously worked-out
long-pillar and its conjugate zone with the working long-pillar under the action of the
front abutment pressure caused by the adjacent working longwall. This pressure is
formed ahead of the longwall and can extend to the distance up to 100 m from the
longwall face. Methane comes from the previously underworked massif as a result of
the stress redistribution due to the shrinkage of the rock massif or under the influence
of mining operations.

Rate of methane flow from the previously worked-out long-pillar is described by
logarithmic dependences (Fig. 1). Nature of their change significantly depends on the
front abutment pressure created by the working longwall.

Before working longwall influence begins, and with increasing distance to its
edge, rate of methane flow increases by logarithmic dependence (curve 1, Fig. 1):

Q-= kd{o.27ln(ll_j+l} R* =0.75, ©)

where Q is rate of methane flow from the previously worked-out long-pillar, m%/s; | is
distance from the edge of the working longwall, m; L is length of longwall, m; R? is
accuracy of approximation; kg, is coefficient of influence of abutment pressure zones
on intensity of gas drainage, m*/s; outside the zone of working longwall influence,
this coefficient is equal to kg, = 0.03 m°/s.

This phenomenon occurs under the influence of static abutment pressure zone
created by the edge of the coal seam. QOutside this zone, methane emissions are more
than doubled.

Different trend is observed in zone of mining operation influence: methane flow
rate increases when approaching the working longwall edge (curve 2, Fig. 1):
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1 — methane flow rate outside the zone of influence of front abutment pressure created by the
working long-pillar, m*/s; 2 — methane flow rate in the zone of influence of front abutment pressure
created by the working long-pillar, m*/s

Figure 1 — Dependence of rate of methane flow from the previously worked-out long-pillar on
distance to the adjacent longwall edge

szd{l—ln(l—Lﬂ; R? =0.89. (10)

In zone of working longwall influence, coefficient of influence of abutment
pressure zone is equal to kg, = 0.02 m*s. This factor is associated with two main
processes: intensification of fracture formation in zone of previously worked-out
long-pillar, which is adjacent to the working long-pillar, and enforcement of methane
to drain from the working long-pillar into this zone under the action of front abutment
pressure of the working longwall. As a result, gas release from the roof in the
conjugate zone between the previously worked-out and working long-pillars
increases by more than 10 times.

Under conditions when front abutment pressure zone created by the face of the
working longwall does not yet influence the drainage area of the previously worked-
out long-pillar, static pressure zone created by the conjugate zone between the long-
pillars engenders the most influence on the process of gas draining into the boreholes.
Due to the rock compaction, this zone presents a barrier for the methane drainage
from the long-pillars prepared for mining operations to the previously worked-out
long-pillar. In such conditions, gas is drained from the rock seam broken by
preliminary underworking into the previously worked-out long-pillar.

Then, taking into account the empirical dependence described by us in (9),
outside zone of influence of mining operations in the adjacent longwall, the equation
(8) is transformed as follows:

Kp =kgr -{0.27In(ll_j+1] 23Ry T Ig(r‘”j, (12)
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where Ppass 1S gas pressure in undisturbed massif above the boundary with the
disturbed zone, N/m?; Py is gas pressure in the rock massif of the previously
worked-out long-pillar, N/m®.

Under the influence of mining operations in the adjacent longwall, stresses
redistribution and rock movements occur in the previously underworked massif. Rate
of methane flow from the underworked massif and its conjugate zone with the
working long-pillars changes drastically under the combined influence of zones with
static and front abutment pressure. In such conditions, and with taking into account
(8) and (10), permeability of the previously worked-out long-pillar is determined by

the equation:
I{p:kdr-[l—ln(lﬂ- 2'3“;1% 5 L g far | (12)
L mtlh (Prass” = Paes™) 10 '

Therefore, formulas have been obtained for calculating coefficient of rocks
permeability in the previously worked-out long-pillar. They take into account
influence of static abutment pressure on the conjugate zone between the previously
worked-out and working long-pillars, as well as influence of mining operations in the
adjacent longwall. These coefficients make it possible to determine permeability of
the rock massif at different distances from the gas-drainage boreholes and conjugate
zone between the previously worked-out and working long-pillars.
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AHortauif. lNpeacraBneHa MeToayka pPO3paxyHKY rasoBOi MPOHWKHOCTI TPCbKOTO MacuBy B 3aNeXHOCTi Bif Woro
HanpyxeHo-gedopMoBaHoro cTaHy. MeTogamu LaXTHUX eKcnepuMeHTanbHUX LOCHimKeHb BCTAHOBMEHO BMMWB
BNUOoOYBHMX POBIT B CYMiXHIN NaBi HA IHTEHCMBHICTb BUAINEHHS rasy 3 paHille BianpaLlboBaHoro croena. BeraHoBneHo
BNMWB HaNpyXeHo-4ehOpPMOBAHOrO CTaHy rpCbKOr0 MacuBy Ha eqpeKTUBHICTb AerasaLiiHux cBepanosuH. OTpumaHo
chopmynu Ans po3paxyHKy KoedqilieHTiB BMAMBY 30H CTATUYHOIO i AMHAMIYHOTO OMOPHOMO TWUCKY HA IHTEHCMBHICTb
JpeHyBaHHA rasy B paHille BignpauboBaHOMy CTOBMi. [lOCMIMKEHHS 3aKOHOMIPHOCTEN 3MiHWM  HampyXeHo-
AeOpPMOBaHOTO  CTaHy TipCbKOro MacuBy B Npoueci BeaeHHs BWaobyBHMX poGIT 34iMCHIOBANM  LWAXTHAMM
eKCrnepuMeHTanbHMMM MeTogamu. ExcnepumeHTanbHi gocnimkeHHs Oynmm BukoHaHi Ha waxti iM. O.®. 3acsgbka.
TpilumHyBaTICTb NOPIA Ha Pi3Hiit BiACTaHi Bi BUPOOKM BU3HA4YaNM METOAOM enekTpomeTpii. HanpyxeHo-aedopmoBaHuil
CTaH MacuBy LOCRimKyBanW METOAOM NOKanbHOrO rigpopo3puBy i METOAOM CBEPAMOBUH. BUTpaTh MeTaHO-NOBITPAHOI
cymii i gebiT MeTaHy 6panu 3a gaHuUMK Cryx6n BEHTURALT LaXTy.

BcTaHOBNEHO MexaHi3M pyiHyBaHHS MacuBy | 3aKOHOMIPHOCTi ApeHYBaHHS rasy:

- CMOMyYEHHs paHille BignpaLbOBaHOM i TOro, WO BiANPaLbOBYETLCS, CTOBMIB € KOHLEHTPATOPOM CTalliOHAapHOro
OMOPHOrO TUCKY. TOMY B paHilie Bignpalb0BaHOMY CTOBM, 3i 36iNbLUEHHAM BiACTaHi 4O CronyYeHHs, 4ebiT meTtaHy
3pOcCTae 3a NorapucMiYHOK 3anNeXHOCTIO;

- Mig BNMBOM BMOOOYBHMX POBIT B CYyMiXHIA NaBi, B MacuBi paHille BignpaLbOBaHOMO CTOBMA IHTEHCUAIKYHOTLCS
NPOLIECH YTBOPEHHS TpilH. BigbyBaeTbcst pyiHyBaHHS Nopig Hag ComyYeHHsM CTOBMIB. TUMYacOBWIA OMOPHWIA TUCK
BMAABIIOE ra3 3 nigpobnexnx (Hagpobnexux) nopig i CToBNa, L0 BiANPaLbOBYETHCS, B paHille BignpaLboBaHWN CTOBM.
B pesynbtarti febit meTaHy 3pocTtae 6inbl Hix B 10 pasie 3a norapugMiyHOI0 3aNeXHICTIO Bif 3MEHLLEHHS BigcTaHi 4o
CMOMYyYEHHs CTOBMIB;

- BCTAHOBMEHO 3aneXHOCTi AN1s BU3HAYEHHS KoeiLieHTiB BNMMBY 30H CTATUYHOIO i AUHAMIYHOMO OMOPHOMO TUCKY Ha
iHTEHCMBHICTb  ApeHyBaHHA rasy. [aHuin koedilieHT XxapakTepusye NpPONyCKHY 34aTHICTb MacuBy paHille
BigNpaLbOBaHOro cToBna. BiH BpaxoBye obcsAr ApeHyoumMx nopig i Npunue MeTaHy nig BNMBOM BMAOGYBHUX pobiT B
CYMiXHil nasi.

KntovoBi cnoBa: HanpyxeHo-1ehOpPMOBaHNIA CTaH FiPCbKOTO MacuBy, ra30MPOHWKHICTL TPCHKOro Macuey, cnocid
BiANpaLloBaHHA BYTiNbHWX NNACTiB 4OBMMMM CTOBNAMM.

AnHoTaums. [NpefcTaBneHa MeToamnka pacyeTa rasoBon NPOHNLAEMOCTM FTOPHOTO MaccvBa B 3aBUCUMOCTYU OT ero
HanpsHKeHHO-4ePOPMMPOBAHHOMO COCTOSIHUS. MeTogamm LWaxTHbIX SKCNEPUMEHTANbHbBIX UCCNEeLOBaHNNA YCTAHOBIIEHO
BNMsiHME A06bIYHbIX paboT B CMEXHON NMaBe Ha MHTEHCMBHOCTb BbIOENEHWUS rasa U3 paHee oTpaboTaHHOro ctonba.
YCTaHOBNEHO BNWSIHUE  HANPSHKEHHO-AEPOPMMPOBAHHOTO  COCTOSIHUSI  TOPHOrO MaccBa Ha  3(hdheKTUBHOCTb
[Eera3alyoHHbIX CKBaxmH. [lonyyeHbl opMmynbl Ang pacyeta KOIMPMPUUMEHTOB BIUSHUA 30H CTATUYECKOTO W
AVHAMWUYECKOTO OMOPHOrO AAaBMEHUs Ha WHTEHCMBHOCTb [PEHWpOBaHUSi rasa B paHee OTpaboTaHHOM CTonbe.
AccnepoBaHne 3aKOHOMEPHOCTEN W3MEHEHWS HanpsKEHHO-AEPOPMMPOBAHHONO COCTOSIHUS TOPHOrO MaccuBa B
npouecce  BefdeHus  4OObIYHbIX  paboT  OCYLECTBASNM  LWAXTHbIMM  9KCMEPUMEHTamnbHbIMA  METOAAMM.
OKCNepUMEHTarnbHble MCCnegoBaHns Bbinn BhIMOMHEHb! Ha waxTe uMm. A.®. 3acagbko. TpelwmuHOBaToOCTL NOpog Ha
Pa3fN4YHOM PacCTOSHWM OT BbIPabOTKM ONpesensnm MeTOAOM 3NeKTPOMETPUW. HanpskeHHO-4edhopMMpoBaHHoe
COCTOSHWE MaccuBa WCCregoBani MeTOOOM JOKarbHOro rugpopaspbiBa ¥ MeTodom BypoBbix CkBaxuH. Pacxop
MeTaHO-BO3AYLLHOM CMecy 1 AebUT MeTaHa NpUHUMan No AaHHbIM CAyXObl BEHTUMALMM LLAXTbI.

YCTaHOBNEHbI MEXaHU3M Pa3pyLUEHNs MaccuBa 1 3aKOHOMEPHOCTY APEHNPOBaHIS rada:

— ConpsikeHWe paHee oTpaboTaHHoro M oTpabaTbiBaeMoro CTonboB SBMSETCH KOHLEHTPATOPOM CTaLMOHapHOro
onopHoro faenewus. Moatomy B paHee oTpaboTaHHOM cTonfe C yBEeNWYEHWEM PacCTOSHWS [0 COMPSKEHWS C
oTpabatbiBaembIM cTONBOM AeBUT MeTaHa BO3pacTaeT no fiorapudMU4eCKoit 3aBUCUMOCTH;
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- nog BnusHWeM 4oObIuHbIX paboT B CMEXHOM NlaBe, B MaccuBe paHee 0TpaboTaHHOMo CTonba MHTEHCMULMPYIOTCS
npoueccsl 06pa3oBaHns TpewyH. MponcxoauT paspyLueHre nopog Hag conpseHnem cton6os. BpemeHHoe onopHoe
[aBneHne BblgaBnuBaeT ra3d u3 noppabotaHHbix (HagpaboTtaHHbIX) Mopod W oTpabaTbiBaemoro ctonba B paHee
oTpaboTaHHbIn cTonb. B pesynbtate gebut metaHa BospacTaeT 6onmee uyem B 10 pas no norapudomMu4eckoit
3aBMCUMOCTY OT YMEHbLLEHUS PAaCCTOSHWSA [0 COMPSKEHNS CTONDOB;

— YCTaHOBIEHbI 3aBUCUMOCTU ANS OnpeaeneHns Ko3MmUUNEHTOB BIUSIHUS 30H CTATUYECKOTO U AMHAMUYECKOrO
OMOPHOTO AaBMEHWS1 HA WMHTEHCMBHOCTb APEHWPOBaHMA rasa. [JaHHbld KOSMUUMEHT XapakTepuayeT MPOMyCKHY0
cnocobHoCTb MaccuBa paHee oTpabotaHHoro ctonba. OH yuuTbiBaeT 06beM APEHMPYIOLLMX NOPOA U MPUTOK MEeTaHa
nog BnusH1eM BoObIYHbIX paboT B CMEXHOM NaBe.

KnioyeBble cnoBa: HanpskeHHO-4ehOPMMPOBaHHOE COCTOSIHWUE FOPHOTO MAcCWBa, ra3onpOHMLAEMOCTb FOPHOTO
MaccuBa, cnocob oTpaboTkW yrombHbIX NNACTOB ANWHHBIMU CTONIBaMM.

Cmamms Haditiwna 0o pedakuii 15.07.2019.
PexomeHdosaHo Ao dpyky 0-pom mexH. Hayk O.[1. KpykogchbKum



