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Abstract. Rock-gas outbursts happen when mine workings are driven near low-permeability sandstones, which
contain gas under high pressure, and most of such outbursts are triggered by shot firing. In particular, when sections of
the powered support are clamped in the stope, it is necessary to explode the rock under them, which is dangerous if the
outburst-prone sandstone is located in the floor of the stope. One of the factors causing the rock-gas outburst is a cer-
tain combination of the stress-dependent permeability of the sandstone and the near-floor rock and gas pressure. There-
fore, the purpose of the work is to study the change in the stress state of the host rocks and gas filtration process in the
outburst-prone sandstone located in the floor of the stope, with different composition of the near-floor rocks. To achieve
the goal, methods of numerical simulation of time-dependent processes of elastic-plastic deformation and gas filtration
were used. A stope with sections of the powered support was considered, in the floor of which siltstone and outburst-
prone sandstone are located. The computations were performed with variations in the thickness and strength of the silt-
stone bed above the sandstone.

It is shown that the values of the maximum and minimum components of the principal stress tensor gradually de-
crease in the floor of the stope, the sandstone is unloaded from the rock pressure. This leads to an increase in its per-
meability, the start of the methane filtration and degasation process. The composition of near-contour rocks greatly af-
fects the distribution of geomechanical and filtration parameters. In the presence of the siltstone bed with a certain
strength, a not unloaded bridge with lower permeability appears above the sandstone, and its degasation slows down
significantly. If the thickness of the siltstone bed increases, the width of this bridge also increases, and methane filtration
in the floor of the stope stops. In this case it is an obstacle that delays or completely prevents the degassing of gas-
bearing rocks that lie below.

The results of the above analyses should aid evaluation of potential measures to prevent the rock-gas outburst dur-
ing blasting operations for the movement of sections of powered support in the stope. A better understanding of this
problem could save considerable time and expense for future technological operations in similar mining conditions.

Keywords: rock-gas outburst, rock deformation, coupled processes, stope, gas filtration, numerical simulation.

1. Introduction

Most reported outbursts at coal mines occur from the coal face. However, gas-
dynamic phenomena often occur from outburst-prone host rocks [1, 2], and their pre-
diction and prevention are one of the major challenges to the rock mechanics and
rock engineering community [3, 4].

Rock-gas outbursts happen during underground mining when mine workings are
driven near low-permeability sandstones, which contain gas under high pressure [1,
5] and most of such outbursts are triggered by shot firing [2]. A siltstone bed often
interlay between the sandstone and the coal seam. When a siltstone bed intervenes
between the mine working and the outburst-prone sandstone, this siltstone must fail
prior to the initiation of outburst from the sandstone [6]. The stopes of the southern
panel of 10th block in PJSC Colliery Group "Pokrovske" are in precisely such mining
and geological conditions [7, 8]. In this area, the siltstone of medium strength, with a
thickness of 0-2.5 m, and the strong, outburst-prone sandstone with a thickness of
2.5-19 m are located in the coal seam floor. If sections of the powered support are
clamped between the seam floor and the overhanging rock console in stopes of 10th
block, it is necessary to explode the rock under them, which is dangerous near the
outburst-prone sandstone.
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Scientists in different countries have studied outburst-prone sandstones [1-4, 9,
10], their structural transformations in the process of catagenesis [11], permeability,
porosity, moisture and acoustic properties [1, 12, 13], behaviour during destruction,
patterns of the crack propagation and the ejection of rock fragments on the unloading
surface [14], the mechanism of occurrence and course of rock-gas outburst [9, 15,
16]. A rock-gas outburst is a complex dynamic phenomenon, which is determined by
many factors, including stresses in the rocks caused by the weight of rock mass and
mining operations, gas pressure, physical-mechanical and filtration properties of the
rocks [2—4, 16, 17]. Mining excavation releases strain energy of the host rock. Gas
emission can release not only gas expansion energy but also strain energy of the host
rock [3], as evidenced by many measured results, which show that with gas emission,
the rock permeability coefficients increase markedly [18]. And the speed of these
processes determines the possibility of a gas-dynamic phenomenon.

Outbursts, regardless of the environment in which they occur, have a common
mechanism and are a self-regulated process that occurs in a rather narrow range of
dynamic parameters values [16]. Therefore, a thorough study of the dynamic process-
es of host rocks deformation and gas filtration, which occur directly in the outburst-
prone zone, is necessary in order to determine the potential outburst hazard.

In this regard, the purpose of this work is to study the change in the stress state of
the host rocks and gas filtration process in the outburst-prone sandstone located in the
floor of the stope, with different composition of the near-floor rocks.

To achieve the goal, the following tasks were solved:

1) to perform a numerical simulation of the coupled processes of deformation of a
rock mass with a stope and supporting elements and gas filtration from gas-bearing
rocks located in the floor of the stope;

2) to investigate the influence of the composition of the near-floor rocks on the
distribution of stresses and gas filtration process;

3) to investigate the influence of the strength of the rock layer above the outburst-
prone sandstone on the distribution of stresses and gas filtration process in the floor
of the stope.

2. Methods

To solve the problem, a numerical simulation of the coupled processes of elastic-
plastic rock deformation and gas filtration was performed [19, 20]. The Coulomb-
Mohr failure criterion was used to describe the failure behaviour of the rocks [21,
22]. The permeability & of rocks, depending on their stress state, was determined by
the equations obtained by the authors earlier [7, 23, 24]. The problem was solved us-
ing the finite element method [25-27] with the help of authors’ software. At each
time step, the stress field, inelastic deformation zones, the stress-dependent field of
permeability coefficients, gas pressure and gas filtration rate were calculated. At the
next time step, when calculating the stress field, the change in gas pressure in the
crack-pore space of the rock was taken into account.

The stress field was analysed using geomechanical parameters Q°, which charac-
terizes the difference of the stress tensor components, P*, which characterizes unload-
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When performing the calculations, it was assumed that the properties of the out-
burst-prone sandstone in the floor of the mine correspond to the conditions of the
southern panel of 10th block in PJSC Colliery Group "Pokrovske", table 1. Missing
mechanical and filtration characteristics are taken as average according to the table.
1. It was also accepted that the mining depth is 1200 m. The composition of the rocks
in the coal seam floor varied according to the table 2.

Table 2 — Composition of the rocks in the coal seam floor

Rocks Ultimate strength Thickness m,

o, MPa m

Sandstone 45.1 15
Siltstone 20.8 3

Coal 17.3 2.0

20.8 0.0

) 10.4; 15.6; 20.8; 31.2 0.5

Siltstone 208 10

20.8 3.0

Sandstone 45.1 10

The natural gas content in the coal seam in the 10th block of PJSC Colliery Group
"Pokrovske" is 18 m?/t, in the sandstone it is 2 m?/t. Information on the in situ gas
pressure in the sandstone is very sparse. Gas pressures were measured at 6 MPa in the
sandstone of 26 Colliery (Glace Bay, Nova Scotia, Canada) at a depth of 780 m [2].
A reservoir engineering "rule of thumb" estimates pressures in accordance with the
hydrostatic head of water y,H [2] or as 0.8 %.H [29]. According to the above consid-
erations, the most probable gas pressure at a depth of 1200 m is in the range of 9.2-
12.0 MPa. In further calculations, it was assumed that the gas pressure in the out-
burst-prone sandstone is 9 MPa.

The duration of one time step i is 2.7 hours.

3. The influence of the composition of the near-floor rocks in the stope on the
distribution of stresses and gas filtration process

Alternation of layers "sandstone-siltstone-coal-siltstone-sandstone" is one of the
most common types of occurrence of coal-bearing rocks.

We will consider four cases: when there is no siltstone bed in the floor of the
stope above sandstone with a thickness of m = 10 m and a strength of o, = 45.1 MPa;
when the thickness mg; of the siltstone (o, =20.8 MPa) is 0.5 m, 1.0 m and 3.0 m;
and we will analyse the influence of such rock composition on the course of defor-
mation and filtration processes in the host rocks. Figure 2 shows the results of stress
field calculations in the studied area at time step i = 10; Figure 3 shows the graphs of
changes in geomechanical parameters in the floor of the stope, along a vertical line
passing 0.2 m before the point of drilling the hole.

In all cases (figure 2a), a zone of abutment pressure begins to form at the mine
face, where the maximum component of the principal stress tensor coincides with the
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vertical stresses [8]. Zones where R* > 1.2 spread from the upper and lower corners of
the stope, figure 2a, which will close in a semi-ring in a day.

AN

i

(EEEE

msiit = 0.0 m msii = 0.5m msii=1.0m msii = 3.0 m

a) R parameter; b) Q" parameter and zones of inelastic deformations (red colour); ¢) P parameter

Figure 2 — Distribution of geomechanical parameters in the host rocks around the stope with
powered support in cases when there is no siltstone bed in the floor of the stope; the siltstone bed
thickness is m5i1 = 0.5 m; 1.0 m and 3.0 m

In the floor of the stope, where the maximum stresses act in the horizontal direc-
tion [8], R* parameter values gradually decrease, the sandstone is unloaded from the
rock pressure (figure 2a, first from the left). This leads to an increase in its permeabil-
ity, which increases the intensity of the methane filtration process from the unloaded
area into the mine atmosphere. The outburst-prone sandstone is gradually degassed,
and, as it is known, this reduces its outburst hazard.

The composition of the rocks greatly affects the distribution of R* parameter val-
ues, figure 2a, which is also clearly visible on the graph, figure 3a. The region with
small R* parameter values (0.4 <R* < 0.8) in the rocks of the floor of the stope has
the largest area in the case when there is no siltstone above the sandstone, figure 2a.
The decrease of stress in sandstone is larger than in siltstone under the same unload-
ing strain because the modulus of elasticity of sandstone, as well as its bulk modulus,
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is higher [3]. Under the condition of mg; = 0.5 m, an unloaded bridge with lower per-
meability appears in siltstone at the contact with sandstone, where 0.8 <R" < 1.2. At
msj; = 1.0 m, the width of this bridge increases from 0.2 m to 0.8 m (figure 3a), and at
msii = 3.0 m, the unloaded zone in the floor of the stope disappears.
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Figure 3 — Graphs of changes in geomechanical parameters in the floor of the stope when varying
the siltstone bed thickness

The zone of inelastic deformations at the mine face, in the coal seam, 1s formed in
all four cases, but it is absent in the floor of the stope, when much stronger sandstone
lies directly under the coal seam (figure 2b, first from the left). It is obvious that O°
parameter values in the floor of the stope also depends very much on the composition
of the rocks, figure 3b, due to the component oi/yH.

The value of the P* parameter in the studied part of the floor of the stope changes
slightly (figures 2¢ and 3c¢). If the unloading of overworked rocks is characterized by
P’ parameter, then it can be assumed that the composition of the rocks has almost no
effect on this process.

Now let's investigate how the process of methane filtration from the gas-bearing
sandstone into the mine atmosphere takes place in the four considered cases. The
field of permeability coefficients, calculated from the parameters of the stress state,
methane pressure, and directions of its filtration at the moment of time i = 10, are
shown in figure 4, graphs of changes in filtration parameters are shown in figure 5. It
can be seen that in each case, a gas-permeable filtration area is formed around the
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stope, figure 4a. In the first three figures of this series, the sandstone is visible, which
is shown in light grey colour because its initial, natural permeability, accepted in the
calculations, is 0.025 mD.
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Figure 5 — Graphs of changes in filtration parameters in the floor of the stope when varying
the siltstone bed thickness

Within the filtration area, the gas pressure drops (figure 4b, mg; = 0.0 m, 5b), me-
thane moves from the coal seam and sandstone in the floor of the stope, where it is
under high pressure, into the mine atmosphere, where the air pressure is much lower
and equal to atmospheric pressure. Black strokes in figure 4b show the directions of
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gas filtration from the sources of its emission. Based on their number and length,
which is proportional to the modulus of the gas filtration rate, it is possible to draw a
conclusion about the high intensity of the sandstone degasation process in the case
when there is no siltstone bed in the floor of the stope. If a half-meter siltstone bed is
located above the sandstone, degassing of the sandstone slows down significantly. In
the case of an increase in the siltstone bed thickness, methane filtration in the floor of
the stope stops until the permeable area spreads to the gas-bearing sandstone. At the
time step i = 10, gas filtration from the sandstone does not occur (figure 4b, cases
msi = 1.0 m and mg; = 3.0 m).

4. The influence of the strength of the rock layer above the outburst-prone
sandstone on the distribution of stresses and gas filtration process

Let's analyse how deformation and filtration processes in the floor of the stope
with outburst-prone sandstone is affected by the strength of the siltstone located
above it.

b)
o.=10.4 MPa o.=15.6 MPa o:.=20.8 MPa o.=31.2 MPa

a) R" parameter; b) Q" parameter and zones of inelastic deformations (red colour); ¢) P parameter

Figure 6 — Distribution of geomechanical parameters in the host rocks around the stope with
powered support in cases when the siltstone bed has a strength limit of oc = 10.4 MPa, 15.6 MPa,
20.8 MPa, and 31.2 MPa
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We will consider four cases when the siltstone bed with a thickness of mg; = 0.5 m
has a strength limit of o, = 10.4 MPa, 15.6 MPa, 20.8 MPa, and 31.2 MPa. The re-
sults of stress field calculations in the studied area at the time step i = 10 are shown in
figure 6, figure 7 shows the graphs of changes in geomechanical parameters in the

floor of the stope, along a vertical line passing 0.2 m in front of the hole drilling
point.
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Figure 7 — Graphs of changes in geomechanical parameters in the floor of the stope when varying
the siltstone’s strength limit

If the weak siltstone bed lies above the hard sandstone, it is completely destroyed
(figure 6b, o.= 10.4 MPa), the zone of inelastic deformations extends to the entire
depth of 0.5 m. When the strength of the siltstone increases, the area of this zone de-
creases both in the floor and in roof of the stope. Under the condition o, = 31.2 MPa,
the zone of inelastic deformations in siltstone practically disappears. The stressed
state of the destroyed rocks approaches the state of bulk materials, while the maxi-
mum component of the principal stress tensor significantly decreases and the mini-
mum component increases. Therefore, the values of the parameter R in the zone of
inelastic deformations are low 0.4 <R"<0.8 (figure 6a, o.=10.4 MPa and
0. = 15.6 MPa), and the values of the parameter P*, on the contrary, are increased
(figure 7¢). This is clearly visible in graphs 7a and 7b, in the zone of inelastic defor-
mations, at a distance of 0.0-0.5 m from the floor of the stope.
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If the siltstone bed lying above the sandstone has a strength of o =20.8 MPa or
o. = 31.2 MPa, it remains intact, and a not unloaded bridge, where 0.8 <R* < 1.2, ap-
pears in it at the contact with the sandstone, figure 6a.

The values of permeability coefficients in the floor of the stope, in siltstones with
lower strength (figures 8a and 9a, o, = 10.4 MPa and o. = 15.6 MPa) are very high,
and therefore methane freely enters from the gas-bearing sandstone into the mine at-
mosphere. Methane pressure in this area drops rapidly (figure 9b); the number and
length of strokes showing the directions of gas filtration from the sources of its re-
lease in figure 8b, testify to the high intensity of the sandstone degassing process.

oc=10.4 MPa oc=15.6 MPa oc=20.8 MPa oc=31.2 MPa
Y45 P;PO = 8; a) permeability k; b) relative gas pressure p/po and directions of gas
= VU. 0o — U. .
k=10.035 g/go =03 filtration
k=10.067 /no= 0.4
k=009 PP
k=0.131 z/zz -06 Figure 8 — Distribution of filtration parameters in the host rocks
f _ 8:}8? plpo=0.7 around the stope with powered support in cases when the siltstone bed
llii 8%2; ggz _ 8'8 has a strength limit of o = 10.4 MPa, 15.6 MPa, 20.8 MPa, and
k;0:291 .p/po= 1.0 31.2 MPa
0.6
a 1.0
Eﬁ 0.5 Gc=10.4 MPa =
2 o4 — 0= 15.6 MPa 2 0.8
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Figure 9 — Graphs of changes in filtration parameters in the floor of the stope when varying
the siltstone’s strength limit
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If the stronger siltstone bed is located above the sandstone, its permeability at the
time step i = 10 is insufficient for the development of an intensive filtration process,
and in this case it is an obstacle that delays or completely prevents the degassing of
gas-bearing rocks that lie below.

5. Conclusions

As shown in [1], some critical combination of stress-controlled in situ sandstone
permeability and gas pressure is significant factor in rock-gas outburst occurrence.
Therefore, probably, unloading of outburst-prone rocks from rock pressure and low-
ering formational gas pressure due to degassing contribute to reducing their outburst
hazard. It should be noted that the speed of these processes should play a significant
role in this.

A numerical simulation of the coupled processes of rock deformation and gas fil-
tration was performed to study the change in the stress state and the process of me-
thane emission from outburst-prone rocks. A stope with sections of powered support
was considered, in the floor of which there are siltstone and outburst-prone sand-
stone. The calculations were made with variations in the thickness and strength of the
siltstone bed above the sandstone.

It is shown that the values of the maximum and minimum components of the prin-
cipal stress tensor gradually decrease in the floor of the stope, the sandstone is un-
loaded from the rock pressure. This leads to an increase in its permeability and the
intensity of the methane filtration process; outburst-prone sandstone is gradually de-
gassed, which reduces its outburst hazard.

The composition of near-contour rocks greatly affects the distribution of geome-
chanical and filtration parameters. If there is the siltstone bed above the sandstone, a
not unloaded bridge with lower permeability appears at their contact, and degassing
of the sandstone slows down significantly. If the thickness of the siltstone bed in-
creases, the width of this bridge also increases, and methane filtration in the floor of
the stope stops. The strength of the siltstone also affects the considered deformation
and filtration processes, because it depends on this property whether the siltstone bed
will be destroyed completely or remain intact.

The values of permeability coefficients in the floor of the stope, in siltstones with
lower strength, are very high, and therefore methane freely flows from the gas-
bearing sandstone into the mine atmosphere. If the stronger siltstone bed is located
above the sandstone, its permeability is insufficient for the development of an inten-
sive filtration process, and in this case it is an obstacle that delays or completely pre-
vents the degassing of gas-bearing rocks that lie below.

The results of the above analyses should aid evaluation of potential measures to
prevent the rock-gas outburst during blasting operations for the movement of sections
of powered support in the stope. A better understanding of this problem could save
considerable time and expense for future technological operations in similar mining
conditions.
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BMNUB OCOBNIMBOCTEN PO3TALLYBAHHSA BUKWOOHEBE3MNEYHUX NMOPIA B MIAOLLBI OYUCHOI
BUPOBKW HA PO3MOAIN NONA HAMPYXEHD | NPOLEC IX OEFA3ALII
Kpykoeceka B., Kpykosecbkuti O., SHxyna O., Kocmpuus A., Koyepaa B.

AHoTauis. Bukuan nopoam i rasy BigbyBatoTbCs, KOMNM ripHWYi BUPOBKM NMPOBOAATLCSA NOONM3Y MiCKOBWKIB i3 HU3b-
KOK MPOHWKHICTIO, SKi MICTATb ra3 nig BUCOKUM TUCKOM, i BinbLUiCTb 3 HUX CPUYMHEHI NpOBeAEHHSM BYypo-niapyBHMX
pobiT. 3okpema, Npu 3aTUCKaHHI B NaBi CEKLii MEXaHI30BaHOrO KpinfieHHs nig HAM HeobXigHO nigpuBaTi NOpoAy, Lo €
Hebe3neyHnm, SKLWO B MiJOLBI OMUCHOT BUPOOKM PO3TalloBaHWiA BUkMgoHebe3neuHun nickosuk. OgHuM i3 chakTopis
BMHUKHEHHS! BUKMZY NOPOAW i rasy € neBHa komBiHaLis 3anexHoi Big HanpyKeHHs MPOHUKHOCTI MICKOBMKA i MPUKOHTYp-
HUX Mopig i TUCKy ra3y. ToMy MeTow poboTu € JOCiMKEHHS 3MiHM HaNPYXXEHOro CTaHy BMILLHOUMX Mopig i npouecy
cinbTpaii rasy y BukuaoHeb6e3neyHoMy niCKOBMKY, PO3TALLOBAHOMY B MiAOLIBI OYUCHOI BUPODKW, NPy pisHOMY CKnafi
NPUKOHTYPHWX nopig. [ng JOCArHEHHS METW BUKOPUCTOBYBANMCb METOAM YMCENbHOTO MOAEMIOBAHHA 3anexHUX Bif
yacy 3B'si3aHUX NPOLIECIB NPYXHO-NNACTUYHOTO AethopMyBaHHS i (inbTpayii rady. Po3rnsiHyTo ouncHy BUpOBKY 3 ceKuyi-
SIMI MexaHi30BaHOrO KpinneHHs, B NiJOLWBI SAKOI 3ansratoTb aneBponiT i BUKMLOHe6e3neyHnin nickoBrk. Po3paxyHku Bu-
KOHaHO i3 BapitoBaHHSM NOTYXHOCTI | MiLIHOCTi Liapy aneBponiTy Haf NiCKOBUKOM.

Moka3aHo, WO B MiAOLBI BUPOBKM 3HAYEHHSI MaKCUMAanbHOI i MiHIMaNbHOI KOMMOHEHT TEH30pa FOMOBHUX Hampy-
XEHb MOCTYNOBO 3HWXKYIOTLCS, MICKOBUK PO3BAHTAXYETLCSA Bif MPCLKOro TUCKY. Lle npu3BoaMTL [0 3pOCTaHHSA 1oro npo-
HUKHOCTI, noYaTky (inbTpaLji MeTaHy i npouecy aerasavji. Cknag NPUKOHTYPHUX Nopid B NiOLBI O4UCHOT BUPOBKN Oyxe
BNIIMBAE Ha PO3NOAIN reoMexaHiuHuX i (inbTpaLiiHuX napameTpiB. 3a HAsBHOCTI LWapy aneBponiTy 3 NEBHOK MILHICTHO
Hap MICKOBMKOM 3'AIBMISIETLCS HEPO3BAHTAXEHA NEPEMUYKa 3 MEHLLIOK NMPOHUKHICTIO i AerasaLlisi NicKOBUKY 3HAYHO yMoBi-
NbHIOETLCA. Tpy 3pOCTaHHi NOTYXKHOCTI aneBpoNiTY LWMPKHA LiET NepeMuykn 3poctae, QinbTpalis MeTaHy B MifoLUBi
BMPODKW NMpUNMHAETLCS. B LbOMY BUNaAKy BiH € MepeLukogot, ska 3aTpumye abo MOBHICTIO nonepemxae Aerasawiio
ra30HOCHWX Mopif, ki Nexatb HKYe.

PesynbTaT HaBe4eHOro aHani3y MOBMHHI JOMOMOITK B OLiHLi NOTEHLiNHWX 3aX0AiB AN NONEPEMKEHHS BUKUAIB
nickoBMKa i ragy Mig Yac BUKOHaHHS Bypo-niapuBHUX PoBIT ANs NepecyBaHHS CeKLi MeXaHi30BaHOMO KPiMNneHHs B O4mC-
HiM BupobLi. Kpale po3yMiHHS Liei npobnemm Moxe 3a0LlaanTi 3HAYHUIA Yac i KOWTK Ans ManbyTHIX TEXHOMOrYHMX
onepavjiit B aHanoriYHmX ripHUYOTEXHIYHMX YMOBAX.

KntouoBi cnoBa: Bukug nopoaw i rasy, AechopmyBaHHs Nopig, 38's3aHi NpoLEecK, 04McHa BUpoOKa, dinbTpauis me-
TaHy, YCenbHe MOLEstoBaHHS.
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