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Abstract. The study of filtration permeability of the barrier pillar between the isolated fire section and the worked
longwall ventilation drift was completed using the mathematical model developed by the authors for coupled processes
of rock deformation and gas filtration. The problem is solved involving a finite element method implemented in the
author’'s programme. When solving, the parameters of width of the barrier pillar and thickness of the mined coal seam
were varied. The article presents the results of calculating the values of geomechanical parameters, permeability
coefficients and gas pressure in the filtration area.

It is shown that with an increase in thickness of the coal seam, intensity of the crack formation process increases in
the barrier pillar. With small pillar width, the coal seam along its entire length is in a disturbed state, as well as the rocks
of its roof and soil. The filtration areas around the worked longwall ventilation drift and the isolated conveyor drift are
connected both along the coal seam and along the host rocks. This means that at a certain value of the pressure drop,
filtration of fire gases into the mine workings of the worked excavation section is possible. With a greater width of the
pillar, between disturbed rocks around the mine workings of the worked section and isolated fire one, there is a barrier
made of undisturbed rocks. That impermeable barrier prevents gas filtration from one mine workings to another. Its width
decreases with an increase in the thickness of the coal seam.

Based on the results of calculating gas pressure, it is shown that methane from the coal seam moves into
atmosphere of the mine workings, where gas pressure has lower values. At the same time, for the accepted conditions,
with a pillar width of 20 m and a seam thickness of 0.4 m, gas is filtered from the mine workings of isolated fire section
into the adjacent excavation section along the disturbed rocks of the seam roof. In the rest of the cases, the areas of low
pressure around the mine workings are separated by zones of higher pressure, exceeding pressure of fire gases in the
isolated section. Filtration of fire gases into atmosphere of the worked excavation section is impossible under such
conditions.

Keywords: mining safety, barrier pillar, isolated fire section, deformation of the rocks, gas filtration, seam thickness.

1 Introduction

A coal mine is a high-risk mining enterprise; during production activities,
hazardous and harmful factors may arise in its underground workings [1]. These
factors include underground fires. They can be caused by spontaneous combustion of
coal due to oxidative processes or an external thermal impulse. Underground fires can
continue for long periods of time until the smoldering seam 1is depleted.
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They can spread over large areas along mine workings and cracks in the rock, and
they are extremely difficult to extinguish, which is associated with the difficulty or
impossibility of access to the seat of fire [2, 3].

If it is impossible to extinguish the fires, the workings of the emergency section
are isolated using explosion-proof bulkheads. A barrier pillar must be left between
the emergency section and the existing mine workings. At certain values of
permeability of pillar rocks and pressure drop, fire gases may leak into the
atmosphere of the adjacent excavation section [4]. Therefore, the calculation of the
width of the barrier pillars must be performed on the basis of two conditions:
ensuring their stability and gas impermeability.

For example, the 7th southern longwall of block 10 of “Pokrovske” Mine
Administration was mined near the excavation section of the 7th southern “bis”
longwall of block 10, in the workings of which there was an explosion of a methane-
air mixture and a fire. The emergency section was isolated with explosion-proof
bulkheads. A barrier pillar was left between the intermediate drift of the 7th southern
“bis” longwall of block 10 and the ventilation drift of the 7th southern longwall of
block 10. The average thickness of the coal seam in this area is 1.45 m.

At the same mine, the 3rd southern longwall of block 7 was mined near the
isolated fire section of the 2nd southern longwall of block 7. The seam thickness in
the mining area is 0.97 m. A barrier pillar is left between the conveyor drift of the
2nd southern longwall of block 7 and the ventilation drift of the 3rd southern
longwall of block 7.

The thickness of the coal seam in the mining area of the 3rd southern longwall of
block 7 is 1.5 times less than in the area of the 7th southern longwall of block 10. In
this regard, the question arises: how will the thickness of the coal seam affect the
permeability of the barrier pillar? Is it possible to leave smaller pillars at a lower
seam thickness? Therefore, the purpose of this work is to study the filtration
permeability of the barrier pillar between the isolated section and the preparatory drift
of the new longwall, depending on the thickness of the mined coal seam.

2 Methods

To calculate the permeability of a coal-rock mass, it is necessary to determine the
parameters of its stress state, which is described by a system of equations:

o;,;, T X, (=0, (1)

where oj; - are derivatives of the components of a tensor of main stresses along
horizontal axis x and vertical axis y, Pa/m; Xi(¢) - is projections of the external forces
effecting per unit of body volume, N/m°.

A Coulomb-Mohr criterion is used to describe mathematically a process of rock
transition into a disturbed state. A stress-strain state of rocks is analysed with the help
of following geomechanical parameters characterizing different-component nature of
a stress field (Q*) and geostatic pressure relief of the rocks (P*):
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where o1, 03 - are maximum and minimum components of a tensor of the main
pressures, Pa; y - is average weigh of the overlying rocks, N/m?, H - is mining
depth, m.

As a result of mining operations, an initial stress field is redistributed, that
stipulates certain changes in filtration permeability & of a coal-rock mass [5, 6]. It was
previously shown that & values at each point of the study area depend on the stress
state of the rock at this point as follows [7, 8]:

- k = 0 within the zone of equal-component compression and elastic deformations
(0" <0.6; P">0.25);

- k = kmin within the area of initial fissuring (0.6 < Q"< 0.8; P*>0.1);

- k = &%26Q%465 within the area of intense cracking (0.8 < Q" < 1.2; P*>0.1);

- k = kmax in terms of rock breaking (Q" > 1.2; P* < 0.1).

It means that:

0 for 0" <0.6; P >0.25;
k . for 0.6<Q" <0.8;

min

. (3)
"2 % for 0.8<0 <1.2; P >0.1;

k for 0" >1.2; P"<0.1,

max

where kmin - 1s minimal value of a permeability coefficient required for the beginning
of a filtration process, m?; kmax - is permeability within the zone of breaking, m?.

The equation of plane gas filtration, in terms of the available gas-bearing rocks
within the filtration area, is as follows [9]:

k [azpz 52p2

+ +4q(1)=0, 4
Ml o ayzj q(?) (4)

where p - is gas pressure, Pa; m is porosity; u is gas viscosity, Pa-s; x, y - are
coordinates, m; g(¢) - is function of gas emission, Pa/s.
There are following boundary conditions for this problem:

u =0;

X y‘Qz

(5)
p|Q3 = Dos p|Q4 =0.1 MPa,

where u., u, - are components of a displacement vector, m; po - is coal pressure of
methane, MPa; QO - is vertical boundaries of the external contour; 2, - is horizontal
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boundaries of the external contour; €23 - is zone beyond the filtration zone; Q4 - is
internal contour (mine working).

The problem is solved involving a finite element method implemented in the
author’s programme. A central part of a finite-element grid for the area of rocks,
which include the mine workings, a pillar between them and a mined-out space, is
represented in Fig. 1.

1 — the worked longwall ventilation drift; 2 — the isolated fire section conveyor drift;
3 — the unsupported ventilation drift of the previously worked excavation field;
4 — the mined-out space

Figure 1 — The central fragment of the finite-element grid

3 Results and discussion

The calculations were performed for the mining and geological conditions of
“Pokrovske” Mine Administration with a pillar width L, =20 M (x € [83 m; 103 m])
uL,=30wm(x € [73 m; 103 m]) for cases when the thickness of the mined coal seam
m varies within 0.4-2.0 m.

The results of calculating the values of Q° parameter, which characterizes
different-component nature of the stress field, and zones of inelastic deformations
(red colour) are shown in Fig. 2 and 3. Zones of inelastic deformations and areas of
disturbed rocks, where the values of Q" parameter are very high (Q" > 1.6), surround
the isolated area (on the right) and the ventilation drift of worked longwall. Zones of
inelastic deformation indicate the destruction of rocks around the mine workings and
mined-out space.

With a pillar width L, = 20 m and a seam thickness m = 0.4 m, the minimum Q"
value in the coal seam between workings is Q°=0.4, Fig. 2 a, at m = 2.0 m the
minimum Q" value is 0.8, Fig. 2 b. Hence, it follows that the intensity of cracking
increases with an increase in thickness of the coal seam in the barrier pillar. At m =
2.0 m, in most of it, a process of intense cracking occurs, when uncontrolled growth
of cracks takes place, deformations rapidly increase due to the propagation of cracks
and loosening of the rock [10]. In the area of intense fracturing, permeability
coefficients increase by 2-3 orders of magnitude.
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0*>1.6
1.2<0*<1.6
0.8<0*<1.2
0.4<0*<0.8
0%<0.4

b)
a-m=04m;b-m=2.0m

Figure 2 — The distribution of Q" values and zones of inelastic deformations, L, =20 m

0*>1.6
1.2<Q*<I.
0.8<0*<1.

b)
a-m=04m;b-m=2.0mM

Figure 3 — The distribution of Q" values and zones of inelastic deformations, L, = 30 m
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In both of these cases, in rocks of the roof and floor of the seam, there are areas
where the minimum values of Q" parameter are enclosed in the interval
0.4 <Q"<0.8. These are the areas of the beginning of microcracking, where the
accumulation of single, non-interacting defects occurs [10].

With a greater width of the pillar and m = 0.4 m, Fig. 3 a, between the disturbed
rocks around the mine workings of the worked section and isolated fire one, there is a
barrier made of undisturbed rocks preserved in a monolithic state (Q° < 0.4). The
width of this barrier decreases with an increase in the thickness of the coal seam.

Figures 4 and 5 show the distribution of the values of the permeability coefficients
in the coal seam, rocks and pillars of various widths, at m = 0.4 m and m = 2.0 m. It
can be seen that thickness of the seam affects permeability of the rocks between the
workings of the isolated section and worked one.
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Figure 4 — Distribution of the values of permeability coefficients of the coal-rock mass, L, = 20 m

With the pillar width L, = 20 m, Fig. 4, the filtration areas around the ventilation
drift of the active longwall and the isolated conveyor drift of the fire section are
connected both along the coal seam and along the host rocks. Moreover, with an
increase in the seam thickness, its filtration permeability increases significantly along
the entire length of the barrier pillar. This means that at a certain value of pressure
drop, filtration of fire gases into the workings of the worked excavation section is
possible.

With the pillar width L, =30 m, Fig. 5, the filtration areas around the ventilation
drift and the isolated fire section are practically not connected, between them there is
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an impermeable barrier, that is, an area in which coal and rocks permeability is close
to zero. And in this case, we can see that at m = 2.0 m (Fig. 5 b) filtration
permeability of the coal seam is higher than at m = 0.4 m (Fig. 5 a).
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Figure 5 — Distribution of the values of permeability coefficients, L, =30 m

The graphs of the change in filtration permeability of the coal seam in the studied
interval for L, =20 m and L, =20 30 m are shown in Fig. 6
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Figure 6 — Change in the values of permeability coefficients of the barrier pillar (in the coal seam)
depending on thickness of the seam, at L, =20 m and L, =30 m
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It should be noted that on the horizontal parts of the curves of the change in the
permeability coefficients (Fig. 6, L, =30 m, x € [74; 87]), their values are not always
zero, here permeability coefficients can take on very small values, of the order of
10-* mDa.

In order to more clearly show the change in insulating characteristics of the pillars
with increasing the coal seam thickness, we will consider the values of minimum
permeability of the barrier pillars (Fig. 7) and the length of the impermeable part of
the pillar (Fig. 8). It can be seen that at L, = 20 m, an increase in the seam thickness
from 0.4 m to 2 m leads to an increase in the minimum permeability of the barrier
pillar by about 5 times. In this case, a pillar between workings Nel and Ne2 at the
seam thickness m € [0.4; 2.0] has filtration permeability across the entire width.
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Figure 7 — Minimum permeability of the barrier pillar depending on thickness of the mined coal
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Figure 8 — Length of the impermeable part of the pillar depending on thickness of the mined coal
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At L, =30 m and m <1.6 m, there is always an impermeable area in the pillar coal
seam. Such a barrier prevents gas filtration from one mine working to another one,
Fig. 8. At m > 1.6 m, the pillar is completely permeable, but it has a section where
the filtration permeability is very low. Due to this, to start the process of filtering fire
gases into the mine workings of the worked excavation section, a significantly greater
pressure drop between the worked section and isolated fire one will be required.

The results of calculating relative gas pressure p/po in fractured-pore space of
coal-rock mass (under the condition po = 6 MPa, the pressure drop in the workings of
the worked and isolated sections A p = 3 MPa) are shown in Fig. 9 (L, = 20 m) and
Fig. 10 (L, = 30 m). It can be seen that gas pressure in the filtration area surrounding
mine workings and mined-out space is lowered, p/po < 1. Methane from the coal
seam with seam pressure of 6 MPa moves to the atmosphere of the mine workings,
where the pressure is lower.

P/PO= .
PAPO= .
/PO =
PAPO=

b)

a-m=04m;b-m=20m

Figure 9 — Relative gas pressure in fractured-pore space of coal-rock mass, L, =20 m

At the same time, as can be seen from Fig. 9 a, the gas pressure in the fractured
space of argillite, which forms the roof of the coal seam, smoothly changes from
3 MPa (pressure of fire gases in the isolated section) to 0.1 MPa in the worked
ventilation drift. This means that at L, =20 m and m = 0.4 m, gas filtration from the
workings of the isolated fire section into the workings of the adjacent excavation
section occurs along the disturbed rocks of the seam roof. At L, =20 m and m = 2.0
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m, a higher pressure drop A p is required to start the process of fire gases filtration
into the atmosphere of worked mine workings.

In the rest of the cases that were considered, the areas of low pressure around the
mine workings are separated by zones of higher pressure, exceeding pressure of fire
gases in the working No2 (p > 3 MPa), fig. 10. Filtration of fire gases into atmosphere
of the worked excavation section is impossible under such conditions.

a-m=04m;b-m=2.0m

Figure 10 — Relative gas pressure in fractured-pore space of coal-rock mass, L, =30 m

4 Conclusions

The study of filtration permeability of the barrier pillar between the isolated fire
section and the worked longwall ventilation drift was completed using the
mathematical model developed by the authors for coupled processes of rock
deformation and gas filtration. The problem is solved involving a finite element
method implemented in the author’s programme. When solving, the parameters of
width of the barrier pillar and thickness of the mined coal seam were varied. The
article presents the results of calculating the values of geomechanical parameters,
permeability coefficients and gas pressure in the filtration area.

It is shown that with an increase in thickness of the coal seam, intensity of the
crack formation process increases in the barrier pillar. With small pillar width, the
coal seam along its entire length is in a disturbed state, as well as the rocks of its roof
and soil. The filtration areas around the worked longwall ventilation drift and the
isolated conveyor drift are connected both along the coal seam and along the host
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rocks. This means that at a certain value of the pressure drop, filtration of fire gases
into the mine workings of the worked excavation section is possible.

With a greater width of the pillar, between disturbed rocks around the mine
workings of the worked section and isolated fire one, there is a barrier made of
undisturbed rocks. That impermeable barrier prevents gas filtration from one mine
workings to another. Its width decreases with an increase in the thickness of the coal
seam.

Based on the results of calculating gas pressure, it is shown that methane from the
coal seam moves into atmosphere of the mine workings, where gas pressure has
lower values. At the same time, for the accepted conditions, with a pillar width of 20
m and a seam thickness of 0.4 m, gas is filtered from the mine workings of isolated
fire section into the adjacent excavation section along the disturbed rocks of the seam
roof. In the rest of the cases, the areas of low pressure around the mine workings are
separated by zones of higher pressure, exceeding pressure of fire gases in the isolated
section. Filtration of fire gases into atmosphere of the worked excavation section is
impossible under such conditions.
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AHoTauia. 3a [onomorow po3pobneHoi aBTopamMM MaTeMaTUYHOI MOZENi MPOTiKaHHS 3B'A3aHMX NPOLIECIB
JedopmMyBaHHS BYINENOPOAHOrO Macuey i inbTpauii rady, BWKOHAHO AOCMIMKEHHS (DiNbTpaLiHOI NPOHUKHOCTI
Bap'epHOro Ljinuka Mix i30fb0BaHOK MOXEXHOK AINSHKO | NIArOTOBYMM LUTPEKOM HOBOI Nasu. 3apavy 6yno poss’ss3aHo
i3 3aCTOCYBaHHAM METOAY CKIHYEHHWUX ENEMEHTIB, SAKWWA peanisoBaHWii B aBTOPCbKiM nporpami. [pu poss’ssaHHi
BapitoBanuCs napameTpu WnpuH1 6ap'epHOro Linuka i NOTYXHOCTI BYrifbHOrO nnacrta, AkuiA BignpauboByeTbCs. Y cTaTTi
HaBedeHO pe3ynbTaTi PO3PaxyHKY 3HA4YeHb reoMeXaHiyHux napameTpiB, KoediLieHTiB NMPOHMKHOCTI i TUCKY rasy B
obnacTi thinbTpaLii.

MMoka3saHo, LU0 3i 36iNbLLEHHAM NOTYXHOCTI BYrinbHOrO nnacTa B 6ap'epHOMY LinuKy 3pocTae iHTEHCUBHICTL NpoLecy
YTBOPEHHA TPILLWH. Mpr Manin WUpKHI Linnka BYriNbHUIA NAACT NO BCil MOr0 JOBXMHI 3HAXOAUTLCA B NOPYLIEHOMY CTaHi,
TaKk camo, Sk i nopoam oro nokpieni i nigowswn. O6nacTi inbTpaLii HaBKONO BEHTUNALIMHOMO LUTPEKY Aitoyoi NaBm Ta
i30M1bOBAHOMO KOHBEEPHOIO LUTPEKY MOXEXHOT AiNbHUL 3B'A3aHi i NO BYriflbHOMY Mracty, i No BMilLyuMx nopogax. Lie
03Hayae, Lo Npu NEBHOMY 3HaYeHHI nepenagy TUCKY MOX1Ba inbTpaLis NOXeXHUX rasis y BUPOOKU Aik0HOT 0YUCHOI
AinbHWLi. Mpyn GiNbLLIA WWPKHI LinuKka MiX NOPYLUEHMI NOPOAAMM HABKOMO BUPOOOK Ait0YOI i i30MbOBAHOI NOXEXHOI
[iNSHOK 3HAX0ANTLCS NEPEMMUYKA 3 HEMOLIKOMKEHMX MOpif — HEMPOHUKHA AiNsHKA, WO NepeLlkompxae QinbTpalii rasy 3
OfHiei BMpoBky B iHWY. LUnpuHa Liei nepeMinykn 3MeHLLYETHCA 3i 36iNbLUEHHAM NOTY)XHOCTI BYriNbHOTO nnacra.

3a pesynbTatamu po3paxyHKy TUCKY rasy nokasaHo, WO MeTaH 3 BYriNbHUX NacTiB nepeMilaeTbes B atmocdepy
BUMPOOOK, 4 TUCK MAE MEHLUi 3HayeHHs. PasoM 3 TM, Ans po3rmsHyTUX B 3agavi yMoB, MpW WMpWHI Linvka 20 m i
noTyxHocTi nnacta 0,4 M no nopyweHAM NOpoaam MoKpiBfi nnacta BinbyBaeTbca inbTpalis rasy 3 BUpobOK
i30/Tb0BAHOI NOXEXHOI AiNbHULI B BUPOOKY CYCiAHBOI 3 HEHO OYMCHOI AiNbHMUI. B iHWMX po3rnsHyTVX BUNaakax obnacTi
3HWKEHOrO TUCKY HaBKOMO BMPOBOK po3aineHi 3oHamu GinbLl BUCOKOTO TUCKY, LLO NEPEBULLYE TUCK NOXEXHUX rasiB Ha
i30/1bOBaHiIi AinsHui. PinbTpauis NoxexHUX rasis B aTMOCGeEPY Ailoumnx BUPoOOK 3a TaKMMM YMOBAMN HEMOXITHBA.

KnioyoBi cnoBa: 0Oesneka BedeHHs ripHWYMX pobiT, Oap'epHMA UINMK, i30MbOBaHa NOXEXHA AiNsHKa,
AedopMyBaHHs MOPOAHOrO Macuay, inbTpaLlis rasy, NOTYXHICTb nracTa.

AHHoTauus. C nomoLLbto pa3paboTaHHO aBTopaMi MaTEMATUYECKON MOZENI NPOTEKAHWS CBA3AHHBIX NPOLIECCOB
[edopMMpoBaHMS  YTIENOPOAHOr0 MaccuBa M (hWMbTpaLMM rasa, BbINOMHEHO MCCrefoBaHWe UbTPaLMOHHON
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NPOHNLAeMOCTN BapbepHOro Lienuka Mexay W30nMpOBaHHbIM MOXapHLIM Y4acTKOM W MOArOTOBUTENbHBIM LUTPEKOM
HOBOW NnaBbl. 3apaya bbina peLueHa ¢ NPUMEHEHNEM METOAA KOHEUHbIX 3rIEMEHTOB, KOTOPbIN pean13oBaH B aBTOPCKOM
nporpamme. [pu peLueHn BapbMpoBaniCh NapameTpbl LWPKHBI BapbepHOro Liennka u MOLLHOCTK oTpabaTtbiBaemoro
yronbHoro nnacra. B cratbe npuBedeHbl pesynbTaThl pacyeTa  3HAYeHUN reoOMeXaHWYecKux napameTpos,
k03h(PMLMEHTOB NPOHULLAEMOCTM 1 AaBNEHNS ra3a B 0611acTi ounbTpaumn,

Moka3aHo, YTO C YBENMYEHMEM MOLLHOCTW YronbHOrO nnacta B GapbepHOM Lenuke pacTeT MHTEHCWBHOCTb
npouecca TpeLHoobpa3oBaHus. Mpu Mano WMpUHe Lienuka yrofbHbIA NNacT Ha BCEM ero NPOTSKEHUM HAXoauMTCS B
HapyLUEHHOM COCTOSHWM, TaK Xe, Kak W NopoAbl €ro KpoBnu 1 noysbl. O6nactu dunbTpaLmn BOKPYr BEHTUNALMOHHOIO
LITpeka AENCTBYIOLEN NaBbl U U30NMPOBAHHOMO KOHBENEPHOTO LUTPEKa NOXapHOro y4acTka CBA3aHbl U N0 YrofnbHOMY
nnacty, 1 no BMeLLaroLLyM nopogam. 3To 03HAYaET, YTO NpK ONpeLeneHHOM 3HauYeHnn nepenaaa faBneHns BO3MOXHa
(hunbTpaLms NoxapHbIX ra3oB B BbIpaboTKM AEACTBYIOLEro O4UCTHOrO yyacTka. Mpu Gonbluen WupuHe Lennka Mexay
HapyLUEHHbIMU NOPOAaMN BOKPYT BbIpabOTOK AEACTBYIOLErO W M30NMPOBAHHOTO MOXapHOrO Y4YacTKOB HaxoguTcs
nepemblyka M3 HeHapyLUeHHbIX MOpoS — HEnpOHULAEMbIA Y4acToK, NMPensTCTBYOWNA unbTpauun rasa M3 OfHOM
BbIpaboTku B Apyryto. LUnpuHa 310 NepeMbIYKA YMEHbLLIAETCS C YBENMYEHMEM MOLLHOCTM YrofbHOTO nrnacta.

Mo pesyrnbTatam pacyeTa AaBreHns rasa nokasaHo, YTo MeTaH U3 yrorbHOro nnacra nepemeLLaeTcs B atmocdepy
BbIpaboTOK, rae AaBneHue nMeeT Bonee HU3KKe 3HaYeHus. BMecTe ¢ Tem, Ans pacCMOTPEHHbIX B 3a4a4e YCrnoBuiA, npu
wupuHe uenuka 20 m 1 MowHocTn nnacta 0,4 M No HapyLUeHHbIM NOPoAaM KpOBMKW nnacta NpoucXoauT unbTpaums
rasa u3 BbIpabOTOK W30MMPOBAHHOMO MOXAPHOrO y4yacTka B BbIPabOTKM COCEAHEro C HWUM OYUCTHOTO yyactka. B
OCTarbHbIX PACCMOTPEHHbIX CRyyasx 06nacTi NOHWKEHHOTO AaBMeHNs BOKPYr BbIpaboToK pasgeneHbl 30Hamu Bonee
BbICOKOrO 1aBNeHus, MPEBbILLAOLLEro AaBMNeHNe NoXapHbIX ra3oB Ha U30NMPOBaHHOM y4acTke. GurbTpaLms NoXapHbIX
rasoB B aTMOC(epy LeACTBYHOLLMX BbIPABOTOK NpU TakuX YCHOBUSX HEBO3MOXHA.

KnioueBble cnoBa: Ge3onacHOCTb BefeHUs TOpHbIX paboT, GapbepHbl LEenuK, M30NMPOBaHHBIA MOXapHBIN
y4acToK, AedpopmMmnpoBaHme NopoaHOro Maccuea, unbTpaLms rada, MOLLHOCTb nracTa.
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