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Abstract. Shelters in coal mines are used to protect miners during accidents associated with gassing of roadways,
fires, explosions of methane-air mixture. Supporting of the shelter must provide the necessary level of tightness to pre-
vent the penetration of noxious gases from the mine atmosphere or gas-bearing rocks. The purpose of this work is to
study the possibility of noxious gases penetration into a shelter in case of its sealing failure for the early detection of
weak constructional elements and to ensure safe conditions for people in the shelter during accidents. To achieve the
goal, methods of numerical simulation of time-dependent processes of elastic-plastic deformation and gas filtration were
used. A coal-rock mass with a roadway and an adjacent shelter with typical supporting elements were considered at a
depth of 400 m and 1000 m.

The study of the stress state of the shelter support showed that under the considered conditions, in the case of a
relatively small depth, hard steel and concrete constructional elements withstand the load without loss of their stability.
With an increase in the depth of the shelter location, inelastic deformation of the concrete barrier between the shelter
and the roadway occurs on a small area. The probable destruction of this zone will not lead to a violation of the entire
barrier integrity, which makes it impossible to start mass exchange processes between clean air in the shelter and harm-
ful combustion products in the roadway. The roof and walls of the shelter, covered with reinforced concrete and sealed,
remain practically impermeable from the next day after their construction in both the first and second cases. But later, in
the lower left corner of the shelter at a depth of 1000 m, methane from the coal seam begins infiltrating through the un-
supported and unsealed floor.

The developed numerical model can be used with other basic data on mining and geological conditions to identify
constructional elements of a shelter, which lose stability during operation and threaten the shelter's tightness. Timely
strengthening of such weak elements will prevent the danger of noxious gases infiltrating into the shelter.
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1. Introduction

Shelters in coal mines are used to protect miners from lack of oxygen and exposure
to noxious gases during accidents associated with gassing of roadways, fires, explosions
of methane-air mixture. They are also necessary for the work of rescuers who conduct
reconnaissance and must remove injured persons from the accident site [1-3]. Such shel-
ters are built in a niche adjacent to the roadway. The normative document [4] emphasiz-
es that support of the shelter must ensure the required level of tightness and repair-free
maintenance of the shelter during its operation. The shelter's tightness should be suffi-
cient to prevent the penetration of fire gases from the adjacent roadway [5—7]. It is also
necessary to ensure the supply of fresh air and its excess pressure of at least 50 Pa rela-
tive to the pressure in the roadway, which prevents the penetration of combustion prod-
ucts into the shelter.

The source of noxious gases ingress into the shelter can be not only the atmosphere
of the adjacent roadway, but also coal seams and rocks, which in the conditions of coal
mines of Ukraine have high gas content [8—12].

Gas penetration into the shelter is possible by:

- mass exchange between clean air in the shelter and harmful combustion products in
the roadway, provided the barrier between the roadway and the shelter is significantly
destroyed;

- infiltration of noxious gases through disturbed rocks and constructional elements
from the sources of release (gas-bearing rocks and coal) in case of shelter sealing failure.
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The processes of gas filtration [13—18] and mass exchange [19-22] were studied
by many scientists in different countries of the world. On the basis of elastic-plastic
mechanics and gas dynamics, a model of the coupled processes of gas filtration and
deformation of heterogeneous coal was developed, the effect of coal heterogeneity on
gas filtration and coal destruction was studied [15]. Simulation of gas filtration to
wells in a coal seam, the permeability of which was increased by hydraulic fracturing
[18], was performed. The effect of the type of support on filtration processes in the
vicinity of a roadway, the movement of filtration flows during the operation of degas-
sing wells, and the use of protective structures in the drift were studied [13, 18].
However, the possibility of methane filtration from a disturbed gas-bearing mass into
a sealed underground structure with various types of support in case of loss of stabil-
ity of some constructional elements has not been investigated before.

An important factor affecting the gas filtration process is the permeability of rocks
and coal, which depends primarily on their stress state [23—26]. Therefore, a thorough
study of stress fields in the layered, gas-bearing rock mass with the roadway and the
shelter, the stability of their constructional elements is necessary in order to explore
the possibility of the penetration of noxious gases into the shelter.

In view of the above, the purpose of this work was to study the possibility of nox-
ious gases penetration into a shelter in case of its sealing failure for the early detec-
tion of weak constructional elements and to ensure safe conditions for people in the
shelter during accidents.

2. Problem definition

To achieve the goal, the following tasks were fulfilled:

1) the time-dependent deformation of the coal-rock mass and elements of support
was investigated;

2) the possibility of mass exchange between clean air in the shelter and harmful
combustion products in the roadway was investigated;

3) the process of gas filtration from the sources of its release to the shelter in case
of loss of stability of concrete constructional elements with their sealing failure was
investigated.

For the calculations, a typical design of the shelter adjacent to the roadway, which
is driven through the coal seam, is considered, figure 1. Both the roadway and the
shelter are supported with frames, the astel of the walls and the roof is reinforced
concrete, the shelter is separated from the roadway by a concrete barrier 200 mm
thick. The floor of the shelter is located 700 mm above the floor of the roadway.

The simulation was performed under the conditions when the roadway is located
at a depth of 400 m and 1000 m, the host rock is argillite, the coal seam has a natural
gas content of 20 m3/t, seam methane pressure at a depth of 400 m is 3 MPa, at a
depth of 1000 m it is 8 MPa. The properties of the rocks and support’s materials used
in the calculations are given in the table 1.
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Figure 1 — A typical design of the shelter

Table 1 — The properties of the rocks and support’s materials
Rocks and Ultimate Modu}u§ of Poisson's Cohesion Friction
materials strength clasticity ratio, v C, MPa angle ¢, deg
o:, MPa E, GPa ’ ’ ’
Argillite 25 12 0.32 7 30.0
Coal 15 5 0.26 4.5 28.5
Steel 650 200 0.25 - -
Concrete 40 20 0.2 11.5 30.0
Reinforced concrete 50 24 0.2 13.9 32.0
Backfilling 2 1,2 0.18 0.7 20.0
3. Methods

To solve the problem, numerical simulation of the following coupled processes
was performed:

- time-dependent deformation of the rock mass and support’s elements;

- gas filtration from the sources of release to the shelter in case of loss of stability
of concrete supporting structures with their sealing failure.

The stress-strain state of the rock mass in the vicinity of the roadway is described
by the system of equations [13, 27]:

0

Cgauizaij,j +Xl(t)+1)l(t)’ (1)

where ¢, — damping coefficient, kg/(m*s); u; — displacements, m; ¢ — time, s; ;;; —
derivatives of the stress tensor components for x and y axes respectively, Pa/m; X(¢) —
projections of the external forces per unit volume of rocks, N/m?; P,(f) — projections
of forces due to gas pressure within the crack-pore space, N/m°.

The initial and boundary conditions for this problem are:
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where y— average weigh of the overlying rock seams, N/m?; H — mining depth, m; A
— the side thrust coefficient; u,, u, — components of the displacement vector, m; €2; —
the vertical boundaries of the outer contour; 2, — the horizontal boundaries of the
outer contour.

Coulomb-Mohr criterion [28, 29] is used in mathematical description of rock tran-
sition into a disturbed state. The stress field is analysed using the geomechanical pa-
rameter Q*, which characterizes the difference of the principal stress tensor compo-
nents:

* 0'1—0'3
_21793 3
0 H (3)

where o7, 03 — maximum and minimum component values of the principal stress ten-
sor, Pa.
The gas filtration process in the disturbed area is described by the equation [14]:

) k 52 2 82 2
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where p — gas pressure, Pa; k.., — filtration permeability caused by mining operations,
m?; u, — gas viscosity, Pa-s; m — rock porosity, %; g — gas release function, that simu-
lates methane desorption.

The permeability k.., of rocks and concrete, depending on their stress state, is de-
termined by the equations obtained by the authors earlier [13, 27].

The initial and boundary conditions are:

Plig=po;  Plo, =Pas  Plo, =P Plays)=Pos (5)

where py — seam pressure, Pa; (23 — unsealed roadway contour; p,, — air pressure, Pa,
pa = 0.1 MPa; Q4 — unsealed shelter contour; py, — pressure in the shelter, Pa,
Psh = par + 50 Pa; Qs(¢) — the time-dependent boundary of the filtration area.

We assumed that the tightness of the constructional elements is broken if they ex-
ceed the strength limit. Then the next boundary condition, which is set at each time
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step after the calculation of the zone of inelastic deformations, 1s added to conditions

(%):
p‘Q6 = Psh> (0)

where Q¢ — elements of concrete support with broken tightness.

Problem (1), (4) with boundary and initial conditions (2), (5) and (6) are solved
using the finite element method [30-32] with the help of authors’ software. At each
time step, the stress field and the zone of inelastic deformations are calculated; the
permeability in the filtration area is calculated on the basis of the obtained data; then
the places of sealing failure and the parameters of the gas filtration process (pressure,
filtration speed and the amount of gas penetrating the shelter) are determined.

4. Results and discussion

Analysis of the stress fields in the coal-rock mass and stability of the construc-
tional elements of shelter.

In a series of numerical calculations, the stability of the roadway and the shelter at
depths of 400 m and 1000 m was investigated. Figure 2 presents the results of calcu-
lation of Q* parameter values and the zones of inelastic deformations, which are
shown in red, in rocks and support at different time points.

It is clearly seen that over time the area of increased difference of the principal
stress tensor components (Q* parameter) expands around the roadway and the shel-
ter. This parameter is a relative value, so its distributions at different depths are al-
most the same. Small differences are caused by the different intensity of the inelastic
deformation process at depths of 400 m and 1000 m. In one day, the zone in the roof
of the shelter, where Q* > 0.4, spreads by 1.5 m, reaches 4.9 m in 3 days, and in 10
days it is already 6 m deep. An increase in Q* parameter values leads to an increase
in both the intensity of cracking and the filtration permeability of the host rocks
around the roadway.

The zone of inelastic deformations, where the strength limit of the rock is exceed-
ed, also grows over time around the roadway and the shelter. But, as can be seen in
figure 2, in the case when H = 400 m, it is much smaller. Figure 3 shows the graphs
of the increase in the area of the zone of inelastic deformations in the rocks around
the roadway with the shelter and in their support at different depths. If H = 1000 m, at
different time points, the area of the zone of inelastic deformations is 2.3-3.2 times
larger than at a depth of 400 m.

Regarding the stress state of the support for the shelter, in the case of a relatively
small depth of its location, we can see that over time Q* parameter values in the sup-
porting elements increases, but hard steel and concrete elements withstand the load
without loss of stability (figures 2a—2c, left side).
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Figure 2 — Distributions of Q" parameters values and zones of inelastic deformations in rocks and
supporting elements: H = 400 m (left side); H = 1000 m (right side)
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Figure 3 — Time change of the rock area with inelastic deformations
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Under these conditions, the concrete barrier, which is part of the construction of
the partition between the roadway and the shelter, is elastically deformed and per-
forms its function of supporting the rock arch. But at H= 1000 m, some supporting
elements begin to lose their stability in one day, and at each time step, there are more
and more such elements. Enlarged fragments of the calculation area with the shelter
are shown in figure 4.

a) t =1 day; b) t =3 days; ¢) = 10 days

Figure 4 — Distributions of Q" parameters values and zones of inelastic deformations in supporting
elements of shelter, H = 1000 m

After 10 days (figure 4c¢), even the 200 mm thick concrete barrier, which separates
the shelter from the roadway, begins to fracture. That is, with an increase in the depth
of mining operations, the support of the roadway and the shelter needs reinforcement.

Ingress of noxious gases into the shelter in case of its sealing failure.

The source of noxious gases is the atmosphere of the adjacent roadway. The pres-
sure differential causes the start of process of gas filtration through disturbed rocks
and support. If the air pressure in the roadway is equal to atmospheric pressure, then
the excess pressure in the shelter will prevent the penetration of noxious gases from
the roadway through disturbed host rocks. The air pressure in the adjacent roadway
can increase significantly during the explosion of the methane-air mixture [33]. But
this is a short-term increase for a time that is incomparably shorter than the time re-
quired for the development of a slow filtration process.

If the partition between the roadway and the shelter is significantly fractured, the
development of mass exchange processes between clean air in the shelter and harmful
combustion products in the roadway is possible [19]. Mass exchange occurs due to
the diffusion of gases, as well as mechanical mixing, in the direction of the phase
with a lower concentration of the component [20-22]. Therefore, the integrity of the
concrete barrier is a guaranteed protection against ingress of combustion products in-
to the shelter during an explosion.

We considered the possibility of concrete barrier disintegration, which is the main
element of the partition between the roadway and the shelter (figure 1), at depths of
400 m and 1000 m (figure 5).
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Figure 5 — Zones of inelastic deformations in the concrete barrier and other elements of the partition
between the roadway and the shelter

The hard concrete barrier withstands the load and maintains its integrity in both
cases at the considered depths of mining operations. A small zone of inelastic defor-
mations occurs in the lower part of this constructional element, from the inner side,
figures 5g and 5h. But the inelastic deformation of the concrete barrier occurs in a
small area and the probable destruction of this zone will not lead to a violation of the
entire barrier integrity. In the considered cases, with the assumed boundary, initial,
mining and geological conditions, with given properties of rocks and materials, harm-
ful combustion products do not penetrate into the atmosphere of the shelter from the
roadway.

The source of noxious gases is the coal seam. Methane pressure in the coal seam
is significantly higher than the air pressure in the shelter [34], therefore, if there is a
permeable area around the shelter and if its sealing is failed, methane from the coal
seam can penetrate into the shelter. The process of methane filtration from the coal
seam to the shelter was investigated, figure 6 shows distributions of methane pressure
values, figure 7 shows the trajectories of its filtration at different time points at depths
of 400 m and 1000 m.

According to the typical support scheme (figure 1), the floor of the roadway and
shelter is not sealed, and therefore the pressure of the gas contained in the fracture-
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pore space of the disturbed rocks in the floor gradually drops. If there were sources of
methane release under the shelter (coal seams or gas-bearing sandstones), methane
from them would be filtered into the atmosphere of the shelter and the roadway.

a) t=1day; b) t = 3 days; ¢) t = 10 days

Figure 6 — Distribution of gas pressure values and directions of its filtration: H = 400 m (left side);
H=1000 m (right side)

The roof and walls of the roadway and the shelter, covered with reinforced con-
crete and sealed, remain practically impermeable from the next day after their con-
struction in both the first and second cases (figure 6a). But in the lower left corner of
the shelter there is methane ingress from the coal seam through the unsupported and
unsealed floor (figure 7a).

At a depth of 400 m, this situation remains unchanged throughout the research pe-
riod, which was 20 days. Trajectories of methane filtration do not cross the side sur-
face of the shelter, in the immediate vicinity of it, the directions of movement of the
filtration flow are directed parallel to the shelter surface. Methane from the coal seam
ingresses into the shelter only through disturbed rock in the lower left corner (figures
6a-6c¢, left side, and figures 7a—7c, left side).
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Figure 7 — Trajectories of methane filtration: H = 400 m (left side); H = 1000 m (right side)

With the loss of stability of some concrete supporting elements at a depth of
1000 m and the violation of their tightness (figures 4b and 4c), a new path appears for
the ingress of noxious gases into the shelter, where air pressure is much lower than
methane pressure in the coal seam. Methane pressure drops behind the concrete astel
in the places where its tightness is broken (figures 6b and 6c¢, right side). Trajectories
of methane filtration cross the surface of the shelter’s wall both in its upper and lower
parts (figures 7b and 7c, right side). At the same time, the average rate of methane
filtration increases by 3.5-3.9 times (figure 8); gas release into the shelter increases
by 2.7-4 times at different time points (figure 9).

The typical support, which includes the steel frames, the concrete barrier, the rein-
forced concrete astel for the walls and roof (figure 1), does not ensure the stability of
the shelter and its tightness at great depths. It requires strengthening with rock bolts
[35], increasing the thickness of concrete structures in weak places identified by nu-
merical simulation, and sealing the floor of the shelter to prevent ingress of noxious
gases through disturbed rocks.
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Figure 9 — Gas release in the shelter

6. Conclusions

Numerical simulation of the coupled processes of time-dependent elastic-plastic
deformation and gas filtration was made. The coal-rock mass with the roadway and
the shelter, as well as their supporting elements at depths of 400 m and 1000 m were
considered.

The study of the stress state of the support in the shelter showed that under the
considered conditions, in the case of a relatively small depth, the difference of the
principal stress tensor components in the supporting elements increases, however
hard steel and concrete constructional elements withstand the load without loss of
their stability. The concrete barrier, which is part of the construction of the partition
between the roadway and the shelter, is elastically deformed and performs its func-
tion of supporting the rock arch under these conditions.

With an increase in the depth of the shelter location, inelastic deformation of the
concrete barrier between the shelter and the roadway occurs on a small area. The
probable destruction of this zone will not lead to a violation of the entire barrier in-
tegrity, which makes it impossible to start mass exchange processes between clean air
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in the shelter and harmful combustion products in the roadway. The roof and walls of
the shelter, covered with reinforced concrete and sealed, remain practically imperme-
able from the next day after their construction in both the first and second cases. But
later, in the lower left corner of the shelter at a depth of 1000 m, methane from the
coal seam begins infiltrating through the unsupported and unsealed floor.

According to the performed calculations, the typical support, which includes the
steel frames, the concrete barrier, the reinforced concrete astel for the walls and roof,
does not ensure the stability of the shelter and its tightness at great depths. It requires
strengthening with rock bolts, increasing the thickness of concrete structures in weak
places identified by numerical simulation, and sealing the floor of the shelter to pre-
vent ingress of noxious gases through disturbed rocks.

The developed numerical model can be used with other basic data on mining and
geological conditions to identify constructional elements of a shelter, which lose sta-
bility during operation and threaten the shelter's tightness. Timely strengthening of
such weak elements will prevent the danger of noxious gases infiltrating into the shel-
ter.
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YUCENBHUN AHATNI3 MOXNUBOCTI NPOHUKHEHHS LLKIANMUBUX FA3IB B KAMEPY-CXOBULLE,
PO3TALLOBAHY B TASOHOCHOMY BYrnmenorPOaHOMY MACUBI
Kpykoecbka B.B., Kpykoecbkut O.[1., JemyeHko C.B.

AHoTauisn. Kamepu-cxoBuila y BYriNbHUX LIAXTax BUKOPWUCTOBYKTBCS AN 3aXMCTY TipHMKIB Mig 4ac asapii,
MOB'A3aHMX i3 3ara3oBaHICTHO TipHUYMX BUPODOOK, NOXexamu, BuOyxamnm MeTaHO-NOBITPSHOI CyMmili. KpinneHHs kamepu-
CxoBULLa Mae 3abeanevyBaTti HeOOXigHWA piBEHb repMETUYHOCTI Ans 3anobiraHHs NPOHUKHEHHLO B HEi LWKIAMMBMX rasiB
i3 WaxTtHoi atMoctepu abo 3 ra3oHocHoro macuey. MeTa poboTu — JOCHIMKEHHS MOXIMBOCTI NMPOHUKHEHHS LUKIANMBIX
rasis B kamMmepy-CXOBWLLE Y pasi NOPYLUEHHS ii repMETUYHOCTI AN5 3aBYACHOTO BUSIBNEHHS CNabKnX eNeMEHTIB KOHCTPYK-
Lii i 3abe3neyeHHst Ge3neyHnx ymoB nepebyBaHHs Nogei B KAMEPI-CXOBMLLi Mg yac aBapin. [ins QOCArHEHHS METU Bu-
KOPWCTOBYBAMUCb METOAM YMCENBHOMO MOJENOBAHHS 3amneXHuX Bif Yacy 3B'A3aHWX MPOLECIB MPYKHO-NNACcTUYHOMO
AedopmMyBaHHs | dinbTpauii rasy. byno po3rnsHyTo ByrnenopogHuii Macve 3 FipHUYOK BUPOBKOK | NPUAErnow ao Hei
KaMepoto 3 TUMOBUMU eneMeHTamm KpinneHHs Ha rmnbuHi 400 m i 1000 M.

JocnifxeHHs HanpyXeHOoro CTaHy KpinneHHsl kamepy-CXOBULLA NoKa3arno, Lo 3a po3rnsaHyTUX YMOB, Y BUNAJKY Bi-
AHOCHO HEBENMKOT MMNBWUHN MilHi CTanesi i 6ETOHHI ENeMEHTU KPINSIEHHS BUTPUMYIOTb HaBaHTaXeHHs 6e3 BTpaTu CTilt-
KocTi. 13 36inbLUEHHAM rMOMHM PO3TallyBaHHS kKaMepu-CXOBULLA Ha Manin oL BiabyBaeTbCa HenpyxHe aedopmy-
BaHHA 6ETOHHOI NeperopoaKkin MiX Kamepoto i BUPOBKoIo. /IMOBIpHe pyitHyBaHHS L€ 30HW He Npu3Bene A0 MOPYLIEHHS
LiniCHOCTI BCIi€i Neperopoakm, Lo YHEMOXIMBIIOE PO3BUTOK MACOOBMIHHMX MPOLECIB MK YACTUM MOBITPAM B Kamepi-
CXOBWLL i LUKIANMBUMU NPOAYKTaMM ropiHHS B BMUpoOL. IMokpiens i 6ok kamepw, BKPUTI 3ami30BETOHHOK 3aTSKKOMO i
3arepMeTM30BaHi, Yepes 4oby Micns X CNOpYMKEHHS 3anULLAKTLCS NPAKTUYHO HEMPOHWUKHUMM i B MEPLLOMY i B ApYromy
BMNagkax. Ane 3rogom B NiBOMY HWXHbOMY KyTKy kamepu-cxoBuiya Ha rmubuni 1000 M nOYMHAETbCA NpOCOYYBaHHS
MeTaHy 3 BYriNbHOrO Nnacta Yepes HesakpinneHy i HesarepMeTU3oBaHy nigoLuBy.

Po3pobneHy uncenbHy Moaenb MOXHa BUKOPUCTOBYBATH i 3 IHLUMMM BUXIZHUMW SAHAMM LWOAO TiPHUYO-TE0NONiYHIX
YMOB AJ151 BUSIBNIEHHS €MEMEHTIB KOHCTPYKLi KPINMEeHHs Kamepu-CXoBMLLa, ki BTpaYatoTb CTIMKICTb B MPOLEC ekcnnya-
Taujii | 3arpoXytoTb repMETUYHOCTI Kamepu. 3aBYacHe NOCUINEHHS TaKuX Crabkux enemeHTiB J03BONUTL YHUKHYTU Hebe-
3MeKn NPOCOYyBaHHS LUKIANMBMX ra3iB BCEpeanHy kamepu.

KntouoBi cnoBa: geopmyBaHHs nopig B Yaci, kamepa-CXOBWLLE, NOPYLUEHHS repMETUYHOCTI, QinbTpaLis rasy,
yncernbHe MOAENIOBAHHS.
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