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In order to explore the influence of coal deformation caused by temperature and desorption on seepage characteristics in the
process of heat injection mining of coalbed methane, the permeability test, thermal expansion, and constant temperature
adsorption desorption of coal samples under different temperature and stress states were carried out using the high temperature
multifunctional triaxial test system, and the influence of thermal expansion and desorption deformation effect on coal
permeability in the process of temperature increase is studied. The results show that (1) with the increase of temperature, the
sensitivity of coal thermal expansion deformation to temperature decreases gradually. The thermal expansion deformation
makes the coal matrix expand, and the seepage channel is squeezed and the permeability decreases. (2) The effect of thermal
expansion deformation is related to the porosity of coal. When the porosity of coal is high, the thermal expansion deformation
reduces the permeability; on the contrary, the inward expansion of thermal expansion deformation is limited, and the effect on
permeability is weakened. (3) The desorption of coal cause matrix shrinkage. The higher the desorption amount, the more
obvious the shrinkage and the higher the permeability. Increasing temperature promotes desorption deformation of coal and
increases permeability. (4) In the process of increasing temperature, the change of coal permeability is affected by thermal
expansion deformation and desorption deformation. With the increase of temperature, when the influence of thermal expansion
deformation on coal permeability is dominant, the permeability decreases gradually, and when desorption deformation is
dominant on coal permeability, the permeability increases gradually. (5) With the increase of axial pressure, confining pressure,
and pore pressure, the decrease of coal porosity is smaller. When the temperature increases, the temperature corresponding to
the minimum permeability point is smaller. The research conclusion provides a basis for the technology of heat injection
mining coalbed methane.

1. Introduction

In China, the geological resources of shallow coal bed meth-
ane (CBM) with a depth of 2,000 meters are 30 trillion cubic
meters, and the reserves of CBM resources are large. In 2019,
the newly confirmed geological reserves of CBM were 6.4 bil-
lion cubic meters [1, 2]. CBM is not only a kind of clean
energy but also the exploitation of CBM can avoid its pollu-
tion to the environment and reduce the risk of gas explosion,
so the exploitation of CBM is of great significance. CBM pro-
duction by heat injection refers to the process of coal mining
by injecting heat into the coal seam to promote the desorp-

tion of adsorbent gas and the change of coal seam skeleton,
so as to improve permeability and achieve the effect of
increasing production [3]. In this paper, the influence of ther-
mal expansion deformation effect and desorption deforma-
tion effect on permeability of coal in the process of heating
is studied to provide theoretical support for the exploitation
of coalbed methane by heat injection. Scholars at home and
abroad have carried out a lot of research work on the seepage
characteristics of coal body and achieved fruitful results. Feng
et al. studied permeability characteristics of anthracite and
gas coal at high temperature (normal temperature -600°C)
and found that permeability existed threshold temperature
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and peak temperature, which were related to coal rank. With
the increase of temperature, permeability first decreased,
then increased, and finally decreased again [4]. Through
experiments, Wang et al. found that permeability of coal is
jointly determined by thermal stress and effective stress.
When the current value is greater than the latter, permeabil-
ity increases with the increase of temperature, and conversely
decreases [5]. Zhou et al. proposed that there is a correlation
between permeability and deformation of coal body [6]. Li
et al. found through experiments that the permeability of
nitrogen and methane firstly decreased, then increased and
then decreased with the increase of temperature, and the var-
iation trends of the permeability of nitrogen and methane
were obviously different. With the increase of effective stress,
the deformation of coal was restricted, resulting in the
decrease of permeability [7]. Lin and Kovscek experimentally
measured the adsorption, volumetric strain, and permeability
of the same core with the same instrument and found that the
permeability decreased with the increase of effective stress,
and the permeability of coal was affected by the adsorption
and desorption of gas [8]. Harpalani and Schraufnagel stud-
ied the influence of coal desorption deformation and coal
deformation caused by pore pressure changes on perme-
ability and found that matrix shrinkage caused by desorp-
tion would lead to an increase in permeability [9]. Li et al.
found that the average pore radius decreases with the
increase of coal rank. With the increase of coal rank, the
pore structure becomes more complex. The more devel-
oped the pores are, the more obvious the coal deformation
is. The influence of temperature on coal pores is much
higher than that of rock types. With the combined influ-
ences of effective stress, matrix swelling/shrinkage, and
gas slippage, the permeability decreases first and then
increases with the decrease of pore pressure. With the
decrease of pore pressure and the increase of confining
pressure, the combined influence of the three factors on
coal permeability gradually weakens [10–12].

In the process of heat injection mining, the deformation
of coal body is mainly thermal expansion deformation
caused by temperature and shrinkage deformation caused
by gas desorption, which directly affect the seepage charac-
teristics of coal body. However, there are few reports on
the influence of thermal expansion deformation and desorp-
tion deformation on permeability in the process of heating.
Therefore, through the permeability test, thermal expansion,
and constant temperature adsorption and desorption of coal
samples under different temperature and stress states, this
paper studies the influence of thermal expansion deforma-
tion and desorption deformation on permeability of coal in
the process of heating at 30-150°C, providing a basis for
the exploitation of coalbed methane by heat injection.

2. Experimental Section

2.1. Sample. Coal sample from the Hedong coal Field Hanzui
coal mine, with raw coal specimen as the research object,
after the sand line cutting machine and sandpaper grinding,
get 50mm × 100mm standard sample, and then use the dry-
ing box to keep drying at 90°C for 24 h, and then seal and

save, numbered 1#, 2#, and 3#, for use in the test. The spec-
imen is of good integrity, good quality, and no obvious
cracks.

2.2. Test System. The high-temperature multifunctional tri-
axial test system independently developed by the Key Labo-
ratory of In-Situ Properties-Modified Mining of Ministry of
Education of Taiyuan University of Technology was used to
carry out the test. The axial pressure and confining pressure
are loaded and controlled by the testing machine. The max-
imum load of the testing machine is 75MPa, and the accu-
racy is 0.01MPa. The accuracy of the heating device can
reach ±1°C. The axial deformation was measured by a dis-
placement sensor with an accuracy of 1μm. Radial deforma-
tion and volume deformation are measured by HTMT-II
volume deformation meter [13]. Figure 1(a) is the experi-
mental system diagram, and Figure 1(b) is the principle dia-
gram of the high-temperature triaxial percolation meter.

2.3. Test Method and Procedure. A large number of experi-
ments show that under the same adsorption pressure, the
adsorption capacity of methane by coal is higher than that
of nitrogen, and the deformation caused by methane adsorp-
tion is twice that of nitrogen, but the deformation of the two
is similar with the change of adsorption pressure [14]. Con-
sidering the safety of the test, high-purity nitrogen was used
as the test gas. First, the permeability is carried out to ana-
lyze the evolution of coal permeability under the joint action
of temperature and pore pressure; second, thermal expan-
sion test is carried out to analyze the influence mechanism
of thermal expansion deformation on permeability of coal;
the influence mechanism of desorption deformation on per-
meability was analyzed by adsorption desorption test; finally,
the evolution mechanism of coal permeability in the process
of heating is analyzed based on the deformation of coal in
thermal expansion deformation, desorption deformation,
and permeability. The specific test steps are as follows.

Connect the system according to Figure 1 and then con-
duct debugging. High-pressure nitrogen is used for air tight-
ness detection first, the free volume of the system is
calculated, and the test starts after completion. First, the per-
meability test was carried out. The specimen was installed
first, the vacuum pump was used to make the pressure lower
than 70Pa, and the vacuumization was stopped. Then, the
axial pressure and confining pressure were applied to
8MPa and 4MPa, respectively (hereinafter represented by
low stress state). After the coal deformation is stabilized,
continued into the nitrogen of 0.8MPa, and keep the pore
pressure constant for 3 h, after the coal deformation is stabi-
lized, take the gradient of 30°C to heat, the temperature
reached Table 1 set temperature insulation 2 to 3 h, after
the coal deformation is stabilized, with steady state method
measuring permeability, and amount of deformation tem-
perature and after cooling, repeat the above steps, complete
the permeability tests under other stress states as shown in
Table 1. Then, the thermal expansion test is carried out to
measure the thermal expansion deformation of coal under
different stress states. Finally, under the constant tempera-
ture of 30°C and low stress state, the pore pressure of
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Figure 1: High temperature multifunctional triaxial test system.

Table 1: Test scheme.

Test Pore pressure/MPa Stress state/MPa Temperature/°C

Permeability
0.8, 2, 3.2 σ2 = σ3 = 4, σ1 = 8

30, 60, 90, 120, 150
3.2 σ2 = σ3 = 5, σ1 = 10

Thermal expansion /
σ2 = σ3 = 4, σ1 = 8

30, 60, 90, 120, 150
σ2 = σ3 = 5, σ1 = 10

Adsorption and desorption 3, 2.5, 2, 1.5, 1, 0.5 σ2 = σ3 = 4, σ1 = 8 30
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3MPa was introduced and adsorbed at constant pressure for
48 h. Then, the air inlet was closed, and the back pressure
valve was adjusted with 0.5MPa as a gradient. The desorp-
tion and deformation of coal body under different pore pres-
sures were measured. Replace the specimens in turn and
complete the control group test in the same way as above.
See Table 1 for specific test schemes.

3. Results and Discussion

3.1. Deformation Characteristics of Coal Body

3.1.1. Thermal Expansion Deformation. After collating the
thermal expansion test data, the thermal expansion defor-
mation of coal body under different stress states (expansion
is negative, and contraction is positive) was obtained as
shown in Figure 2 (εa represents axial strain, εr represents
radial strain, and εV represents volumetric strain). It was
found that the axial strain of the specimen showed an
increasing trend with the increase of temperature, and there
was no significant difference in the deformation amount.
Under the condition of low stress, the radial strain and vol-
umetric strain of specimen 1# decrease gradually with the
increase of temperature at low temperature (30-60°C) and
medium temperature (60-120°C), but increase somewhat at
high temperature (120-150°C). The radial deformation rate
increases by 8.54%, and the volume deformation rate
increases by 7.75%. With the change of temperature, speci-
men 2# and specimen 3# first underwent expansion defor-
mation, and the deformation rate gradually decreased and
then began to contract. As the temperature rises, the elastic
modulus of coal decreases [15], and due to the constraints
of external stress (axial pressure and confining pressure),
the coal body is squeezed and shrinks. With the increase of
external stress, the radial strain and volumetric strain
decrease obviously. Because with the increase of external
stress, the thermal expansion of coal body is limited, and
the inward expansion is more obvious. In conclusion, the
sensitivity of thermal expansion deformation of coal body
to temperature decreases gradually in the process of heating.

3.1.2. Desorption Deformation. According to the adsorption
desorption test results of the ideal gas state equation [16],
the relationship curve between desorption strain and
desorption capacity was obtained, as shown in Figure 3. It
can be seen from Figure 3 that there is a positive correlation
between desorption strain and desorption amount. The
higher the desorption amount is, the more obvious the
desorption deformation is. When the desorption amount
is the same, the strain of specimen 3# is the highest, and
that of specimen 2# is the smallest, so specimen 3# is the
most sensitive to desorption effect, followed by specimen
1# and 2#.

3.1.3. Deformation of Coal during Heating. The relation
curve between coal deformation and temperature under dif-
ferent stress states is shown in Figure 4.

According to Figures 4(a)–4(c), it can be seen that the
relationship between axial strain and temperature of coal
body increases approximately linearly. According to

Figures 4(d) and 4(g), it can be seen that in the low stress
state, the radial strain and volumetric strain of specimen
1# increase rapidly in the low temperature section, slow
down in the medium temperature section, and increase rap-
idly in the high temperature section. When the pore pressure
is 0.8MPa, the percentage of deformation in the total defor-
mation at each temperature segment is 59.53%, 6.87%, and
33.60%, respectively; when the pore pressure is 2MPa, the
percentage is 52.52%, 23.19%, and 24.29%, respectively;
when the pore pressure is 3.2MPa, the percentage of defor-
mation in the total deformation is 59.53%, 6.87%, and
33.60%, respectively, 28.6%, 25.13%, and 46.27%, respec-
tively. Under high stress, the coal deformation increases.

3.2. Permeability Evolution of Coal during Heating Process.
The permeability of coal is calculated according to Darcy’s
law [7]

K = 2P0qμL

A P2
1 − P2

2
� � , ð1Þ

where K is the permeability of coal sample, 10-16m2; P0 is
the standard atmospheric pressure, MPa; q is the velocity
through the coal sample, cm3/s; μ is the dynamic viscosity
of seepage gas, 10-12MPa·s; L is the length of coal sample,
cm; A is the cross-sectional area of the fluid flowing through
the coal sample, cm2; P1 is the absolute pressure of inlet gas,
MPa; P2 is the absolute pressure of the outlet gas, MPa.

Where the dynamic viscosity of gas changes with tem-
perature can be approximated by the Suslan relation [17]:

μ = μ0
273 + S
T + S

T
273

� �3/2
, ð2Þ

where μ is the dynamic viscosity of gas at T ; μ0 is the
dynamic viscosity of gas at 0°C, N2 is 16:606 × 10−12 MPa ·
s. S is the Suslan constant, N2 is 104K; T is the thermody-
namic temperature of the gas, K.

The data are sorted out, and the evolution of coal perme-
ability with temperature under different stress states is
shown in Figure 5 (4-8-0.8 represents confining pressure of
4MPa, axial pressure of 8MPa, and pore pressure of
0.8MPa).

It can be seen from Figure 5 that permeability of speci-
men 1# decreases first and then increases with temperature
under low stress state, which is consistent with the relation-
ship between permeability and temperature in the experi-
mental results of Jia et al. [18]. The temperature
corresponding to the minimum permeability point decreases
with the increase of pore pressure. When the pore pressure is
0.8MPa, the permeability reaches the minimum value at 90°

C; when the pore pressure is 2MPa and 3.2MPa, the perme-
ability reaches the minimum at 60°C. Under high stress, the
permeability increases with temperature when the pore pres-
sure is 3.2MPa. In the low-stress state of specimen 2#, when
the pore pressure was 0.8MPa, the permeability first
decreased and then increased with the change of tempera-
ture; when the pore pressure is 2MPa, the permeability
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increases first and then decreases with the change of temper-
ature; when the pore pressure is 3.2MPa, the permeability
decreases monotonically with the increase of pore pressure.
Under high stress, permeability decreases monotonically

with temperature. Under different stress states, the perme-
ability of specimen 3# increases with the change of temper-
ature. The experimental results show that the permeability
is affected by temperature, external stress, and pore pressure.
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Figure 2: Relationship between thermal expansion deformation and temperature under different stress states.
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4. Analysis of Permeability Evolution of
Coal Body

4.1. Influence of Thermal Expansion Deformation on
Permeability of Coal Body. Due to the constraint of external
stress, the thermal expansion of coal squeezes the seepage
channel inward, resulting in the decrease of permeability.
According to Figure 5, when the external stress and temper-
ature are the same, when the pore pressure is 0.8MPa, and at
30-90°C, the relationship between the permeability of the
three specimens is 1#>2#>3#; when 120-150°C, 1#>3#>2
#; when the pore pressure is 0.8MPa and the temperature
at 30°C-90°C, the relationship between the permeability of
the three specimens is 1#>2#; with the increase of temper-
ature, the relationship between the minimum permeability
points of the three specimens is 1#>2#>3#. When the pore
pressure is 2MPa and 3.2MPa, the relationship between the
permeability of the three specimens is 2#>1#>3#, and the
temperature corresponding to the minimum point is 2#>1
#>3#. As the porosity of coal is positively correlated with
permeability [19], that is, the smaller the permeability is,
the smaller the porosity of coal is. Therefore, the smaller
the porosity of coal, the lower the temperature when the per-

meability of coal reaches the minimum point in the heating
process. That is because when the porosity of coal is high,
the coal matrix expands and deforms with the increase of
temperature, but due to the constraint of external stress,
the coal expands and compresses the seepage channel inter-
nally, resulting in the decrease of permeability. However,
when the porosity of coal is small, with the increase of tem-
perature, the effect of the seepage channel of coal is more
obvious and the permeability decreases to the minimum
quickly, which is basically consistent with the conclusion of
literature [20]. Therefore, thermal expansion deformation
reduces permeability. The higher the porosity of coal, the
more obvious the effect of thermal expansion deformation
on permeability.

4.2. Influence of Desorption Deformation on Permeability of
Coal Body. As adsorption and desorption can be approxi-
mately regarded as a reversible process [21], the coal desorp-
tion capacity and desorption deformation obtained in this
paper are the coal adsorption capacity and adsorption
expansion capacity, and the relationship curve between
adsorption capacity and adsorption deformation capacity
and pore pressure can be obtained. The influence of
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Figure 3: Relationship between desorption strain and desorption capacity.
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adsorption deformation on coal permeability and desorption
deformation on coal permeability can be obtained by analyz-
ing the evolution of permeability with temperature pore
pressure under the same external stress and temperature.

Figure 6 shows the relationship between adsorption
capacity, adsorption deformation, and pore pressure.
According to Figures 6(a) and 6(c), during the adsorption
process, the axial strain of specimens 1# and 3# changed lin-
early with pore pressure, while the radial strain and volume

strain increased logarithmically with pore pressure; the
adsorption capacity first increases rapidly with the increase
of pore pressure, and then the increment becomes smaller
and smaller. As can be seen from Figure 6(b), strain and
adsorption amount of specimen 2# both changed linearly
with pore pressure. The variation of coal adsorption capacity
and strain with pore pressure is consistent.

After collating the permeability results, the relation curve
between coal permeability and pore pressure under low
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stress state was obtained, as shown in Figure 7. At different
temperatures, with the increase of pore pressure, the perme-
ability of specimens 1# and 3# declined rapidly at first and
then slowly, and the permeability of specimens 2# increased
gradually.

Combined with the analysis in Figure 6, it can be seen
that at the same temperature, with the increase of pore pres-
sure, the coal adsorption capacity gradually increases and
the matrix expansion becomes more obvious, leading to
the compression of seepage channels and the decrease of
coal permeability. However, with the increase of pore pres-
sure, the increment of adsorption expansion strain decreases
gradually, the effective stress on coal decreases, and the
attenuation rate of permeability slows down. The permeabil-
ity of specimen 2# increases gradually with the increase of
pore pressure, because the increase of pore pressure leads
to the decrease of effective stress, which increases the perme-
ability of coal body. In addition, according to Figure 6, the
adsorption expansion capacity of specimen 2# is weak, and
the radial strain is 8.23% and 7.1% of specimen 1# and 3#,
respectively, when the pore pressure is 3MPa. The volume
strains are 23.52% and 21.34%, respectively, so the effect of
effective stress reduction on permeability is much higher

than that of adsorption in the process of pore pressure
increase. In conclusion, with the increase of pore pressure,
the permeability of coal is affected by both gas adsorption
and pore pressure. Adsorbed gas makes coal matrix expand,
which leads to the decrease of seepage channel and perme-
ability. The increase of pore pressure also leads to the
decrease of effective stress, which makes the seepage channel
open and the permeability of coal increase.

Because adsorption and desorption can be approxi-
mately regarded as a reversible process, it can be seen from
the relationship between adsorption deformation and per-
meability that coal desorption causes matrix shrinkage.
The higher the desorption amount is, the more obvious the
shrinkage deformation is and the larger the permeability is.
In addition, desorption is an endothermic process [22], so
in the process of heating, the absorption of heat by coal pro-
motes desorption, thus, causing shrinkage and deformation
of coal matrix and improving permeability of coal.

4.3. Analysis of Coal Permeability Evolution in Seepage
Process. In the permeability experiment, with the increase
of temperature, the change of permeability of coal is affected
by thermal expansion deformation and desorption
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Figure 7: Relationship curve between coal permeability and pore pressure.
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deformation. The permeability evolution is analyzed by
combining the deformation, thermal expansion effect, and
desorption deformation effect of coal in permeability
experiment.

Under the same stress state, the ratio of the strain
(εpermeability) under the action of temperature and pore pres-
sure and the thermal expansion strain (εthermal expansion) under
the action of temperature alone is defined as ω, as shown in
the following equation:

ω =
εpermeability

εthermal expansion
× 100%: ð3Þ

It can be seen from Figures 4(a)–4(c) that there is no sig-
nificant difference in axial strain of coal body, and perme-
ability of coal body is much more sensitive to radial strain
than axial strain [23]. Therefore, this paper mainly considers
the influence of coal radial deformation on coal permeability
and analyzes the evolution of coal permeability through ωr
(coal radial strain ratio).

In the process of heating seepage, coal deformation is
mainly composed of thermal expansion deformation and
desorption deformation, that is, εpermeability is the superposi-
tion of εthermal expansion and εdesorption. It is assumed that

the thermal expansion deformation in the process of heating
seepage is the same as that in the thermal expansion test
under temperature alone. Therefore, it can be seen that the
coal deformation in the process of heating seepage is less
than the thermal expansion deformation under the effect
of temperature alone. According to equation (3), when ωr
is higher than 100%, it is because pore pressure reduces the
effective stress of coal body and the coal body expands out-
ward obviously when heated. When ωr is less than 100%,
the smaller the desorption deformation is more obvious.

Figure 8 shows the relationship between ωr direction and
temperature under different stress states.

It can be seen from Figures 8(a) and 8(b) that, with the
increase of temperature, ωr direction basically shows a
decreasing trend when pore pressure is 0.8MPa and
2MPa, indicating that desorption deformation becomes
more and more obvious and promotes permeability increase.
It can be seen from Figures 8(c) and 8(d) that when the pore
pressure was 3.2MPa, with the increase of temperature, the
ωr of specimen 1# gradually decreased in the medium-low
temperature section and increased rapidly after the high-
temperature section. Specimen 2# increases slowly in the
medium-low temperature segment but also increases rapidly
after the high-temperature segment, and specimen 3# grad-
ually decreased. Combined with Figure 6, it can be seen that
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Figure 8: Relationship between ωr and temperature under different stress states.
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with the increase of pore pressure, the growth rate of adsorp-
tion capacity of coal slows down gradually, while the
decrease of effective stress causes the outward expansion
and deformation of coal to increase, so the ωr decline rate
slows down or even rises back.

According to the evolution of coal permeability in
Figure 5, the influence of thermal expansion deformation
and desorption deformation on permeability is affected by
the porosity of coal in the process of heating seepage. When
the porosity of coal is high, the influence of thermal expan-
sion deformation on permeability is dominant with the
increase of temperature, and permeability decreases gradu-
ally. When the porosity of coal is small, the inward expan-
sion of thermal expansion deformation is limited, and its
effect on permeability is weakened. With the increase of
temperature, the desorption deformation plays a dominant
role in permeability and permeability increases gradually.

In addition, in the process of heating, with external
stress, the seepage channel extrusion, when the temperature
rises, the adsorption desorption gas is heated, due to poor
permeability of coal is not spread in time free from inside
the coal, the pore pressure increases, which makes the coal
decreases, and the effective stress by heat outward expansion
of coal is obvious. The outward expansion of coal body and
the matrix contraction caused by desorption open the seep-
age channel of coal body, and the permeability increases
with the increase of temperature. This shows that for the
coal seam with large buried depth and high gas content,
the utilization of heat injection mining technology can effec-
tively improve the permeability of the original coal seam and
strengthen the desorption, so as to realize the efficient
exploitation of coalbed methane.

5. Conclusion

(1) With the increase of temperature, the sensitivity of
coal thermal expansion deformation to temperature
gradually decreases. Thermal expansion deforms
and compresses the seepage channel, resulting in
the decrease of permeability

(2) The influence of thermal expansion on coal perme-
ability is related to the porosity of coal. When the
porosity of coal is high, the permeability decreases
due to thermal expansion deformation. When the
porosity of coal is small, the inward expansion of
thermal expansion deformation is limited, and the
influence on permeability is weakened

(3) Coal desorption causes matrix shrinkage. The higher
the desorption amount is, the more obvious the
shrinkage deformation and permeability will be. At
the same time, increasing temperature will promote
the desorption deformation of coal and increase
permeability

(4) In the process of heating, the permeability of coal is
affected by thermal expansion deformation and
desorption deformation. When the influence of ther-
mal expansion deformation on permeability is dom-

inant, permeability decreases gradually with
temperature increasing. On the contrary, when the
desorption deformation is dominant, the permeabil-
ity increases with the increase of temperature

(5) The smaller the porosity of coal is, the smaller the
temperature corresponding to the minimum perme-
ability point is with the increase of temperature

Data Availability

The data used to support the findings of this study are
included within the article.

Additional Points

Innovation of This Paper. Through the permeability test,
thermal expansion, and adsorption desorption under differ-
ent stress and temperature conditions, the evolution of coal
axial strain, radial strain, volumetric strain, and permeability
are analyzed, so as to explore the influence of thermal expan-
sion and desorption deformation on coal permeability and
provide a basis for heat injection mining of coalbed
methane.
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