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Abstract. One of the methods for preventing coal and gas outbursts is hydraulic extrusion of the near-face part of a
coal seam. Hydraulic extrusion is performed by high-pressure water injection into the coal seam through wells in faces of
stopes and temporary roadways. This method differs from others in its high injection pressure and rate, as well as the
short length of the filtering part of wells, which ensures the coal seam displacement into the roadway, coal unloading and
degassing. But its effectiveness depends on a number of factors, including the natural coal seam permeability. In this
regard, the purpose of this work is to analyse the influence of the natural, initial coal seam permeability on the course of
the hydraulic extrusion process and its effectiveness. To achieve the goal, numerical simulation of time-dependent cou-
pled processes of elastic-plastic rock deformation and liquid and gas filtration was performed, and distributions of geo-
mechanical and filtration parameters in the near-face zone of a coal seam during hydraulic extrusion were obtained at
different values of initial permeability.

The graphs of the time change of average permeability in the near-face zone of the coal seam show that its in-
crease before the start of injection is caused by the roadway construction and the growth of the filtration area around it.
When injection begins, a sharp increase in average permeability occurs due to the spread of the permeable area around
the filtering parts of the wells. The average permeability increases for the second time at the end of the injection process,
when the highly permeable areas around the filtering parts of the wells and at the roadway face are connected, after
which water comes to the free coal surface. As it follows from the analysis of water pressure distributions in the fractured
porous space of coal, lower natural permeability leads to a decrease in the area of increased water pressure around the
filtering part of the wells; an increase in water pressure in this area; an increase in water pressure gradients, which af-
fects its ability to expand cracks and promote their growth, as well as the dynamics of the hydraulic extrusion process.
The efforts should help in selecting potential measures to prevent coal and gas outbursts depending on the initial coal
seam permeability, as well as in assessing the technological parameters of hydraulic extrusion.

Keywords: coal and gas outburst, coal seam hydraulic extrusion, coupled processes, permeability, numerical simu-
lation.

1. Introduction

Gas-dynamic phenomena in coal mines have high kinetic power and lead to poi-
soning of the mine atmosphere, equipment damage and human casualties [1-3]. They
have become one of the most important subjects of research in the field of mining as
the most destructive dynamic phenomenon.

The presence of water in the fractured porous space of coal significantly affects
the course of gas-dynamic processes [4], therefore, methods related to water injection
into the coal seam are used for coal and gas outburst prevention [5—10]. It was exper-
imentally proven that with an increase in the water content in the fractured porous
space of a coal seam, the intensity and probability of outbursts gradually decrease
[11]. The ways that hydraulic measures eliminate the outburst risk are summarized as
follows [4, 12]. Firstly, hydraulic measures increase the number of cracks and im-
prove the permeability of coal seams, as well as the gas emission [13, 14]. Secondly,
intensity of the process of gas sorption-desorption also depends on the water content
in coal [5, 11, 15-18]. Under different conditions and at certain values of humidity,
the mechanism of influence of water on the course of sorption-desorption processes
changes. Thirdly, moisture saturation leads to a decrease in the rock strength and
bearing capacity, changes the nature of their behaviour after reaching the limiting
state [5, 19-23]. Water can enhance the capability of plastic deformation of coal and
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reduce the energy of its crushing. When the coal moisture is higher, it is more diffi-
cult to crush it and the possibility of outburst is reduced [24]. Injected water makes
the coal moist, improving the mechanical properties of the coal, making the stress
concentration zone and increasing the width of the pressure relief protection zone [12].

One of the methods for preventing coal and gas outbursts is hydraulic extrusion of
the near-face part of a coal seam. Hydraulic extrusion is performed by high-pressure
water injection into the coal seam through wells in faces of stopes and temporary
roadways [6]. This method differs from other methods involving water injection in its
high injection pressure and rate, as well as the short length of the filtering part of
wells, which ensures the coal seam displacement into the roadway, coal unloading
and degassing. But its effectiveness depends on a number of factors, including the
natural coal seam permeability.

In this regard, the purpose of this work is to analyse the influence of the natural,
initial coal seam permeability on the course of the hydraulic extrusion process and its
effectiveness. Solving the equations describing water injection into gas-bearing coal
seams is currently possible only using numerical methods [14, 25-29]. Therefore, to
achieve this goal, the numerical simulation method was applied and the following
tasks were solved:

1) to perform numerical simulation of coupled processes of a gas-bearing coal
seam deformation and liquid and gas filtration during water injection into the coal
seam through wells;

2) to investigate the influence of initial coal seam permeability on the distribu-
tions of geomechanical parameters in the roadway face;

3) to investigate the influence of initial coal seam permeability on the distribu-
tions of filtration parameters in the roadway face;

4) to investigate the influence of initial permeability on the efficiency of the hy-
draulic extrusion process.

2. Methods

To solve the problem, numerical simulation of time-dependent coupled processes
of elastic-plastic rock deformation and liquid and gas filtration was performed [30—
33]. For the mathematical description of the process of rock fracturing, the Coulomb-
Mohr criterion was used [34, 35], which takes into account the possibility of fractur-
ing due to both shear and detachment, and well describes the behavior of brittle rocks.
The system of equations was solved using the finite element method [36—38], using
software developed at the M.S. Poliakov Institute of Geotechnical Mechanics of the
NAS of Ukraine.

On the outer borders of the considered area, the coal seam displacements perpen-
dicular to these borders was prohibited. On the outer contour, the gas reservoir pres-
sure p; = 8 MPa was set, which corresponds to the depth of work A = 1000 m, and
the water pressure in the fractured and porous space of the coal p =0.1 MPa. The
same water pressure p =0.1 MPa was set on the inner contour (the roadway and

wells). The gas pressure on the inner contour was also equal to atmospheric
pe = 0.1 MPa.
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At the initial time point, stresses equal to geostatic pressure, gas reservoir pressure
p. = 8 MPa and water pressure p = 0.1 MPa were set in each finite element. At time
steps corresponding to the period of water injection, the following boundary condi-
tions were added:

= pinj COS 0[; O-xx Ql(l‘mj) = piﬂj Sin a; p|Q1( = pmj ,

T ‘Ql(tinj) tin)
where o;, — vertical stress, Pa; oy — horizontal stress, Pa; (0 — the filtering part of the
wells; fing — time of water injection, s; pi,; — water injection pressure, Pa; o — well in-
clination angle, degrees.

At each time step, the influence of the change in the stress field on the formation
of the permeable region around the roadway and the influence of fluid pressure on the
stress distribution were taken into account. The water effect on the strength properties
of coal was modelled by halving its natural strength in the water injection zone,
which was determined by the criterion p > 0.2 MPa.

The parameters O°, which characterizes the principal stress difference, and P,
which characterizes the unloading from rock pressure, were used to analyse the stress
field:

* 01 =03 . * O,

T P = s
¢ yH yH

where o1, 03 — maximum and minimum components of the principal stress tensor, Pa;
y— averaged weight of the overlying rocks, N/m?; H — mining depth, m

In this work, a horizontal section of a roadway, along a coal seam, with a width of
4.8 m was considered; in the face of this roadway two wells with a length of 3.5 m
were drilled at a distance of 1 m from the corners. The diameter of the wells is 42 mm,
the length of the filtering part is 0.3 m.

The finite element mesh for this problem is shown in Fig. 1.

Figure 1 — Central fragment of the finite element mesh with the roadway face and
injection wells in horizontal section
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The duration of one time step is approximately 45 minutes.

3. Results and discussion

The simulation was carried out as follows. During the first 11 time steps, the
stress field was redistributed after the regular face advance. Water injection under a
given pressure pirj = 30 MPa into the coal seam through the wells occurs from the
12th to the 13th time step.

In order to investigate whether the initial (natural or tectonic) permeability ko af-
fects the course of deformation and filtration processes in the near-face zone of the
coal seam during hydraulic extrusion, the cases were considered where ky — 0;
ko =0.001 mD; kp=0.01 mD and k= 0.1 mD. Fig. 2 and 3 show the results of the
calculation of geomechanical parameters Q" and P in the near-face zone at the time
step i = 14, more than two hours after the start of injection.

a) b) c) d)

a) ko — 0; b) ko =0.001 mD; ¢) ko =0.01 mD; d) ko =0.1 mD

Figure 2 — Distribution of Q" parameter values and the zone of inelastic deformations (red colour) in
the near-face zone of the coal seam
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a) b) c) d)

a) ko — 0; b) ko =0.001 mD; ¢) ko =0.01 mD; d) ko =0.1 mD

Figure 3 — Distribution of P* parameter values in the near-face zone of the coal seam
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We see that at this time in the coal seam around the roadway, a zone of increased
principle stress difference has been formed, where the parameter Q° > 0.4 and where
the process of crack formation begins. The contour of the roadway is surrounded by a
zone of inelastic deformations (Fig. 2), which leads to an increase in the near-contour
coal seam fracturings, its delamination and disintegration. At the same time, the near-
face zone of the coal seam is unloaded from rock pressure, Fig. 3. At time step i = 14,
the depth of the zone unloaded from rock pressure, where P* < 0.4, in the roadway
face reaches 1.8 m in all cases.

Although the injection pressure in this series of calculations is quite small, we see
that the area of inelastic deformation zones around the wells increases with an in-
crease in the initial coal seam permeability ko (Fig. 2). In the case of high initial per-
meability and insufficient action of pi,, filtration flows move towards the roadway
face, along the shortest path along the wells, expanding the existing fracture system
and weakening the coal. The filtering parts of the wells are surrounded by unloaded
zones, where the parameter P* < 0.4 (Fig. 3), and their area increases slightly with
increasing ko.

The permeability of the near-well zone of the coal seam during the injection pro-
cess increases in each case considered, Fig. 4.

L0xX
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K=0.05

K=0.1

K=0.15

K=02

K=0.25

K=03

ot ol a) ko — 0; b) ko = 0.001 mD; c) ko =0.01 mD;
K =045 d) ko =0.1 mD

Figure 4 — Filtration permeability ko in the near-face zone of the coal seam

Fig. 5 shows graphs of the change in average permeability in the near-face zone
over time. We see that the main difference between the four graphs in Fig. 5 is due to
different values of the initial permeability ky. The increase in the average values of
permeability coefficients by 0.046—0.053 mD in the period from Ist to 12th time step
in each of the four cases is provided by the growth of the zone of inelastic defor-
mations with high permeability at the roadway face. With the start of injection at the
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12th time step, the increase in average permeability occurs due to the spread of the
permeable zones around the filtering parts of the wells. The second sharp increase in
average permeability is seen at the end of the injection process, after the 13th time
step, when the high permeability areas around the filtering parts of the wells connect
with the high permeability area at the roadway face, and water under high pressure
moves along the wells in the direction of the roadway. It is this moment of merging
of high permeability areas that is shown in Fig. 4a—4d.
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Figure 5 — Change in filtration permeability over time

After the 17th time step, the increase in permeability in the filtration area slows
down, and the dynamic process of coal seam hydraulic extrusion is completed.

The distributions of the relative water pressure values p/piy, in the near-face zone
of the coal seam with different initial permeability are shown in Fig. 6.

The analysis of water pressure distributions in the fractured porous space of coal
shows that lower natural permeability leads to:

- a decrease in the area of the region of high water pressure around the filtering
part of the well;

- an increase in water pressure in this region at ky — 0; ko =0.001 mD and
ko =0.01 mD (Fig. 6a—6c);

- an increase in water pressure gradients, which affects its ability to expand cracks
and promote their growth, as well as the dynamics of the hydraulic extrusion process.

When kj values are high, the area of the region of increased water pressure is also
large, Fig. 6d, and the water pressure inside it is low. In the case of ko = 0.1 mD, the
maximum pressure around the filtering part of the wells does not exceed 0.7-0.8 pin;.
The water pressure gradients in this case will be very low, because the pressure drop
occurs over a large area of the fractured porous space of the coal, Fig. 6d. Therefore,
the water impact on the near-face zone of the coal seam will be slower, which com-
plicates the implementation of hydraulic extrusion and reduces its efficiency.

Hydraulic extrusion is considered effective if the water pressure during injection
decreases to the final value Py, water comes to the free coal surface and the roadway
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face displacement reaches the standard value of 0.02-l, (/, is the hermetic sealing
depth of injection wells) [6]. In our case, [, = 3.2 m, therefore, the required face dis-
placement is 0.064 m.

a) ko — 0; b) ko =0.001 mD; ¢) ko =0.01 mD;
d) ko =0.1 mD

OO0 DO OO
—Dbhuoaaxwoo

Figure 6 — Distributions of the relative water pressure values p/piyj, in the near-face zone of
the coal seam

To investigate the effectiveness of the coal seam hydraulic extrusion for given in-
jection parameters, given initial, mining and geological conditions, graphs of water
inflow in the roadway face (Fig. 7) and its displacements (Fig. 8) at different time
steps were constructed.

0.5
—k0=0.1mD
0.4 —k0-0.01 mD
—k0-0.001 mD
03 k0=0.0 mD

0.2

0.1

Water inflow in the
roadway face, m*/hour

0.0
0 5 10 15

Time steps i
Figure 7 — Water inflows in the roadway face at different ko

In our conditions, water comes to the face surface in all cases, but at different
times and in different volumes. For &y = 0.1 mD this occurs at the 13th time step, for
ko=0.001 mD and 4y =0.01 mD at i = 14, for kp — 0 at i = 15. As we can see, at the
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minimum k, the water inflow is the smallest (Fig. 7) and occurs later. Therefore, ac-
cording to the criterion of the water coming to the roadway face, the coal seam hy-
draulic extrusion can be considered successful in all four cases.
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Figure 8 — Displacements of the roadway face at different time steps

Under the condition of pi,; = 30 MPa, the roadway face displacements reach the
control value of 6.4 cm only in the first case, when the initial permeability is minimal
(Fig. 8a). An increase in initial permeability does not lead to an increase in the road-
way face displacements (Fig. 8, 9). In Fig. 9, the curves ky=0.001 mD and
ko = 0.01 mD practically coincide.
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Figure 9 — Displacements of the central point of the roadway face at different ko
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According to the criterion of the coal seam displacement in the temporary road-
ways not less than 0.02-;, the coal seam hydraulic extrusion can be considered suc-
cessful only when &y — 0 (under the conditions adopted in this simulation).

5. Conclusions

To study the influence of the initial coal seam permeability on the effectiveness of
the coal and gas outbursts prevention measure, namely, hydraulic extrusion, numeri-
cal simulation of time-dependent coupled processes of elastic-plastic rock defor-
mation and liquid and gas filtration was performed. As a result of the study, the fol-
lowing conclusions were made.

The graphs of the time change of average permeability in the near-face zone of
the coal seam show that its increase before the start of injection is caused by the
roadway construction and the growth of the filtration area around it. When injection
begins, a sharp increase in average permeability occurs due to the spread of the per-
meable area around the filtering parts of the wells. The average permeability increas-
es for the second time at the end of the injection process, when the highly permeable
areas around the filtering parts of the wells and at the roadway face are connected,
after which water comes to the free coal surface.

It follows from the analysis of water pressure distributions in the fractured porous
space of coal that lower natural permeability leads to a decrease in the area of in-
creased water pressure around the filtering part of the wells; an increase in water
pressure in this area; an increase in water pressure gradients, which affects its ability
to expand cracks and promote their growth, as well as the dynamics of the hydraulic
extrusion process.

The efforts should help in selecting potential measures to prevent coal and gas
outbursts depending on the initial coal seam permeability, as well as in assessing the
technological parameters of hydraulic extrusion.
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AHATI3 BNUBY NOYATKOBOI MPOHUKHOCTI HA MPOLIEC MAPOBIMXUMAHHS BYTIbHOIO
MNACTA
Kpykoecekut O., MiHeee C., Kpykoeckka B., SIHxyna O.

AHorauis. OgHum 3 MeTogiB 3anobiraHHs BUKMAIB BYTINMA Ta ra3y € rigpoBiSkuMaHHs npuBmbinHOI YacTUHM nnac-
Ta. [opOBIMKMMaHHS 3AINCHIOETHCA LUMSXOM BUCOKOHAMIPHOIO HarHITaHHA BOAM Y BYriNbHUIA NNacT Yepes CBEpANOBUHY
y BMOOSIX OUMCHMX i NAroToBYNX BUPOOOK. Lieit MeToz BiapisHSETLCA Bif, IHLUMX BUCOKMM TUCKOM | TEMMOM HarHiTaHHs, a
TaKOX Mariol AOBXMHOI (iNbTPyHYOTI YaCTUHI CBEPANOBMHY, L0 3abeanevyye BUCYBaHHS Y BUPOOKY NpuBmGilHOI Yac-
TUHU BYTNBHOMO NNacTa, ii po3BaHTaxeHHs i Aerasavjeto. Ane Ha 1oro e(heKTUBHICTL BNvBae psag dhaktopis, cepes
SKUX NPUPOAHA NPOHWKHICTb BYriNbHOMO nacta. Y 38'a3ky 3 LM MeTOH0 Liei poboTu € aHanis BNnMBY NPUPOAHOI, noyart-
KOBOI MPOHMKHOCTI BYrifbHOTO Nnacta Ha nepebir NpoLecy riapoBiMKUMaHHS i KOr0 eqheKTUBHICTb. [ng AOCATHEHHS Me-
TW BUKOHAHO YMCENbHE MOLESIOBaHHS 3aneXHWX Bifg Yacy 3B's3aHMX MPOLECIB MPYXHO-NAACTUYHOMO AedhopMyBaHHS
NopoJHOro MacuBy i QinbTpavii piauHu i rasy, OTpUMaHO PO3NOAINM reoMexaHiyHuX i GinbTpaLinHux napameTpis B npu-
BMOINHII 30Hi BYrifIbHOrO Nnacta Npu PisHUX 3HaYEHHSX NOYaTKOBOI MPOHUKHOCTI.

Ipachikv 3MiHW y Yaci cepeaHbOT NPOHUKHOCTI B NPUBMGINHIN 30Hi BYriNbHOMO Nnacta NokasywTb, WO Ti 3p0CTaHHS
[0 NOYaTKy HarHiTaHHsa CpUYMHEHe NpoBedeHHsM BUPOOKK i pocToM obnacTi cinbTpauii B 6e3nocepeaHin 6nm3bKoCTi
Big BMOOI0. 3 NOYATKOM HarHiTaHHS piske 36iMbLUEHHs cepeaHbOi NPOHMKHOCTI BifOYBAETHCA BXE 3a PaXyHOK PO3MNOBCHO-
[PKEHHS! MPOHUKHOT 30HW HABKOMO (PINbTPYIOUMX YaCTUH CBEPANOBUH. Bapyre cepedHst NPOHUKHICTL MiABULLYETLCS Ha-
NPUKIHL NPOLIECY HarHITaHHS!, KON 3'€AHYITHCA BUCOKOMPOHUKHI 0611acTi HaBKOMO (INbTPYHYMX YaCTUH CBEPANOBUH i Y
BNBOI BUPOBKK, nicns Yoro BiabyBaeTbCs BUXiA BOAM Ha BUGIN. 3 aHanisy po3noginiB TUCKY BOAU Y TPILLMHHO-NOPOBOMY
MPOCTOPI BYriNns, BUNMMBAE, WO MEHLIA NPUPOAHA NPOHUKHICTL NPU3BOANUTL A0 3MEHLLEHHS MNowi 0bnacTi nigsuLLieHo-
ro TUCKY BOAM HABKOMO (PiNbTPYIOYOT YaCTUHU CBEPASIOBUHM; 30iNbLUEHHS TUCKY BOAM B Lt 061acTi; 3poCTaHHs rpagieH-
TiB TUCKY BOAM, LLO BNIMBAE Ha Ti 30ATHICTb PO3LLMPIOBATY TPILWMHW Ta CIPUSATK IX POCTY, @ TaKOX Ha AMHaMIKy npouecy
riapoBImXUMAHHS.

PesynbTaTi HaBeaeHOro aHaniay NOBWHHI AOMOMOITW y BMOOPI MOTEHLiMHWX 3aXO0AiB AN NONEpPe;KeHHs BUKMAB
BYTiNNS i rasy B 3aN€XHOCTI Bif NPOHWKHOCTI BYiNGHOrO Mriacta, a Takox B OLiHLi TEXHOMOMYHUX napameTpiB rigpoBi-
DKUMaHHS].

KntoyoBi cnosa: BuKug BYrinns i rady, rigpoBimkuMaHHs BYrifIbHOro niacra, 38’s3aHi NpoLeck, NPOHUKHICTb, Yuce-
NbHE MOJENOBaHHS.
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