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Abstract

Underground coal gasification (UCG) is a controlled combustion process of in situ coal
that produces combustible gases through thermal and chemical reactions. In order to
investigate the UCG induced multi-physical field evolution and overlying strata fracture
propagation of deep steeply inclined coal seam (SICS), which play a vital role in safety
and sustainable UCG project, this study established a finite element model based on the
actual geological conditions of SICS and the controlled retracting injection point (CRIP)
technology. The results are listed as follows: (1) the temperature field influence ranges of
the shallow and deep parts of SICS expanded from 15.56 m to 17.78 m and from 26.67 m to
28.89 m, respectively, when the burnout cavity length increased from 100 m to 400 m along
the dip direction; (2) the floor mudstone exhibited uplift displacement as a result of thermal
expansion, while the roof and overlying strata showed stepwise-increasing subsidence
displacement over time, which was caused by stress concentration and fracture propagation,
reaching a maximum subsidence of 3.29 m when gasification ended; (3) overlying strata
rock damages occurred with induced fractures developing and propagating during UCG.
These overlying strata fractures can reach a maximum height of 204.44 m that may result in
groundwater influx and gasification failure; (4) considering the significant asymmetry in
the evolution of multi-physical fields of SICS, it is suggested that the dip-direction length
of a single UCG channel be limited to 200 m. The conclusions of this study can provide
theoretical guidance and technical support for the design of UCG of SICS.

Keywords: underground coal gasification; steeply inclined coal seam; overlying strata
fracture propagation; numerical simulation; multi-field coupling

1. Introduction
Globally, coal resources are an indispensable energy source and will continue to be

essential for a considerable period of time [1–4]. Traditional coal-mining techniques have
struggled to develop deep coal resources [5]. New coal fluidization mining technolo-
gies are required to effectively extract coal-based oil and gas resources from deep coal
seams [6], and to improve oil and gas supply situation [7,8]. Underground coal gasification
(UCG) is a clean, safe, and efficient new technology that is ideal for coal resource devel-
opment [9–11]. Its principle involves the controlled combustion of coal seams in situ to

Energies 2026, 19, 559 https://doi.org/10.3390/en19020559

https://crossmark.crossref.org/dialog?doi=10.3390/en19020559&domain=pdf&date_stamp=2026-01-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-4572-9677
https://orcid.org/0000-0001-6246-6728
https://doi.org/10.3390/en19020559


Energies 2026, 19, 559 2 of 20

produce combustible gas. UCG integrates well construction, gasification, and gas extraction
into a single integrated process [12–14], making it suitable for extracting hard-to-reach coal
resources, such as deep-seated and steeply inclined deposits [15–19]. UCG is a key choice
for green, low-carbon, high-quality development and transformation [20–23].

UCG technology holds great promise, but significant challenges remain in practical
application regarding the continuous operation of gasifiers and the stability of overlying
rock structures during the gasification process [24,25]. The gasification center temperature
during the UCG process can reach between 800 ◦C and 1200 ◦C [26–28]. Prolonged exposure
to high temperatures can degrade the physicochemical properties of the overlying strata,
causing varying degrees of deformation, damage, and fragmentation, which may lead to
surface subsidence and trigger geological hazards [29–31]. Difficult-to-mine coal seams
(such as deep coal seams, steeply inclined coal seams, and thin coal seams) are characterized
by complex geological conditions [32,33]. The cavities formed after gasification redistribute
overlying rock stresses [34], while high temperatures cause thermal damage to the rock,
reducing its strength [35,36]. When the induced overlying strata fractures begin to develop
and expand [37–39], potentially connecting aquifers and causing groundwater inflow,
this may compromise the sustained safe operation of UCG. Therefore, it is essential to
investigate the expansion patterns of the induced overlying strata fractures and the multi-
physics evolution characteristics during UCG implementation, which are significant for the
stable operation of gasification furnaces and the design of practical UCG projects [40,41].

In recent years, numerous scholars have conducted extensive numerical simulation
studies on UCG by utilizing finite element simulation analysis software to address overly-
ing strata stability and the evolution characteristics of multi-physical fields during UCG
process. Cui et al. established a discrete multi-physics coupling mathematical model
to investigate cavity formation and temperature changes during the UCG process. The
results indicated that cavity growth varied with the gas flow rate [42]. Zhao et al. used
COMSOL software to establish a geological model for investigating the temperature field
distribution in the UCG process. The results demonstrated that the temperature field in the
roof and floor strata continuously expanded because of the persistent heat transfer from the
combustion products [43]. Duan et al. established a thermomechanical coupling fracturing
model for numerical simulation. The results indicated that fractures formed in the highest
temperature zone and propagated toward the lower temperature zones as temperature
increased [44]. Zhang et al. used COMSOL software to establish a multi-field coupled
two-dimensional (2D) numerical model, investigating the relationship between tensile-
shear damage at the gasification center and both gasification temperature and coal-rock
fracture coupling. The results indicated that the gasification center of the coal rock under-
went tensile expansion as a result of thermal stress and pore pressure, resulting in tensile
damage [45]. Wang et al. employed the controlled retraction injection point technique and
used ABAQUS finite element software to simulate the controlled combustion reaction in the
coal seam and cavity formation following gasification during UCG. The study analyzed the
evolution patterns of the temperature and displacement fields in the number 12 coal seam
after gasification, The results indicated that the temperature conduction range of coal and
rock gradually expands at the gasification point moving with time [46]. Yao et al. also used
ABAQUS (v2017) software to establish a large-scale, long-channel UCG numerical model,
investigating the development and propagation patterns of fractures under multi-field cou-
pling effects at different burn-cavity distances in the gasification channel. The simulation
results demonstrated that longer burn-cavity distances in the gasification channel led to
a greater diffusion range of the temperature field, with the fracture propagation height
reaching a maximum of 270 m [47].

https://doi.org/10.3390/en19020559

https://doi.org/10.3390/en19020559


Energies 2026, 19, 559 3 of 20

In summary, although substantial research has been conducted on multi-field coupling
in UCG, the mechanisms of asymmetric overburden failure induced by the CRIP long-
channel process under the specific geological conditions of deep steeply inclined coal seams
(SICS) remain insufficiently explored. Compared with existing studies, the improvements
of this work lie in: (1) establishing a two-dimensional coupled model that more closely
aligns with the geological structure of SICS and the characteristics of the CRIP process,
with a focus on the asymmetric evolution along the dip direction; and (2) systematically
considering the controlling role of pre-existing natural fracture networks on the failure
process, and directly linking the multi-field evolution patterns to the optimization of
engineering parameters. Based on geological data from SICS in the Fukang mining area
of the Junggar Basin, Xinjiang, China, this study established a UCG finite element model
for SICS using the controlled retracting injection point (CRIP) technology, to investigate
the multi-field coupling evolution patterns during UCG of SICS and the development
characteristics of induced fractures in overlying strata. The findings from this study provide
theoretical guidance for the design of practical UCG of SICS engineering parameters and
are essential to ensure the safe and stable operation of UCG gasifiers.

2. Geological Conditions of SICS
This study focuses on SICS in the Fukang mining area of northwestern China, which

is situated within the North Tianshan Fold Belt, and features a structural configuration
of a south-dipping monocline. The strike direction is approximately east–west, with
a stratigraphic dip angle ranging from 45◦ to 53◦. The coal-bearing strata primarily consist
of the Lower Jurassic Badaowan Formation, with the main target coal seam being the
No. 42 coal seam. This seam features a simple structure and a thickness of 32 m.

3. Numerical Model
On the basis of the geological conditions of the Y1 well area in the Fukang mining

area, where the actual UCG operations are conducted (Figure 1), this study established
a two-dimensional numerical model with the following parameters: 30 m of coal seam
thickness, 53◦ of coal seam dip angle, 70 m of roof mudstone thickness, 20 m of floor
mudstone thickness, 400 m of designed gasification channel length, and 887 m of burial
depth at the center of the gasification channel (Figure 2).

A grid independence study confirmed that the temperature calculation results were
insensitive to the number of mesh elements (Figure 3), and to evaluate the stability and
computational efficiency of the numerical model, this study also monitored the convergence
behavior of the solver. In particular, key convergence indicators from result files such as the
STA and MSG files show that during each increment, the number of attempts was predomi-
nantly 1 and never exceeded 10, the number of severe discontinuity iterations remained
consistently at 0, and the total equilibrium iterations per increment did not exceed 6. These
data indicate that the model achieved equilibrium rapidly during the computation process,
with no convergence difficulties arising from computational instability. This demonstrates
the rationality of the current mesh design, material parameters, and boundary condition
settings, thereby ensuring the reliability of the computational results. To ensure computa-
tional accuracy and efficiency, we selected a mesh size of 5 m (totaling 14,669 elements). The
fundamental model parameters and the physical and mechanical properties of various rock
strata are presented in Tables 1 and 2. We applied a vertical pressure of 10 MPa to the top
of the overlying strata to simulate in situ formation pressure, whereas all other boundaries
were assigned fixed constraints. The initial ambient temperature of the model was set at
20 ◦C, and the gasification face was advanced at a constant rate of 1 m/d. It should be
noted that the lateral stress ratio and boundary conditions exert a certain influence on the
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damage zone morphology and fracture connectivity height. Under conditions of a higher
lateral stress ratio, enhanced horizontal compressive stress provides lateral confinement to
the roof and overlying strata, thereby delaying the opening and upward propagation of
fractures. This tends to reduce the height and extent of the damage zone to some extent.
Conversely, a lower lateral stress ratio weakens the surrounding rock’s ability to confine
deformation, making it easier for upward-connected tensile fracture networks to develop,
which can lead to an increase in the height of the water-conducting fracture zone.

 

Figure 1. Geological framework of the Fukang mining area and the corresponding stratigraphic
column of coal-bearing formations in well block Y1.

 

Figure 2. Two-dimensional numerical model of UCG in SICS.
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Figure 3. Temperature variation curves at the midpoint of gasification channels with different mesh
numbers over time.

Table 1. Fundamental model parameters.

Project Value Project Value

Model length/width 600 m/500 m Gasification channel length 400 m
Coal seam thickness 30 m Grid size 5 m × 5 m

Burial depth of coal seam midpoint
along the gasification channel 887 m Gasification advance rate 1 m/d

Total number of grids 14,669 Multi-physics coupling temperature-stress-
displacement-fracture

Table 2. Physical and mechanical properties of coal and surrounding rock materials.

Lithology Density
P (kg/m3)

Poisson’s Ratio
ν

Elastic
Modulus
E(GPa)

Thermal
Expansion
Coefficient

αt (10−6·K−1)

Thermal
Conductivity
λ(W/(m·K))

Specific Heat
Capacity

Cp(J/(Kg·K))

Coal seam 1306 * 0.26 * 5.92 * 5 * 0.26 * 1188 *
Sandstone 2650 * 0.17 * 1.68 * 6 * 2.9 * 860 *
Mudstone 2780 * 0.16 * 2.78 * 9 * 1.2 * 750 *

Note: * refers to the measured average value.

The Gaussian-distributed moving heat source model adopted in this study is a com-
monly used method for simulating the progressive combustion face in the CRIP process.
The heat source parameters directly determine the peak and extent of the temperature
field. The variations in the temperature field induced thermal strain through the thermal
expansion effect, which was subsequently converted into thermal stress under constrained
conditions. Simultaneously, high-temperature environments generally contributed to the
degradation of the rock’s yield strength. Damage evolution was jointly influenced by the
stress and temperature fields, with the initiation and propagation of fractures being the
result of coupled thermomechanical effects. Once the damage occurred, the stiffness of the
rock material underwent progressive degradation, thereby triggering a redistribution of
the stress field and inducing the development of a local displacement field.
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The coal seams in the Fukang mining area have undergone prolonged geological
activities and are structurally controlled by a syncline, which has resulted in complex geo-
logical conditions and a steep dip angle. Field investigations confirmed widespread surface
fractures throughout the study area, with larger fractures spaced approximately 50~70 m
apart, validating that the coal rock, subjected to intense compression and deformation,
exhibited well-developed natural fractures. Under mining-induced disturbances, these
fractures propagated and formed an interconnected fracture network (Figure 4).

 

Figure 4. Natural fracture development in the target coal seam and roof rock. (a,b) in situ roof rock,
(c) roof rock sample, and (d–f) bulk coal samples. The yellow dashed line represents natural fracture.

In this study, we simulated the natural fractures present in the coal seam by incorpo-
rating a pre-determined number of pre-embedded fractures (Figure 5) and investigated the
propagation characteristics of the induced fractures in the overlying strata during UCG
of SICS.

 

Figure 5. Pre-existing natural fractures.
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4. Governing Equations
4.1. Heat Distribution

Thermal energy released during underground coal gasification is spatially hetero-
geneous due to localized combustion and heat transfer processes within the coal–rock
system. In this study, we defined the nonuniform heat distribution as a heat flux function
of location, time, temperature, and the number of integration points through the DFLUX
subroutine in ABAQUS:

Φ =
∫ ∫

q(r)dxdy (1)

where Φ denotes the heat input applied to the model, J; and q(r) represents the local heat
flux density, J/m2.

During coal seam combustion, continuous heat generation led to a nonuniform distri-
bution of the thermal flux in the gasification process. This nonuniformity was characterized
by a higher heat flux density closer to the central heat source, which resulted in increased
thermal flux in the surrounding rock. On the basis of the Gaussian surface heat source
model, the heat flux density is expressed as follows:

q(r) =
3Q
πr2

0
exp

(
−3r2

r2
0

)
(2)

where Q is the total heat generated during UCG process, J; r0 is the effective radius of the
heat source, m; and r denotes the distance from a given point to the center of the surface
heat source, m.

4.2. Thermoelastic Constitutive Equation

The mechanical response of the surrounding rock under thermal loading is described
using a linear thermoelastic constitutive relationship. The rock material is assumed to
behave elastically within the temperature range considered, and the numerical model is
treated as a two-dimensional plane strain problem. Under these assumptions, the coupled
stress–strain–temperature relationship can be written as:

σij = 2Gεij + λ1(εxx + εyy) + 3αtK∆T (3)

where G is the shear modulus, Pa; K is the bulk modulus, Pa; εij is the stress tensor;
εxx and εyy are normal strain components in the x and y directions, respectively; λ1 is
Lame’s constant, Pa; αt is the coefficient of thermal expansion, k−1; and ∆T represents the
temperature increment, K.

4.3. Formation of the Gasified Cavity

After gasification completion, the coal seam formed a gasification cavity. Using the
ABAQUS software, we simultaneously invoked the GETVRM and USDFLD subroutines.
We introduced the live/dead element rule and defined STATEV to execute element retention
and deletion. If the cell temperature was less than 1273.15 K, then STATEV was 1 and the
element remains active; conversely, the temperature was greater than 1273.15 K [28], then
STATEV was 0 and the cell was deleted, forming a gasified cavity:{

STATEV = 1, units retain
STATEV = 0, units delete

(4)
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4.4. Initiation Criterion for Damage

Rock damage initiation is evaluated using a maximum principal stress criterion. Dam-
age is assumed to initiate when the maximum principal stress within the rock exceeds its
critical allowable value. A crack was initiated or an existing crack propagated after an
equilibrium increment when the fracture criterion f reached 1.0 within a specified tolerance,
defined as follows: 1.0 ≤ f ≤ 1.0 + f tol. The tolerance f tol could be user-defined, with
a system default value of 0.05. The fracture criterion f can be expressed as follows:

f =
{
⟨σmax⟩
σo

max

}
(5)

where σ0
max is the critical maximum principal stress, and ⟨σmax⟩ =

{
0, σmax < 0

σmax, σmax > 0

}
,

the Macaulay brackets are used to ensure that damage initiation does not occur under
purely compressive stress conditions.

4.5. Damage Evolution Criterion

The progressive deformation and failure of the overlying strata is governed by an
energy-driven damage evolution mechanism. Once the damage initiation criterion is met,
material stiffness degrades continuously as damage accumulates. In this study, an energy-
based damage evolution model is adopted to describe the post-initiation failure behavior.

A scalar damage variable D is introduced to quantify material degradation. Initially,
D = 0, corresponding to an undamaged state, and it increases monotonically to D = 1 as the
material reaches complete failure:

δ
f
m = 2Gc/t0

m (6)

D =
δ

f
m(δ

max
m − δo

m)

δmax
m

(
δ

f
m − δo

m

) (7)

where δf
m is the effective displacement at complete failure; t0

m is the effective traction force;
δ◦m denotes the displacement at the onset of damage evolution; δmax

m is the maximum
effective displacement; and Gc represents the energy dissipated during the damage process.

5. Results and Discussion
In this study, we took SICS with five pre-existing natural fractures as an example to inves-

tigate the evolution patterns and propagation ranges of temperature, stress, and displacement
fields under different combustion cavity lengths in the gasification channel during UCG, as
well as the propagation characteristics of the induced overlying strata fractures.

5.1. Temperature Field Evolution

Along the gasification channel direction, the coal temperature field exhibited typical
four-stage characteristics. Initially, under thermal conduction effects, the coal entered
a heat-absorption and temperature-rise phase, forming a gradient-distributed temperature
field through solid heat transfer. When the coal temperature reached the ignition point, it
entered the precombustion stage. As oxidation reactions released significant exothermic
heat, rock units continuously accumulated thermal energy, causing local temperatures to
surpass the gasification reaction threshold and thereby establishing a gasification working
face dominated by heterogeneous gas–solid reactions. Ultimately, as the combustible com-
ponents were fully converted, the coal body was completely consumed, thereby forming
a burned-out zone (Figure 6a).
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Figure 6. Evolution law of temperature field in the gasification channel under different burnout
cavity lengths: (a) 100 m, (b) 200 m, (c) 300 m, and (d) 400 m.

During the stable advancement of the gasification working face, the roof mudstone
could be subjected to sustained high temperatures up to 1000 ◦C, which aligned with
previous research reporting gasification temperatures between 800 ◦C and 1200 ◦C [48,49].
Perpendicular to the gasification channel direction, the temperature field and combustion
cavity expansion range continuously expanded with the advancing gasification working
face. Rock units closer to the gasification center exhibited higher temperatures. This
phenomenon was due to the fact that proximity to the gasification center resulted in greater
thermal flux density entering the rock units, thereby absorbing more heat energy. When
the combustion cavity length increased from 100 m to 400 m, the maximum temperature
influence ranges were 26.67 m (Figure 6a), 27.22 m (Figure 6b), 27.78 m (Figure 6c), and
28.89 m (Figure 6d), respectively.

As the gasification front progressed, the temperature along the gasification boundary
was maintained within approximately 1000–1200 ◦C, although its spatial distribution varied
with distance from the ignition point. At a position 50 m from the initial gasification location,
the roof mudstone experienced rapid thermal uptake, resulting in a sharp temperature
increase to around 1000 ◦C. With continued advancement of the gasification front, the
separation between this rock unit and the heat source increased, leading to a reduction
in thermal input. Meanwhile, heat loss to the surrounding strata further contributed to
a gradual temperature decline, after which the temperature tended toward a stable state.
In contrast, the rock mass located 400 m from the starting point reached a considerably
lower maximum temperature, primarily due to delayed thermal exposure and insufficient
heating duration (Figure 7a).

During the initial stage of gasification, the rock unit at 200 m remained unaffected by
the high temperatures from the gasification center and maintained its initial temperature of
20 ◦C. As the gasification face advanced, rock units entered an endothermic heating phase
(Figure 7b). Lower-lying rock units, being closer to the gasification center, experienced
higher heat flux and extremely rapid temperature rise, reaching peak temperatures of up to
800 ◦C (at a distance of 5 m from the gasification channel). Higher rock units could acquire
heat only through thermal conduction, resulting in a delayed temperature response. In
contrast, as elevation increased, the heat flux decreased significantly, while the temperature
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increased slowly, with the maximum temperature not exceeding 200 ◦C (at a distance of
25 m from the gasification channel).

Figure 7. (a) Temperature evolution of roof mudstone at various distances from the gasification
initiation point along the gasification channel, and (b) temperature evolution of rock strata at different
heights perpendicular to the gasification channel at 200 m from gasification initiation point.

5.2. Stress Field Evolution

The original strata stress exhibited a continuous and uniform distribution. When the
combustion cavity length extended to 100 m, however, the gasification cavity disrupted the
continuity of the original stress transmission within the rock layers. Consequently, the stress
flow lines underwent significant deflection at the corners of both ends of the gasification
cavity, which led to a pronounced stress redistribution. Stress concentration zones formed
within localized regions near the ends of the gasification cavity. Simultaneously, the thermal
expansion stress generated in the heated roof mudstone partially offset the overburden
stress transmitted from the overlying strata. As the combustion cavity length increased,
the sustained application of the overlying strata pressure load exceeded the peak strength
that the roof mudstone could withstand under the coupled effects of high temperature
and stress, which initiated damage and failure. Driving by the stress field, the pre-existing
weak zones (the first and second natural fractures) were the first to undergo fracture
propagation (Figure 8a).

 

Figure 8. Evolution law of stress field in the gasification channel under different burnout cavity
lengths: (a) 100 m, (b) 200 m, (c) 300 m, and (d) 400 m.
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When the burnout cavity length reached 200 m, the stress field distribution exhibited
significant spatial heterogeneity. The propagation of the stress field had a limited impact on
rock units in the shallow regions, whereas significant propagation and evolution occurred
in the deep regions. Under the combined effects of stress loading and high-temperature
conditions, the roof rock units experienced progressive strength degradation and damage,
thus driving the continued propagation of the first and second natural fractures. These
fractures penetrated the relatively weak roof mudstone layer and extended upward into the
overlying sandstone formation. The propagation of the first natural fracture was obstructed
after extending a certain distance, thus causing its propagation path to deflect significantly
and eventually trend toward a sub-horizontal direction. Simultaneously, the third natural
fracture was rapidly initiated; this fracture penetrated the mudstone layer and extended
into the sandstone formation (Figure 8b).

When the combustion cavity length reached 300 m, extensive stress concentration
zones formed in the overlying strata of the deep gasification channel and the underlying
strata of the shallow gasification channel. Stress concentration led to the penetration of the
fourth and fifth natural fractures through the roof mudstone and caused them to extend
into the overlying sandstone layer. Simultaneously, interactions between fractures became
notably evident. The propagation of the fourth natural fracture exerted a significant pres-
sure relief effect on the underlying rock mass. As a result, the propagation directions of the
previously extended second and third natural fractures within the sandstone layer altered
because of changes in the local stress state after extending a certain distance (Figure 8c).
When the combustion cavity length reached 400 m, continuous stress accumulation and
evolution occurred in the overlying strata of the deep gasification channel and the un-
derlying strata of the shallow gasification channel. The propagation of natural fractures
significantly redistributed the surrounding rock stress, which effectively released the rock
mass stress within a certain range around the fractures. A pronounced pressure-relief zone
developed below the fractures, evolving into a relatively low-stress region (Figure 8d).

In the ABAQUS finite element software, Mises stress was an equivalent stress. As
a scalar quantity, it comprehensively represented the stress level of rock materials under
complex stress states and predicted when the rock material would begin to yield. Rock units
closer to the gasification starting point experienced thermal damage and weakening earlier
because of high-temperature effects. Meanwhile, with the dynamic propagation of the stress
field, units at varying distances reached their peak stress sequentially. Although subsequent
fracture propagation provided some stress relief, this effect had a limited impact on the
high-stress state experienced by the rock units throughout the gasification process. After
reaching their peak stress, the stress level in the rock units did not decrease significantly
but stabilized at a level that was substantially higher than the initial state (Figure 9a).

Because of its spatial proximity to the gasification center, the mudstone unit at the
roof 50 m from the gasification starting point within the gasification channel was the first
to experience the dual effects of high temperatures from the gasification center and stress
concentration induced by cavity formation. This effect led to the earliest and most rapid
increase in its stress values. During the initial ascent phase, we observed a steep decline
phase in the stress curve (Figure 9a). We attributed this phenomenon to the expansion of
the first natural fracture, which exerted a decompression effect on the surrounding rock
units, effectively releasing part of the stress. Under the combined driving forces of the
sustained overburden pressure load and high temperature, however, the stress value of
this mudstone unit rapidly reached its peak stress after a brief decrease.
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Figure 9. (a) Stress evolution of roof mudstone at various distances along the gasification channel
measured from the gasification initiation point, and (b) stress evolution of rock layers at different
vertical elevations perpendicular to the gasification channel at a location 200 m downstream of the
gasification initiation point.

As the gasification center progressively reached the mudstone unit locations at 100 m,
200 m, 300 m, and 400 m from the gasification starting point, their stress values correspond-
ingly underwent an initially gradual increase followed by accelerated growth, sequentially
attaining their respective peak stresses from near to far (Figure 9a). Simultaneously, the
magnitude of the peak stress exhibited a clear distance-dependent behavior, with mud-
stone units farther from the gasification starting point achieving higher peak stresses. This
phenomenon stemmed from the continuous evolution and propagation characteristics of
the stress field. The further the mudstone unit was from the starting point, the longer it
was subjected to stress disturbances, thereby resulting in a higher peak stress.

The rock layer located 5 m above the gasification channel, owing to its close proximity
to the heat source, was the first to be exposed to elevated temperatures. The resulting
thermal expansion induced additional stress that partially counteracted the in situ stress
imposed by the overlying strata. As a result, this unit exhibited both the lowest stress
magnitude and the slowest stress growth rate compared with rock units at other elevations.
Once the coal seam was fully consumed and a gasification cavity developed, the mechanical
support originally provided by the coal seam was eliminated. Under the combined effects
of sustained high temperature and formation pressure, the stress within this rock unit
increased rapidly to a peak value and subsequently reached a stable state.

The rock unit situated at a height of 50 m showed a gradual stress increase during
the early stage, driven by the joint influence of thermal loading and formation pressure.
However, following the upward propagation of the third and fourth natural fractures,
stress relief occurred beneath these fractures, leading to a reduction in stress magnitude
that persisted at a relatively low level.

In contrast, rock units located at heights of 100 m, 150 m, and 200 m were only weakly
affected by stress redistribution and fracture development due to their greater distance from
the gasification channel. Consequently, their stress levels generally displayed a continuous
increasing trend. Among these three units, the layer at 200 m, being farthest from both the
stress concentration zone and the fracture propagation region, exhibited the lowest overall
stress values (Figure 9b).

5.3. Displacement Field Evolution

When the combustion cavity length reached 100 m, the displacement field had not
yet fully developed, with only negligible displacements observed in most areas. The
floor mudstone of the gasification cavity exhibited upward displacement as a result of
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thermal expansion from high temperatures, whereas the roof mudstone, despite also
experiencing thermal expansion tendencies, showed minor downward displacement as
a result of counteracting effects from overlying strata pressure. At this stage, the gasifier
structure maintained good stability (Figure 10a). When the combustion cavity length
reached 200 m, the thermal expansion range of the floor rock units expanded, intensifying
upward displacement. Thermomechanical coupling effects triggered rapid propagation of
the third fracture. Concurrently, the strength of the overlying strata degraded as a result of
fracture propagation, leading to significant subsidence displacement around the fracture
zone (up to 1.4 m), which reflected a systematic decline in the deformation resistance of
the rock mass within the fracture-affected area (Figure 10b). When the combustion cavity
length reached 300 m, the fourth and fifth fractures underwent interlinked propagation,
creating an interconnected failure mechanism. Subsidence displacements in the shallow
overlying strata were concentrated within the fracture-affected zones, with the maximum
subsidence increasing to 2.0 m. Meanwhile, the deep floor rock units, subjected to sustained
high temperatures, exhibited further expansion of the upward displacement zone with
increased magnitude (reaching a maximum of 0.13 m; Figure 10c). When the combustion
cavity length reached 400 m, the displacement field became fully developed. An intensively
developed network of natural fractures propagated extensively, which significantly reduced
the structural integrity of the rock mass. In the shallow overlying strata, sustained stress-
induced damage caused rapid degradation of failure strength, resulting in substantial
deformation. Large-scale subsidence displacements (up to 3.29 m) occurred within the
fracture-affected zones. At this stage, the overlying strata in the fractured area reached
a critical instability state, which posed risks such as partial collapse blocking the gasification
channel and surface deformation hazards as a result of strata settlement transmission. These
factors may have compromised the safe and stable operation of the gasifier (Figure 10d).

 

Figure 10. Evolution law of displacement field in the gasification channel under different burnout
cavity lengths: (a) 100 m, (b) 200 m, (c) 300 m, and (d) 400 m.

Figure 11a reveals the evolution pattern of roof mudstone subsidence displacement
with distance from the gasification starting point along the channel. This pattern demon-
strated that all mudstone units experienced progressive settlement as a result of continuous
loading from overburden stress. When the combustion cavity length reached 50 m, a gasifi-
cation cavity first formed beneath this area. The stress generated by thermal expansion in
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the overlying mudstone partially offset the vertical pressure from the overburden, ensuring
that subsidence displacement remained at a relatively low level. As the combustion cavity
length extended to 100 m, 200 m, 300 m, and 400 m, the second to fifth fractures progres-
sively propagated upward into the roof mudstone units, which resulted in significant
local stress concentration, and the extensive fracture development led to a reduction in the
overall strength of the rock strata, generating substantial deformation. Consequently, the
subsidence displacements of rock units at different locations exhibited stepped increases
from near to far. This phenomenon validated that fracture propagation was the key factor
triggering abrupt and significant changes in the displacement of the gasification channel
roof and overlying strata.

Figure 11. (a) Displacement evolution of roof mudstone at various distances along the gasification
channel measured from the gasification initiation point, and (b) displacement evolution of rock
layers at different vertical elevations perpendicular to the gasification channel at a position 200 m
downstream of the gasification initiation point.

Figure 11b reveals the variation pattern with height of rock units at different elevations
perpendicular to the gasification channel when the combustion cavity length reached 200 m.
During the initial gasification stage, lower-elevation rock units, being closer to the gasifica-
tion center, were the first to be affected by the high temperatures from the coal gasification
reaction. Consequently, the roof mudstone at 5 m height absorbed heat, expanded, and
generated stress, which significantly offset the formation pressure from the overlying strata
and inhibited subsidence displacement. This suppressive effect on subsidence displacement
diminished with increasing elevation. During the late stage of gasification, medium- to
low-elevation rock units at heights of 5 m and 10 m experienced substantial deformation
and loss of structural stability as a result of the upward propagation of natural fractures
above them. This deformation resulted in a significant short-term increase in subsidence
displacement, thus producing a sharp inflection point in the settlement curve. In contrast,
rock units above 100 m elevation, which were located far from the fracture-affected zone
and primarily were subjected to continuous loading from the overlying strata stress field,
exhibited a steady and gradual downward displacement trend.

5.4. Implications of Induced Fractures on Stress Field Evolution

On the basis of the aforementioned numerical model of UCG of SICS, we conducted
a comparative analysis to investigate the influence of the dynamic propagation of induced
fractures under varying development degrees of natural fractures (zero, three, five, and
seven fractures) on the evolution patterns of the stress field. Although the pre-existing
natural fracture densities in the models varied significantly, the overall distribution patterns
of the overlying strata stress field exhibited similar characteristics. High-stress concentra-
tion zones were primarily distributed in the shallow underlying strata of the gasification
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channel, the deep overlying strata of the gasification channel, as well as near both ends
of the channel. In the model without pre-existing natural fractures (zero fracture), the
coupled thermomechanical effects primarily induced the initiation and limited propagation
of fractures along the inherent weak structures within the rock mass. Concurrently, the
macroscopic damage degree of the rock remained relatively low, and the overall struc-
ture of the overlying strata retained a relatively high deformation resistance, effectively
suppressing the phenomenon of cross-layer fracture penetration.

As the number of pre-existing natural fractures increased, their accelerated propa-
gation behavior driven by thermomechanical coupling significantly exacerbated the ac-
cumulation of progressive damage in the overall structure of the overlying strata. The
propagation of pre-existing natural fractures not only served as the dominant failure path-
way but also synergistically induced large-scale plastic deformation within the rock strata.
The constraining effectiveness of the overlying strata on fracture propagation was sig-
nificantly weakened, allowing fractures to more readily penetrate interlayer boundaries
and ultimately to trigger cross-layer propagation. This propagation contributed to the
formation of potential interconnected water- and gas-conducting fracture channels. In the
context of SICS, because of asymmetric load distribution and the distinct characteristics of
strata occurrence, the evolution path of this phenomenon became increasingly complex,
and the associated production safety risks were substantially heightened (Figure 12).

 

Figure 12. Evolution characteristics of stress fields in rock masses with naturally fractured net-
works of varying development degrees: (a) without pre-existing natural fractures (zero fracture),
(b) three natural fractures, (c) five natural fractures, and (d) seven natural fractures.

5.5. The Limited Length of Gasification Channel Considering Overlying Strata
Fractures’ Propagation

Table 3 and Figure 13 summarizes the number of the induced overlying strata frac-
tures, propagation height, maximum subsidence displacement, and maximum temperature
influence range for the model with five pre-existing natural fractures under different com-
bustion cavity lengths. Among the configurations examined, the 400 m cavity exhibited the
most extensive influence, with an average fracture height of 172 m, a maximum subsidence
displacement of 3.29 m, and a temperature influence range extending up to 28.89 m.

https://doi.org/10.3390/en19020559

https://doi.org/10.3390/en19020559


Energies 2026, 19, 559 16 of 20

Table 3. Comparative analysis of overlying strata fractures’ development under varying gasification
channel lengths.

Burnout Distances (m) 100 200 300 400

Number of fractures 2 3 5 5
Maximum height of fractures (m) 122.22 188.89 197.78 204.44
Average height of fractures (m) 93.33 157.03 164.89 172

Maximum subsidence
displacement (m) 0.68 1.43 2.08 3.29

Maximum temperature influence range (m) 26.67 27.22 27.78 28.89

 

Figure 13. Comparative bar chart of overlying strata fractures’ development under varying gasifica-
tion channel lengths.

Notably, it was observed that the natural fractures initiated propagation even before
the combustion cavity had advanced to a position directly beneath them.

In the study area, the coal-bearing sequence comprises an interbedded arrangement
of aquifers and aquitards. When the combustion cavity reached 400 m, the average fracture
height approached 200 m, sufficient to penetrate multiple aquifer layers. Although indi-
vidual aquifers exhibit limited water-bearing capacity, the interconnection of the induced
fractures across several strata can facilitate groundwater convergence, forming continuous
flow pathways [50]. This process elevates the risk of water intrusion into the gasifier,
threatening operational stability and overall project safety.

Therefore, in practical UCG design within this geological setting, the gasifier length
should be carefully optimized. The 100 m cavity is considered economically inefficient
due to insufficient coal volume for gasification, while longer cavities (300 m and 400 m),
though enabling more fully developed reaction zones, pose significant safety risks from
excessive overlying strata failure and fracture connectivity. It is recommended that the
gasifier length not exceed 200 m. It should be noted that the upper limit of gasification
channel length proposed in this study and its corresponding safety criteria are derived
from the results of two-dimensional model analysis, reflecting trend-based responses under
the current model configuration and geological conditions. For actual engineering design,
comprehensive assessment is still required, incorporating three-dimensional structural
features, spatial heterogeneity of overlying strata, and field monitoring data. Moreover,
the overlying strata must possess adequate deformation resistance and natural sealing
capacity to maintain gasifier integrity, prevent gas leakage, and safeguard groundwater
resources. Thus, meticulous geological and geotechnical site selection, along with a detailed
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assessment of aquifer distribution and its spatial relationship to the target coal seam, is
essential to avoid zones prone to water inflow or with pre-existing fracture networks.

To provide a preliminary quantitative assessment of the potential water and gas
conductivity risks associated with induced fractures, this study introduces a simplified
criterion based on the upward propagation height of the damage zone. This criterion uses
the ratio of the maximum upward propagation height of the damage zone to the vertical
distance between the gasification cavity (Hf) and the critical overlying stratum (Haq) as
a risk indicator. This ratio characterizes the extent to which the fracture system approaches
a potential water-conducting layer. When this ratio is relatively small, the fractures have
not yet caused significant disturbance to the overlying critical layer, indicating a relatively
low risk of water and gas conductivity. Conversely, when the ratio approaches or exceeds
1, it indicates that the damage zone has neared or reached the target stratum, posing a high
potential risk of connectivity.

HRC =
H f

Haq
(8)

where Hf is the maximum fracture propagation height, m; Haq is the vertical distance from
the top of the gasification cavity to the top of the model, m.

Based on the above formula, it can be concluded that when the burnout cavity length
is 300 m, the HRC is greater than 1, whereas when the burnout cavity length is 200 m, the
HRC is less than 1. Therefore, 200 m is determined to be the safe length.

6. Conclusions
In this study, a multiphysics coupled evolution model was developed to simulate

underground coal gasification (UCG) under in situ geological conditions, targeting a coal
seam with a dip angle of 53◦ in the steeply inclined coal seam (SICS) of the Fukang mining
area, Xinjiang, China. Through numerical simulations of UCG of SICS, we investigated
the multi-field coupling characteristics of the gasification channel and the development
and evolution patterns of the induced fractures in the overlying strata under different
combustion cavity lengths. The following conclusions were drawn:

(1) The maximum influence range of the temperature field varied with different combus-
tion cavity lengths. A longer combustion cavity length resulted in a greater expansion
range of the temperature field. Perpendicular to the gasification channel direction,
rock units at lower elevations of SICS tended to heat up more rapidly. As the com-
bustion cavity length increased from 100 m to 400 m, the expansion ranges of the
temperature field in the shallow and deep sections extended from 15.56 m to 26.67 m
and from 17.78 m to 28.89 m, respectively.

(2) UCG of SICS induced intense thermomechanical coupling effects, driving significant
spatial redistribution of the strata stress field, while fracture propagation was accom-
panied by notable local pressure relief. Rock units near the gasification starting point
exhibited early response and low peak stress characteristics, whereas those near the
gasification endpoint demonstrated late response and high peak stress characteris-
tics. When the combustion cavity length reached 400 m, the maximum height of the
induced fractures reached 204.44 m, with an average height of 172 m.

(3) The floor mudstone experienced upward displacement as a result of thermal ex-
pansion, whereas the roof and overlying strata underwent downward displacement
caused by rock layer deformation resulting from fracture propagation. The magnitude
of this displacement demonstrated stepped increases over time, reaching a maximum
subsidence of 3.29 m upon completion of the gasification process.

(4) Fracture propagation is the primary factor leading to abrupt displacement in rock
strata and a sharp decline in bearing capacity, and it is inferred that this may induce
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hazards such as roof collapse and surface subsidence. Therefore, in the practical
design of UCG projects for steeply inclined coal seams within the study area, it is
recommended that the gasification channel length not exceed 200 m to mitigate the
aforementioned risks. The relevant conclusions of this study can provide theoretical
guidance and technical support for the preliminary design of UCG cavities in steeply
inclined coal seams. It should be noted that the prediction of groundwater inflow
risks may require dedicated hydrogeological analysis for a comprehensive assess-
ment. Future work aims to enhance the predictive capability for multi-field coupling
processes and safety design parameters in practical UCG applications.
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