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0e shape of the gasifier cavity and the high temperatures induced by underground coal gasification (UCG) have a significant
influence on the failure characteristics of the surrounding rock. In this study, the variations in the mechanical properties of the
surrounding rock in gasifier cavities subjected to different temperatures (20–700°C) were obtained experimentally, and the results
were used to establish numerical models. FLAC3D was used to analyse the failure of the surrounding rock in drop-shaped and
traditional rectangular gasifier cavities. 0e mechanical parameters of the surrounding rock in the numerical model were assigned a
gradient distribution based on the temperature propagation law and the experimental results. 0e results revealed that the tem-
perature of the surrounding rock has a significant influence on the coal pillar stability, and the surrounding rock primarily undergoes
shear failure. As the temperature of the surrounding rock increases, the width of the stable coal pillar increases exponentially; the
reasonable widths for coal pillars between adjacent drop-shaped gasifier cavities are 12m (room temperature), 17m (700°C and
850°C), 18m (1000°C), 19m (1150°C), and 20m (1300°C). In contrast, the reasonable width of coal pillars in traditional rectangular
gasifier cavities is approximately 21m, which is significantly higher than that for drop-shaped gasifier cavities.

1. Introduction

Underground coal gasification mining is a safe, efficient, and
green mining technology, and offers better safety, envi-
ronmental protection, and adaptability than traditional
mining methods [1–4]. During underground coal gasifica-
tion, as the gasifier cavities expand, the suspended roof area
expands continuously, resulting in the movement and
breaking of the overlying strata. In addition, the physical and
mechanical properties of the surrounding rock of the gasifier
cavities are altered by the high temperature, and the char-
acteristics of the resulting deformation and failure of the
surrounding rock are fundamentally different from those of
traditional mining processes. 0ese characteristics have a
significant effect on the reasonable width of the coal pillars
between two gasifier cavities. 0erefore, the failure char-
acteristics of the surrounding rock in coal gasifier cavities

must be studied, and a method to determine the reasonable
coal pillar width between adjacent gasifier cavities with
different temperatures and shapes must be developed.

Numerous scholars have studied the stress field and
failure mechanism of the surrounding rock in underground
coal gasifier cavities. Mehdi [5] studied the stress field,
fissure evolution, fracture regularity, and stability of coal
pillars in the overlying strata of gasifier cavities using
FLAC3D. Wang et al. [6] established an equation to calculate
the one-dimensional heat conduction of temperature fields
in the top and bottom plates of gasified coal seams. 0ey
revealed that the temperature of the surrounding rock and
coal seam first increases and then decreases. Huang et al.
numerically investigated the evolution law of the temper-
ature field, stress field, and displacement field of the sur-
rounding rock in the goaf area during strip mining,
considering the thermal–mechanical coupling of
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underground gasification using COMSOL [7].0e stress and
deformation characteristics of surrounding rock after gas-
ification and conventional mining processes were compared
and analysed as well. Based on the theory of thermody-
namics and elastic mechanics, Lu et al. [8] developed a
temperature–stress coupling control equation considering
the evolution of rock failure; the evolution law of the
temperature field and fracture field of the overlying rock in
the goaf under temperature–stress coupling was numerically
analysed as well. Tan [9] used finite element software to
simulate the temperature and stress fields of layered rocks at
the top and bottom of the coal seam in an underground coal
gasification project under linear elastic and nonlinear
conditions, considering that the rock specific heat, thermal
conductivity, and linear expansion coefficient vary with
temperature. Derbin [10] summarised the correlation be-
tween different coal seam parameters, gasification-related
parameters, and surface subsidence. Sattesh [11] analysed
the expansion law of lignite gasifier cavities during under-
ground coal gasification through laboratory tests. Based on
data of an underground coal gasification experimental area,
Laouafa [12] summarised the influence of underground coal
gasification on the surrounding environment and surface
subsidence. Considering the observation station of over-
burden movement and the surface subsidence of a strip
underground gasification face, Xin [13] analysed the surface
movement and deformation due to insufficient mining.
0rough numerical simulations, Li [14] investigated the
influence of different factors (arch height, pillar height, pillar
width, and mechanical characteristics) on the ultimate
bearing capacity of hyperbolic pillars at high temperatures
and proposed a stability evaluation method. Moreover,
innovation and stability analysis of coal columns have been
studied by some scholars [15–23] Although studies have
primarily focused on the impacts of high temperatures on
the surrounding rock in underground coal gasifier cavities,
most of the studies only considered traditional rectangular
gasifier cavities; consequently, the surrounding rock failure
and reasonable coal pillar width of drop-shaped gasifier
cavities have not been sufficiently analysed.

Herein, the physical and mechanical properties of the
surrounding rock in a coal gasification project in a coalfield
in western China are experimentally studied at different
temperatures (20–700°C). 0e experimental results are in-
corporated into a numerical model that addresses the stress
field, displacement field, and failure characteristics of the
surrounding rock in traditional rectangular and drop-sha-
ped gasifier cavities at room temperature. 0e differences in
the failure characteristics of the surrounding rock with
different coal pillar widths are analysed at different tem-
peratures, and a reasonable coal pillar width is determined.
0e results of this study can provide guidance on the sci-
entific exploitation of underground coal gasification.

2. Engineering Background

0e average depth and thickness of the gasified coal seams in
the project are 650m and 10m, respectively. 0e CRIP
gasification process is adopted herein. 0e gasifier cavities

are genuine drop-shaped gasifier cavities. 0e temperature
range of the surrounding rock around the gasifier cavities is
1000–20°C (room temperature) during gasification. A coal
pillar is set between adjacent gasifier cavities.

0e gasifier cavities of underground coal gasification are
drop-shaped [24], as shown in Figure 1. 0e height of the
gasifier cavity is longer than its width, and the height-to-
width ratio of the gasifier cavity is the highest at the axis of
the cavity; the bottom of the gasifier cavity is bowl-shaped.
Based on the coal seam thickness and drop-shaped gasifier
cavities, a numerical model was built using FLAC3D, as
shown in Figure 2. 0e overall dimensions of the model are
14m× 7.8m × 10.5m.

3. Experiments on Physical and Mechanical
Properties of Rocks at
Different Temperatures

3.1. Experimental Equipment and Experimental Scheme.
As shown in Figure 3, experimental tests on the rock me-
chanics were performed using the GCTS RTR-1000 rock
triaxial test system [25,26] in the State Key Laboratory of
Coal Resources and Safe Mining, China University of
Mining and Technology (Beijing). Various mechanical pa-
rameters such as the elastic modulus, Poisson’s ratio, and
tensile strength of the rock were obtained through uniaxial
compression and Brazilian splitting tests.

0e rock samples examined were obtained from a coal
gasification project in a coalfield in western China. 0e rock
was processed into 25 ∗ 50mm and 50 ∗ 100mm test
specimens. From all processed test specimens, some test
specimens of each type rock with good appearance, close
weight, and close porosity were selected for experiments
(Figure 4).

0e Brazilian splitting test was performed at room
temperature, whereas the uniaxial compression tests were
performed at different temperatures. A total of nine spec-
imens were subjected to the Brazilian splitting test. 0e
specimens were tested by applying displacement control
(5mm/min) until rupture. A total of 21 specimens were
subjected to uniaxial compression tests. 0e rock specimens
[27] were slowly heated to temperatures of 100–700°C in a
muffle furnace and maintained at the desired temperature
for 3 h. Subsequently, the specimens were naturally cooled to
room temperature. Uniaxial compression was performed
through strain-controlled loading at a rate of 0.05%/min,
until the rock specimen failed.

3.2. Analysis of Test Results of Mechanical Parameters of
Surrounding Rock. 0e tensile strength, elastic modulus,
peak strength, Poisson’s ratio, and other experimental
mechanical parameters of the rock were obtained from the
Brazilian splitting test and uniaxial compression tests per-
formed at different temperatures. 0e curves of the relative
density, relative elastic modulus, relative Poisson’s ratio, and
relative tensile strength ratio with the variation in tem-
perature were obtained by dividing the values of the physical
parameters at elevated temperatures by those at room
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temperature (Figure 5). As the temperature increased, the
physical parameters of the rock weakened. 0is weakening
process can be divided into two stages: one between 20°C and
300°C, when the degree of the high temperature attenuation
of the physical parameters of the rock increased rapidly, and
the other between 300°C and 700°C, when the degree of the

high temperature attenuation of the physical parameters of
the rock gradually decreased. At the same temperature, the
high temperature attenuation degree of different rocks
shows the following order siltstone<mudstone< sandy
mudstone. 0erefore, sandy mudstone is more sensitive to
temperature than mudstone and siltstone. By fitting the
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Figure 1: Modelling of drop-shaped gasifier cavities.
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Figure 2: Histogram of coal seam and strata of - 650m level.
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normalised parameters of the rock samples with temper-
ature, the reduction in the relative density with the increase
in temperature can be expressed as a linear equation, the
reduction in the relative elastic modulus with the increase
in temperature can be expressed as a power function
equation, the reduction in the relative Poisson’s ratio with
the increase in temperature can be expressed as an expo-
nential equation, and the reduction in the relative tensile
strength with the increase in temperature can be expressed
as a linear equation. Notably, the fitting accuracy is good.
0e temperature sensitivity of the elastic modulus is high,
and its attenuation at high temperatures is the highest. 0e
fitting equations can be used as the empirical formulae of
the attenuation of the rock physical parameters with the
increase in temperature, and form the basis of the high-
temperature weakening of the physical parameters of the
surrounding rock of the gasifier cavities in the numerical
simulation.

4. Numerical Model Establishment and
Numerical Simulation

4.1. Numerical Modelling of Gasifier Cavities. Considering
the characteristics a coal seam, a traditional rectangular
gasifier cavity with dimensions of 14m× 7.8m × 10.5m was

established herein. 0e dimensions of the numerical sim-
ulation model were 56m× 40m × 160m. It comprises two
adjacent traditional rectangular gasifier cavities in the
middle of the model coal seam, with real and complete
surrounding rock outside the gasifier cavities. 0e overall
model had 105,393 nodes and 96,768 elements, with a
minimum element size of 1m× 1m × 0.5m, as shown in
Figure 6(a) and 6(b). 0e size and position of the drop-
shaped gasifier cavities were the same as those of the tra-
ditional rectangular gasifier cavities. 0e entire model
contained 251,507 nodes and 243,712 elements. 0e mini-
mum element size was 0.5m× 0.5m × 0.25m, as shown in
Figure 6(c) and 6(d). To simulate the weakening effect of
high temperatures on the physical parameters of the rock,
the surrounding rock in a certain area around the gasifier
cavities was weakened using the temperature distribution
function, based on the drop-shaped gasifier cavities at room
temperature.

A lateral horizontal displacement constraint and bot-
tom vertical displacement constraint were set as the
boundary conditions in the numerical model. 0e depth of
the model was 650m, with a vertical stress of 16.25MPa
applied at the top of the model. 0e lateral pressure co-
efficient was set to 1, and the influence of the tectonic stress
and boundary effect were ignored. 0e Mohr–Coulomb

Console

Load platform
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Figure 3: Schematic diagram of GCTS petrophysical laboratory and uniaxial compression/Brazilian splitting tests.
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Figure 4: Uniaxial compression/Brazilian splitting test specimens. (a) 50 ∗ 100mm uniaxial compression test specimens (b) 25 ∗ 50mm
Brazilian splitting test specimens.

4 Geofluids



failure criterion was used in the model. Plastic flow and
dilatancy were not considered in the calculations. 0e
physical and mechanical parameters of the coal and the
rock mass are shown in Table 1.

4.2. Failure Weakening Range of Surrounding Rock at High
Temperatures. 0e mechanical tests demonstrated that as
the temperature increases, rock exhibits different degrees of
failure, and the physical parameters of the rock weaken
correspondingly. 0e effects of the high temperatures in-
duced during coal gasification in the surrounding rock
around the coal seam extend to approximately 20m [24]
(Figure 7). 0e histogram of the coal seam and strata
(Figure 2) indicates that the temperature range of failure in
the simulation of underground coal gasification is related to
the failure of roof mudstone, floor siltstone, and floor sandy
mudstone.

0e temperature distribution in the gasifier cavities and
its top and bottom plates satisfies a linear function [28–30]:

Tx �
T1 − T2( x

l
+ T2,

T2 �
(w − l)

w
,

(1)

where T1 is the gasifier temperature of the coal wall in front
of the gasifier cavity, °C; T2 is the surface temperature of the
top and bottom of the coal wall in the rear of the gasifier
cavity, 20°C; Tx is the surface temperature of the top and
bottom of the coal wall in the rear of the gasifier cavity, °C; l is
the length of the coal bed, m; and w is the estimated gasifier
length of the coal seam, m.

4.3. Numerical Simulation Scheme. Numerical simulations
were performed considering different widths of the coal
columns between two adjacent gasifier chambers with dif-
ferent shapes at different temperatures. 0e simulation
scheme is shown in Table 2.
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Figure 5: Uniaxial compression test and Brazilian test curve fitting.
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5. Influence of Different Gasifier Cavity
Shapes on the Surrounding Rock at
Room Temperature

5.1. Comparison of Plastic Failure Areas and Analysis of
Reasonable Coal PillarWidth. 0e distribution of the plastic
failure areas of the surrounding rock in adjacent gasifier
cavities of two different shapes, with different coal pillar
widths, at room temperature was obtained through simu-
lations. 0e plastic areas of the surrounding rock initially
fuse together, and then gradually detach from each other as
the width of the coal pillar increases. 0e distribution of the
plastic failure areas of adjacent traditional rectangular
gasifier cavities is shown in Figure 8(a). When the width of
the coal pillar is less than 21m, all the coal pillars undergo
plastic failure, and when the width of coal pillar exceeds

21m, a stable elastic area appears in the middle of the coal
pillar. As shown in Figure 9(a), the plastic failure of the
surrounding rock is primarily shear failure, which is ac-
companied by a small amount of tensile failure. 0e volume
of rock experiencing shear failure increases with the increase
in the width of the coal pillar; it gradually becomes constant

p

p
(a) (b)

(c) (d)

Figure 6: Numerical analysis model of surrounding rock stability of in gasifier cavities: (a) force analysis diagram of the traditional
rectangular gasifier cavities; (b) numerical model diagram of the traditional rectangular gasifier cavities; (c) force analysis diagram of the
drop-shaped gasifier cavities; and (d) numerical model diagram of the drop-shaped gasifier cavities.

Table 1: Mechanical parameters of strata.

Rock ρ(Kg/
m3) K(GPa) G(GPa) c(MPa) σt(MPa) φ(°)

Coal 1421 2.67 1.32 1.20 0.85 20.40
Mudstone 21.47 10.2 5.23 1.30 1.16 23.20
Siltstone 22.05 9.31 5.32 1.60 1.11 38.60
Sandstone 23.11 8.33 5.24 1.50 1.85 36.60
Sandy
mudstone 23.16 5.56 2.42 1.40 1.60 28.20

1 ρ: density; K: bulk modulus; G: shear modulus; c: cohesion; σt: tensile
strength; φ: internal friction angle.

Figure 7: Gasification area of influence.
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and reaches the maximum value when the width of the coal
pillar is approximately 17m. 0e volume of rock experi-
encing tensile failure also increases with the increases in the
width of the coal pillar; it reaches the maximum value when
the width of coal pillar is approximately 15m, and then
gradually decreases. 0e ratio of the volume of the shear unit
to that of the tensile unit is the same as the volume of the
shear failure unit. 0e ratio of the shear unit volume to the
tensile unit volume is consistent with the variation trend and
reaches the maximum value when the width of the coal pillar
is approximately 17m. 0erefore, under room temperature

conditions, the reasonable coal pillar width between two
adjacent traditional rectangular gasifier cavities should not
be less than 21m.

0e distribution of the plastic failure areas of adjacent
drop-shaped gasifier cavities is shown in Figure 8(b). When
the width of the coal pillar is less than 11m, all the coal
pillars exhibit plastic failure. When the width of the coal
pillar exceeds 11m, a stable elastic area appears in themiddle
of the coal pillar. As shown in Figure 9(b), the plastic failure
in the surrounding rock primarily occurs as shear failure,
and tensile failure is almost non-existent. 0e volume of the

Table 2: Simulation scheme.

Temperature Gasifier cavities shape Coal pillar width

Room temperature (20 °C) Traditional rectangular 6m–25m

Drop-shaped

6m–25m

High temperature

700 °C

15m–21m
850 °C
1000 °C
1150 °C
1300 °C

Plastic zones

None

Shear-n Shear-p
Shear-n Shear-p Tension-p
Shear-p
Shear-p Tension-p6 m 9 m 12 m 15 m 21 m 25 m

(a)

Plastic zones
None

Shear-n Shear-p
Shear-n

Shear-n Shear-p Tension-p
Shear-p
Shear-p Tension-p6 m 9 m 12 m 15 m 21 m 25 m

(b)

Figure 8: Plastic failure areas of surrounding rock in gasifier cavities with different shapes and pillar widths at room temperature: (a)
traditional rectangular gasifier cavities and (b) drop-shaped gasifier cavities.
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Figure 9: Volume change curves of different plastic failure methods for different gasifier cavity shapes and coal pillar widths at room
temperature: (a) traditional rectangular gasifier cavities and (b) drop-shaped gasifier cavities.
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shear failure unit initially increases with the increase in the
width of the coal pillar, and then decreases rapidly and tends
to remain constant. 0e volume of the shear failure unit is
maximum when the width of the coal pillar is approximately
8m, and tends to remain constant when the width of the coal
pillar is approximately 12m. 0e volume of the tensile
failure unit initially decreases rapidly with the increase in the
width of the coal pillar and eventually tends to remain
constant. When the width of the coal pillar is approximately
12m, the reduction rate decreases significantly. 0e ratio of
the shear unit volume to the tensile unit volume increases
with the increase in the coal pillar width, and the ratio is
maximum when the width of the coal pillar is approximately
8m. Furthermore, the reduction rate decreases when the
width of the coal pillar is approximately 12m. 0erefore, at
room temperature, the reasonable coal pillar width between
two adjacent drop-shaped gasifier cavities should not be less
than 12m.

Comparing the plastic failure areas in gasifier cavities
with different shapes at room temperature, it can be inferred
that the range of the plastic failure areas in the surrounding
rock of traditional rectangular gasifier cavities is larger than
that of in the surrounding rock in drop-shaped gasifier
cavities. Furthermore, the plastic failure areas of traditional
rectangular gasifier cavities are dominated by shear failure
and direct top/bottom tensile failure, whereas those of drop-
shaped gasifier cavities are dominated by shear failure, and
tensile failure is almost negligible.

5.2. Comparative Analysis of Stress and Displacement Fields.
0e stress field distribution of the surrounding rock in two
adjacent gasifier cavities with different shapes and coal pillar
widths at room temperature was obtained through simu-
lations. 0e superposition of the stress fields of the two
gasifier cavities was observed; the peak stress field was lo-
cated in the middle coal pillar position, and the peak stress
gradually decreased as the coal pillar width increased. 0e
distribution of the stress field in the surrounding rock of the
traditional rectangular gasifier cavities is shown in
Figure 10(a). 0e top/bottom plates of the gasifier cavities
are in a tensile stress state, and the peak stress of the sur-
rounding rock occurs at the position of the coal pillar. A
certain stress concentration area also exists on both sides of
the gasifier cavities. 0e maximum stress of the direct top
area initially decreases and then increases with the increase
in the coal pillar width; it reaches the minimum value when
the coal pillar width is approximately 18–21m. 0e maxi-
mum stress of the coal pillar initially increases and then
slowly decreases, reaching themaximum value when the coal
pillar width is approximately 18–19m. 0e maximum ver-
tical stress at the roof of the traditional rectangular gasifier
cavities and the maximum vertical stress variation curve of
the coal pillar for different coal pillar widths are shown in
Figure 10(b). 0e distribution of the stress field in the
surrounding rock of the drop-shaped gasifier cavities is
shown in Figure 10(c). 0e stress field of the drop-shaped
gasifier cavities is different from that of the traditional
rectangular gasifier cavities. 0e direct top/bottom areas of

the drop-shaped gasifier cavities are in a compressive stress
state, and the peak stress of the surrounding rock is located
at the position of the coal pillar. 0e maximum stress on the
top of the gasifier cavities decreases with the increase in the
width of the coal pillar, and the decreasing trend gradually
reduces when the coal pillar width is approximately 11m. As
the coal pillar width increases, the maximum stress on the
coal pillar first increases and then slowly decreases. 0e
maximum stress occurs at a coal pillar width of approxi-
mately 11m. 0e maximum vertical stress at the roof of the
drop-shaped gasifier cavities and the maximum vertical
stress variation curve of the coal pillar for different coal pillar
widths are shown in Figure 10(d).

0e displacement field distribution of the surrounding
rock in two adjacent gasifier cavities with different shapes
and coal pillar widths at room temperature was obtained
through simulations. 0e displacement field distribution of
the surrounding rock in traditional rectangular gasifier
cavities is shown in Figure 10(e). 0e maximum displace-
ment of the roof plate initially decreases and then increases
with the increase in the width of the coal pillar, primarily
owing to the gradual increase in the stability of the coal
pillar. When the width of the coal pillar is approximately
19–21m, the sinkage of the roof plate is minimum. 0e
maximum displacement of the coal pillar first decreases with
the increase in the width of the coal pillar and then gradually
becomes constant. When the width of the coal pillar is
approximately 18–20m, themaximum vertical displacement
becomes constant. 0e maximum vertical displacement of
the traditional rectangular gasifier cavities and the maxi-
mum vertical displacement variation curve of the coal pillar
considering different coal pillar widths are shown in
Figure 10(f ). 0e displacement field distribution of the
surrounding rock in drop-shaped gasifier cavities is shown
in Figure 10(g). 0e maximum displacement of the direct
roof decreases with the increase in the coal pillar width,
primarily owing to the increase in the stability of the coal
pillar. When the width of the coal pillar is approximately
12m, the decreasing trend of the maximum displacement of
the roof slab gradually reduces. 0e maximum displacement
of the coal pillar decreases with the increase in the coal pillar
width. 0is decreasing trend gradually reduces when the
width of the coal pillar is approximately 12m. 0e vertical
displacement graph of the maximum vertical displacement
of the roof of the drop-shaped gasifier cavities and the
maximum vertical displacement of the coal pillar for dif-
ferent coal pillar widths at room temperature are shown in
Figure 10(h).

Comparing the stress field and displacement field dis-
tributions of the two gasifier cavity shapes at room tem-
perature, the vertical stress in the surrounding rock of the
traditional rectangular gasifier cavities is higher than that in
the surrounding rock of the drop-shaped gasifier cavities.
0e stress influence range in the traditional rectangular
gasifier cavities is wider than that in the drop-shaped gasifier
cavities. 0e direct top/bottom in the traditional rectangular
gasifier cavities present tensile stress states, and the rock
around the drop-shaped gasifier cavities presents typical
compressive stress states. Owing to the intractability of the
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Figure 10: Simulation graph and maximum vertical stress/displacement variation curve considering different gasifier cavity shapes at room
temperature.
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rock, there are no obvious tensile stress areas, and the plastic
area in the drop-shaped gasifier cavities is smaller than that
in the traditional rectangular gasifier cavities. 0e dis-
placement of the surrounding rock in the traditional rect-
angular gasifier cavities is higher than that in the drop-
shaped gasifier cavities. Similarly, the vertical displacement
of the coal pillar in the traditional rectangular gasifier
cavities is higher than that in the drop-shaped gasifier
cavities.

6. Influence of High Temperatures
(700–1300°C) on the Surrounding Rock of
Drop-Shaped Gasifier Cavities

6.1. Comparison of the Plastic Failure Area and Analysis of
Reasonable Coal Pillar Width. 0e distribution of the plastic
failure areas of the surrounding rock in two adjacent drop-
shaped gasifier cavities with different coal pillar widths at high
temperatures (700–1300°C) was obtained through simula-
tions. As the temperature increased, the plastic area in the
surrounding rock of the gasifier cavities gradually increased.
0e effect of different coal pillar widths on the distribution of
plastic failure areas in adjacent drop-shaped gasifier cavities at
700°C is shown in Figure 11(a). When the width of the coal
pillar is less than 16m, it exhibits plastic failure; when the
width of the coal pillar exceeds 16m, a stable elastic area
appears in the middle of the coal pillar. Shear failure primarily
occurs in the surrounding rock, and the volume of the shear
failure unit initially decreases rapidly and then decreases
slowly with the increase in the coal pillar width; the decreasing
trend reduces when the coal pillar width is approximately
17m. 0e volume of the tensile failure unit initially decreases
rapidly and then decreases slowly with the increase in the coal
pillar width; the decreasing trend reduces when the coal pillar
width is approximately 17m. 0e ratio of the shear unit
volume to the tensile unit volume decreases with the increase
in the coal pillar width. 0e ratio of the shear unit volume to
the tensile unit volume initially decreases rapidly and then
decreases gradually with the increase in the coal pillar width,
and the decreasing trend reduces when the coal pillar width is
approximately 17m. 0e volume change curves of different
plastic failure methods with different pillar widths at 700°C
are shown in Figure 12(a)–12(c). 0erefore, the reasonable
coal pillar width between two adjacent drop-shaped gasifier
cavities at 700°C should not be less than 17m.

Similarly, the distributions of the plastic failure areas and
the volume change curves of adjacent drop-shaped gasifier
cavities with different coal pillar widths and plastic failure
methods at various elevated temperatures (850–1300°C) are
shown in Figure 11(b) and 11(e) and Figure 12(a)–12(f ),
respectively. As the temperature increases, the shear failure
volume and tensile failure volume units exhibit an expo-
nential growth trend, and the ratio of the cut unit volume to
the tensile unit volume exhibits an exponential decreasing
trend. 0erefore, at high temperatures, the reasonable coal
pillar widths between two adjacent drop-shaped gasifier
cavities should be at least 17m (850°C), 18m (1000°C), 19m
(1150°C) and 20m (1300°C).

0e distribution of the plastic failure areas of the sur-
rounding rock in two adjacent drop-shaped gasifier cavities
with reasonable coal pillar widths at high temperatures
(700–1300°C) is shown in Figure 12(g).0e failure volume of
the surrounding rock of the gasifier cavities with reasonable
coal pillar widths increases with the increase in temperature,
and the surrounding rock primarily experiences shear
failure. 0e failure range of the surrounding rock changes
linearly, and the volume under different failure methods also
increases approximately linearly with the increase in tem-
perature. Additionally, the shear failure volume increases at
a rate of 7.35m3/°C with the increase in temperature; the
tension failure volume increases at a rate of 0.21m3/°C with
the increase in temperature; and the overall failure area
volume increases at a rate of 7.56m3/°C with the increase in
temperature. In contrast, the ratio of the shear unit volume
to the tension unit volume decreases linearly with the in-
crease in temperature, at a rate of 0.04°C−1.

6.2. Comparative Analysis of Stress Field and Displacement
Field. 0e stress fields of the surrounding rocks in two
adjacent drop-shaped gasifier cavities with different coal
pillar widths at high temperatures (700–1300°C) was ob-
tained through simulations. 0e distribution of the stress
field of the surrounding rocks in two adjacent drop-shaped
gasifier cavities with different coal pillar widths at 700°C is
shown in Figure 13(a). 0e maximum stress on the coal
pillar occurs at the centre of the coal pillar. 0e maximum
stress initially increases and then gradually decreases as the
width of the coal pillar increases, and the maximum stress
reaches the peak value when the coal pillar width is ap-
proximately 15–16m. 0e maximum stress on the top plate
of the gasifier cavities decreases as the width of the coal pillar
increases, and the decreasing trend reduces when the width
of the coal pillar is approximately 16m. 0e maximum
vertical stress variation curves at the tops of the drop-shaped
gasifier cavities at different temperatures and pillar widths
and the maximum vertical stress variation curve at the pillar
of the drop-shaped gasifier cavities at different temperatures
and pillar widths are shown in Figure 13(b) and 13(c).

0e maximum vertical stresses on the direct top of the
two adjacent drop-shaped gasifier cavities and the coal pillar,
considering a reasonable coal pillar width at high temper-
atures, are shown in Figure 13(d). As the temperature in-
creases, the vertical stress on both the direct top and coal
pillar decrease exponentially; the maximum vertical stress on
the direct top gradually decreases with the increase in
temperature, whereas the decrease in the maximum vertical
stress on the coal pillar reduces with the increase in tem-
perature. 0erefore, the high-temperature failure of the rock
decreases the bearing capacity of the rock and increases the
plastic area around the gasifier cavities, thereby decreasing
the peak stress on the surrounding rock in the gasifier
cavities.

0e displacement field of the surrounding rock in the
two adjacent drop-shaped gasifier cavities with different coal
pillar widths at high temperatures (700–1300°C) was ob-
tained through simulations. 0e displacement field
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distribution of the surrounding rock in the two adjacent
drop-shaped gasifier cavities with different coal pillar widths
at 700°C is shown in Figure 13(e). 0e maximum dis-
placement of the coal pillar decreases with the increase in the
coal pillar width, and the decreasing trend reduces con-
siderably when the coal pillar width is approximately 16m.
0e maximum displacement of the top plate of the gasifier
cavities decreases with the increase in the coal pillar width,
primarily because the stability of the coal pillar increases.
0e decreasing trend of the maximum sinking of the top
plate reduces when the coal pillar width is approximately
16m. 0e variation curve of the maximum vertical dis-
placement of the roof of the drop-shaped gasifier cavities at
different temperatures and with different coal pillar widths,
and the variation curve of the maximum vertical displace-
ment of the coal pillar of the drop-shaped gasifier cavities at
different temperatures and with different coal pillar widths
are shown in Figure 13(f ) and 13(g).

0e displacement distribution of the surrounding rock of
the two adjacent drop-shaped gasifier cavities at a high tem-
perature, the maximum vertical displacement of the roof of the
drop-shaped gasifier cavities at different temperatures, and the
variation curve of the maximum vertical displacement of the
coal pillar with reasonable coal pillar widths are shown in
Figure 13(g).0emaximum vertical displacement on the direct

top of the two adjacent drop-shaped gasifier cavities and the
coal pillar, considering a reasonable coal pillar width at high
temperatures, are shown in Figure 13(h). As the temperature
increases, the vertical displacement increases; specifically, the
vertical displacement of the coal pillar experiences an expo-
nential increase.0is can be attributed to the high-temperature
failure of the rock. Under the same conditions, as the tem-
perature increases, the plastic area around the gasifier cavities
increases and the bearing capacity of the surrounding rock
decreases. Consequently, the displacement increases.

Combining these results with those obtained at room
temperature, and comparing the stress field and plastic area
for the two forms of gasifier cavities, it can be inferred that
drop-shaped gasifier cavities suppress the settlement of the
direct top and the expansion of the plastic area of the central
coal pillar. Furthermore, the high-temperature failure of the
surrounding rock in the gasifier cavities increases the stress
field and plastic area. In summary, a reasonable coal pillar
width for traditional rectangular gasifier cavities is 21m,
whereas that for drop-shaped gasifier cavities at room
temperature, 700°C, 850°C, 1000°C, 1150°C, and 1300°C, is
12m, 17m, 17m, 18m, 19m, and 20m, respectively.
0erefore, the reasonable coal pillar width of drop-shaped
gasifier cavities at room temperature < the reasonable coal
pillar width of drop-shaped gasifier cavities at high
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Figure 11: Plastic failure areas of the drop-shaped gasifier cavities for different coal pillar widths under different high-temperatures: (a)
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temperatures < the reasonable coal pillar width of traditional
rectangular gasifier cavities. 0is implies that the results of
numerical simulations that use traditional rectangular gas-
ifier cavities instead of drop-shaped gasifier cavities will
exceed the actual values for drop-shaped gasifier cavities.

6.3. Relationship between Coal PillarWidth and Temperature
at High Temperatures (700–1300°C). 0e distribution of the
stress field and plastic failure areas of the surrounding rock

in two adjacent drop-shaped gasifier cavities with reasonable
coal pillar widths at different temperatures (700–1300°C)
was derived as shown in Figure 14 and Table 3. As the
temperature increases, the range of the rock failure tem-
perature increases, and the degree of attenuation of the
physical parameters of the surrounding rock increases
further, which increases the influence range of the gasifier
cavities. Furthermore, the range and degree of superposition
of the vertical stress of the gasifier cavities on the coal pillar
becomes elevated, and the reasonable coal pillar width must
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Figure 12: 0e volume change curves of the drop-shaped gasifier cavities at high temperature with different plastic failure methods for
different pillar widths.

12 Geofluids



0 MPa
2 MPa
4 MPa
6 MPa
8 MPa
10 MPa
12 MPa
14 MPa
16 MPa
18 MPa
20 MPa
22 MPa

Vertical stress 

17 m

(a)

15 16 17 18 19 20 21

1.6

1.8

2.0

2.2

2.4

2.6

Pillar Width (m)

M
ax

im
um

 v
er

tic
al

 st
re

ss
 o

f
ro

of
 (M

Pa
)

700°C
850°C
1000°C

1150°C
1300°C

(b)

15 16 17 18 19 20 21
12

14

16

18

20

22

24

M
ax

im
um

 v
er

tic
al

 st
re

ss
 o

f
co

al
 p

ill
ar

 (M
Pa

)

Pillar Width (m)

700°C
850°C
1000°C

1150°C
1300°C

(c)

700 800 900 1000 1100 1200 1300

1.6

1.8

2.0

2.2

2.4

2.6

Temperature (°C)

M
ax

im
um

 v
er

tic
al

 st
re

ss
 o

f
ro

of
 (M

Pa
)

18

19

20

21

22

23

M
ax

im
um

 v
er

tic
al

 st
re

ss
 o

f
co

al
 p

ill
ar

 (M
Pa

)

(d)

0.175 m
0.150 m

-0.175 m
-0.200 m
-0.225 m

-0.150 m

0.125 m

-0.125 m

0.100 m

-0.100 m

0.075 m

-0.075 m

0.050 m

-0.050 m

0.025 m
0.000 m
-0.025 m

Vertical
displacement17 m

(e)

15 16 17 18 19 20 21

0.18

0.20

0.22

0.24

0.26

M
ax

im
um

 v
er

tic
al

 d
isp

la
ce

m
en

t
of

 ro
of

 (m
)

Pillar Width (m)

700°C
850°C
1000°C

1150°C
1300°C

(f )

Figure 13: Continued.
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increase accordingly. 0e increase in temperature is con-
sistent with the plastic failure areas. 0e variation law of the
reasonable coal pillar width with the rock temperature at
different temperatures conforms to the exponential form,
which indicates that the higher the rock temperature, the
wider the reasonable coal pillar width.

7. Conclusions

(1) 0e surrounding rock in gasifier cavities is influ-
enced by the high temperature associated with un-
derground coal gasification, and the degree of

influence gradually decreases with the increase in the
distance from the gasifier cavity. 0e mechanical
properties of surrounding rock at different tem-
peratures (20–700°C) were obtained experimentally.
As the temperature increases, the relative density and
relative tensile strength decrease approximately
linearly, the relative modulus of elasticity decreases
in the form of a power function, and the relative
Poisson’s ratio decreases exponentially.

(2) FLAC3D was used to analyse the surrounding rock
failure of drop-shaped gasifier cavities. In the nu-
merical model, the mechanical parameters of the
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Figure 13: 0e volume change curves of the drop-shaped gasifier cavities at high temperature with different plastic failure methods for
different pillar widths.
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Table 3: 0e reasonable coal pillar widths between two adjacent drop-shaped gasifier cavities at different temperatures.

Temperatures 20 °C (m) 700 °C (m) 850 °C (m) 1000 °C (m) 1150 °C (m) 1300 °C (m)
0e reasonable coal pillar widths 12 17 17 18 19 20
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surrounding rock were assigned a gradient distri-
bution based on the temperature propagation law
and the experimental results. 0e temperature of the
surrounding rock has a significant influence on the
stability of the coal pillar, and the surrounding rock
primarily undergoes shear failure. As the tempera-
ture of the surrounding rock increases, the width of
the stable coal pillar increases approximately expo-
nentially; the reasonable widths of coal pillars be-
tween drop-shaped gasifier cavities are 12m (room
temperature), 17m (700°C and 850°C), 18m
(1000°C), 19m (1150°C), and 20m (1300°C).

(3) 0e reasonable coal pillar widths of drop-shaped and
traditional rectangular gasifier cavities were com-
pared through numerical simulations. 0e reason-
able coal pillar width of a traditional rectangular
gasifier cavity at room temperature is approximately
21m, which is significantly higher than that of a
drop-shaped gasifier cavity (12m). 0erefore, the
shape of the gasifier cavity has a significant influence
on the stability of the coal pillar and should not be
simplified to the traditional rectangular
shape.[25, 26]
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