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Abstract: This article presents the results of laboratory tests regarding the influence of high tempera-
tures on changes in the strength and structural parameters of rocks that are present in the immediate
vicinity of a gasification channel. Sandstone and claystone samples were heated at 300 °C, 600 °C,
900 °C and 1200 °C. Additionally, the heated samples were placed in water for 24 h. The results of
the laboratory tests were used in the numerical simulation using RS2 software. The main goal of
modeling was to determine the extent of the rock destruction zone around the gasification channel
for dry and wet rock masses. In the numerical simulations, three widths of the gasification channel
and three ranges of high-temperature impact were modeled. On the basis of the obtained results, it
was found that the extent of rock destruction, both in the roof and in the floor, is greater by several
percent for a wet rock mass. For the first time, this research presents the effect of water on heated rock
samples in terms of the underground coal gasification process. The results of laboratory tests and
numerical simulations clearly indicate a reduction in strength, deformation and structural parameters
for the temperature of 1200 °C.

Keywords: high temperature; strength and structural parameters of rocks after heating; destruction
zone around gasified channel

1. Introduction

Underground coal gasification is a prospective method for obtaining useful minerals,
in particular from deposits that are considered sub-balance. First of all, it is an environ-
mentally friendly method due to the lack of waste generation on the surface [1] and a
much smaller number of preparatory excavations [2]. Coal seams which are accessed using
unprofitable opencast or underground methods are the subject of particular interest [3].
One of the criteria for underground mining is coal thickness. For example, in accordance
with the Polish criteria for the balance of mineral deposits, the minimum thickness of hard
coal in the seam together with interlayers up to 0.3 m thick should be at least 1 m for balance
deposits and 0.6 m for sub-balance deposits [4]. Underground gasification encounters a
number of obstacles resulting from changing geological and hydrogeological conditions [5].
As a result of high temperatures, the solubility of pollutants in water increases and the
possibility of their migration to aquifers occurs. Hazardous inorganic pollutants include
ammonia and cyanides [6]. During the process, numerous impurities in the form of aro-
matic organic compounds are formed, including: benzene, toluene, ethylbenzene, xylenes,
phenols and polycyclic aromatic hydrocarbons. Additionally, significant amounts of heavy
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metals may be released from coal and the ashes generated during gasification in volatiliza-
tion processes, which are favored by the high temperature of the process and the presence
of numerous chemical factors [7]. Rock minerals have specific thermal properties. Heat
conduction through the minerals is partially absorbed as energy. The heat is absorbed
differently by the mineral, depending on the direction of the heat flow in relation to the
crystallographic axis. The pronounced directivity in heat conduction in many minerals is
similar to the directivity in the refraction of light rays and the coefficient of linear thermal
expansion. The thermal conductivity of rocks can be defined as the transfer of thermal
energy by the disordered movement of particles from higher to lower temperatures [8].
Tian et al. [9] pointed out that high temperatures lead to micro-cracks and damage rock
microstructures. Liu et al. [10] distinguished three stages of temperature propagation in
the surrounding rock of a combustion cavity and stated that mechanical properties of
coal and rock are determined by its extreme temperature. Perkins [11] indicated that the
coal spalling process leads to cavity growth. Min et al. [12] found a relationship between
pyrolysis temperature and pore fissures, ranging from rough and porous to relatively
smooth. Feng et al. [13] and Deming et al. [14] stated that the gasification reaction occurs
on the surface of micropores.

A gasifying agent (oxygen, oxygen together with water vapor, heated air or oxygen-
enriched air) and gas can sometimes filter through rocks in an undesirable direction. It is
also worth paying attention to the fact that as a result of high temperatures, the rocks sur-
rounding a gasified coal seam change their porosity and permeability [15]. Yavuz et al. [16]
found that for carbonate rocks, the bulk density decreased with increasing temperature.
Chaki et al. [17] noticed that for granite rock samples, there was an increase in porosity
in the temperature range from 500 °C to 600 °C, which is related to the increase in the
number of fractures. Tian et al. [18] indicated that for sandstone, the thermal expansion of
minerals changes with increasing temperature, which in turn contributes to a change in the
microcrack network and the spread of structural damage to rocks. Matkowski et al. [19]
found a relationship between high temperatures and the thermal conductivity factor, the
value of which for sandstone, claystone and siltstone increase fourteen times at 1000 °C
compared to 20 °C. In the gasification channel, oxidation, reduction and pyrolysis zones
can be separated [20]. A characteristic feature of the underground gasification process is
the fact that each of these reactions takes place at a temperature of several hundred degrees,
and even exceeding 1000 °C [21]. Such high temperatures change the strength and post-
critical parameters of rocks and rock mass and obviously change the stability conditions
underground, which are necessary in the process of underground coal gasification [22].
Otto et al. [23] determined that parameters such as tensile strength, elastic modulus and
the linear thermal expansion factor have a direct impact on changes in stresses and strains
around the georeactor. Model studies confirm that impact of a range of high temperatures
significantly exceeds the boundaries of the gasification channel [24]. In both laboratory [25]
and industrial conditions [26], temperatures above 1000 °C may remain in the gasification
channel for more than 36 h after ignition. Falsztinskij et al. [27], on the basis of model
studies, determined that the maximum range of the temperature field was located above
the fire channel; at the edge of the transition of the oxidation zone into the reduction zone
with a temperature of 950-1200 °C, the following parameters were found: width of the
transition zone, 0.74-1.5 m; height of temperature propagation, up to 9 m from the coal
seam perpendicular to the rock stratification.

Despite the significant progress that has been made in both industrial and laboratory
work on the underground coal gasification process, there is still little data on the behavior of
rocks under the influence of high temperatures which were then exposed to water after this
process. Therefore, this article presents laboratory tests regarding sandstone and claystone
rock samples which were heated at 300 °C, 600 °C, 900 °C and 1200 °C. Additionally, after
being heated, a new series of samples were immersed in water for 24 h and subjected to
strength tests. The aim of the research was to compare the results with samples tested at
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20 °C. The results of laboratory tests were used in numerical modeling, the aim of which
was to determine the extent of the destruction zone around the gasification channel.

2. Preparation of Samples for Testing

Rock samples of sandstone and claystone were collected from the floor of the prepara-
tory roadway in one of the mines of Jastrzebska Spotka Weglowa in Poland, which was
closed due to the small thickness of hard coal deposits. The roadway was located at a
depth of 900 m. The coal seam was located at a depth of 980 m. The average thickness of
the seam in the area covered by the research was 0.4 m. Directly in the roof of the seam
there was claystone with a thickness of 0.6 m, above which, sandstone with a thickness
of 27 m was deposited. At the floor of the seam, there was a 0.5 m-thick claystone, below
which, there was a 22 m-thick sandstone layer (Figure 1a). Rock cores with diameters of
48 mm were taken from the floor of the roadway (Figure 1b,c). The claystone was gray
and dark gray in color and showed a solid and orderly structure. Sedimentary structures,
parallel and diagonal layering were visible. In the case of texture, the grain skeleton was
compact, with grain diameter varying from the very fine sand fraction to the aleurite
fraction. The binder was porous and in terms of chemical composition, it was clay-silica.
The mineral composition was mainly quartz, clay minerals in various proportions and
mica. In turn, medium-grained sandstone was gray with a massive and ordered structure.
Macroscopically, it was concise and uniform, without voids and cavities. In the sandstone,
sedimentary structures and layering were visible, emphasized by a change in color and
a variable grain diameter. The grain skeleton was compact. The sandstone binder was
porous and siliceous. In terms of mineral composition, quartz dominated; moreover, there
were traces of feldspar, mica and carbonaceous matter that formed streaks.

Description Column| Depth
(m)
952.0
Sandstone
Roof
Clayslate 9;32
Coal seam| Coal i

Floor

Clayslate

Sandstone

1002.5

(a)

Figure 1. Place of sampling: (a) lithological profile of the immediate vicinity of the hard coal seam; (b) claystone cores;

(c) sandstone cores.

The rock cores were cut into cylindrical samples with a height-to-diameter ratio of
2:1. The samples were prepared in such a way that it was possible to apply the load in the
direction perpendicular to the stratification (Figure 2a,b). Laboratory tests were divided
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into several stages. First, the tests were carried out at the temperature of 20 °C. Then, the
samples were heated for 24 h at the temperatures of 300 °C, 600 °C, 900 °C and 1200 °C.
A laboratory furnace with a maximum heating temperature of 1600 °C was used in the
tests (Figure 2c). In the last stage of the tests, a new series of samples were heated at
the same temperatures as before, and then the samples were immersed in water for 24 h.
The samples were heated in the laboratory of the Faculty of Mechanical Engineering and
Robotics, AGH University of Science and Technology in Krakow.

laboratory furnace.

(b)

Figure 2. Preparation for tests: (a) regular samples of claystone; (b) regular samples of sandstone; (c) heating in a

Research on the influence of water on the strength and deformation parameters of
rocks after heating took place due to the fact that the hard coal seam was classified as
being a third-degree water hazard zone. On the basis of drilling and exploratory research
in the mine, it was found that in the roof and floor of the deposit, there was an aquifer
of the fissure and fissure-cavern type, not separated with a sufficient thickness and with
a continuous insulating layer from the deposit. In addition, in the part of the rock mass
where mining was planned to be carried out, there were water reservoirs containing water
under pressure in relation to the floor of these seams.

3. Strength, Deformation and Structural Parameters of Sandstone and Claystone
Heated at High Temperatures

Strength tests regarding sandstone and claystone heated at 300 °C, 600 °C, 900 °C
and 1200 °C were carried out in a hydraulic press at the laboratory of the Faculty of Civil
Engineering and Resource Management at the University of Science and Technology in
Krakow. The load measurement was carried out using three strain gauge force sensors,
while to determine the vertical deformation, a line encoder with a sampling frequency
of 100 Hz was used. In order to determine the horizontal deformations, three electronic
sensors were used and spaced 120° apart on the circumference of the sample. The load rate
was 0.1 kN/s. After heating, the samples were tested at room temperature, about 20 °C.
The load and deformation sensors were connected to the measuring amplifier, which in
turn was connected to a computer on which the load-displacement characteristics were
monitored on an ongoing basis. Young’s modulus was determined at the value of 20-80%
of the breaking stress. The density of the samples was determined using the hydrostatic
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method [28] with the use of a WPS 210/C/1 laboratory balance. Additionally, for the
temperatures of 300 °C, 600 °C, 900 °C and 1200 °C, the weight loss was determined. The
samples were weighed on a WPT 2 laboratory balance. As a result of the temperatures of
600 °C, 900 °C and 1200 °C, the claystone samples lost their cohesion and divided into
irregular pieces. Moreover, several samples were also damaged at the temperature of
300 °C (Figure 3). On the other hand, sandstone samples heated at 300 °C, 600 °C, 900 °C
kept their form. Only at the temperature of 1200 °C did numerous cracks appear (Figure 4).
The results of the compressive strength, tensile strength, Young’s modulus, Poisson ratio,
density and weight loss tests are shown in Figures 5-10.

20°C

Figure 3. Claystone heated at high temperatures.

20"

Figure 4. Sandstone heated at high temperatures.
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Figure 5. The influence of high temperatures on changes in uniaxial compression strength of dry and
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(a) sandstone; (b) claystone; SE—standard error; SD—standard deviation.
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The average compressive strength of sandstone samples at 20 °C was 61.2 MPa.
Increasing the temperature to 300 °C and 600 °C increased the strength by 80% and 36%,
respectively. On the other hand, at the temperatures of 900 °C and 1200 °C, a significant
decrease in strength was recorded, by 30% and 65.6%, respectively, in relation to the initial
value. For the heated samples, which were then kept in water for 24 h, the range of changes
compared to the temperature of 20 °C was an increase of 72% and 7.7% for the temperatures
of 300 °C and 600 °C, respectively. The influence of temperature and water caused a drop
in strength by 60.7% and 95.7%, respectively, for the temperatures of 900 °C and 1200 °C.
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The influence of water on the heated samples caused a decrease in compressive strength by
8%, 28.3%; 30.7% and 30.1%, respectively, for the temperatures of 300 °C, 600 °C, 900 °C
and 1200 °C compared to samples that were only heated. In the case of claystone, the
influence of the temperature of 300 °C caused a drop in strength by 80.5% and 93.3% for
the heated and wet samples, respectively, compared to the initial value. This means that
the influence of water contributes to a further decrease in strength by almost 13%.

Tensile strength is one of the basic constants describing the strength properties of
rock material, which can be determined using direct and indirect methods in accordance
with the recommendations of the International Society for Rock Mechanics and Rock
Engineering [29]. Tensile strength tests were carried out using the Brazilian method
(transverse compression), in which the tensile force was created in the axial cross-section
of a sample, perpendicular to the compressive load. The test specimens had a cylindrical
shape with a diameter of 48 mm and a length of 96 mm. The load was transferred from
the hydraulic press to the sample by loading platens. Tensile strength could be calculated
according to Equation (1) [30]:

2.L L

= 0.636-—— 1
-d-w 0.636 dw M

T, =

where:

Ts—tensile strength (MPa);
L—maximal recorded load (N);

d—the diameter of the specimen (mm),
w—the width of the specimen (mm).

Sandstone at 300 °C and 600 °C increases its tensile strength by 24% and 10.6%,
respectively, compared to the initial value. On the other hand, a further increase in
temperature to the value of 900 °C and 1200 °C contributes to a decrease in strength
by 55.36% and 78.3%, respectively. Even greater differences are found for wet samples.
Only for the temperature of 300 °C is there an increase in strength by 19.6%, while for
the temperatures of 600 °C, 900 °C and 1200 °C, there is a decrease by 5.37%, 72.8% and
93.45%, respectively. Immersion of the heated sandstone samples in water reduces the
tensile strength by 4.4%, 15.97%, 17.44% and 20.15%, respectively, for the temperatures of
300 °C, 600 °C, 900 °C and 1200 °C compared to the only heated samples. The average
decrease in tensile strength for claystone heated at 300 °C and treated with water was
55.15% and 75.78% with respect to the temperature of 20 °C. For samples of claystone
heated at the temperature of 300 °C, the influence of water is characterized by an over two
times decrease in tensile strength.

At the temperature of 300 °C and 600 °C, the value of Young’s modulus increases
by 3.96 GPa and 1.07 GPa, respectively, compared to the temperature of 20 °C. However,
at temperatures of 900 °C and 1200 °C, the value drops and is lower by 5.1 GPa and
8.58 GPa, respectively, compared to the initial value. As a result of the action of water, the
Young’s modulus decreases by 0.79, 0.75, 1.58 and 1.4 GPa, respectively, for samples only
heated at the temperatures of 300 °C, 600 °C, 900 °C and 1200 °C. In the case of claystone
heated at 300 °C and when wet, the Young’s modulus decreases by 3.89 GPa and 5.44 GPa,
respectively. The action of water results in an almost six times lower value of Young’s
modulus compared to samples only heated for the maximum temperature of claystone.

For sandstone samples heated at 900 °C and 1200 °C, the Poisson’s ratio value increases
by 6% and 17.8%, respectively, and decreases by 18.8% and 10.9% for the temperatures of
300 °C and 600 °C in relation to the value of 20 °C. On the other hand, for the heated samples
exposed to water, the value of the Poisson’s ratio for the temperatures of 300 °C and 600 °C
decreases by 24.3% and 15.1%, and for the temperatures of 900 °C and 1200 °C, the value
increases by 1.1% and 23.6%, respectively. The influence of water on the heated samples
reduces the Poisson’s ratio by 8.16%, 6.04% and 5.9%, respectively, for the temperatures of
300 °C, 600 °C and 900 °C, and causes an increase of 3.5% for the temperature of 1200 °C.
For claystone heated at 300 °C and wet claystone, the value of the Poisson’s ratio increases
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to 13.1% and to 8.79% in relation to the temperature of 20 °C. As a result of the action
of water, the value of the Poisson’s ratio drops slightly by 2.29%. The summary of the
compressive strength and Poisson’s ratio in relation to high temperatures is presented
in Table 1.

Table 1. Comparison of the results of compressive strength and Poisson’s ratio in relation to
high- temperatures.

Type of Parameter Temperature, t (°C)
Rock 20 300 600 900 1200
Sandstone  Cs, (MPa) 61.2 110.6 83.6 42.8 21
dry v 0.241 0.196 0.215 0.256 0.284
Sandstone  Cs, (MPa) 59.6 103 64.2 23.4 2.54
wet v 0.238 0.18 0.202 0.240 0.294
Claystone Cs, (MPa) 31.8 6.2
dry v 0.234 0.27
Claystone  Cs, (MPa) 26.8 1.78
wet v 0.240 0.263

Cs—compressive strength; v—Poisson’s ratio.

Heating sandstone and claystone at the temperature of 300 °C does not significantly
affect the loss of weight. The losses are very small and amount to 0.3% and 0.24%. At the
temperatures of 600 °C, 900 °C and 1200 °C, the losses are one order higher compared to
the temperature of 300 °C. The loss of mass at these temperatures for claystone in relation
to sandstone is greater by 1.24%, 2.53% and 2.94%, respectively.

With increasing temperature, the density of both sandstone and claystone decreases.
However, much greater changes occur for claystone samples. For both rocks heated at the
temperature of 300 °C, the change in density is at a similar level and amounts to about 1%.
On the other hand, at the temperatures of 600 °C, 900 °C and 1200 °C, there is a further
reduction in density, with the changes being greater for claystone by 1.98%, 3.35% and
9.54% compared to the sandstone samples.

4. Numerical Modeling

The main goal of numerical modeling was to determine the extent of the rock destruc-
tion zone around the gasification channel. For this purpose, RS2 [31] software was used,
which is based on the finite element method. For the evaluation of the damage zones,
the strength factor was selected, expressing the ratio of the rock strength to the reduced
stresses at a given point. Strength factor values below 1 indicate material failure. The
modeling adopted the Hoek—Brown criterion, which links the compressive strength and
material constants determined using RocData software [31]. The results obtained from the
laboratory tests were used in numerical simulations. A square target with a side length
of 100 m was adopted in the modeling. In numerical modeling, it was assumed that the
horizontal and vertical stresses are equal to each other: o1 = 03 = 0, = 23.3 MPa. The
adoption of such a value resulted from the depth of the hard coal deposit and the unit
weight of the overburdened rocks. The size of the model was selected so that for the largest
width of the gasification channel, equal to 30 m, the extent of rock destruction could be
recorded. The models adopted a graded mesh and six-noded triangles with a gradation
factor equal to 0.1. The number of nodes on all excavations was equal to 110. The models
were restrained on all sides. As most of the claystone samples were destroyed under the
influence of the temperature of 300 °C (Figure 3), the modeling assumed that the height
of the gasification channel was 1.5 m. This height consisted of the thickness of the coal
seam equal to 0.4 m and the total destruction of claystone rocks in the roof and the floor
with a total thickness of 1.1 m (Figure 1). In the numerical simulations, three widths of
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the gasification channel, 10, 20 and 30 m (Figure 11a—c), were adopted. In addition, three
ranges, 0.5, 1.0 and 1.5 m (Figure 11d—f), for the effects of high temperatures both in the
roof and floor of the coal seam were modeled. The test results are shown in Figures 12-17

and Table 2.
Table 2. Summary of the results of the range of the rock destruction zone around the gasification
channel.
The Maximum The Maximum
Extent of the Rock  Extent of the Rock
Destruction Zone Destruction Zone
Channel Temperature Impact Range (m) around the around the
Width, Gasification Gasification
(m) Channel fora Dry  Channel for a Wet
Rock Mass (m) Rock Mass (m)
1200°C 900 °C 600 °C 300 °C Roof Floor Roof Floor
0.5 1.0 1.5 2.0 451 4.36 5.0 49
10 1.0 2.0 3.0 40 458 447 5.18 5.08
1.5 3.0 45 6.0 4.63 454 5.52 5.32
0.5 1.0 1.5 2.0 8.96 8.60 9.75 9.23
20 1.0 2.0 3.0 40 9.33 8.87 10.58 9.96
1.5 3.0 45 6.0 9.49 9.04 10.92 10.30
0.5 1.0 1.5 2.0 14.06 12.91 15.27 13.98
30 1.0 2.0 3.0 40 1429 1343 1609  15.08
1.5 3.0 45 6.0 14.72 13.70 16.83 15.58

Figure 11. Cont.
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Figure 11. Numerical models: (a) channel width 10 m; (b) detail “a”; (c) channel width 20 m; (d);
detail “b”; (e) channel width 30 m; (f) detail “c”.



Energies 2021, 14, 6464 16 of 27

Strength Factor
min (stage): 0.00
tension

0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.%0
4.00
4.5%0
$.00

5.50

unbounded
max (stage): €.00

Strength Factor
min (stage): 0.00
tension

0.00
0.50
1.00
1.50
2.00
2.50
3.00
3.50
4.00
4.50
5.00
5.50

Strength Factor
min (stage): 0.00
tension

0.00
0.50
1.00
1.50
2.00
2.50

3.00
3.50
4.00
4.50
5.00
5.50

unbounded
max (stage): €.00

Figure 12. The extent of the rock destruction zone around the gasification channel with a width of
10 m and the impact of temperature of 1200 °C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 13. The extent of the rock destruction zone around the gasification channel with a width of
10 m and the impact of temperature of 1200 °C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 14. The extent of the rock destruction zone around the gasification channel with a width of
20 m and the impact of temperature of 1200 °C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 15. The extent of the rock destruction zone around the gasification channel with a width of
20 m and the impact of temperature of 1200 °C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 16. The extent of the rock destruction zone around the gasification channel with a width of
30 m and the impact of temperature of 1200 °C for the dry rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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Figure 17. The extent of the rock destruction zone around the gasification channel with a width of
30 m and the impact of temperature of 1200 °C for the wet rock mass, up to the height of: (a) 0.5 m;
(b) 1.0 m; (c) 1.5 m.
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5. Discussion

The process of underground coal gasification takes place in underground generators,
which can be prepared using shaft and non-shaft methods. In the shaft method, mining
excavations are performed underground after the coal seam is made available through a
vertical and inclined shaft. In the structure of accessibility, the workings of the mine are
used to supply an oxidizing agent and discharge gas to the surface. The oxidizing agent
may be supplied to the coal seam by means of: roadway inside the body of coal; through
holes made in the body of coal between roadways; and blind holes to which the oxidizing
agent is led through heat-resistant pipes [32]. The main advantage of this method is the
accuracy of recognizing the conditions of the coal seam, easy drainage of the deposit and
verification of the influence of high temperatures on the surrounding rock layers. On the
other hand, the disadvantage is the cost of construction and the maintenance of access
and preparatory workings. In the non-shaft method, the coal seam is made available
through vertical, inclined and directional holes from the surface, and then they are joined
together [33]. Vertical holes are used in the execution of the initial front line of fire and
drainage of generators. Inclined holes are used when it is necessary to arrange them outside
the zone of rocks with low strength parameters. Directional holes are a combination of
access and generator holes, which are made in horizontal locations or at a slight angle.

Macroscopic observations of carboniferous rock samples taken from a closed hard coal
mine in the Upper Silesian Coal Basin, heated at temperatures up to 1200 °C and exposed
to water, show that sandstones are not subject to decomposition. Tian et al. [34] noticed that
sandstone heated at 1000 °C does not lose its cohesion. Claystone samples, when heated to
a temperature of 300 °C, burn out and break into small pieces. Wolf et al. [35] found that
for claystone samples, the weight loss is due to, inter alia, the dehydroxylation of clays.
Hetema et al. [36] determined that for claystone samples, the compaction number increased
with increasing temperature. The influence of water on the heated sandstone samples at a
temperature of 1200 °C contributes to the reduction in strength, deformation and structural
parameters by 87% (compressive strength), 70% (tensile strength), 73% (Young’s modulus)
and 5.3% (density). The value of the Poisson’s ratio is at a similar level; at 1200 °C, it
slightly increases by 3.5%. Wu et al. [37] also confirmed the increase in Poisson’s ratio
after exceeding the temperature of 1000 °C. The behavior of rocks under the influence of
heat and water is very diverse. Bresser et al. [38] discovered that for marbles heated at
600 °C, the influence of water on the change of strength parameters is small. Luo et al. [39]
noted that the value of modulus of elasticity and compressive strength for mudstone at
200 °C + 600 °C is at a similar level, followed by their increase. Kili¢ [40] pointed out
that for limestone samples, the weight loss process starts at 600 °C, whereas for sandstone
and claystone samples, the weight loss is 2.6% and 3.9%, respectively. Zhang et al. [41]
found that sandstone increases its compressive strength to a temperature of 500 < 600 °C,
followed by a drop in strength by several dozen percent. In turn, Rao et al. [42] noticed
that sandstone increases its tensile strength to a temperature of 250 °C. The increase in
compressive strength of sandstone samples is related to the mineralogical composition. The
main component of sandstone is quartz, for which the melting point is above 1410 °C. At
temperatures up to 300 °C, the dehydroxylation of iron oxides and hydroxides or organic
matter oxidation can occur. On the other hand, up to the temperature of 600 °C, water vapor
is released in the amount of several grams per kilogram of sample. The main mineralogical
changes in sandstones as a result of high temperatures are the appearance of hematite and
ore minerals and a reduction in the amount of heavy minerals [43]. The tensile strength,
determined by the Brazilian method, is significantly influenced by the cross-sectional
area along which the fracture occurs. This influence is conditioned by both surface and
volumetric factors, with the volumetric effect being of decisive importance. It depends
on the mineral composition, structure and texture of the rock and, above all, the sum of
structural defects, in particular fracture and cleavage. Thus, the volume factor expresses
the sum of the structural defects of the rock within a given volume, while the surface factor
determines the condition of the potential fracture surface. For claystone rocks, both of the
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described factors appeared at the temperature of 300 °C, which resulted in a significant
reduction in tensile strength. For sandstone rocks, the influence of the volumetric and
surface factors was revealed only at the temperature of 900 °C. Undoubtedly, the change of
strength parameters is significantly influenced by carbon substance lamines, which, when
exposed to high temperature, burn out and directly reduce the tensile strength, especially
in claystone rocks. The dependence of the compressive strength and tensile strength in
relation to the decrease in density is shown in Figure 18a,b.
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Figure 18. The dependence of the compressive strength and tensile strength in relation to the decrease in density for:
(a) sandstone; (b) claystone.

For sandstone rocks heated at temperatures from 300 °C to 600 °C, the strength
parameters increased by 80.7% and 36.6%, respectively (compressive strength for dry
rocks); by 72.8% and 7.7%, respectively (compressive strength for wet rocks), by 24.06% and
10.06%, respectively (tensile strength for dry rocks); an increase of 19.63% and a decrease of
5.37% (tensile strength for wet rocks), accompanied by a decrease in density by 1.03% and
1.62%, respectively. For the temperatures of 900 °C to 1200 °C, the compressive strength
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decreased by 30.06% and 65.68% (for dry rocks) and 60.73% and 95.73% (for wet rocks),
respectively. In the case of tensile strength, also for these temperatures, there was a decrease
by 55.36% and 78.32 (for dry rocks) and 72.86% and 87.29% (for wet rocks), respectively,
which was accompanied by a decrease in density by 3.97% and 5.33%, respectively. For
claystone rocks heated to the temperature of 300 °C, both in the case of compressive strength
and tensile strength, the value decreased by 80.5% (compressive strength dry) and 93.35%
(compressive strength dry) and 55.15% (tensile strength dry) and 75.78% (tensile strength
wet), accompanied by a decrease in density by 0.86%. A further increase in temperature
to the values of 600 °C, 900 °C and 1200 °C contributed to a decrease in density by 3.62%,
7.32% and 14.87%, respectively, with the simultaneous destruction of the integrity of the
samples, making it impossible to determine the strength parameters.

In the model studies conducted by Otto et al. [44] and Nakaten et al. [45], the width
of the gasification channel was often assumed to be 20 m. Pivnyak et al. [46] determined
that the range of the impact of high temperature in the roof and floor can reach values up
to 5.7 and 3.2 thickness of the gasified coal seam, respectively. Experiments conducted
in Russia showed that, depending on the type of rock, due to the heating of the roof,
rocks in the cave zone may be in the range of 1.33-3.8 m, and the metamorphized zone
of rocks is from 0.65 m to 0.84 m [47]. Luo et al. [48], based on numerical simulations,
determined that the temperature of 900 °C can have a range of up to 9 m in the roof. On
the other hand, Wiatowski et al. 2021 [49], based on research on large samples of hard
coal, found that when there is a siderite layer in the coal seam, the maximum temperature
of 1200 °C occurs at a distance of 0.3 m above the gasified seam. As a result of the high
temperature, the roof rocks, in particular claystone, can fall downwards, making it possible
for gases to migrate into the rock mass and cause an increase in the temperature of the
surrounding rocks. Moreover, as a result of high temperature, the geometry of the carbon
pillars changes, which translates into an increase and change in the stress distribution
around the gasification channel [50].

6. Conclusions

Based on the laboratory tests of rock samples heated at high temperatures, it can be
concluded that:

e  For dry claystone at the temperature of 300 °C, the compressive strength and tensile
strength decrease by 80.5% and 55.15%, respectively, while for wet claystone, these
decrease by 93.35% and 75.78%, respectively, in relation to the initial value. After
exceeding the temperature of 300 °C, the claystone decomposed;

e  For dry sandstone heated at 300 °C and 600 °C, the compressive strength increases by
80.7% and 36.6%, respectively, while for temperatures from 900 °C to 1200 °C, there is
a decrease by 30.06% and 65.68%, respectively, in relation to the temperature of 20 °C.
In the case of wet sandstone, there is an increase of 72.8% and 7.7% for temperatures of
300 °C and 600 °C, respectively, and a decrease of 60.73% and 95.73%, respectively, for
temperatures of 900 °C and 1200 °C. The tensile strength for dry sandstone increases
by 24.06% and 10.06%, respectively, for the temperatures of 300 °C and 600 °C, and
decreases by 30.06% and 65.68%, respectively, for the temperatures of 900 °C and
1200 °C. On the other hand, for wet sandstone, there is an increase of 19.63% for the
temperature of 300 °C and a decrease of 5.37%, 72.86% and 87.29% for the temperatures
of 600 °C, 900 °C and 1200 °C, respectively;

e  Within the temperature range of 300 °C, 600 °C, 900 °C, 1200 °C, the density decreases
by 0.86%, 3.62%, 7.32% and 14.87%, respectively, for claystone rocks, and 1.03%, 1.62%,
3.97% and 5.33%, respectively, for sandstone compared to the initial value.

Based on numerical research, it can be concluded that:
For the width of the gasification channel equal to 10, 20 and 30 m, the maximum extent
of rock destruction for dry rock mass does not exceed 5, 10 and 15 m, respectively;

e Anincrease in the extent of rock destruction occurs for wet rock mass. For roof rocks,
the maximum range is increased by 19.2%, 15% and 14.33%;
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e Additionally, for floor rocks, there is an increase by 17.1%, 13.9% and 13.7% in relation
to the dry rock mass.

Rocks located in the immediate vicinity of the designed georeactor are the basis for its
stability analyses. The conducted research shows a strong dependence of certain values of
the strength parameters of carboniferous rocks on high temperature, which in the process
of underground coal gasification often exceeds 900 °C. The obtained results regarding the
extent of the rock destruction zone around the gasification channel indicate the need to
conduct this process in a strongly controlled manner, because the extent of rock destruction
increases with the increase in the width of the gasification channel. The existence of
underground water reservoirs and the possibility for water to tear through the fractured
rock mass additionally reduces the strength parameters of the heated rocks and increases
the extent of rock destruction.
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