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Abstract. This study aims to identify regularities in the evolution of the temperature field and the uniaxial compressive
strength (UCS) of immediate roof rocks under the influence of chemical reaction zones along the combustion face. It also aims
to determine how the goaf area forms and changes over time as a function of gasification duration, injection pressure of the
blowing mixture, and coal seam thickness. The study was carried out using a laboratory UCG setup that reproduces combus-
tion face advance and roof deformation. The temperature in the modelled immediate roof was recorded by sensors installed
along the reaction channel. Siltstone samples taken from the immediate roof of seam n7" at the Mezhyrichanska mine (SE
“Lvivvuhillia”, Ukraine) were thermally treated and tested in uniaxial compression using a KL 200/CE-Tecnotest press. The
goaf geometry was determined from roof-subsidence reference sensors, graphical reconstruction of contours at different time
instants, and area calculation by the trapezoidal rule with consideration of producer-gas composition and concentration. At
0.55 m above the seam, temperature in the oxidizing zone (0-9 m) increased from approximately 323 to 550°C, reached about
573°C in the transition zone (9-11 m), and decreased to ~200°C in the reducing zone (11-30 m). UCS varied along the com-
bustion face with a maximum near the transition zone and a subsequent decrease in the reducing zone. An exponential relation-
ship was observed in the oxidizing zone, whereas a logarithmic relationship was observed in the reducing zone. The goaf area
changed nonlinearly, predominantly exponentially, with gasification duration and seam thickness. It was also associated with
the injection-pressure regime of the blowing mixture and roof-caving manifestations. The identified relationships can be used
to predict goaf parameters and to assess roof stability when substantiating controlled UCG operating regimes.
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1. Introduction The implementation of underground coal gasification is
particularly relevant for the coal-mining regions of Ukraine,
where a considerable share of reserves occurs under chal-
lenging mining and geological conditions, including thin
seams, significant depths, and previously mined or otherwise
hazardous zones [13-15]. Under such conditions, under-
ground gasification may become one of the key directions for
transforming the coal sector by combining energy efficiency
with environmental and technical safety.

The efficiency, stability, and safety of this process are de-
termined mainly by the parameters of the underground gasi-
fier, where complex coupled thermal, physico-chemical, and

Today, underground coal gasification is regarded as one of
the promising technologies that enables the rational use of a
substantial part of the resource base that was previously con-
sidered economically impractical or technically unsafe for
conventional mining [1, 2]. One of the key advantages of un-
derground coal gasification is a significant reduction in an-
thropogenic pressure on mining regions [3, 4]. Unlike conven-
tional mining, underground gasification does not require the
development of underground workings, hoisting of rock mass
to the surface, or the creation of waste rock dumps, sludge
ponds, or tailings storage facilities. As a result, the area of

technogenically disturbed land is substantially reduced, the
scale of potentially hazardous geoenvironmental objects is
limited, and the risk of adverse environmental impacts is re-
duced [5-9]. Another essential advantage is improved industri-
al safety. Since the main processes occur without personnel in
underground space, the primary hazards typical of convention-
al underground coal mining are eliminated, including gas-
dynamic events, roof falls, sudden outbursts, and methane or
coal-dust explosions [10-12].

© 2026. P Saik, V. Lozynskyi, M. Berdnyk, D. Klimov

saik.p.b@nmu.one; lozynskyi.v.h@nmu.one; berdnyk.m.g@nmu.one; klimov.d.h@nmu.one

gas-dynamic processes develop within the rock mass [16-
18]. In this context, studying the geomechanical stability of
the rock mass under the action of thermal and chemical pro-
cesses accompanying gasification becomes especially im-
portant. Because the behaviour of the immediate roof rocks
governs the stability of the reaction cavity, the safe operation
of the gasifier, and the overall process performance, their
condition requires comprehensive and rigorous integrated
investigations.
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In addition to purely technological factors, the relevance
of underground coal gasification is strengthened by the need
to ensure energy resilience and flexibility of energy supply
systems under instability, where the role of decentralised
approaches and optimisation of power generation control is
increasing [19]. At the same time, the efficiency and control-
lability of the UCG process depend on the correct considera-
tion of mass and heat balances in the reaction channel. This
is particularly important under complicated geological condi-
tions, including discontinuities and faults, which directly
affect the formation of temperature fields and the energy
performance of gasification [20, 21].

One of the key characteristics of underground gasifier
operation is the formation of the gasification goaf, which
directly influences the intensity of gasification reactions, the
conditions of heat and mass transfer, and the filtration prop-
erties of the rock mass [22, 23]. The evolution of the gasifi-
cation goaf is nonlinear. It is governed by the combined
effects of mining and geological conditions, the physico-
chemical properties of coal, the composition of blowing
mixtures, reactant injection regimes, and the thermodynamic
parameters of the process [24].

2. Literature review

The influence of high temperatures on the physico-
mechanical properties of rocks is intensively studied in con-
temporary scientific literature. This interest is driven by the
development of high-temperature mining technologies, in
particular underground coal gasification and in situ coal
combustion [22-24]. The implementation of these technolo-
gies is accompanied by substantial thermal, gas-dynamic,
and chemical impacts on the coal seam and surrounding
rocks. As a result, the stress-strain state changes, and
strength parameters within the rock mass are redistributed
[25-28]. The relevance of investigating rock-mass strength
dynamics stems from the fact that roof and surrounding-rock
stability within the thermally affected zone is a critical factor
for predicting potential deformations, preventing uncon-
trolled caving, defining the boundaries of the reaction cavity,
and assessing process safety. Under the combined action of
high temperatures, thermochemical decomposition, and the
formation of secondary porosity, the mechanical properties
of rocks may vary over a wide range. This requires a com-
prehensive analysis that accounts for the rock mass's tem-
poral and spatial heterogeneity. Therefore, given the growing
interest in coal thermochemical conversion technologies in
Ukraine and worldwide, assessing rock strength characteris-
tics is particularly important.

Understanding the regularities of strength degradation in
the rock mass and the formation of weakened zones is essen-
tial for developing reliable geomechanical models, optimis-
ing gasification operating regimes, and preparing recommen-
dations for industrial implementation [29]. Studying the
dynamics of rock-mass strength during underground coal
gasification is an important scientific and applied task that
provides a basis for improving the safety, efficiency, and
controllability of these geotechnologies.

In contrast to combustion, underground gasification ena-
bles a controlled thermal regime and a more uniform distri-
bution of chemical reaction zones along the reaction channel
[30-32]. This can substantially reduce the thermal load on the
rock mass and ensure a more stable development process,
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thereby improving overall safety. Underground coal gasifica-
tion is characterised by continuous formation and migration
of active zones within the reaction channel. Their dynamics
are governed primarily by the temperature field in the under-
ground gasifier. Experimental and laboratory studies [33, 34]
describe the spatiotemporal temperature distribution around
the gasifier in detail and demonstrate a consistent pattern of
evolution that corresponds to the progression of chemical
reactions across different sections of the reaction channel.
Temperature variations determine the character, intensity,
and position of the oxidizing and reducing zones, which, in
turn, control thermochemical transformations and the geo-
mechanical state of the surrounding rocks [35].

Laboratory and analytical studies have shown that the
temperature gradient along the reaction channel varies wide-
ly depending on reaction activity [36-38]. In the oxidizing
zone, the temperature ranges from 600 to 1050 °C. This zone
is characterised by intensive exothermic oxidation of carbon
(C+ 0Oy — CO;, + g, where g =394 kJ/mol), which provides
the primary input of thermal energy to the system. The tem-
perature gradient within this section is 25-50°C/m, which is
explained by the high rate of heat release concentrated in a
limited volume.

Endothermic reactions, in particular, characterise the re-
ducing zone:

C +H,0 — CO + H, — ¢ (=131 kJ/mol), (1)
C +CO, — 2CO — ¢ (=172 kJ/mol). )

In this part of the channel, the temperature gradually de-
creases to 412°C, and the gradient is 15-20°C/m. The lower
rate of change is due to reactions consuming heat and to the
limited availability of reagents from the blowing mixture.
The transition zone between the exothermic and endothermic
intervals is significant because it produces the most tremen-
dous thermal impact on the rock mass. This zone is associat-
ed with peak thermal loading, resulting in the most intense
changes in rock geomechanical properties.

Today, despite a substantial body of research on under-
ground coal gasification, systematic investigation of the gasifi-
cation goaf dynamics remains underdeveloped. Most existing
approaches focus on individual aspects of the process, in par-
ticular on generalised characteristics of goaf growth [39]. They
do not provide a unified methodological basis for analysing its
temporal evolution and its expansion relative to the chemical
reaction zones within an underground gasifier [40]. For exam-
ple, study [41] substantiated the parameters governing the for-
mation of bedding-separation cavities in roof rocks during
underground coal gasification and established their dependence
on reaction channel length. However, that approach did not
account for the spatial arrangement of chemical reaction zones
along the reaction channel, thereby limiting the scope for a
comprehensive analysis of gasification goaf dynamics. Study
[42] identified regularities in the formation of the gasification
goaf during coal gasification through vertical wells. At the
same time, the reported goaf parameters mainly describe the
final stage of the process, namely the attenuation of gasification
operations, which restricts analysis of the active stage. The
authors of [43] demonstrated that the parameters of the gasifi-
cation goaf, including its shape, dimensions, and the spatial
position of active zones, are closely related to gasification pro-
cess control regimes. This supports the need to predict gasifica-
tion goaf geometry based on thermal and technological parame-
ters as a prerequisite for improving controllability UCG.
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Most studies on the effect of temperature on the physico-
mechanical properties of rocks have been conducted under
laboratory conditions [44, 45]. They typically do not account
for the spatial variation of the temperature field along the
combustion face of an underground gasifier. In many cases,
the results of such experiments have been considered sepa-
rately from the actual conditions that govern the formation of
chemical reaction zones. This complicates direct transfer of
the obtained data to field-scale objects [46-48]. At the same
time, research on the effects of temperature on rock proper-
ties shows both common trends and pronounced differences.
This allows the identification of regularities in the evolution
of strength as a function of rock type, mineralogical compo-
sition, and structural features. In particular, most sedimentary
rocks exhibit an initial increase in strength due to dehydra-
tion and changes in intercrystalline contacts. At higher tem-
peratures, however, structural rearrangement, mineral de-
composition, and crack formation are observed [49-52].

Study [53] established a clear relationship between tem-
perature and sandstone strength. As the temperature in-
creased from 25 to 800°C, the uniaxial compressive strength
decreased from 95.6 to 49.5 MPa. A similar trend was re-
ported for the elastic modulus, which decreased after 200°C
and 400°C. The authors attributed these changes to rock
dehydration, microcrack development, and the subsequent
thermal decomposition of quartz and feldspar. Research [54]
confirmed a reduction in sandstone tensile strength during
heating. Up to 500°C, the changes remained relatively sta-
ble, whereas at 600°C, a sharp drop in strength of 22-23%
was observed. Study [55] examined the behaviour of mar-
ble, limestone, and sandstone. The authors noted that the
peak strength and elastic modulus of carbonate rocks de-
crease after 200-400°C, and that a sharp deterioration in
mechanical properties occurs after 600°C. It was also em-
phasised that peak strain increases markedly when rocks are
heated above 600°C. In [56] and [57], it was reported that
the strength evolution depends strongly on rock mineralogy.
Carbonate rocks may temporarily strengthen when heated to
150°C. With further temperature increases, dehydration
begins, and intensive microcracking develops. Study [58]
found that granite strength decreases by 80% when heated to
1000°C. The most pronounced change occurs in the 400-
600°C range, which the authors associated with the quartz
phase transition at 573°C.

Results for sandstone heated to 1100°C [59] indicate a
more complex response. Strength increases up to 400°C by
nearly a factor of two, but then drops sharply to 26 MPa.
Claystone specimens show a different pattern. When heated
to 400°C, strength increases due to water evaporation and
rock densification, but above 400°C, it rapidly decreases,
reaching 70 MPa [60]. Study [61] reported data on clay- and
sandy-shale samples heated to 1000°C, where strength in-
creased, attributed to dehydration and decarboxylation reac-
tions. Studies on limestone properties [62] indicate that sig-
nificant strength loss occurs already at 100°C, while further
heating to 700-800°C produces little additional change in
load-bearing capacity. Study [63] analysed changes in sand-
stone strength and permeability. Both were reported to in-
crease up to 200°C, after which mechanical properties dete-
riorated due to microcrack development. Investigations of
residual strains in sandstone at 700-1200°C [64] showed a
sharp increase caused by profound changes in rock structure.
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A synthesis of the above studies indicates that the effect
of temperature on rock mechanical properties is complex and
nonlinear. It depends strongly on mineralogical composition,
texture, porosity, and the specific mechanisms of thermally
induced reactions. Temperature-driven changes may manifest
as temporary strengthening, especially in water-bearing
rocks, or as abrupt structural weakening once critical temper-
ature thresholds are reached. These thresholds are commonly
associated with phase transformations and thermal decompo-
sition of minerals [65]. Therefore, specialised experimental
investigations are required for each specific mining and geo-
logical setting to account for rock-specific behaviour.

At the same time, without linking laboratory-derived reg-
ularities to the actual temperature distribution along the reac-
tion channel of an underground gasifier, it is not possible to
adequately reproduce the rock mass's mechanical response
under UCG conditions. This emphasises the need for inte-
grated studies that consider the spatial arrangement of chem-
ical reaction zones, the nature of temperature gradients, and
their influence on roof conditions. Such studies should also
address the associated parameters governing gasification
goaf formation in underground gasifiers. Because goaf ge-
ometry evolves in space and time and results from coupled
thermal and geomechanical processes, its dynamics should
be treated as an integral component when assessing reaction-
cavity stability and gasification controllability. In this regard,
an important scientific and practical task is to investigate the
dynamics of the gasification goaf in an underground gasifier.
Such investigations provide an integrated framework for
analysing the temporal evolution of its parameters and lay
the groundwork for improving the controllability and pre-
dictability of the underground gasification process.

In view of the above, this article aims to investigate
changes in the strength characteristics of the immediate roof
rocks of an underground gasifier due to high-temperature
chemical reaction zones along the combustion face. It also
aims to establish regularities in the formation and evolution
of the gasification goaf area in space and time as a function
of gasification duration and coal seam thickness.

Achieving this aim requires solving the following interre-
lated tasks:

—to determine the temperature dependence in the imme-
diate roof rocks of the underground gasifier;

—to examine changes in the strength characteristics of the
immediate roof of the underground gasifier along the combus-
tion face length, where the roof is represented by siltstone;

—to propose a method for calculating the gasification
goaf area of the underground gasifier;

—to establish relationships describing the formation and
evolution of the gasification goaf area as a function of gasifi-
cation duration and coal seam thickness.

3. Materials and methods

3.1. Temperature field and strength testing of the
immediate roof rocks

The temperature-field distribution was investigated using
a dedicated bench-scale test rig designed to reproduce condi-
tions close to those of underground coal gasification [66].
Temperature was recorded by thermocouples embedded in
the modelled immediate roof of the laboratory gasifier,
which provided reliable data on the thermal regime along the
reaction channel.
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Changes in the physico-mechanical properties of the rock
mass were evaluated through laboratory testing of rock sam-
ples collected from the immediate roof of seam n7" at the
Mezhyrichanska mine of SE “Lvivvuhillia” (Ukraine). The
immediate roof is represented by siltstone. This choice was
motivated by the fact that, in most mines in the region, the
immediate roof rock consists of approximately 80% siltstone,
with claystone and sandstone each accounting for about 10%.
The collected rock fragments were pre-processed using a
TCM350 stone-cutting machine to prepare samples with the
required geometry for further testing.

Heating prepared samples batches simulated thermal im-
pact in an electric muffle furnace to preset temperatures
characteristic of different chemical reaction zones along the
combustion face of the underground gasifier. The investigat-
ed temperature range covered values typical of the chemical
reaction zones in the underground gasifier. These values
were defined at a distance of 0.55 m above the seam, which
corresponds to half the thickness of the siltstone layer in the
immediate roof.

This approach enabled reproducing the thermal impact on
the rock under conditions as close as possible to natural ones.
It enabled an objective assessment of how increased tempera-
ture affects the physico-mechanical properties of the rock
mass within the underground gasifier's influence zone. The
general view of the selected rock samples and their condition
during laboratory testing is shown in Figure 1.

(b)

Figure 1. General view of the selected rock samples (a) and
the strength testing procedure (b)

(@)

Uniaxial compressive strength was determined using a
KL 200/CE-Tecnotest testing press, which provides high-
precision load control and enables reliable evaluation of rock
mechanical behaviour before and after thermal treatment.

3.2. Determination of gasified space parameters during
laboratory UCG modeling

The advance rate of the combustion face governs the di-
mensions of the gasification goaf in an underground gasifier.
This rate is a variable parameter and depends on the location
and activity of the chemical reaction zones. During the investi-
gation of underground coal gasification, the following were
determined. These included combustion face displacement
parameters as a function of gasification duration, roof subsid-
ence parameters in the underground gasifier, and the concentra-
tions of combustible gases (CO, Ha, CHa) in the producer gas.

Roof subsidence parameters were established from dis-
placement measurements of reference sensors installed in the
modelled immediate roof of the underground gasifier under
laboratory conditions. The use of these sensors enabled accu-
rate tracking of rock deformation and real-time analysis of
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accumulated laboratory data. Based on the maximum roof
subsidence data over a given time interval, a detailed graph-
ical reconstruction of the gasification goaf was performed.
This reconstruction reflected the dynamics of combustion
face advance. It enabled the identification of potential roof-
caving zones and supported real-time assessment of structur-
al changes in the underground gasifier's roof. Figure 2 pre-
sents an example schematic illustrating combustion face
advance and the formation of the gasification goaf.

Blowing-mixture
injection well trajectory
[

Production well trajectory
]

Coal seam

. 0 .
X0 Y Combustion ]
\ face advance
. 1
X5y LB ) S ) ]
X5 Y Xy X5 ¥ XY X Y
L0 Lol L2 L3 1 R L6
X07 yO Xl? y() XZ’ Y(x X}’ YU x49 yU ?(5’ yU x()? y()
Goaf Reaction channel
30m

Figure 2. Schematic of combustion face advance and gasifica-
tion goaf formation

Based on the obtained data (Figure 2) on the combustion
face position (xo, 3%;... xs, ¥°) and the reaction channel posi-
tion (xo, 10%....; X6, o°), the area of the gasification goaf of
the underground gasifier and the area of collapsed rocks are
determined. During underground coal gasification, it is rea-
sonable to distinguish three main zones within the gasifica-
tion goaf. Each zone exhibits both standard and distinct fea-
tures that govern the process behaviour.

The first zone is the combustion face zone, which is char-
acterised by the combustion face area Sy It forms adjacent to
the combustion face and extends into the gasification goaf.
The zone depends on the combustion face advance rate and
the roof-caving step. It is the most active zone and the most
critical for process control because the main chemical reac-
tions converting coal into producer gas occur there.

The second zone is the caving zone, which is character-
ised by the caving area S.. It covers regions where roof rocks
lose stability and may collapse, potentially altering the ge-
ometry of the underground gasifier.

The third zone is the total gasification goaf area, XS,
which encompasses the entire region where underground
coal gasification occurs.

For optimising the blowing-mixture injection parameters,
the Sy value is important. It is determined using the following
equation:

S;=%8-S,,m. ®)

The boundaries of variation of LS are defined by the com-
bustion face position, its length, and the reaction channel posi-
tion. When these parameters are considered in a coordinate
system, x represents the locations of the reference sensors
along the combustion face length (30 m with a 5 m spacing).
The coordinate y represents the combustion face position with-
in the gasification panel. It changes over time and depends on
the chemical reaction zone along the combustion face. The
coordinate yo denotes the reaction channel position. Based on
these coordinates, the gasification goaf area can be deter-
mined using the trapezoidal rule. As an example, the proce-
dure for calculating the area of the XS zone is given below.
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Area between the coordinates (xo, y°) and (x1, '):

)

— 2.
S.Xo—xl - 2 , M7 (4)
Area between the coordinates (x;, y') and (x2, 1?):
o) -a)
SXI*X2 = 2 > m > (5)
Area between the coordinates (xs, y°) and (xs, 1°):
5,.6
s s)
SXS —X6 = 2 > m ’ (5)
38 =Sy Sy Fooot Sygy s M (6)

The parameters of the S. zone are determined using the
same calculation scheme.

The calculated areas XS, S5, and S. characterise both the
development of the gasified space and the onset of caving
within the modelled roof. This enables the process to be inter-
preted in terms of controllability, because changes in Syreflect
the active reaction region that responds to the blowing-
mixture regime. The following section presents the results
and discusses the relationships among the gasified space
evolution, the thermal field, and the roof-rock behaviour.

4. Results and discussion

4.1. Temperature field and strength variation of the
immediate roof rocks

As a result of the conducted studies, data were obtained
on the variation in the temperature field in the immediate
roof rocks along the combustion face, at a distance of 0.55 m
above the coal seam (Figure 3).

Oxidizing ~ Transition Reducing
600 zone zone zone
N
/ \
£ 500 / \
g / \
2 B AN
= 400 Y ~
& /7 * ~
E v =
B 300 h
N
AN
200 e
0 5 10 15 20 25 30

Combustion face length (L), m

Figure 3. Dynamics of temperature variation in the immediate
roof rocks

According to the analysis of the data shown in Figure 3,
within the oxidizing zone (0-9 m), the temperature increas-
es from approximately 320 to 550°C. This corresponds to
the intensive development of exothermic carbon-oxidation
reactions, which release substantial heat. At a distance of 9-
11 m, the maximum temperature gradient is recorded. This
interval corresponds to the transition zone, where the tem-
perature reaches 575°C. In the reducing zone (1130 m), the
temperature gradually decreases to 200°C. This decline
results from endothermic reduction reactions, during which
heat is actively absorbed.
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The obtained results are consistent with previous studies
reporting an asymmetric temperature-field distribution in the
rock mass surrounding an underground gasifier. This asym-
metry is caused by changes in the type and intensity of chem-
ical reactions along the combustion face, which produces a
complex spatial pattern of thermal impact on the roof rocks.

Further analysis that accounted for the spatial temperature
distribution enabled the identification of regularities in the
variation of rock strength characteristics along the combustion
face length. This approach reproduced the actual pattern of
thermal impact on the rock mass and enabled evaluation of
the degree of weakening in the corresponding chemical reac-
tion zones. This is critical for predicting rock-mass stability
during underground gasifier operation. The dependence of the
uniaxial compressive strength of rock specimens from the
Mezhyrichanska mine of SE “Lvivvuhillia” on temperature,
which corresponds to different chemical reaction zones of
underground coal gasification, is shown in Figure 4.

Oxidizing  Transition Reducing
16 zone zone zone
14
«
=¥
=
€12
1%}
O
-]
10
8
0 5 10 15 20 25 30

Combustion face length (L), m

Figure 4. Data on the variation in rock uniaxial compressive
strength across the chemical-reaction zones of underground coal
gasification: 1-3 — rock samples; 4 — averaged value

Analysis of the data in Figure 4 shows a clear relation-
ship between rock strength variation and temperature along
the combustion face. In the oxidizing zone (0-9 m), strength
increases. At 0 m, which corresponds to the location of the
injection well, the average values are 11.3-11.5 MPa. At
5 m, strength increases to 12.7-13.1 MPa. At 10 m, corre-
sponding to the maximum thermal impact within the transi-
tion zone, a strength peak of 14.50-14.89 MPa is observed,
with an average strength of 14.8 MPa. In the reducing zone
(11-30 m), strength decreases gradually from 12.9 to
10.1 MPa. The minimum values of 9.9-10.4 MPa corre-
spond to the location of the production well of the under-
ground gasifier. Therefore, along the combustion face
length, the uniaxial compressive strength varies according to
a polynomial relationship as follows:

UCS, =11.8+0.28L—0.01> , MPa, )

where L is the combustion face length, m.

Along the combustion face of the underground gasifier,
rock strength varies widely due to differences in the physico-
chemical processes in the corresponding reaction zones.
Therefore, it is more appropriate to evaluate strength parame-
ters separately for each interval rather than generalise them
using a single polynomial relationship. With these considera-
tions, separate relationships were obtained for the strength
variation of the immediate roof rocks of the underground
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gasifier for different chemical reaction zones. This enabled a
more accurate description of rock mechanical behaviour
under the temperature conditions characteristic of the oxidiz-
ing, transition, and reducing sections of the reaction channel.

Two characteristic temperature ranges were identified.
The first range corresponds to the oxidizing zone and is char-
acterized by a gradual increase in rock strength due to dehy-
dration, partial densification, and strengthening of intercrys-
talline contacts. The second range corresponds to the reduc-
ing zone, where the temperature variation along the combus-
tion face length results in only a minor increase in rock
strength. Such a separation of temperature intervals enabled
the correct interpretation of the results and the development
of relationships that reflect the actual strength changes in the
immediate roof rocks during underground coal gasification.
The obtained results are shown in Figure 5.

15
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UCS (a.), MPa
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Oxidizing zone length (L,.), m
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Figure 5. Variation in the uniaxial compressive strength of

rocks along the length of the combustion face as a function of the
temperatures in the chemical-reaction zones: (a) — oxidizing zone;
(b) — reducing zone: 1-3 — rock samples; 4 — averaged value

Analysis of the data in Figure 5 shows that an exponential
relationship of the form describes the strength variation in
the oxidizing zone (a):

UCS® =11.4exp(0.0231") , MPa, 7

where L, is the length of the oxidizing zone of the com-
bustion face, m.

This curve shape reflects an intensive increase in strength
under temperatures typical of this section of the reaction
channel, where dehydration processes and changes in inter-
crystalline bonds dominate. In contrast, the strength variation
of the immediate roof rocks in the reducing zone is described
by a logarithmic relationship of the form:
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UCS’™ =—=23.8-3.9In(L"*), MPa, ®)

where L,.q is the length of the reducing zone of the com-
bustion face, m.

Within the oxidizing zone up to the transition zone, the
temperature rise leads to a 22-38% increase in rock strength
compared with the initial mean value of 9.1 MPa. The max-
imum strength is reached in the transition zone of the under-
ground gasifier. After that, towards the production well, the
values begin to decrease. In the plane of the production well,
the average rock strength increased by 10% (1.0 MPa). In
general, an increase in the strength of the immediate roof
rocks directly improves the overall stability of the rock mass.
Stronger rocks can more effectively carry and redistribute
stresses that arise during the formation of the reaction cavity
in the underground gasifier. As a result, the probability of
deformations, subsidence, and local caving is reduced,
providing more stable operating conditions for the under-
ground gasifier and improving operational safety.

4.2. Dynamics of gasified space formation and its relation
to process control

Based on the obtained data, each experimental series in-
cluded not only a graphical reconstruction of combustion
face advance but also a detailed analysis of the formation of
the gasified space over time. This covered the dynamics of
temperature, pressure, and gas concentrations at different
stages of gasification. In total, 216 graphical representations
of process dynamics were developed. They enable determin-
ing the gasified area as a function of time, including the stage
associated with roof caving, using the trapezoidal rule. Sec-
tional profiles of the gasified space were also analysed,
which enabled the accurate determination of its geometric
parameters.

The data in Figure 6a indicate that after 6 h of gasifica-
tion, the gasified space area is 12.6 m>. When the reaction
channel area is included, the total area equals 18.6 m?. The
combustion face advance rate is 0.07 m/h. The combustion
face is linear, and the oxidizing-zone length is L, =9.0 m.
The blowing-mixture injection pressure is 0.4 MPa. The
concentration of combustible gases is 37.9%.

During further gasification of the coal seam, an accelera-
tion of combustion face advance in the oxidizing zone is
observed (Figure 6b). At 10.5 h of gasification, a decrease in
the concentration of combustible gases to 37.2% was record-
ed. For this reason, a decision was made to increase the
blowing-mixture injection pressure. At an average pressure
of 0.45 MPa, the concentration of combustible gases in-
creased to 38.5% at 12.0 h of gasification. This indicates
active interaction between the blowing-mixture components
and the coal seam surface. An increase in pressure intensifies
interphase contact, thereby promoting thermochemical gasi-
fication reactions.

Under these conditions, the gasified space area is
32.5m?2. For a coal seam thickness of 1.0 m, the pressure
increase of the blowing mixture started at 9.0 h of the pro-
cess. For seam thicknesses of 0.8 m and 0.6 m, it started at
6.8h and 5.8 h, respectively. The corresponding gasified
space areas were 31.2 m?, 32.1 m?, and 34.2 m?.

It should be noted that throughout the gasification pro-
cess, which lasted 16.4h (Fig. 6¢c), the gasified area in-
creased, resulting in a total increase of 7.5 m?.
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Figure 6. Schematic of combustion face advance at coal seam
thickness m=1.2m, and blowing-mixture injection pressure
P=0.45 MPa for different gasification durations (a)— 6.0 h;
(b)—10.5 h; (c)—16.4 h
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This increase occurred while the blowing-mixture injec-
tion pressure remained stable at 0.45 MPa, which indicates
high gasification efficiency under the given conditions. At
19.8 h of gasification, the concentration of combustible gases
began to decrease, reaching 37.5%. Therefore, the blowing-
mixture injection pressure was increased to 0.57 MPa. The
gasified space area reached 53.0 m>. For a seam thickness of
1.0 m, the pressure increase started at 16.9 h. For seam
thicknesses of 0.8 m and 0.6 m, it started at 14.2h and
11.2 h, respectively. The corresponding gasified space areas
were 52.5m?, 53.4m?, and 51.5 m% The average blowing-
mixture injection pressure was 0.57 MPa.

With further growth of the gasified space to 60.4 m? at
23.7h (Figure 7), the blowing-mixture injection pressure
reached 0.67 MPa. At the same time, roof subsidence was
recorded on the injection-well side. A pressure of 0.67 MPa
was applied for 5.5 h. The average combustible gas concen-
tration was 39%. Measurements of the combustion product
composition showed that CO, is a significant component of
the producer gas.
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Figure 7. Schematic of combustion face advance at coal seam
thickness m = 1.2 m, blowing-mixture injection pressure P = 0.65 MPa,
and gasification duration t =23.7 h

The CO concentration includes the contribution from the
primary reaction, where CO is formed in the oxidizing zone.
During the secondary reaction, CO is formed in the reducing
zone involving carbon dioxide and carbon at gasifier channel
wall temperatures of 800-1200°C. The CO content increases
along the channel. After that, roof subsidence was recorded
at different points of the seam roof, as shown in Figure 8.
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Figure 8. Schematic of combustion face advance at coal seam
thickness m = 1.2 m; blowing-mixture injection pressure P = 0.45 MPa;
nd gasification duration t =29.2 h

Analysis of the data in Figure 8 indicates a decrease in
the gasified space area. This decrease is associated with roof-
rock caving that occurs at a specific step along the combus-
tion face. Roof caving is non-uniform. In the reducing zone,
the caving step varies from 1.23 to 1.37 m. In the oxidizing
zone, it ranges from 1.4 to 2.75 m. The non-uniformity of the
caving step is primarily due to temperature effects on the
rock mass. During gasification of coal seams with thickness-
es from 0.6 to 1.0 m, the caving-step parameters are similar.
This indicates that temperature plays a decisive role in the
roof-caving mechanisms. The obtained caving-step values
are consistent with parameters reported previously [67, 68].

After roof caving was observed during the experiments, it
was decided to reduce the blowing-mixture injection pressure
to 0.4 MPa. During further gasification, after 11.2 h, the gas
concentration decreased to 36.8%. When the pressure was
increased to 0.47 MPa, the gas concentration began to rise.
The same pattern was observed during gasification of seams
with thicknesses from 0.6 to 1.0 m. At each stage of the ex-
periments, four pressure-increase steps were recorded. These
adjustments were made in response to changes in the gasified
space size during the gasification process. Figure 9 presents
the variation of the gasified space area S with gasification
duration ¢ and coal seam thickness m.
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Analysis of the data in Figure 9 indicates an exponential
increase in the gasified space area with gasification duration.

The established relationships enable the prediction of the
gasified space expansion parameters as a function of gasifi-
cation duration. They can also support controlled adjustment
of underground coal gasification operating regimes, which
improves process stability and efficiency.

4.3. Synthesis and implications for UCG process control
and roof stability

The measured temperature pattern in the immediate roof
along the combustion face reflects the canonical spatial sepa-
ration of reaction zones in underground coal gasification. In
UCG, the oxidizing zone near the injection side is dominated
by exothermic oxidation reactions, which provide most of the
heat input. Further downstream, the reducing zone is gov-
erned by endothermic gasification reactions that progressive-
ly consume heat, thereby reducing the thermal driving force
for conductive heating of the surrounding rock mass. This
zonation and the associated nonuniform heat release are
widely reported as the main reasons for an asymmetric tem-
perature field around the UCG reactor and for the presence of
localized high gradients near the interface between exother-
mic and endothermic intervals [24, 69-71].

A key point for interpretation is that the temperatures re-
ported in this study were registered in the roof rocks at
0.55 m above the coal seam rather than inside the reaction
channel. Therefore, the absolute values in the roof are ex-
pected to be substantially lower than the commonly reported
peak temperatures inside the UCG cavity, which may reach
about 1000-1200°C depending on the operating regime and
coal type. The observed maximum in the roof near the transi-
tion zone is nevertheless consistent with the general under-
standing that the highest thermal loading on the surrounding
rocks is typically associated with the moving combustion
front and the region of most intense change in reaction rate
[24, 69, 70, 72].

The strength response of the immediate roof siltstone,
namely a pronounced increase in uniaxial compressive
strength toward the transition zone, followed by a decrease
toward the production side, can be explained by competing
temperature-driven mechanisms well known from high-
temperature rock mechanics [73]. Many sedimentary rocks
exhibit an initial strengthening stage as temperature increas-
es, which is often attributed to dehydration, reduction of free
and bound water, and changes in intergranular contacts that
can temporarily increase stiffness and peak strength. With
further thermal exposure, microcrack initiation and growth
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become dominant, driven by thermal expansion mismatch
among mineral phases, thermal fatigue, and thermochemical
alteration, which ultimately reduce strength and increase
deformability. Comprehensive reviews and recent high-
temperature datasets for siliciclastic rocks support this non-
linearity and the existence of temperature windows where
strengthening and weakening may alternate depending on
mineralogy, texture, and porosity [74, 75].

In the context of the present results, the peak strength near
the transition zone is plausibly associated with the “strength-
ening-dominated” stage in the roof rock at the investigated
offset distance. At the same time, the proximity of the peak
temperature to ~573°C is noteworthy because it coincides
with the o—p transition of quartz, which is often implicated in
microcrack development and subsequent degradation in
quartz-bearing rocks [76]. This supports the interpretation that
the transition zone is not only the location of maximum ther-
mal loading but also a likely trigger for accelerated damage
accumulation. The downstream reduction in UCS toward the
reducing zone can then be interpreted as the net effect of
accumulated microdamage under repeated or prolonged heat-
ing and cooling, combined with stress redistribution caused
by the evolving gasification goaf geometry [77, 78].

The dynamics of gasification goaf growth observed in the
laboratory, including periods of rapid expansion and episodic
decreases in effective area due to roof collapse, are consistent
with the established concept that UCG cavity evolution is
controlled by both chemical conversion of coal and thermo-
mechanical failure of the surrounding materials. Cavity growth
mechanisms discussed in the UCG literature typically include
coal consumption, spalling from cavity walls and roof, rubble
accumulation, and intermittent roof falls, which together pro-
duce a strongly nonlinear evolution of cavity shape and hy-
draulic connectivity. This nonlinearity is a core reason why
many authors emphasize coupled thermo-mechanical model-
ling for predicting roof deformation, stress redistribution, and
subsidence trends around UCG reactors [70, 71, 78-80].

The observed linkage between adjustments in blowing-
mixture injection pressure and combustible gas concentration
is also consistent with prior experimental and modelling stud-
ies. Laboratory UCG studies have demonstrated that opera-
tional changes in oxidant and steam delivery affect local tem-
peratures, reaction rates, and, consequently, the syngas com-
position, including the balance between CO, H,, CHs, and
CO;. In particular, the expected roles of secondary reactions
in the reducing zone, such as the Boudouard and water-gas
reactions, provide a mechanistic explanation for changes in
CO and H; yields along the reactor length. This supports the
practical conclusion that process controllability requires adap-
tive operating regimes that respond to evolving goaf geometry
and flow paths rather than fixed setpoints [66, 81-83].

From an engineering perspective, the combined trends in
temperature and strength identified here highlight a critical
implication for UCG design and monitoring. Even when the
immediate roof experiences moderate temperatures relative
to the cavity interior, localized gradients near the transition
zone can produce the most pronounced changes in mechani-
cal behaviour. Because cavity evolution and roof response
are coupled, the gasification goaf geometry should be treated
as a dynamic state variable in process control and in geome-
chanical risk assessment, particularly when evaluating the
likelihood of roof falls that may alter permeability pathways
and affect environmental containment.



P. Saik et al. (2025). Engineering Journal of Satbayev University, 148(1), 16-28

5. Conclusions

Laboratory investigations established the spatial regulari-
ties of the temperature field in the immediate roof rocks of an
underground gasifier, located 0.55 m above the coal seam.
Within the oxidizing zone (0-9 m), temperature increases
from approximately 323 to 550°C. In the transition zone (9-
11 m), the maximum temperature gradient is observed, with
temperatures reaching about 573°C. Within the reducing
zone (11-30 m), temperature decreases to approximately
200°C. This profile reflects the change in the contribution of
exothermic and endothermic reactions along the reaction
channel.

It was shown that variations in the temperature regime
across the combustion face lead to pronounced variability in
the uniaxial compressive strength of the immediate roof
rocks (siltstone). Strength increases in the oxidizing zone and
attains a maximum near the transition zone, with an average
value of about 14.75 MPa. In the reducing zone, strength
decreases gradually toward the production well, reaching
about 10 MPa.

The strength evolution should be described in a zone-
specific manner rather than by a single generalised relation-
ship. In the oxidizing zone, strength variation is best repre-
sented by an exponential function, reflecting intensive struc-
tural transformations in the rock, including dehydration and
strengthening of intercrystalline contacts. In the reducing
zone, strength changes are smoother and best described by a
logarithmic function, consistent with the lower thermal im-
pact intensity.

The formation and expansion of the gasification goaf
were confirmed to be dynamic and strongly nonlinear. The
gasification goaf area varies over time and is controlled by
the combustion face advance rate, the blowing-mixture injec-
tion regime including pressure, and the coal seam thickness.

Under the investigated conditions, the increase in the gas-
ification goaf area with gasification duration is predominant-
ly exponential. This provides a basis for predicting the geo-
metric parameters of the gasification goaf and for process
control through adjustment of operating regimes.

It was demonstrated that stabilisation and correction of
the blowing-mixture injection pressure are key factors for
intensifying gasification. An increase in pressure is accom-
panied by a higher concentration of combustible components
in the producer gas and promotes a more uniform advance of
the combustion face.

Regularities of roof-rock caving were identified. They
manifest as non-uniform caving steps along the combustion
face and differ between the oxidizing and reducing zones.
This confirms the controlling role of the temperature field in
deformation and caving mechanisms and justifies incorporat-
ing the caving step into predictions of geomechanical stabil-
ity and gasification goaf management.
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TemueparypajibIK-0epiKTIK e3repicTepaiH Tikejed Tede
JKbIHBICTAPBIHAAFbI JUHAMMKACHI JKIHE 7KePaCThl ra3 reHeparopbl
ACTBIHAAFbI I'a3ChI3AAHFAH KEHICTIKTIH KAJbINTACYbI
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l«Bip 6en, 6ip arcon» 6acmamacwel Ketmaii-Eypona sepmmeynep opmanvizor (BRICCES), I'yandynes Mynati-Xxumus mexHOL02UAIAPbL
yHugepcumemi, Maomun, Kvimatui
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Annarna. JKyMBICTBIH MaKcaThl — OTTHI KEH)KapOOHWBIHIAFbl XUMHSUIBIK PEaKLIsIap alMaKTapbIHBIH SCEpiHEH TiKenel Tede
JKBIHBICTAPBIHBIH TEMIIEpaTypajiblK epici MeH OepIKTIriHiH e3repy 3aHJbUIBIKTApBIH aHBIKTAy, COHJal-aK ra3u(uKalusHbIH
Y3aKTBIFBIHA, YPJIEY KOCTACHIH Oepy KBICHIMBIHA KOHE KOMip KaOaTHIHBIH KaJbIHIBIFBIHA OaiJIaHBICTHI Ta3ChI3IaHFAaH KEHICTIK
ayJaHBIHBIH YaKbIT OOMBIHIIA KAJIBINTACYhl MEH ©3Trepy TOyeIIUIIKTEepiH Oenriiey. 3epTreyiep OTThl KeHXap (PPOHTHIHBIH i11-
repijieyi MeH Te0Oe KbIHbICTaphl JieopMalsiIapblH KaiTa KaHFBIPTa OTHIPBII, JKEpacThl ra3u(UKAIMICHIHBIH 3epTXaHaAIBIK
KOHJIBIPFBICBIH/IA OpBIHAANABI. MoOnenbIeHreH Tikeneld Tebele Temreparypa peakLsUIBIK apHa OOWBIMEH TEpMOJATUHKTED
apKpLIBI TipKenmi. YkpanHa, «JIsBoByroas» MK (I'TI) kypambiHaarsl « MeKupHYaHCKash» axXTACBIHBIH /7" KaOaTHIHBIH TiKeIeH
TeOCCIHEH AJIbIHFaH aJICBPOJUT Yiruiepi TepMusiiblK eHueyacH etkisimin, KL 200/CE-Tecnotest npeccinae OipochTi CBIFyFa
CBhIHAKTaH OTKI31i. ["a3chI3laHFaH KeHICTIKTIH FeOMETPUSIChI TOOSHIH TOMEH TYCYIH OJIICHTIH pernepiliK JaTYuKTep JepeKTepi,
OPTYPITi yaKbIT Me3eTTepiH/eri KOHTYpiap/pl rpadMKaiblK BU3yIN3alMsIIAY KOHE TeHepaTOPIIbIK Ta3/blH KypaMbl MEH KOH-
LICHTPAIMSCHIH €CKEepe OTBIPBIN, Tparnenusuiap oAIiCIMEH ayJaHAbl ecenTey HeTi3iHAe aHbIKTaAbL. #7" KabartbiHaH 0,55 M
KaIIBIKTBIKTa TOTBIFY aiiMarbiHga (0—9 M) Temmeparypa ramamer 323-ten 550°C-ka aeifin eceTiHi, etneni aiimakra (9—11 m)
mamamer 573°C-Ka KeTeTiHi, al KanmbiHa kKentipy aimarsiaaa (11-30 m) ~200°C-ka aeiid ToMEHAEHTiHI aHBIKTaIIbl. AJIeB-
POTUTTEPiH OCPIKTIri KeHxkap OONBIMEH OTIENi aiiMaK MaHBIHIA MAaKCHMYMFa JKETIN, KCHiH KaJbIHA KENTIpy aiMarblHaa
azasiqpl; OYJI peTTe TOTHIFY aiiMarbl YIIIH SKCIIOHSHIIUAJ/IBIK, aJl KAJIIbIHA KeNTIpY aiiMaFbl YIIiH JOrapupMIiK TOyeNUTiK ToH.
I"a3chI3ganFaH KEHICTIK ayNaHBIHBIH Ta3u(UKaWs Y3aKThIFBIHA JKOHE Ka0aT KalbIHJBIFBbIHA OaiJIaHBICTBI CBHI3BIKTBIK €MEC,
HETi31HeH SKCIIOHEHIMAJIbI TYPAE ©3TEpPeTiHi KoHe Ypliey KOCHAChIH Oepy KbhICBIMBI PEXHMMIMEH api Te0e KBIHBICTAPHIHBIH
KyJlay KepiHICTepiMeH OaiJIaHbICThI €KeHI KOpCeTunal. AJbIHFAH 3aHABLUIBIKTAP XKepacThl ra3u(uKalusChbIHbIH 0acKapbUIaThIH
peXUMAEPIH HETi3Ney Ke3iHIe ra3chl3aHFaH KEHICTIK mapaMeTpiepiH Ooipkay jkoHe TeOeHiH OpHBIKTHUIBIFBIH Oaranay VIIiH
MaiIaIaHbLUTy bl MYMKIH.

Hezizzi co30ep: komipOiy srcepacmol 2a3upukayuscel, eascbi30anean KeHicmix, memnepamypanviy opic, may HColHblCma-
pbl, bipocemi cvleyza bepikmik, ommul KeHxcap.
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JIMHAMUKA TeMIIePATYPHO-NIPOYHOCTHBIX U3MEHEHUI HenocpeICTBEeHHOM
KPOBJIU U GOpMHPOBAHHE BHLITA30BAHHOI0 MPOCTPAHCTBA MOA3€MHOI0
razoreHeparopa
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AnHoTanus. Llensio paboThl SBIISETCS YCTAaHOBJICHHE 3aKOHOMEPHOCTEH M3MEHEHHS! TEMIIEPaTypHOTO IOJS U MPOYHOCTH
HIOPOJT HEMIOCPEICTBEHHOW KPOBIIH T10J1 BO3JEHCTBUEM 30H XUMHYECKUX PEaKlyii BIOJIb OTHEBOTO 32004, a TaKkKe ONpeelieHne
3aBUCHMOCTEl ()OPMUPOBAHMS ¥ U3MEHEHHMSI IUIOIIAIM BBITA30BaHHOTO NPOCTPAHCTBA BO BPEMEHH B 3aBHCHMOCTH OT IIPOJION-
KHUTEIBHOCTH Ta3u(HKaIiY, JaBJIeHHs OAa4n TyTHEBOH CMECH M MOIIHOCTH YTOJIBHOTO IUIacTa. MccinenoBaHms! BBITOJHEHB
Ha J1abopaTOpHOW yCTaHOBKE MOA3EMHOI rasuduKkanyy ¢ BOCIIPOU3BEAESHHEM IPOABIKEHHs (PpOHTa OTHEBOTO 32005 U 1edop-
Mauui Kkposiu. Temrneparypy B CMOAEIMPOBAHHON HEMOCPEACTBEHHON KPOBJIE PETUCTPUPOBAIN TEPMOAATYNKAMU BIOJb PEAK-
IMOHHOrO KaHaima. OOpaslsl aneBpOJUTOB W3 HENOCPEICTBEHHOW KpOBIM Iutacta #7" maxThl  «MexupryaHcKas)
(T'TI «JIpBOBYTOBY», YKpanHa) MOABEprajn TepMooOpabOTKe W HMCHBITHIBAIN Ha OnHOOCHOe cxxarne Ha mpecce KL 200/CE-
Tecnotest. I'eomeTpH0 BBIra30BaHHOTO MPOCTPAHCTBA ONPEIEISUTH MO JAaHHBIM PENEpHBIX AaTYUKOB OMYCKaHUsI KPOBIIH, Ipa-
(ryeckoi BU3yann3anuy KOHTYpPOB B Pa3INYHbIe MOMEHTHI BPEMEHHU M pacdeTa IUTOIa i METOIOM Tparennii ¢ y4eToM cocTa-
Ba U KOHLEHTPAIUM T€HEePaTOPHOTo Irasa. Y CTaHOBIEHO, YTO Ha paccTosiHuH 0,55 M OT Iuiacta TeMmneparypa B OKUCIUTEIbHON
3o0He (0-9 M) Bo3pactaeT npumepHo ot 323 g0 550°C, B nepexoaHoi 30H€e (9-11 M) gocturaet okosno 573°C, a B BOCCTaHOBH-
tenpHON 30HE (11-30 M) crmxaercst 1o ~200°C. [IpodHOCTH aNeBPOIUTOB U3MEHSAETCS BIOIb 32005 ¢ MAKCHMyMOM B paiioHe
TIePEXOHON 30HBI ¥ MOCIIETYIONIMM YMEHBIIEHHEM B BOCCTAHOBUTEILHOMN 30HE, IIPUYEM JUTSI OKUCIUTENILHOM 30HBI XapaKkTepHa
OKCIIOHCHIHAaJIbHAasd, a JIJIA BOCCTAaHOBUTEILHON — HOFapI/I(i)MI/I‘IeCKaH 3aBUCHUMOCTbD. HOKaSaHO, YTO IIOIaAb BbIIa30BaAHHOI'O
MIPOCTPAHCTBA W3MEHSETCS] HEJIMHEHHO, MPENMYIIECTBEHHO SKCIOHEHINAIBHO, B 3aBUCUMOCTH OT NPOJODKHTEIBHOCTH Ta3u-
(UKaMKM ¥ MOITHOCTH IJIaCTa M CBS3aHA C PEKMMOM JIaBJICHUS T10/1a4d JyTHEBOM CMECH M NPOSBICHUSMU OOPYIIEHUS TTOPOJ]
KpPOBIJIH. HOJ’[y‘{CHHBIe 3aKOHOMEPHOCTU MOT'yT 6BITB HCIIOJIb30BAaHbI I MIPOTHO3UPOBAHUA MMAapaMETPOB BbIra30BAHHOI'O IIPO-
CTPAHCTBA M OICHKH yCTOHYMBOCTH KPOBIIM NPH 0OOCHOBAHNH YNIPABIAEMBIX PEKHIMOB TOA3EMHON Ta3n(prKaInm.

Knrouegvle cnosa: noosemnas cazuduxayust y2is,; 8blea308anHoe NPOCMPAHCMEO, MeMNepamypHoe noie; 2opHvle nopoobl,
NPOYHOCMb HA OOHOOCHOE corcamue, 02Hesol 3a001l.
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