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Abstract: Underground coal gasification (UCG) is a clean and automated coal technolog-
ical process that has great potential. Environmental hazards such as the risk of ground
surface subsidence, flooding, and water pollution are among the problems that restrict the
application of UCG. Overburden rock stability above UCG cavities plays a key role in the
prevention of the mentioned environmental hazards. It is necessary to optimize the safety
pillar width to maintain rock stability and ensure minimal coal losses. This study focused
on the investigation of the influence of pillar parameters on surface subsidence, taking into
account the non-rectangular shape of the pillar and the presence of voids above the UCG
reactor in the immediate roof. The main research was carried out using the finite element
method in ANSYS 17.2 software. The results of the first simulation stage demonstrated
that during underground gasification of a thin coal seam using the Controlled Retraction
Injection Points method, with reactor cavities measuring 30 m in length and pillars ranging
from 3.75 to 15 m in width, the surface subsidence and rock movement above gasification
cavities remain within the pre-peak limits, provided the safety pillar’s bearing capacity is
maintained. The probability of crack initiation in the rock mass and subsequent environ-
mental hazards is low. However, in the case of the safety pillars’ destruction, there is a high
risk of crack evolution in the overburden rock. In the case of crack formation above the
gasification panel, the destruction of aquiferous sandstones and water breakthroughs into
the gasification cavities become possible. The surface infrastructure is therefore at risk of
destruction. The assessment of the pillars’ stability was carried out at the second stage using
numerical simulation. The study of the stress—strain state and temperature distribution in
the surrounding rocks near a UCG reactor shows that the size of the heat-affected zone
of the UCG reactor is less than the thickness of the coal seam. This shows that there is no
significant direct influence of the gasification process on the stability of the surrounding
rocks around previously excavated cavities. The coal seam failure in the side walls of the
UCG reactor, which occurs during gasification, leads to a reduction in the useful width
of the safety pillar. The algorithm applied in this study enables the optimization of pillar
width under any mining and geological conditions. This makes it possible to increase the
safety and reliability of the UCG process. For the conditions of this research, the failure of
coal at the stage of gasification led to a decrease in the useful width of the safety pillar by
0.5 m. The optimal width of the pillar was 15 m.

Keywords: underground coal gasification; pillars stability; surface subsidence; multiple
gasification cavities; thin coal seam gasification; safety pillar width
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1. Introduction

In the current century, humanity is on the verge of a global transformation in the energy
sector. Global warming requires decisive and effective measures to reduce anthropogenic
greenhouse gas emissions. The decarbonization vector is one of the global policy priorities
of governments around the world after the Paris Agreement pledges [1], which was also
emphasized in 2021 during the COP26 Summit in Glasgow [2].

However, despite the rapid progress of renewables in the last decade and the increase
in their share of electricity production to 15%, the role of traditional energy sources is still
too high. The energy crisis in Europe in 2022 showed the insufficient pace of the green
transition and the impossibility of quickly abandoning fossil fuels [3]. It turned out that the
generation of wind power and solar power, which at first provided a jump in green energy,
has limited growth potential. Therefore, to further advance the sustainable development of
the economic and energy sectors, it is necessary to introduce new green technologies.

Nowadays, coal provides about a quarter of the world’s energy generation. The avail-
ability of the world’s coal reserves is significant (about 55% of major fossil
fuels) [4,5]. The dynamics of coal production in the world, unfortunately, still do not
show a downward trend. Coal’s share of total global energy generation remains around
36% [6]. This is not on track with the Net Zero Scenario. Due to the uneven transition
from fossil fuels around the globe, there is a redistribution of coal production, with a
shift in its production toward the Asia Pacific region. Traditional coal extraction methods
and coal-fired plants cause huge emissions of carbon dioxide and methane. Clean coal
technology—specifically, underground coal gasification (UCG)—does not have these disad-
vantages. This technology ensures the underground conversion of coal into energy and the
production of syngas. Gasification occurs at temperatures of more than 1000 °C. During the
process of underground coal gasification, voids (UCG reactor cavities) are created. The coal
ash and gangue are retained in these UCG voids [7-10]. UCG can be used in coal seams
with difficult conditions (low thickness, high ash content, great depth, large bedding angle).
At the same time, the risk of accidents, methane gas explosions, and underground rock
bursts disappears because UCG is an automated technology. Considering the significant
coal reserves on the planet, UCG as a green technology has great potential.

Among the problematic issues that restrict the application of UCG, associated en-
vironmental hazards play a significant role. First of all, there is a high risk of ground
surface subsidence, flooding, and water pollution due to the fracturing and displacement
of overburden above the UCG reactor cavities.

The formation of voids due to coal gasification causes a redistribution of stresses
around the reactor cavities, the growth of existing cracks, and the formation of new cracks
in the surrounding rock. An additional local change in the stress field during UCG is
caused by thermal stress near the reactor. As a result, the roof above the reactor cavities can
collapse, forming complex vaulted and dome-shaped cavities [11]. The evolution of these
fractures leads to inelastic deformations and the bending of overburden rocks, which can
cause UCG fluid emission [12], ground subsidence, and groundwater contamination [13].

Rock stability above UCG reactor cavities plays a key role in preventing environmental
hazards. Since artificial support of UCG cavities is not employed, the application of safety
pillars between reactors is the only available method of rock stability control. The width of
the pillar must be of sufficient size to maintain roof stability, which explains the aspiration
to increase it. At the same time, it is desirable to minimize coal losses, which explains the
aspiration to reduce the width of the pillars. Therefore, the optimization of pillar width is
an important issue [14-16].
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Today, there are three main strategies for preventing environmental hazards over
goaf: optimizing pillar sizes, filling the goaf, and overburden rock grouting. Goaf filling
requires a significant effort in the organization of work and is not implemented currently
in underground gasification. Grouting reinforcement construction is only used as a backup
(in case of an accident) plan due to its time consumption and high cost. The simplest
and cheapest way is to optimize pillar sizes. With optimal pillar sizes, two important
conditions are achieved. First, overburden rock retains its bearing capacity and the fracture
zone does not reach the aquifers and the surface. This avoids the negative environmental
consequences of underground gasification and avoids the risks of destruction for surface
infrastructure and groundwater inflow. Second, coal losses in pillars are minimal and
gasification efficiency is high. Therefore, this study adopted the strategy of attempting to
optimize pillar width.

Many scholars have investigated coal pillar stability during UCG [17,18], as well as
strata movement and surface subsidence above UCG reactor cavities [17,19]. The main
research method used is numerical simulation. However, these numerical models dif-
fer from the conventional models that were used to calculate subsidence during long-
wall or room-pillar mining, since they take into account the thermal impact on coal and
surrounding rocks.

Ranjith et al. [20], Zhang et al. [21], and Wang et al. [22] demonstrated that temperature
has a significant effect on rock properties. However, a study presented by Ekneligoda
etal. [23] showed that the degradation of the mechanical properties of the rock surrounding
the burned zone due to heating has a marginal effect on ground subsidence. Ekneligoda
et al. [23] used a coupled thermal-mechanical numerical model to evaluate ground subsi-
dence for single and multiple (parallel) panels.

Therefore, in the case of simulating strata movement and surface subsidence above a
UCG reactor, it is permissible to consider temperature only as an additional stress source.
Changes in the properties of surrounding rocks in the heating zone are usually neglected.

Wang et al. [24] used a multifield coupled numerical simulation method with three
subroutines on the ABAQUS platform to analyze the evolution of thermal-force-chemical-
displacement fields after gasification. UCG is simulated using the controlled retraction
injection point (CRIP) technology. Yang et al. [25] developed a thermal-mechanical coupled
model in ABAQUS software to predict heat transfer, stress distributions around the UCG
reactor, and the consequent surface subsidence. Zha et al. [26] used a finite element model
coupled with a heat transfer module in COMSOL to simulate the movement of a coal seam
roof and surface subsidence during the underground coal gasification process. Lee et al. [27]
studied the impact of cave types on ground stability through finite element analysis in
PLAXIS 2D. Liu et al. [28] studied the factors that change the rock strata movement and
surface subsidence during the underground coal gasification (UCG) process.

Rezaei et al. [29] used numerical analysis, neural networks, fuzzy logic, and statistical
analysis to estimate the vertical displacement of the middle and key points of the roof
and floor of a UCG cavern under different conditions. Elahi et al. [30] found that the
linear elastic model with stress rebalancing can predict rock deformation accurately in
the simulation results of the movement and damage of surrounding rock under elastic-
plastic models taking into account the thermal-mechanical effect. Jiang et al. [31] studied
the influences of the gasification sequence on surface subsidence based on two different
scenarios with ANSYS code under the elasticity regime. This study is worthy of attention
because it considered not a single reactor cavity but multiple gasification cavities.

Xu et al. [32] analyzed hyperbolic coal pillar stability based on the fact that the shape of
pillars during underground gasification differs from rectangular (parallelepiped). Numeri-
cal simulations of stress distribution under different stripping degrees, room conditions,
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and high temperature were used. Li et al. [33] used numerical simulations to investigate
how arch height, pillar height and width, and mechanical characteristics affect hyperbolic
pillars under the combined effects of stress and high temperature. This study used the
UCG technique with strip mining, face mining, and gasifier-controlled retraction injection
technology. The results indicate that arch height has a strong influence on pillar stress.

A literature review shows that the issues of surface subsidence and the stability of the
pillars between reactors were usually studied separately. The works of Xu et al. [32] and
Li et al. [33] bring the study of pillar stability closer to the real situation, when the pillar
walls are not straight due to coal gasification. This is confirmed by field monitoring of the
cavity forms presented in [11]. However, the aforementioned authors did not study the
influence of pillar parameters or their stability on surface subsidence. Studies on surface
subsidence above UCG cavities usually do not take into account the actual (non-rectangular)
shape of these cavities and pillars. Moreover, the fact that a cavity in the form of a dome
or arch is formed above the reactor—and that the cavity itself is filled with combustion
products and collapsed roof rocks, as described in [11]—is also not taken into account.
In addition, subsidence does not evolve instantly but rather develops over a fairly long
time period (sometimes up to several years) after coal extraction. The temperature of the
rock stabilizes during this time. Thus, thermal stresses primarily affect the stability of the
roof and pillars, but do not directly affect surface subsidence. Therefore, it is advisable to
carry out surface subsidence analysis step-by-step: at the time of gasification, thermal and
mechanical stresses should be taken into account, and after coal gasification is completed,
only mechanical stresses should be taken into account. The aforementioned issues constitute
aresearch gap. The aim of this study is to investigate the influence of pillar width on surface
subsidence, taking into account pillar shape and the presence of a cavity above the UCG
reactor in the immediate roof.

The multifield finite element analysis performed using ANSYS software was used to
study surface subsidence, the stress—strain state, and temperature distribution in the sur-
rounding rock. The sizes of the heat-affected zones near the UCG reactor in the surrounding
rock were determined. A reduction in the pillar’s useful width due to coal gasification was
established. The minimum required width of the pillar between the reactor cavities, which
would prevent the negative impact of the gasification process on surface subsidence and
overburden movement, was determined. This result makes it possible to increase the safety
and reliability of the UCG process.

2. Engineering Background
2.1. Geological and Engineering Conditions

Ukraine has significant coal reserves, estimated at 120 billion tons, ranking first in
Europe [34]. However, due to the Russian invasion, some of the coal mines in the territory
controlled by the Ukrainian government were destroyed, and some stopped production
due to air attacks, artillery shelling, and the destruction of coal-fired plants. The post-war
reconstruction of the country will require significant energy resources.

The lack of significant oil and gas reserves, combined with the country’s substantial
coal reserves, determines the great potential of underground gasification. Destroyed
infrastructure of Ukrainian coal mines and the global trend toward decarbonization have
made this technology especially promising.

The Kotlyarevska mine was the research object of this study. This mine is located in
the southwestern part of the Pokrovsk region, Donbas, Ukraine. Currently, coal production
at the mine has been stopped due to the destruction of surface infrastructure. The mine’s
coal reserves are contained in two seams, 1; and kg. The reserves of the kg seam are almost
depleted, while seam 1; was being mined. The remaining reserves of the latter seam
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are estimated at 34.6 million tons of hard coal. It is expedient to consider this seam for
the implementation of an underground gasification project. The mining and geological
conditions of the mine are typical for the southern Donbas region. The thickness of the coal
seam was 1.05-1.35 m and the dip angle varied from 11 to 13 degrees. The immediate roof
strata of the coal seam in the studied area are weak mudstone, with a thickness of up to
3.0 m. The main roof is sandstone with the thicknesses of up to 30 m. The floor of the coal
seam is represented by mudstone, with a thickness of 3.0 m, and sandy mudstone, with a

thickness of up to 8.0 m. Underneath is massive sandstone (Figure 1a).
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The rock mass in the mine field is characterized by Carboniferous rocks, represented by
sedimentary deposits of sandstone, sandy mudstones, mudstones, limestones, and middle
Carboniferous coal seams. The coal-bearing strata are represented mainly by layers of
sandstone, sandy mudstones, and mudstones of different thicknesses. The average uniaxial
compressive strength is as follows: sandstones—50-60 MPa, sandy mudstones—35-40 MPa,
and mudstones—18-28 MPa. Figure 1a shows the lithological column of Carboniferous
rocks. For the numerical simulation performed in this study, the lithological column was
simplified, and the rock strata were combined into groups. The groups differed in the
proportion of sandstones in the considered strata. Even visually, it is clear that in group
4, the proportion of sandstones is greater than in group 3. The inclusion criterion for the
strata group was the average weighted compressive strength. If the strength of a rock
lithotype differed by more than 20% from the average strength of the group, this lithotype
was included in a new group. In this case, layers with a thickness of more than 1.0 m were
taken into account. After that, the grouping process was repeated.

Carboniferous strata are found under the cover of Quaternary and Paleogene-Neogene
deposits. Paleogene sediments are found on Carboniferous rocks with an angular uncon-
formity, deposited by quartz sands, clays, and rocks, with lenses of ferruginous sandstones
and quartzites. Neogene deposits are found in the form of islands in the western and
southwestern parts of the Donbas. These are usually clays and sands. Quaternary sedi-
ments are represented by clays and loams with a thickness of 10-20 to 50 m, distributed
almost everywhere.

The hydrogeological conditions in the mine field are favorable. Water inflows into the
working faces during operation did not exceed 3 cubic meters per hour. There is no danger
of water breakthrough from aquifers. Safety pillars are located near large geological faults,
and coal gasification in such areas is not recommended. Therefore, the article does not take
into account the influence of fault structures and other geological factors on the subsidence.

The part of the 1; seam with a dip length of 300 m is adopted as a coal gasification
panel. The upper boundary of this panel is located at a depth of 392 m, while the lower
boundary is located at a depth of 465 m (Figure 1b).

This article examines three UCG scenarios. In scenario #1, the safety pillar width
was 15 m, in scenario #2, it was 3.75 m (Figure 1b). In this way, the smallest and the
largest values of the rational range of the pillar width were modeled [24-28]. In scenario
#1, the gasification panel had seven cavities and six pillars (70% of coal extraction), while
in scenario #2, it had nine cavities and eight pillars (90% of coal extraction). Both of these
scenarios assume the sustained stability of the coal pillar. Also, a pessimistic scenario
assuming the failure of safety pillars between the reactor cavities was simulated. In this
case, the surface subsidence responses to the accident were studied.

2.2. Project Overview

The Parallel Controlled Retraction Injection Point (CRIP) method was employed in
this research study (Figure 2). CRIPs are components used in UCG processes to inject air,
oxygen, or steam into the reactor. The main goal of using the CRIP method in UCG is to
facilitate the controlled conversion of coal into synthetic gas (syngas) underground, which
can then be extracted for a variety of energy and industrial applications [35,36]. Linear
CRIP involves a single injection well and a single production well. The produced gas is
collected through the production well. Parallel CRIP involves multiple injection wells
and multiple production wells. The injection wells are drilled parallel to the coal seam.
The injection wells are then retracted at a controlled rate, and the coal is gasified as the
combustion front moves upward [37]. The producer gas is collected through the production
well (Figure 2). A comparison of the linear CRIP and parallel CRIP technologies by Seifi
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et al. [36] and Lozynskyi et al. [37] showed a higher efficiency of synthesis gas produced
using parallel CRIP. In addition, the Parallel CRIP method is characterized by more stable
gas production levels and increased coal utilization rates. This corresponds to the concept
of a sustainable and efficient world energy system.

Production

T well

<
‘Q%%’.QL pillar width

Figure 2. Parallel Controlled Retraction Injection Point (CRIP) method.

Multiple gasification cavities were investigated using parallel CRIP. The length of the
reactor cavities was 30 m. The numerical simulation was carried out in two stages. At the
first simulation stage, scenario #1, scenario #2 and pessimistic scenario were simulated. A
caved zone in the form of an arch was modeled above the gasification cavity. The height
of the caved zone was equal to 8.4 m, which is 8 times higher than the thickness of the
coal seam [38,39]. The caved zone was filled with combustion products and collapsed roof
rocks. The aim of the first simulation stage was to analyze the surface subsidence and rock
mass movement above the gasification cavities for different pillar widths. Moreover, there
was another aim: to analyze the surface subsidence and rock mass movement in the case of
the failure of the safety pillars between the reactor cavities.

At the second simulation stage, the stability of the pillars was investigated to optimize
the width of the safety pillars between the reactor cavities. The optimization criterion was
minimal coal losses in the pillars. In this case, the hyperbolic shape of the pillars [32,33]
and thermal stresses in the surrounding rocks from the gasification reactor were taken
into account.

3. Study of Surface Subsidence and Rock Mass Movement Above the
Gasification Cavities: Materials and Methods

3.1. Numerical Model at First Simulation Stage

The finite element method performed in ANSYS software was used for the study. The
models were three-dimensional. At the first simulation stage, the model was 900 m wide,
620 m high, and 100 m long (Figure 3a). The lateral boundaries of the model were fixed
against the corresponding horizontal displacements, and the bottom boundaries were fixed
against the corresponding vertical displacements. The vertical gravity was set in the model.
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Figure 3. (a) Numerical model at the first simulation stage (b) and laboratory tests of rock specimens
for calibration of the numerical model.

To simulate the behavior of rocks, an orthotropic model was used. This model allows
the simulation of the behavior of anisotropic materials, such as sedimentary rocks [40-
43]. The variation in the physical and mechanical properties of rocks along and across
the stratification was determined using the calibration numerical model proposed by
Sakhno et al. [44]. The calibration results are generally concordant with the findings of Prof.
Rzhevsky.

The initial rock properties were established by testing cube-shaped specimens under
triaxial compression with unequal components (Figure 3b). The horizontal stresses were
equal to 30% of the vertical stresses, which corresponded to the overburden stress field.
The size of the specimen was 55 x 55 x 55 mm =+ 0.1 mm. Based on the obtained stresses
and deformations, the elastic moduli (E;, Ep, E3) and Poisson’s ratios (v1p, V23, V31) were
calculated in three mutually perpendicular directions. After this, the value of the moduli of
shear elasticity (G2, Go3, G31) was calculated using the following formulas:

Eq E; Es
Gyp = ————, MPaGy3 = ——————, MPaG3; = ——————, MPa 1
12 2(1 + 1/12) z 2(1 + 1/23) 31 2(1 + 1/31) M)

After this, a calibration numerical model of the 55 x 55 x 55 mm specimen was
created in ANSYS software; the properties Ej, Ey, E3, V12, V23, V31, G12, Go3, and Gs; that
were calculated based on the results of the laboratory test were assigned, and the model
was loaded (Figure 3b). After this, the model was calibrated by an iterative method.

The properties of the rocks in the groups of strata were changed proportionally to the
change in the average elastic modulus. Moreover, the values of Poisson’s ratios were the
same in all groups. The properties of rocks in the groups of strata are given in Table 1. To

simulate the behavior of the collapsed roof rocks in the caved zone, Poisson’s ratio v = 0.45,
and E = 30 MPa were applied [45].
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Table 1. Rock mass material parameters for numerical simulation at the first simulation stage.
Eq, E,, Ej, v V23 a1 G12, Gos, Gsy, Densitsy,
(GPa) (GPa) (GPa) (GPa) (GPa) (GPa) kg/m
Quaternary sediments
15 6.5 15 0.27 0.1 0.25 0.59 2.95 0.60 2100
Rock strata group #1
22 20.1 22 0.23 0.12 0.22 0.89 8.97 0.90 2450
Rock strata group #2
2.9 23.8 2.9 0.23 0.12 0.22 1.18 10.63 1.19 2500
Rock strata group #3
2.4 19 24 0.23 0.12 0.22 0.98 8.48 0.98 2500
Rock strata group #4
27 22.7 2.7 0.23 0.12 0.22 1.10 10.13 1.11 2500
Rock strata group #5
2.2 20.1 22 0.23 0.12 0.22 0.89 8.97 0.90 2500
Rock strata group #6
24 19 24 0.23 0.12 0.22 0.98 8.48 0.98 2500

The simulation at the first stage was carried out step-by-step as follows.

Step 1 (prestress stage): Loading the model with gravity and writing the values of
stresses and displacements in all nodes of the model to a file using the “Inistate” script in
ANSYS Parametric Design Language.

Step 2 (initial stress-strain stage): Reading the recorded data from the file and recalcu-
lating the model for zeroing displacement. In this case, a situation of the initial stress-strain
state of the strata was obtained.

Step 3 (post-gasification stage): Analyzing the stress-strain state of the model after
coal gasification and the formation of caved zones.

The model was calibrated by comparing simulated subsidence in the pessimistic
scenario with the monitoring data of the subsidence above the longwall. As mentioned
above, the pessimistic scenario assumed the failure of the safety pillars between the cavities.
In this case, after pillar failure, the immediate roof will also collapse along the length of the
gasification panel. Above the goaf, a caved zone and a fractured zone will be formed, as
happens above the longwall [38].

3.2. Simulation Results of the First Simulation Stage
3.2.1. Pessimistic Scenario

Figure 4 shows the evolution of vertical displacements in the model during the step-
by-step simulation of surface subsidence and the movement of rock masses above the
gasification panel. The vertical scale of displacement in Figure 4 is 1:20. According to the
pessimistic scenario, all cavities within the panel have been worked out and the safety
pillars have failed. Thus, the mechanisms of surface subsidence and the movement of rock
masses are simplified to the same mechanisms as those above the longwall.
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Figure 4. Vertical displacement (m) evolution in the sequence of simulation process for the pessimistic
scenario: (a) Step 1 (prestress stage); (b) Step 2 (initial stress-strain stage); (c) Step 3 (post-gasification
stage). MX is the maximum value of the parameter, MN is the minimum value of the parameter.

This model was used for the final calibration of the rock properties. For this purpose,
the results of the calculation of surface subsidence in the model were compared with the
results of subsidence monitoring over the southern longwall of the 1; seam of the Kotl-
yarevska mine. The basic regularities of the subsidence are sufficiently well-studied, and
they are the basis for the relevant normative documents that take into account regional char-
acteristics. For the conditions of the Ukrainian Donbas, the parameters of the subsidence
are calculated in accordance with the DSTU 101.00159226.001-2003 “Rules of undermining
Earth surface objects”. This makes it is possible to calculate subsidence outside fault zones
and aquifers, taking into account the error of measuring instruments with an accuracy of up
to 5%. The procedure is also described in a previous study [38]. The corresponding surface
subsidence graphs are shown in Figure 5. As can be seen in Figure 5, after calibration of
the numerical model, the graph of the surface subsidence curve is close to the subsidence
curve obtained during monitoring.

Distance, m
1

o9
500 60 700 800 900

100 300

gwall &

panel

o -e-Numerical
simulation

__ Axis of_lon

©-Monitoring

Figure 5. Surface subsidence according to simulation and monitoring results (pessimistic scenario).

The maximum vertical displacement in the numerical model is 543 mm, and according
to the monitoring results, it is 550 mm. The width of the subsidence trough in the numerical
model is 660 m, and according to the monitoring results, it is 630 m.

The accuracy of the numerical model was assessed on the basis of error measures.
Percent error for maximum subsidence is as follows:

gmon _ gsim 550 — 543
Hsmax = Wloo(%ﬂsmax = Tloo% =1.27% (2)

max
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where 507 is the maximum value of monitored subsidence, mm and S5 is the maximum
value of simulated subsidence, mm.
Percent error for width of the subsidence trough is as follows:

mon Sim
Homax = BB%wO%VSW = %100% =4.72% @)

where B"°" is the width of the subsidence trough according to the monitoring results, m
and B*" is the wid of the First Simulation Stage th of the subsidence trough according to
simulation results, m.

The obtained error measures show the sufficient accuracy of the model.

Vertical and horizontal displacements of rock masses at depths of 100, 200, and 300 m,
as well as on the surface, in the pessimistic scenario are shown in Figure 6.
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Figure 6. Vertical (a) and horizontal (b) displacements of rock masses and earth surface in the
pessimistic scenario.

Analysis of the vertical displacements (Figure 6a) indicates a tendency to increase
insignificantly with depth. Thus, surface subsidence, vertical displacement at a depth of
100 m, and at depth of 300 m are equal to 536, 538 mm, and 555 mm, respectively. The
width of the subsidence zone in the depth range of 0-300 m does not change significantly.
A noticeable increase in the width of the zone of the goaf’s influence is observed at a height
of up to 100 m above the gasification panel. The brittle sandstones lie in the rock strata
among other rocks; therefore, the failure of these sandstones is inevitable when taking into
account the aforementioned displacements.

Horizontal displacements (Figure 6b) have a general tendency to decrease from the
surface to the depth. Thus, on the surface, the maximum horizontal displacement is
17.3 mm, and at a depth of 300 m it is 9 mm. However, between the depths of 100
and 300 m, horizontal displacements increase. In addition, unlike vertical subsidence, a
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clear asymmetry of horizontal displacement is observed, which is explained by the non-
horizontal dip angle and the intersections of the receiving data line (highlighted in grey in
Figures 5 and 6) with the contact surface of the strata. Thus, horizontal displacements can
be used to track the movement of the axis of the zone of gasification influence with depth.
This axis shifts first to the right (along the uphill of the strata at a depth of 100-200 m)
and then to the left (along the downhill of the strata, at a depth of 200-300 m). Horizontal
displacements confirm the high probability of crack initiation and rock failures.

Analysis of the simulation results shows that surface subsidence and rock displacement
exceed the peak values for the non-destructive bending of rock layers. This indicates a high
risk of discontinuity of the overburden rock, crack initiation above the gasification panel,
a change in the groundwater regime, and high water inflow into the gasification cavities.
Thus, the failure of the pillars between reactor cavities is a threat to surface infrastructure
and to the stability of the groundwater regime. Therefore, special attention should be paid
to the clarification of safety pillar parameters when designing UCG methods.

3.2.2. Scenario #1 and Scenario #2

Figure 7 shows the vertical displacements in the model above the gasification panel
in scenario #1 and scenario #2. The vertical scale of displacement in Figure 7 is 1:20. The
points of maximum vertical displacement are located in the central part of the gasification
panel. Graphs of the vertical and horizontal displacements of the surface and rock mass
at depths of 100, 200, and 300 m are shown in Figure 8. Analysis of these graphs shows
that the associated rock movements are insignificant. Surface subsidence does not exceed
27 mm in scenario #1 or 46 mm in scenario #2. As in the pessimistic scenario, vertical
displacement increases insignificantly with depth (Figure 8a,c). However, the magnitude of
surface subsidence according to scenario #1 is 11.7 times less, while according to scenario
#2 it is 19.9 times less than in the pessimistic scenario. The width of the trough, despite
the smaller subsidence magnitude, does not differ from the width of the trough in the

pessimistic scenario.

(a) (b)

Figure 7. Vertical displacement (m) distribution: (a) scenario #1; (b) scenario #2. Vertical displacement
exaggeration 20:1.

Horizontal displacements on the surface are 9.6 times smaller in scenario #1 and
16.3 times smaller in scenario #2. Horizontal displacements of the surface are higher than
those at depth. Unlike the pessimistic scenario, here there is no tendency for horizontal
displacements to increase with depth. In both scenario #1 and scenario #2, horizontal
displacements at a depth of 100 m are close to zero, then increase insignificantly at a depth
of 200 m, and decrease again at a depth of 300 m. The displacement axis shifts to the right
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(along the uphill of the strata at a depth of 100-200 m) and then returns to its initial position
at a depth of 200-300 m. Horizontal displacements confirm the low probability of crack
initiation in the rock mass and on the surface.
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Figure 8. Vertical and horizontal displacements of rock mass and earth surface in scenario #1 (a,b)
and scenario #2 (c,d).

The most intense movements are not located beyond the boundaries of the main roof
(Figure 7). This is also confirmed by the analysis of minimum principal stress distribution
(Figure 9). If the stresses in the pillars at the boundaries of the gasification panel are not
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taken into account, the failure of the rock masses and the surface in both the first and second
scenarios is improbable because the stresses that are formed in the rocks are significantly
lower than their ultimate strength. The stresses at 70 m above the gasification panel do not
differ from the stresses in the rock mass outside the zone of gasification influence.
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Figure 9. Minimum principal stress (Pa) distribution: (a) scenario #1; (b) scenario #2. Negative stress
values indicate compression.

As for the stresses in the pillars, their maximum is located in the central part of the
gasification panel (indicated in Figure 9). According to the first simulation stage, in both the
first and second scenarios, the stresses exceed the ultimate strength of the rocks. According
to scenario #1, the maximum compressive stresses are 86.6 MPa, and according to scenario
#2 they are 109 MPa. However, point estimates are not sufficient to draw conclusions about
the stability of the pillars, so this issue requires more detailed investigation. Such a study
was carried out at the second stage of numerical simulation.

3.3. Simulation Discussion of the First Simulation Stage

Several conclusions can be drawn from the above analyses:

(1) During underground gasification of a thin coal seam (with a thickness of
1.05 m)—at a depth of 392465 m and using the CRIP method, with a length of the re-
actor cavities of 30 m for both scenario #1 and scenario #2—surface subsidence and rock
movement are insignificant. The most intense movements are located above the gasifica-
tion cavity, within the boundaries of the main roof. Analysis of vertical and horizontal
displacements shows the low probability of crack initiation in the rock mass and on
the surface. However, a prerequisite for this is the stability of the pillars between the
gasification cavities.

(2) In the case of the failure of the pillars between the gasification cavities (pessimistic
scenario), there is a high probability of crack initiation and overburden rock failures. Anal-
ysis of vertical and horizontal displacements shows that, in this case, surface subsidence
and rock displacement exceed the peak values for the non-destructive bending of rock
strata. The surface infrastructure is therefore at risk of destruction. As a result of the crack
growth above the gasification panel, the destruction of water-bearing sandstones and water
breakthroughs into the gasification cavities are possible.

(3) According to the first simulation stage, the maximum compressive stresses in the
pillars are located in the central part of the gasification panel. In this case, the principal
stresses exceed the ultimate strength of the rocks. However, the estimation of the pillars’
stability should be carried out more thoroughly and on a larger scale, taking into account
all the adequate assumptions. Such an investigation was carried out at the second stage of
numerical simulation.
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4. Analysis of Safety Pillar Stability
4.1. Numerical Model at the Second Simulation Stage

The Drucker-Prager model implemented in ANSYS code was used to simulate the
behavior of rock mass at the second simulation stage. The model was 100 m wide, 130 m
high, and 50 m long (Figure 10). The model included two cavities at the post-gasification
stage (with extracted coal) and one cavity at the gasification stage. The cavities located in
the middle of the gasification panel were modeled because the stresses there, according to
the results of the first simulation stage, were the highest. In this approach, the influence of
boundary effects is neutralized. The model had a cutout on the front part, which made it
possible to analyze the stress variations in 3D.

100 m

Coal pillar

‘ 50 m ‘ 50 m !

Figure 10. Numerical model at the second simulation stage.

The lateral boundaries of the model were fixed against the horizontal displacements
in the direction perpendicular to the corresponding boundaries. The bottom boundary was
fixed against the vertical displacements. Vertical pressure, which simulated overburden
stress, was equivalent to the strata weight at a depth of 350 m (8.75 MPa). This pressure
was applied to the top boundary of the model.

At the second simulation stage, five schemes were modeled. The schemes’ difference
was in the width of the safety pillars. At the same time, all the schemes had a constant
gasification panel size (300 m) and cavity reactor size (30 m). Table 2 shows the parameters
of the schemes.

Table 2. The parameters of the schemes for numerical simulation at the second simulation stage.

Length of Length of Number of Width of

Scheme Gasification Reactor Cavity Reactor Safety Pillar Numbe.r of
i Safety Pillars
Panel (m) (m) Cavities (m)
I 300 30 5 375 4
I 300 30 6 24 5
I 300 30 7 15 6
v 300 30 8 85 7
v 300 30 9 3.75 8
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The Hoek-Brown Failure Criterion [46] was used to calculate the properties of rock
mass outside the zone of gasification thermal influence. The GSI was calculated as RMR89-
5 [47]. RMR89 was determined on the basis of geological documentation and the results of
the uniaxial strength tests according to the Bieniawski method [48]. The “mi” constant was
8 for mudstones, 17 for coal, and 12 for sandstone. The D parameter corresponded to Hoek’s
classification categories [46]. The deformation modulus (E), friction angle (¢), and cohesive
strength (c) were calculated according to Hoek and Diederichs” empirical method [47]. The
calculation procedure was described in a previous study [49]. The calculated rock mass
properties are presented in Table 3.

Table 3. Rock mass material parameters for numerical simulation at the second simulation stage
outside the zone of thermal influence.

Deformation . , Cohesion Angle of .
Gt > M Tsers Sahe’  Imemal bl
(GPa) (MPa) (deg)
Main roof (sandy mudstone)
52 0.5 1.19 0.3 2.83 24 24
Main roof (sandstone)
55 0.5 1.80 0.3 3.90 34 34
Immediate roof (mudstone)
52 0.5 0.50 0.3 1.61 22 22
Coal seam
35 0 0.22 0.3 1.13 20 20
Immediate floor (mudstone)
47 0.5 0.50 0.3 1.61 22 22
Main floor (sandstone)
55 0.5 1.80 0.3 3.90 34 34

Goaf (rubble pyrometamorphic rock)
0.06 0.45 - - -

The initial temperature of the rocks was 30 °C. The thermal impact in the model was
applied at the reactor area, thereby simulating coal combustion. The temperature in the
reactor was 1000 °C. Mechanical rock properties are generally highly dependent on temper-
ature [16,50-53]. Therefore, rock properties must be simulated as temperature-dependent.
However, studies by Otto and Kempka [54] show that the effect of considering temperature-
dependent parameters is insignificant for the resulting temperature distribution. Therefore,
in this study, temperature-independent rock mass properties were used.

A study of the change in the properties of rocks at high temperatures by Zhang et al. [55]
showed that when mudstones are heated from room temperature to 400 °C, the elastic
modulus increases by 60%, that when heated to 500 °C, it decreases to a magnitude similar
to room temperature, and that after heating to 800 °C, it decreases by 65%. In this case, the
uniaxial compression strength increases by 2.7 times when heated to 400 °C, and upon sub-
sequent heating to 1000 °C, it decreases to a magnitude typical for room temperature [55].
Studies by Wu et al. [56], Sygala et al. [57], and Otto and Kempka [54] have shown that the
Young’s modulus of sandstone heated to 1000 °C decreases by an average of 58%, while its
strength decreases slightly, by 5-7%. Taking into account these previous studies [54-57], the
properties of the roof and floor rocks in the thermal impact zone of the UCG reactor were
calculated (Table 4). Since the stability of the pillars and overburden rocks was investigated
in this article, the mechanical properties of floor rocks in the zone of thermal influence
were not changed. The thermal properties of the floor mudstones were the same as the
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thermal properties of the roof mudstones. The heat-affected zone was located near the
reactor cavity in the surrounding rocks, as established by previous studies by Otto and
Kempka [54], Wang et al. [58], Xin et al. [59], and Sarhosis et al. [60], and is also evident
from the temperature distribution seen in the model shown in Figure 11a.

Table 4. Rock mass material parameters for numerical simulation at the second simulation stage
within the zone of thermal influence.

Linear Thermal Specific Heat Therm.al. Tensile Deformation . , Cohesion Angle of
. . . Conductivity Poisson’s
Expansion Coefficient Capacity (CP) W Strength Modulus Ratio Value, Internal
(x) (K1) (J/kg K) (W-m-1.K-1) (MPa) (GPa) (MPa) Friction (deg)
Main roof (sandstone)
1.6 x 1075 1363 2.3 12 2.45 0.3 6.5 32
Immediate roof (mudstone)
1.0 x 1073 1363 1.67 0.36 1.17 0.3 2.7 27
Coal seam
5x 107 2000 0.23 0.27 0.5 04 1.13 20
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Figure 11. Temperature (°C) of rock mass (a) and minimum principal stress (Pa) (b) distributions.

4.2. Simulation Results of the Second Simulation Stage
4.2.1. Stress Analysis in the Heat-Affected Zone of the UCG Reactor

Figure 11a shows the temperature distribution in the model. The blue color shows the
rock mass temperature in the range of 0-30 °C. The heat-affected zones of the UCG reactor
differs in color. The distribution of minimum principal stresses is shown in Figure 11b.
Stresses with a minus sign are compressive. The thermal expansion of rocks in the influence
zone of the UCG reactor causes an increase in stresses in the roof and floor, as well as in the
coal pillar. The initial stress field is highlighted in gray in Figure 11b. High stress zones are
highlighted in other colors. Thermal stresses are located in the immediate vicinity of the
UCG reactor.

The distributions of rock mass temperature, minimum principal stress, and minimum
principal strain in the thermally affected zone of the cavity reactor are shown in Figure 12.
Figure 12a shows that the increase of rock mass temperature near the reactor occurs in
an insignificant area of the surrounding rocks. Therefore, the zones of high stress and
strain are also insignificant (Figure 12b,c). To refine the sizes of these zones, the finite
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element mesh near the cavity reactor was manually refined. The high stress in the pillar
at the boundary with the reactor cavity exceeds 68% of the initial overburden stress. The
minimum principal strains in the coal pillar do not exceed the elastic limit.
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Figure 12. The distribution of rock mass temperature (°C) (a), minimum principal stress (Pa) (b), and
minimum principal strain (c).

To analyze the size of the heat-affected zone of the UCG reactor, graphs of the stress
variations around the reactor cavity were created. Stress data analysis was performed along
four monitoring lines (Figure 13a). Three monitoring lines were placed perpendicular to
the bedding of rocks at the roof and were drawn in the center of the cavity reactor (line
A-Al), at the edge of the cavity reactor on the pillar side (line C-C!) and between the two
previous monitoring lines (line B-B!). One monitoring line (D-D') was oriented parallel to
the bedding of the rocks and was drawn in the center of the coal seam.

Figure 13a shows that the increase in stresses caused by the thermal expansion of the
rocks is limited to a height of 0.63-0.75 m in the roof of the coal seam, and to a depth of
0.6-0.7 m in the floor. Beyond this zone in the roof, the rocks are in the stress relief zone at
a height of up to 1.2-1.5 m. Above the relief zone, the stresses in the rock mass stabilize
to overburden stress. Thermal stresses in the roof at the contour of the reactor cavity are
higher than the overburden stress by 130% along the A-A! line, and by 143% along the B-B!
line. Previous studies [54,58] show that the strength of mudstones, heated to a temperature
of 1000 °C (07=1000), decreases to 40% of the intact rock strength (cp). Thus, the ultimate
strength of mudstone in the roof is as follows:

0T=1000 — 0.4'(7() = 0.4-27 = 10.8 MPa (4)
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In the simulation, pillar failure is identified using the stress threshold criteria. In
Figure 13a, the dashed red line shows a compressive strength limit of 10.8 MPa. The
thermal stresses exceed the ultimate strength of rocks in the heat-affected zone (Figure 13a).
Thus, the emergence and evolution of cavity zones in the roof of the coal seam begin at the
gasification stage.
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Figure 13. Minimum principal stress in the roof along the monitoring lines A-A!, B-B!, and C-C!
(a) and in the coal seam along the monitoring line D-D! (b).

The stress field of rock masses around the edge of the reactor cavity on the coal pillar
side (line C-C!) differs from that described above. Thus, an increase in stresses in the
roof at the contact point with the coal seam, characteristic of lines B-B! and A-Al, is not
observed along line C-C!. On the contrary, the minimum principal stress is lower than the
overburden stress. Previously conducted coal gasification in the adjacent cavity and the
formation of caving zones led to stress relief. This has a positive effect on the stability of
the rocks. The width of the low-stress zone in the side of the pillar is approximately 6.5 m
(Figures 12b and 13a).

The zone of increased stress in the coal seam extends to a depth of 0.25 m (Figure 13b).
The strength of the coal in the heating zone decreases, according to [54,61]. However,
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studies of coal strength under uniaxial compression at a temperature of 1000 °C have
not been reported in the literature. Therefore, in this article, it was accepted that the
compressive strength of coal decreases proportionally to a decrease in its tensile strength;
for example, at 1000 °C, it decreases by 65-68%, according to [54,61]. Thus, it can be
concluded that the tensile strength of the coal in the heat-affected zone will be 6.4 MPa
for 650-1000 °C, 4 MPa for 600 °C, 1.6 MPa for 400 °C, and 9 MPa for 200 °C. Essentially,
this means that the heating zone of coal determines its destruction zone. According to the
simulation results, the depth of the heat-affected zone is 0.25 m (Figure 12a). In Figure 13b,
the dashed red line shows the strength limit of the coal at —9 MPa, which is typical for a
temperature of 200 °C. That is, with a pessimistic estimate, the depth of coal failure will be
0.25 m. Thus, at the gasification stage, there is a high risk of failure of the coal seam close to
the UCG reactor. This can actually be interpreted as a reduction in the coal pillar width,
which is important in the case of calculating pillar stability in the post-gasification period.
For the conditions considered in the article, the useful width of the pillar is reduced by
0.5 m (since the depth of the failure zone is 0.25 m on each side).

4.2.2. Stress Analysis Outside the Heat-Affected Zone of the UCG Reactor

The distribution of minimum principal stresses in the surrounding rock in the case
of a 3.75 m pillar width is shown in Figure 14a. Overburden stress at a depth of 350 m
is 8.75 MPa. The gray color in Figure 14 shows minimum principal stresses lower than
—10 MPa. High stress zones are highlighted in other colors. The highest stresses are located
in the pillar. The zone of increased stress is shifted along the uplift, and includes rocks of
the immediate and main roof. Increased stresses with a magnitude higher than 10 MPa
extend up to 9 m into the roof of the coal seam and up to 3 m into the floor. Compressive
stresses in the roof and floor are lower than their compressive strength; this indicates a
low risk of rock failure. At the same time, the stresses in the pillar exceed the compressive
strength of the coal, indicating a high risk of coal pillar failure. The highest stresses in
the pillar are localized in its edge parts, which corresponds to the general idea of stress
distribution in the pillars [62,63]. In the central part of the pillar, the stresses are reduced.

o
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Figure 14. The distribution of minimum principal stress in surrounding rock with a pillar width of
3.75 m (a) and 37.5 m (b). Negative stress values indicate compression. MX is the maximum value of
the parameter, MN is the minimum value of the parameter.

Similar stress distribution is typical for other pillar sizes. Figure 14b shows the dis-
tribution of minimum principal stresses in the surrounding rock in the case of a 37.5 m
pillar width. The stress magnitude in the pillar is noticeably lower, but the height and depth
of the area of increased stresses in the roof and floor have changed insignificantly. The
stress magnitude in the immediate roof also decreases with an increase in pillar width. But



Sustainability 2025, 17, 2533

21 of 26

in the main roof, there is no obvious tendency to decrease the size of the increased stress
zone and their magnitude. The minimum principal stresses in the pillar are lower than the
compressive strength of the coal, which indicates a low risk of failure of the coal pillar.

Graphs of the stress variations in the coal pillars were created to optimize the safety pil-
lar width. Stress data analysis was performed along monitoring line E-E!, oriented parallel
to the bedding of the rocks and drawn in the center of the coal pillar (Figure 15). The width
of the safety pillar, according to the experiment plan (Table 2), varied from 3.75 to 37.5 m.
The variations in minimum principal stress in coal pillars with a pillar width of 3.75-24 m
have similar characteristics:

- Stress relief is observed at the edge of the pillar, which indicates the post-elastic stage
of coal deformation;

- Beyond the relief zone, the highest stresses are concentrated near the edge of the pillar;

- The stress in the pillar gradually decreases to its center.

Width of pillar, m
0

-2
20 5 -0 S 0 5 10 15 20 ZINE
B —22.0 MPa
I -5
>
g —20.0 MPa
o
5 o-l0-8—0 —o L
J— . S “ o ) 18.0 MPa
¢ P I8 S NN » A 2
g [P MW e 0 i i | ~16.0 MPa
2 *13 a
£ 0 >
= ¢ * —14.0 MPa
3.75m
. 4 %
220 y —12.0 MPa
=7 I
—-10.0 MPa
-25
¢-375m —#-24m - 15m -e-85m -—9-3.75m = - compressive strength

Figure 15. Minimum principal stress (MPa) in the coal pillar along the monitoring line E-E'. Negative
stress values indicate compression.

With a pillar width of 37.5 m, failure of the edge of the pillar does not occur (as
evidenced by the absence of a stress relief zone); in other respects, the nature of the stress
distribution is similar. An increase in the pillar width leads to a stress decrease.

In Figure 15, the dashed red line shows the compressive strength limit of coal at
—13 MPa. The lines characterizing the stresses in the pillars with a width of 3.75 and 8.5 m
are located below the compressive strength limit line. Therefore, these stresses exceed the
strength limit of coal, which indicates a high risk of pillar failure. When the pillar width
is 15 m or more, the stresses in the pillar do not reach the strength limit of the coal, which
indicates the stability of the pillar. Thus, it can be concluded that with a pillar size of 15
m or more, the probability of its failure and the development of a pessimistic scenario of
subsidence and overburden movement are extremely low. The authors understand that
such an assessment of stability is simplified, since the pillar is located in a volumetric stress
field and not in a uniaxial one. However, since the strength of coal under unconfined
compression is higher than under uniaxial compression, as a first approximation, it can
be assumed that the calculation was performed with a reasonable safety margin. More
accurate assessments of the stability of the pillars require additional research.

The stability of the pillars between UCG reactors for thin coal seam conditions has not
been studied previously, which highlights the novelty of this approach. However, the most
closely related studies consider the following:
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- Surface subsidence at a constant pillar width of 15 m with a seam thickness of 15 m,
by Jiang et al. [31];

- Stability evaluation method of a gasification coal pillar at a constant pillar width of
16 m with a seam thickness of 5.0 m, by Tang et al. [64];

- The influence of wall curvature (different arch-depth ratios) on the reduction of the
useful pillar’s width, by Xu et al. [32] and Li et al. [33].

It is widely recognized that rock discontinuities (rock joints) play an important role
in rock mass stability and affect the behavior of rock masses [65]. At the same time,
understanding the characteristics of rock discontinuities plays a huge role in predicting
stability [66]. However, the influence of rock joints was not considered in this study.

4.3. Simulation Discussion

Several conclusions can be drawn from the above analyses:

(1) The heat-affected zone of the UCG reactor is of insignificant size. In the study, the
increase in temperature and, as a consequence, thermal stresses in the rocks near the cavity
reactor were observed at a distance of up to 0.75 m into the roof and floor and up to 0.25 m
into the coal seam. The gasification process has no direct impact on the stability of the
surrounding rocks near previously extracted cavities.

(2) At the gasification stage, there is a high risk of failure of the coal seam near the
UCG reactor. This can actually be interpreted as a reduction in the coal pillar width. In
this study, the depth of coal failure in the wall side of the reactor cavity was 0.25 m, and
the useful width of the pillar was reduced by 0.5 m. The analysis of pillar stability at the
post-gasification stage should be carried out taking into account this reduction in the useful
width of the pillar at the gasification stage.

(3) An increase in the pillar’s width leads to a stress decrease in it. The optimization
of pillar sizes consists of calculating its minimum width at which the stresses in the pillar
do not exceed the strength of the coal. This will help to avoid the pessimistic scenario of
surface subsidence and overburden movements with minimal coal losses in the pillar. For
this study, the optimal pillar width was 15 m.

5. Conclusions

This study focused on the negative impact of coal gasification on overburden rock
and the Earth’s surface. Underground gasification of thin coal seams with the parallel
CRIP method was studied. Multifield finite element analysis was conducted using ANSYS
software to study the stress-strain state and temperature distribution in the surrounding
rock. Based on the results of this investigation, the following conclusions can be drawn:

(1) Surface subsidence and rock movement above gasification cavities need to be
within the pre-peak limits in the case of maintaining a safety pillar’s bearing capacity. This
ensures the low probability of a negative impact from the gasification process. For the
conditions of this study, the gasification of a coal seam with a thickness of 1.05 m at a depth
of 392-465 m, the surface subsidence did not exceed 46 mm with a pillar width of 3.75 m
and 27 mm with a pillar width of 15.0 m. In this case, the height of the stress variation area
above the gasification cavity does not exceed 70 m. The failure of the pillars between the
reactor cavities leads to an increase in subsidence by 11.7 and 19.9 times for pillar widths of
3.75 m and 15.0 m, respectively. The overburden movement increases in a similar way. This
puts aquifers and surface infrastructure at risk of destruction.

(2) The significant influence of the gasification process on the stability of the rock
surrounding previously extracted cavities has not been established, since the size of the
heat-affected zone of the UCG reactor is less than the thickness of the coal seam. At the
gasification stage, there is a high risk of coal seam failure in the side walls of the UCG
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reactor. This leads to a reduction in the useful width of the safety pillar. For the conditions
of this study, the failure of coal at the gasification stage leads to a decrease in the useful
pillar width by 0.5 m.

(3) To avoid the hazard of overburden rock and surface destruction caused by irreversible
deformations with minimal coal losses, the width of the pillars should be optimized. The
numerical experiment algorithm described in the paper can be used to optimize pillar width
in any mining and geological conditions. For this study, the optimal pillar width was 15 m.

6. Limitations and Future Research

There are a number of limitations in this study. Firstly, unfortunately, this study does
not contain the experimental validation of the results, since there is no possibility of such
confirmation in the current circumstances. The article is aimed at increasing sustainability
after achieving a just and sustainable peace in Ukraine. Secondly, this study does not
experimentally confirm the insignificant size (as less than the coal seam thickness) of the
heat-affected zone obtained using numerical simulation. The authors found confirmation in
the studies of Otto and Kempka [54], Wang et al. [58], Xin et al. [59], and Sarhosis et al. [60].
In the future, the authors plan to conduct a sensitivity analysis of thermal extent for the
rocks of the coal-bearing strata of the Ukrainian Donbass in laboratory conditions. Thirdly,
the authors used the results of studies by Zhang et al. [55], Wu et al. [56], Sygata et al. [57],
and Otto and Kempka [54] to determine the temperature-dependent properties of rock for
the numerical model. Further research by the authors will be devoted to determining the
influence of temperature on the mechanical properties of rocks of the coal-bearing strata of
the Ukrainian Donbass.
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