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Permeability is a key property of coal for both natural gas extraction from and/or carbon dioxide sequestration in
coal seams. It is normally defined as a function of effective stress. A fundamental assumption is that both gas
pressure and its associated strains are independent of time. In these efforts, the gas diffusion process and its
associated volumetric transformation between fractures and matrices were rarely considered. In this study, a
special apparatus was setup to continuously monitor/calculate all essential variables under controlled gas in-
jection conditions, including (1) coal permeability, (2) overall strain, (3) fracture strain, and (4) matrix strain.
Two tests were conducted: (1) CO- injection test and helium test for reference. Both were conducted under the
condition of constant effective stresses. In the CO, test, permeability experienced four distinct stages: (1) increase
due to fracture pressure, (2) decrease due to local matrix swelling, (3) recovery due to matrix swelling expansion,
and (4) stability due to equilibration between fractures and matrices over a period of 90 days. Based on these
observations and analysis, we conclude that coal permeability evolves even under constant injection conditions.
This suggests that coal permeability is time-dependent even under constant gas extraction/injection conditions

and this dependency must be considered during natural gas production or gas sequestration in coal seams.

1. Introduction

Natural gas can be extracted from and carbon dioxide can be
sequestered in coal seams [1-3]. Due to the nature of dual porosity
nature [4], coal has a significant sorption capacity for sorptive gases
such as carbon dioxide and natural gas [5,6]. The fracture network is the
main channel for flow while the pores in the matrices are the main space
for gas storage [7]. Coal permeability is an important parameter for both
natural gas extraction and gas storage [8-11]. It is controlled by effec-
tive stresses [12-14] which are affected by in-situ stress, pore pressure
and by gas sorption [15-17]. The law of effective stress [14] indicates
that the permeability does not change if the effective stress is constant
[18]. However, many experimental results have shown that coal
permeability changes with the increase of gas injection pressure under
the condition of constant effective stress [2,19-21].

In the last decade, several models have been developed to address
this contradiction between measurements and predictions [22-24].
Alternative tests have also been conducted to see how coal permeability
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responds to the constant confining pressure [25-32], constant pore
pressure [33], uniaxial compression [34-37], constant effective stress
[21,26,38-42], and constant volume. Theoretical models include the
single-weight porous media models [8,43-45], double-porosity media
models [46,47], permeability models under steady state conditions [43],
permeability models under variable stress conditions [8], and the
permeability models considering the interaction between matrix and
fracture [47,48]. These models were applied to explain the above
contradiction by linking the contradiction to anisotropy and heteroge-
neity [49-51] of coal and the variations in the Biot coefficient [52,53],
elastic modulus [54-56], and gas sorption [57-59] at different gas
pressures. In recent studies, this contradiction has been linked to the
non-uniform deformation of coal [18,21,26,45,48,60-63]. However, all
of the above theoretical models are based on the same assumption that
coal permeability is controlled by the overall strain other than the
fracture strain [19,64,65]. The permeability of coal matrices is several
orders of magnitude lower than that of fractures. This is why previous
studies focus on the fractures network, but neglect the dynamic changes
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in the gas pressure and sorption in matrices [48,58,66]. When the role of
matrices is ignored, the time dependency of coal permeability cannot be
captured.

In addition, the transient step method [35,67], steady state method
[34,68,69], and periodic oscillation method [70,71] have also been used
to measure the permeability of coal samples. These methods measure the
permeability of coal samples under varied injection conditions. Wei
et al. [72] conducted a long-term test under the same injection condi-
tions. However, essential variables such as the radial strain, overall
strain, and fracture strain were not measured. Based on the observed
evolution of the permeability, a conceptual permeability model was
developed to divide the permeability into four stages: a rapid increase,
decline, slow rebound and steady state during the process of gas injec-
tion [72]. This work is a logical extension of our previous work. The
objectives are to further understand (1) how does the competitive
relationship between the gas pressure changes and sorption controls the
permeability evolution in the process of long-term gas injection? (2)
how do the matrix and fracture deformation interact dynamically? (3)
what is the relationship between the permeability evolution and the
differential deformation between the fractures and coal bulk? To ach-
ieve these goals, a long-term test under the same gas injection conditions
was completed over a period of 90 days. All of the observations were
analyzed.

2. Experimental methods

This experiment was divided into two parts: helium injection for 40
days (He-group) and carbon dioxide injection for 90 days (CO,-group).
The coal sample was continuously injected with helium or carbon di-
oxide at a fixed gas pressure under a constant confining pressure of 6

Fuel 381 (2025) 133373

MPa. The coal sample was injected with helium at a pressure of 3 MPa
for 40 days. After vacuuming the sample forl0 days, the confining
pressure remained unchanged, and the coal sample was subjected to
continuous injection of carbon dioxide for a duration of 90 days at the
gas injection pressure of 3 MPa. The permeability, overall strain and
fracture strain of the sample were continuously measured over the
course of the experiment. In addition, the experimental system was used
to measure the elastic modulus and Poisson’s ratio of the coal sample to
provide a more comprehensive set of experimental data.

2.1. Experimental system and coal core

The equipment used in this experiment is thermal-hydro-
mechanical-chemical (THMC) test system (Fig. 1), which was
improved based on the experimental system described in our previous
studies [21,73].

In this experiment, the sample was low permeability anthracite coal
(d x : 50 mm x 35 mm) from the Licun coal mine in China (Fig. 2). The
mass and density of the sample were 281.18 g and 1.413 gecm >,

respectively. Compositions of the coal sample were shown in Table 1.

2.2. Permeability and strain measurement experiment

As mentioned above, the experiment was divided into two parts: a
helium injection experiment (for 40 days) and a carbon dioxide injection
experiment (for 90 days). The evolution curves of the upstream and
downstream pressures are shown in Fig. 3. It is unfortunate that we were
unable to measure the sorption curve of the carbon dioxide on the coal
sample under the isothermal condition in this experiment due to the
absence of a flowmeter at the upstream pipeline of the test system.
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Fig. 1. THMC test system [73]. (a) Schematic diagram; (b) physical photograph; (c) partial equipment photographs.
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Fig. 2. Photographs of the sample.

Nevertheless, since this study mainly focused on the evolution of the
coal permeability and strains, we believe that the absence of the
isothermal sorption curve will not impede our research. The specific
experimental methods are described below.

In this experiment, the sample was continuously injected helium and
carbon dioxide for 40 days and 90 days under the condition of constant
confining pressure of 6 MPa. The test temperature was a constant of 30
°C controlled by the temperature control system. The necessary prepa-
rations were completed prior to commencing the test, including measure
gas tightness, dry sample, affix strain gauges (Fig. 4a), cover with heat
shrinkable tube (Fig. 4b) and tinfoil paper (Fig. 4c-d), load the sample
into the triaxial holder and adjust the confining pressure loading on the
sample to 6 MPa, vacuum test system for 24 h, adjust and maintain the
system temperature to 30 °C. After that, we completed two experiments
of the He-group and the CO»-group. The experimental procedures are
outlined as follows.

(1) Inject helium into the coal sample for 40 days (He-group). First,
the switches 4-6 and 10 were turned off and the switches 7-9 were
turned on. The vacuum pump was used to extract the gas in the system
for 24 h. After that, the switch 3, 4, 8 and 10 were turned off and the
switches 1, 2, 5-7 and 9 were turned on. The gas pressure controller was
used to inject helium gas with a pressure of 3 MPa into the experiment
system. When the downstream pressure was equal to the upstream
pressure, the switches 3, 4, 6-8 and 10 were turned off, and the time was
recorded as ty. The gas pressure controller was used to inject helium with
a pressure of 3.2 MPa into the upstream standard cylinder A. The
switches 3-6, 8 and 10 were turned off and the switches 7, 9 were turned
on. When the downstream pressure was equal to the upstream pressure,
the time was recorded as t;. And then, the changes of upstream and
downstream gas pressures were continuously observed for 2 h, and the

Table 1
Compositions of the coal sample [26].
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time was recorded as t,. After that, the switches 3, 4, 6-8 and 10 were
turned off and the switches 1, 2, 5 and 9 were turned on, and the gas
pressure was used to adjust the gas pressure of the upstream standard
cylinder A to 2.8 MPa. The switches 3-6, 8 and 10 were turned off and
the switches 7 and 9 were turned on. When the downstream pressure
was equal to the upstream pressure, the time was recorded as t3. And
then, the changes of upstream and downstream gas pressures were
continuously observed for 2 h, and the time was recorded as t4. The
operation during the time period ty-t5 is a measurement cycle. And we
repeated the measurement cycle for the 40 days.

(2) Inject carbon dioxide into the sample for 90 days (COy-group).
First, the switches 4-6 and 10 were turned off and the switches 7-9 were
turned on. The vacuum pump was used to extract the gas in the system
for 240 h. After that, we repeated the measurement cycle of the step of
He-group above for 90 days, except that the helium was replaced by
carbon dioxide.

The experiment was conducted for a total duration of 140 days,
including 40 days of He-group test, 10 days of vacuum and 90 days of
CO,-group test. They are not planned before the experiment, but depend
on the time required for the evolution of coal permeability and defor-
mation to reach the final stability during the test process.

The method for assessing the balance of gas pressure between the
upstream and downstream is as follows: the upstream gas pressure is
P{zpo after obtaining a positive pulsating pressure (about 0.2 MPa), while
the downstream gas pressure is Pl ;. Driven by the pressure gradient
(Pﬂpo —Pl, ), the gas in the standard cylinder A of upstream flow to the
standard cylinder B of downstream, until the upstream and downstream
pressures are equal to the equilibrium pressure PL. We judge that the gas
pressure in the upstream and downstream reaches the balance at this
time. The above stage is the positive pulse stage (P{,p0 > P ). After that,
the upstream obtaining a negative pulsating pressure (about —0.2 MPa),
and the upstream gas pressure is pro, while the downstream gas pres-
sure is P . Driven by the pressure gradient (P, —PE ), the gas in the
standard cylinder B of downstream flow to the standard cylinder A of
upstream, until the upstream and downstream pressures are equal to the
equilibrium pressure PE. The above stage is the negative pulse stage. In
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Fig. 3. Evolution curves of the upstream and downstream pressures.

Type Size (cm) Proximate analysis (mass %) Ultimate analysis (mass %)
Diameter Length Volatile content Ash content C (0] Al Si S N Fe P
Bituminous coal 5.02 10.06 34.87 19.10 80.4 12.9 1.7 1.7 1.17 1.3 0.7 0.039
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Fig. 4. Preparations of coal sample before measurement. (a) Sticked four strain gauges; (b) wrapped in a heat shrink tube; (b) sandwiched between two metal

gaskets; (d) attached a tinfoil paper.

this experiment, a test cycle consists of a positive pulse stage and a
negative pulse stage (P5 ; > Pﬁpo). The values of coal permeability and
fracture volume measured in this test cycle are the average values
measured from the two stages.

In this experiment, the coal permeability, overall strain and fracture
strain were measured by the transient method, 1/4 bridge strain gauges
and gas expansion method respectively. Please refer to our previously
published researches [21,73] for specific measurement principle. It is
worth noting that the the measured fracture volume is the aggregate of
the pore and fracture volumes that contribute to the gas fluid in the
experiment.

2.3. Mechanical parameters measurement experiment

The mechanical parameters in the measurement experiments on the
sample were determined using the coal gas multi-process coupling test
system. The experiment measured the elastic modulus and Poisson’s
ratio of the coal sample under the uniaxial condition. The elasticity
modulus and Poisson’s ratio of coal are the basic mechanical parameters
of coal that play crucial roles in the modelling of both uniaxial and
triaxial boundary conditions [8,60,74]. Therefore, it is imperative to
consider these parameters in subsequent investigations that aim to
simulate this experiment. The elastic modulus and Poisson’s ratio of the
sample were calculated by observing the change using the strain gauge
on the side of the sample under the condition of a continuous increase in
the axial pressure. The experimental steps were as follows: (1) the
experimental system was checked to ensure that the experimental
equipment was under normal conditions. (2) The surface of the coal
sample was ground flat using fine sandpaper, and two strain gauges were
closely attached to the side of the coal sample. The two strain gauges
were oriented vertical and parallel to the axial direction of the coal
sample. Then, the coal sample was encased in a rubber jacket and loaded
into the triaxial cell. (3) The flow of the injected pressure fluid was
controlled by the pressure pumps, so the coal sample was gradually
compressed in the axial direction. During this process, the axial pres-
sures on the coal sample were recorded by the pressure pump, and the
axial and circumferential displacements of the coal sample were recor-
ded by the strain analyser. When the axial pressure reached 15 MPa, the
axial pressure pump was closed, and the measurement experiment of
mechanical parameters was complete.

The elastic modulus of the sample was obtained by the relationship
between the measured axial strain and axial loading pressure:

E— Ao,
Ag,

@

where, E is the elastic modulus of the sample. Ac, is change of axial
pressure. Ag, is the change of axial strain. The Poisson’s ratio was ob-
tained by the ratio of radial strain and axial strain:

- Ag,
T Ag,

@

where, v is the Poisson’s ratio of the sample. A¢, is the change of radial
strain.

3. Experimental results

In this study, the permeability, overall strain and fracture strain of
the sample were continuously measured and we defined the swelling
strain as positive and the compressive strain as negative. The experi-
mental results are presented in the following sub-sections.

3.1. Changes in permeability with gas injection time

Using the above permeability measurement method, we observed the
permeability values of the coal sample during helium injection for 40
days and carbon dioxide injection for 90 days. It should be noted that the
permeability values during 0-2 h were fitted by the relationship be-
tween the gas pressure and time, and we assumed that the permeability
value fitted during 0-400s was the initial permeability. In this experi-
ment, the initial permeability values of the He group and CO, group
were 72.472 puD and 67.248 pD, respectively. The permeability ratios are
shown in Fig. 5.

The results of the permeability ratio measurements clearly demon-
strate an initial rapid increase in the sample permeability (from 1 to
2.46), followed by stabilization at a certain value (2.36) as the helium
injection time increased. However, with increasing carbon dioxide in-
jection time, the permeability experienced four stages: a rapid increase,
decline, slow rebound, and steady state. The maximum permeability
ratio was 2.48, and the final stable permeability ratio was 1.18. The
maximum permeability ratios of the sample were similar under the he-
lium and carbon dioxide injection conditions, but the final stable
permeability ratios were significantly different. In addition, the
permeability gradually decreased during the period of 40-90 days for
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Fig. 5. Measured results of permeability during gas injection.

the CO, injection, which was likely due to the pore and fracture
shrinkage induced by the creep effect under the triaxial loading condi-
tion. By comparing the initial permeability values of the He-group and
CO,-group, it was found that the initial permeability value of the COo-
group was 67.248 uD, which was slightly lower than that of the He-
group (72.472 pD). However, considering that the difference ratio
([72.472-67.248]/72.472 = 7.2 %) was less than 10 %, we believe that
despite not completely eliminating the creep effect from affecting results
in this study, its impact on the experimental outcomes for the CO2-group
are acceptable.

3.2. Overadll changes in strain with gas injection time

The overall strain values of the sample were continuously measured
by the strain analyser and four strain gages (Fig. 6). In both the helium
and carbon dioxide injection experiments, the overall strains changed in
three stages: a rapid increase, slow increase, and steady state. In the
rapid increase stage, the main factor causing the coal bulk swelling was
that the gas pressure of the fracture increased from 0 MPa to 3 MPa,
resulting in a similar overall strains of the sample in the two groups of
experiments. In the slow increase stage, the overall strain in the He-

4
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Fig. 6. Measured results of the overall strain during gas injection (the swelling
strain is positive).
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group was contributed by the change in the matrix pore pressure,
while the overall strain in the CO2-group was contributed by the changes
in the matrix pore pressure and sorption. Therefore, the overall strain in
the He-group was lower than that in the CO5-group in the steady state
stage. The overall strain values were less than 3 %o, indicating that the
overall volume expansion was weak in both the helium and carbon di-
oxide groups. We believe that there are two reasons for this result. (1)
Different from the conventional sorption strain measurements under
free expansion conditions (i.e., the confining pressure and gas pressure
are equal), the coal sample used in this experiment was loaded in a
triaxial loading environment with a confining pressure of 6 MPa, which
significantly restricted the expansion of the bulk coal induced by the
sorption and pore pressure. (2) The anthracite sample used in the ex-
periments had a significant degree of fracture development. The defor-
mation of the coal sample may have mostly been contributed by means
of compression of the fractures, resulting in weak expansion of the coal
sample. This finding is intriguing and diverges from previously reported
experimental outcomes, and it indicates that the transition from local
equilibrium to global equilibrium may be more complex and signifi-
cance than expected, potentially providing an avenue for explaining the
cause of the unsuccessful CO,-enhanced coal bed methane (CO,-ECBM)
recovery in pilot field tests. The results of our study imply that not all of
the COz-induced swelling strain contributes to the bulk strain. The
contribution ratio is dependent on a set of factors, such as the fractures,
matrix properties, and boundary conditions. Additionally, numerous
reported experimental studies [75-78] have recorded strain values of
coal samples significantly below the conventional strain of 3-5 %
induced by sorption, and some even reported lower strains than the
overall strain of 3 %o measured in our test. Therefore, current practices
may overestimate the role of swelling strain in the bulk strain and may
underestimate the role of matrixes in permeability evolution.

3.3. Changes in fracture volume and strain with gas injection time

In this experiment, we roughly measured the fracture volume of the
sample and calculated the fracture strain using the change in fracture
volume. Since the measurement of each fracture volume was conducted
within 2-4 h, we obtained the first fracture volume when the gas in-
jection time was 2 h. We assumed that the first fracture volume was the
initial fracture volume. In this experiment, the initial porosity values of
the He-group and CO,-group were 4.45 % and 4.33 %, respectively. The
measurement results of the fracture strain are shown in Fig. 7.

With increasing helium injection time, the fracture strain initially
decreased and then stabilized. Different from the He-group, with
increasing carbon dioxide injection time, the fracture strain initially
decreased rapidly, rebounded after half a day, and finally stabilized
within the range of —8.3 % to —10.6 %. Compared with the results of the
He-group, i.e., that the fracture opening decreased gradually, the frac-
ture strain result of the CO»-group was contributed by the combined
effects of the gas sorption and changes in gas pressure, leading to an
initial decrease and then rebound. During the gas injection, the CO5
diffused from the fractures into the pores of the surrounding matrix. In
the earlier stage, the contributions of sorption to the changes in these
parameters were much greater than those of the gas pressure. The matrix
around the fracture expanded rapidly due to the increases in the sorption
and pore pressure. Most of the expanded volume of the matrix was
consumed by compressing the fracture volume, and a small part
contributed to the overall volume expansion. In the swelling transition
stage, the contributions of the sorption to the variations in the defor-
mation and permeability were greater than those of the gas pressure.
The migration of the edge of the gas-invaded area from the fracture to
the sample boundary and the expansion of the matrix bridge were the
main reasons for the variations.
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Fig. 7. Measured results of the fracture strain during gas injection (the
compressive strain is negative).

3.4. Measurements of mechanical parameters

To obtain a comprehensive set of experimental data, the experi-
mental system was used to measure the elastic modulus and Poisson’s
ratio of the sample. The stress—strain curves generated using the mea-
surements are shown in Fig. 8, and the measurement results and geo-
metric parameters of the sample are shown in Table 2. The elasticity
modulus of the coal sample was 2433 MPa, and the Poisson’s ratio was
0.2184.

4. Analysis and discussion

Coal is a typical heterogeneous porous medium, and its internal
structure and components are obviously heterogeneous, resulting in
significant differences in the mechanical and seepage properties of
different coal samples. Therefore, the results of the coal deformation and
permeability evolution measured in experiments on different coal
samples may have great differences or even be opposite. Regrettably, we
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Fig. 8. The stress—strain curves of the sample (the swelling strain is positive).
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Table 2

The parameters of the coal sample.
Parameter Value
Length (mm) 99.1
Diameter (mm) 49.8
Weight (g) 263.0
Elasticity modulus (MPa) 2433

Poisson’s ratio 0.2184

have not completed more experiments on three or more coal samples to
verify that the experimental results obtained apply to most coal samples.
However, we believe that the significant value of this work exhibits the
complete evolution of the permeability and overall strain of a coal
sample during He and CO; injection. The experimental results indicate
that it is difficult to achieve global equilibrium of coal samples in a short
time, which is inconsistent with the majority of reported air perme-
ability tests, that is, it takes 2-72 h for the coal sample to reach global
equilibrium. The new findings of this study serve as a reminder for re-
searchers to pay attention to the time dependency of permeability for
gas flow in coal reservoirs.

4.1. Competition between sorption and pore pressure

The deformation of the coal bulk, fractures, and matrix of the sample
were controlled by the sorption and gas pressure changes during the gas
flow in the fractures and matrix. Since helium is a non-adsorbent gas,
there was no sorption to control the deformation during helium injection
[79]. The pore pressure change in the fractures and matrix was the main
factor controlling the deformation. In contrast, carbon dioxide is an
adsorbent gas [80] and the changes in the pore pressure and sorption
controlled the deformation and permeability during carbon dioxide in-
jection [81]. In order to facilitate the study of the competition between
the effects of the sorption and pore pressure changes on the perme-
ability, we ignored the effect of the diffusion coefficient of the matrix
caused by the changes in the internal structure during gas injection. The
mechanical conditions for both groups were identical, and the same coal
sample was used. We assumed that the creep effect exerted a similar
influence on the experimental results of both groups and that the equal
gas injection time and the pore pressure distribution in the sample in the
two experiment groups were identical during the same gas injection time
of 0-40 days. Based on the difference between the measured results of
the CO,-group and the He-group, the relationships between the
measured values contributed by the sorption and pore pressure changes
with gas injection time were obtained (Fig. 9).

During the continuous injection of carbon dioxide into the sample,
the changes in the permeability and strain occurred in four stages: the
fracture expansion stage (0-0.06 days), local swelling stage (0.06-0.5
days), swelling transition stage (0.5-10 days), and global swelling stage
(more than 10 days). These stages are based on the results of the evo-
lution of the coal permeability during the CO5 injection (black line in
Fig. 9a) and were divided according to the peaks of the coal permeability
changes and the corresponding time at which the coal permeability
reached relative stability. There was competition between sorption and
pore pressure in controlling the deformation and permeability in each
stage, and we analysed this competition.

In the fracture expansion stage, the permeability and overall strain of
the sample increased rapidly, and the changes contributed by the change
in pore pressure were basically consistent with the changes in the
sample, while there were no changes contributed by the sorption. The
permeability and overall strain of the sample were almost completely
contributed by the change in the pore pressure. The reason for this is that
the permeability of the fractures was much greater than that of the
matrix, and the gas pressure of the fractures increased rapidly and
reached equilibrium first. The increase in the gas pressure of the fracture
resulted in increases in the fracture volume, permeability (Fig. 9a), and
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Fig. 9. Competition between the gas pressure and sorption during CO injection. (a) Changes in the permeability ratio contributed by the gas pressure and sorption;
(b) Changes in the overall strain contributed by the gas pressure and sorption; (c) Changes in the fracture strain contributed by the gas pressure and sorption; (d)

Changes in the matrix strain contributed by the gas pressure and sorption.

overall volume (Fig. 9b). In the local swelling stage, the contributions of
sorption to the changes in these parameters were much greater than
those of the gas pressure. The matrix around the fractures expanded
rapidly due to the increases in the sorption and pore pressure. Most of
the expanded volume of the matrix was consumed by compressing the
fracture volume (Fig. 9¢), and a small part contributed to the overall
volume expansion (Fig. 9b). In the swelling transition stage, the con-
tributions of the sorption to the variations in the deformations and
permeability were greater than those of the gas pressure. The migration
of the edge of the gas-invaded area from the fractures to the sample
boundary and the expansion of the matrix bridge were the main reasons
for the variations. In the global swelling stage, there were no contribu-
tions of the pore pressure and sorption to the deformation and perme-
ability. The pore pressure in the sample was uniform, and both the
deformation and permeability were stable.

4.2. Interaction between matrix and fractures during gas injection

The evolution of the permeability is influenced by the interaction
between the matrix and fractures [60]. The changes in the permeability
ratio, overall strain, fracture strain, and matrix strain during carbon
dioxide injection are shown in Fig. 10.

The expansion volume of the matrix contributed to the contraction of
the fracture volume and the expansion of the overall volume. In the
fracture expansion stage, the expansion of the fracture volume was
almost entirely caused by the increase in the pore pressure. However,
after the fractures reached equilibrium, the change in the fracture vol-
ume was caused by the interaction between the matrix and the fractures.
In the local expansion stage, the volume of the matrix increased rapidly
and the fracture volume decreased rapidly, demonstrating that the
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Fig. 10. The volume changes of the matrix and fractures during gas injection.

volume expansion of the matrix contributed to the contraction of the
fracture volume. In the swelling transition stage, the contribution of the
expansion of the matrix volume to the compression of the fracture vol-
ume decreased gradually, and the contribution to the expansion of the
overall volume increased gradually. In contrast, the expansion of the
matrix bridge between adjacent fractures led to the opening of the
fractures. The above two reasons led to rebound of the fracture volume.
In the global expansion stage, the matrix volume and fracture volume
reached stability. It is noteworthy that the matrix volume increased
rapidly in the local expansion stage, while the rate of the matrix volume
increase decreased in the swelling transition stage. The reasons for this
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were twofold. There were many secondary fractures around the fracture,
which resulted in increased permeability of the matrix around the
fractures. Moreover, the shape of the fractures was irregular, which
facilitated the higher gas contact of the matrix around the fractures.

4.3. Control of coal heterogeneity on permeability

For the homogeneous hypothesis, the fracture network of the coal is
uniformly distributed, and the matrix block is also homogeneous. Under
this assumption, when the gas pressure reaches equilibrium in the coal
sample, the bulk coal, fractures, and matrix expand synchronously. The
overall strains, fracture strain, and matrix strain are always equal, and
the porosity of the coal sample (the ratio of the fracture volume to the
bulk volume) remains constant. Based on the cubic law, the coal
permeability is also constant. However, the coal sample is a double
porosity medium with obvious heterogeneity. The differences between
the fracture and matrix are mainly reflected in the mechanical proper-
ties and sorption characteristics. Furthermore, the permeability of the
matrix is several orders of magnitude lower than the permeability of the
fractures. There is an obvious time-lag between the gas migration in the
fractures and matrix during the process of gas injection. Under the
combined action of these phenomena and the differences in the me-
chanical properties and sorption, there are discernible disparities among
the fracture strain, matrix strain, and overall strain. In this paper, three
types of differential deformation indexes are defined as the ratio of the
fracture strain to the overall strain, including the global differential
deformation index, sorption differential deformation index, and gas
pressure differential deformation index.

_Y
Sret = o 3
gs
s f
et — s (4
fiu =1
&
_7
-fﬁet = 5‘5 5)

where fp., is the global differential deformation index. f;,, is the sorption
differential deformation index. fi, is the gas pressure differential
deformation index. & is the fracture strain contributed by the sorption.

e}% is the fracture strain contributed by the changes in the gas pressure. &}

is the overall strain contributed by the sorption. & is the overall strain
contributed by the changes in the gas pressure. These differential
deformation indexes reflect the differential deformation degree of the
coal. The absolute values of the difference between the differential
deformation indexes and one are positively correlated with the degree of
heterogeneity and the disequilibrium of the internal pore pressure. If the
coal sample is homogeneous and the internal pore pressure is balanced,
the values of the differential deformation indexes are one.

In this study, we substituted the overall strain and fracture strain into
Egs. (3)-(5) to obtain the global differential deformation index, sorp-
tion differential deformation index, and gas pressure differential
deformation index (Fig. 11). There were obvious differences between
the global, sorption, and gas pressure differential deformation indexes
during the carbon dioxide injection. In the local expansion stage, the
differential deformation between the bulk coal and fractures decreased
gradually due to the changes in the gas pressure. The differential
deformation increased rapidly due to the sorption. The influence of
sorption on the differential deformation was much greater than that of
the gas pressure, so the differential deformation between the bulk coal
and fractures increased. In the swelling transition stage, the differential
deformation between the bulk coal and the fractures occurred because
the changes in the gas pressure still decreased gradually. However, the
differential deformation caused by the sorption rebounded and
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Fig. 11. The relationship between the differential deformation indexes and
permeability. fp is the global differential deformation index. fj,, is the sorption
differential deformation index. f5, is the gas pressure differential deformation
index. & is the fracture strain contributed by sorption. éfl is the fracture strain
contributed by changes in the gas pressure. ¢ is the overall strain contributed
by sorption. &

gas pressure.

is the overall strain contributed by the changes in the

decreased. The global differential deformation index decreased under
the combined action of the sorption and gas pressure. In the stage of
global expansion, the three differential deformation indexes were stable.
The pore pressure of the sample reached a uniform state. Fig. 11 clearly
illustrates that the trend of the changes in the permeability was basically
the same as that of the changes in the global differential deformation
index, which confirms that the differential deformation indexes re-
flected the variations in the permeability during the gas injection.

5. Conclusions

In this study, we demonstrated that the equilibration process be-
tween the coal matrices and fractures is the reason why the coal
permeability changes as a function of time even under the constant
effective stress condition. This conclusion is supported by a complete set
of long-term experimental data, including data on the permeability,
overall strain, and fracture strain. Based on our experimental results, the
following specific conclusions were drawn.

(1) Coal permeability was a function of the fracture local strain.
Although the fracture effective stress was constant during gas
injection, the strain changed due to the diffusion of gas from the
fractures into the matrices. The diffusion process was time
dependent and lasted longer than 90 days. Therefore, the equil-
ibration process between the matrices and fractures must be
considered.

(2) The coal permeability during CO, injection under constant
effective stress exhibited multimodal characteristic, and it
occurred in four distinct stages: an increase due to the fracture
pressure, a decrease due to local matrix swelling, recovery due to
matrix swelling expansion, and stability due to equilibration of
the fractures and matrixes. During the permeability increase
stage, all of the changes were confined within the fracture system.
The fracture system was in equilibrium. During the permeability
decline stage, dynamic changes took place in the matrix system,
but these changes were confined within the near fracture field.
During the permeability recovery stage, the dynamic changes in
the matrix system propagated from the near to far fracture field.
During the stable permeability stage, equilibrium was reached
between the coal matrices and fractures.
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(3) In the stable permeability stage, the measured permeability
remained unchanged under a constant effective stress. This is
consistent with the effective stress principle. The principle is
valid only when equilibrium is reached between the coal matrices
and fractures. Under this condition, the coal swells uniformly.
Therefore, uniform swelling has no impact on the coal perme-
ability. This conclusion implies that the discrepancy between the
assumption of uniform swelling and the non-uniform reality is
responsible for the contradiction between experimental mea-
surements and theoretical predictions.

These findings demonstrate that the interaction between coal and gas
undergoes a prolonged and dynamic evolution process. This process may
be amplified to several years or decades for both natural gas extraction
from and gas storage in coal seams. Therefore, the time dependency of
coal permeability is significant.
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