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Reliable forecasting of coal seam gas production and gas injectivity (e.g., CO, or air) requires an accurate
understanding of coal’s anisotropic permeability, which governs the directional flow of gas. Although the
anisotropic nature of coal permeability is well recognized, little attention has been paid to how this ratio
evolves with changes in effective stress or with the injection of gases that have different affinities to coal.
In this work, more than 600 permeability tests were conducted on eight cubic Australian coal samples using
He, N, and CO, gases under varying effective stresses, providing a comprehensive dataset that allows the
combined effects of effective stress and gas adsorption on permeability anisotropy to be robustly assessed
on the same samples. The results demonstrated that all coal samples exhibited evident permeability aniso-
tropy, with ratios ranging from 1.11 to 6.55. For the first time, quantitative relationships between the aniso-
tropy ratio, effective stress, and initial permeability were established for each of the three injection gases,
highlighting how gas adsorption and effective stress changes both anisotropic permeability magnitude
and ratio. These findings provide new insights into the directional flow behavior of gases in coal seams, with
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implications for underground compressed air energy storage and CO, sequestration.
© 2025 China University of Mining & Technology. Publishing services by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coal seams serve as reservoirs for coal seam gas (CSG), an
important energy source, and as storage sites for CO, geological
sequestration and underground compressed air energy storage
(CAES) [1-5]. Coal is an anisotropic porous medium due to its
unique cleat system, which is the primary fluid flow pathway in
coal seams [6-8]. In most coal seams, the permeability is highest
in the direction parallel to the bedding planes, often several times
greater than that in the direction perpendicular to the bedding
planes [9]. This anisotropy strongly influences permeability and
dictates the optimal orientation of boreholes, including lateral
wells [10]. Therefore, to maximize gas extraction and gas injection
efficiency, borehole placement and orientation should be fully
designed to align with the anisotropy permeability of coal.

Permeability changes in coal occur during the CSG extraction or
gas injection, primarily due to two mechanisms [11-14]: mechan-
ical deformation caused by pore pressure changes and coal matrix
swelling or shrinkage induced by gas (e.g. CO, and CH,) adsorption
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or desorption. To capture these effects, a series of experiments and
simulations have been conducted to develop the permeability mod-
els [15]. Currently, many classical permeability models based on
isotropic assumptions have been proposed, such as Palmer and
Mansoori’s model [16], Pan and Connell’s model [17] and Shi and
Durucan’s model [18]. These models have demonstrated good per-
formance in predicting permeability changes caused by variations
in effective stress and gas adsorption/desorption impacts. However,
later studies have found that cleat compressibility and adsorption-
induced deformation also exhibit significant anisotropy, which may
affect the evolution of permeability [19-21]. Therefore, despite
these findings, how to integrate permeability changes induced by
effective stress variations and matrix swelling/shrinkage with per-
meability anisotropy remains to be further investigated [22,23].
Previous experimental studies have investigated the anisotropic
permeability of coal by measuring cylindrical samples cored along
different directions relative to the cleat orientation [24-27]. How-
ever, due to the significant variability between individual coal
samples, cubic samples have gained wider acceptance compared
to cylindrical ones [28,29]. Some experimental studies showed that
cubic coal samples also exhibited significant anisotropic perme-
ability [30]. Moreover, both cleat orientation and stress conditions
can affect the coal anisotropic permeability [28]. To quantify
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anisotropy, the anisotropy ratio and the degree of anisotropy have
been proposed [31,32]. However, the quantification of anisotropy
variation with effective stress and pore pressure remains little
explored.

To address this gap, eight cubic coal samples from Bowen Basin,
Australia are prepared in this work. More than 600 permeability
measurements are performed to study the effects of effective stress
and gas adsorption on coal anisotropy evolution. A new set of
quantitative relationships between the anisotropy ratio, effective
stress, and initial permeability are first established for helium
gas, N, and CO,, respectively, providing new insights into coal per-
meability anisotropy. The correlation of initial permeability and
gas adsorption with coal cleat compressibility is also investigated.

2. Permeability testing on cubic coal samples: Setup and
validation

2.1. Geological setting of coal seams
The samples were collected from Goonyella Middle (GM) seam

of the Bowen Basin, which is a north-south trending basin, elon-
gate sedimentary basin located in east-central Queensland and
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northern New South Wales, Australia. The GM seam is the thickest
and most laterally extensive seam in the region, making it favor-
able for economic CSG exploration [33]. A cross-section of the
Bowen Basin is shown in Fig. 1.

The GM seam is classified as high-volatile bituminous rank, with
a mean maximum vitrinite reflectance ranging from 1.1% to 1.2%. It
contains 13%-23% mineral matter, mainly quartz (15%-60%),
kaolinite (20%-50%), and interstratified illite/smectite (15%-30%),
with minor siderite (3%-6%) and trace amounts of ankerite [34].

2.2. Experiment apparatus

The permeability experimental system used in this work is
shown in Fig. 2. The setup includes a 38 mm diameter core holder,
three ISCO pumps, two double-ended cylinders of 75 mL, two pres-
sure transducers, and a vacuum pump. It is designed to measure
permeability using the transient method [35].

2.3. Experimental procedure

The coal blocks were collected from Goonyella Middle Seam in
Bowen Basin, Australia. These coal blocks were then cut into
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Fig. 1. General cross-section of the Bowen Basin [33].
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Fig. 2. Schematic diagram of permeability experimental system.
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20 mm cubes along the cleat orientations, and each face was pol-
ished to ensure a flat surface. However, the exact horizontal and
vertical directions could not be definitively identified, so the direc-
tions are simply labeled as A, B, and C. Then, the cubic sample was
inserted into a 3D-printed rubber sleeve with a cubic-shaped cav-
ity and a circular outer surface, allowing it to fit securely into the
core holder, as shown in Fig. 3a. In addition, before conducting per-
meability tests, the coal samples were placed in the core holder
and were subjected to cyclic confining pressure loading and
unloading to minimize the impact of irreversible deformations on
permeability measurements [36,37].

The initial permeability in all directions was measured using
helium (He) gas under an axial pressure of 1.0 MPa, a confining
stress of 1.5 MPa and a pore pressure of 0.5 MPa on the eight sam-
ples. The results of cubic coal samples are summarized in Table 1.
In this table, ka, kg and kc represent the initial permeability values
measured along the A, B, and C directions, respectively. The param-
eter ko denotes the maximum permeability value among the three
directions, indicating the degree of fracture development, and is
used to represent the initial permeability of each cubic sample in
the subsequent discussion.

After initial permeability tests, three different gases (i.e., He, N,
and CO,) were used in the following permeability tests. For the first
direction (A direction), the permeability was first measured using
helium at a constant pore pressure of 0.5 MPa, confining pressure
of 1.5 MPa and an axial pressure of 1.0 MPa (with the effective
stress defined as confining stress minus the pore pressure, yielding
a value of 1.0 MPa). The confining pressure started from 1.5 MPa
and increased by 1.0 MPa at each step until reaching 4.5 MPa. Then,
the pore pressure increased to 1.0 MPa and confining pressure was

(a) Sample preparation
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Table 1

Initial permeability of cubic samples using helium gas.
Sample number ka (mD) kg (mD) kc (mD) ko (mD)
S1 1.76 1.38 1.64 1.76
S2 2.59 1.92 2.00 2.59
S3 3.03 3.81 412 412
S4 8.20 4.81 4.17 8.20
S5 9.70 9.89 5.15 9.89
S6 15.18 10.30 2.55 15.18
S7 17.38 5.69 14.76 17.38
S8 29.28 13.73 8.84 29.28

set to 2.0 MPa. The confining pressure started from 2.0 MPa and
increased by 1.0 MPa at each step until reaching 5.0 MPa. For all
tests, the axial was maintained at 1.0 MPa. For N, and CO, injec-
tions, the pore pressure was maintained until adsorption reached
equilibrium, after which permeability tests were conducted in
the same manner as for helium. After the measurements for each
gas, the coal sample was vacuumed for 24 h to remove the residual
gas. To ensure the integrity of the coal samples, relatively low-
pressure conditions were selected for both effective stress and pore
pressure in this work [30,38].

Once the tests for the A direction were completed, the sample
was removed from the core holder and repositioned to test the
other two directions (B and C directions) with the same permeabil-
ity testing procedure. During the tests, potential errors in the per-
meability measurements may arise from gas adsorption-induced
deformations that are not fully recovered after vacuum, as well
as irreversible deformations caused by repeated loading-unload-
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Fig. 3. Experimental procedure flowchart.
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ing cycles. Therefore, after the final direction was tested, the sam-
ple was vacuumed again, and a repeatability test was conducted
using helium to validate the reliability and repeatability of results.
A brief experiment procedure is illustrated in Fig. 3.

2.4. Permeability measurement

The pressure transient method was used to conduct permeabil-
ity tests in this work [39]. This method involves observing the
decay in the differential pressure between the upstream and
downstream cylinders across the sample. The pressure decay,
along with the cylinder volumes, is used in the analysis to relate
the flow through the sample and determine its permeability [40].
The pressure decay curve can be modelled according to previous
work [41]:

Pup - Pdown _ e,mxf (1)
Pup,O - Pdown.O
where Pyp—Pdown is the pressure difference between the upstream
and downstream cylinders used during the permeability test;
Pypo—Pdowno the pressure difference between the upstream and
downstream cylinders at the beginning of the test (ranges from
100 to 200 kPa in this work); and t the time and m is described
below [41,42]:

k 1 1
m=—-—=xVrx|—+ 2
,LLCgLZ : (Vup Vdown) ( )

where k is permeability; u the viscosity; Cg the gas compressibility;
L the sample length; Vg the sample volume; and V,, and Vgown the
volumes of the upstream and downstream cylinders (both are
75 mL in this work).

Above all, the permeability can be obtained by Eq. (2) after m is
obtained from the pressure decay curve.

2.5. Repeatability testing and data validation

In this paper, the repeatability error (&.) was introduced to
quantify the repeatability of the measured permeability data. The
&re is defined as:

ke — ki
e = =kl 00y (3)
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kavg = ul ; ul (4)

where ki is permeability measured during tests in Fig. 3b; k, perme-
ability measured during validation in Fig. 3c; and k.. the average
permeability of the two steps.

The permeability data and repeatability error were plotted in
Fig. 4. The results show that most repeatability errors are well below
7%, having negligible impact on the overall fitting curve, which
demonstrates the high reliability of the permeability data in this
work.

3. Results and analysis
3.1. Evolution of coal permeability anisotropy with effective stress

3.1.1. Apparent permeability using non-absorbing helium gas

The apparent permeability results of coal samples measured
using helium gas under varying effective stress are plotted in
Fig. 5. It demonstrates that all coal samples exhibit pronounced
permeability anisotropy. With increasing effective stress, perme-
ability in different directions gradually decreases and values tend
to converge, but anisotropy remains. In addition, under constant
effective stress conditions, a rise in pore pressure leads to a reduc-
tion in apparent permeability. This behavior is attributed to the
effective stress coefficient (ESC) typically being less than 1.0 in por-
ous rock (e.g. coal and sandstone) [41]. For porous rocks, the law of
effective stress can be expressed as [43]:

Oe = 0 — 0P, (5)

where o. is the effective stress; o, the total stress, o the effective
stress coefficient; and P, the pore pressure.

In laboratory tests, ESC is assumed to be 1.0 [30], and the same
assumption is adopted in this work. However, this assumption may
result in an underestimation of the effective stress when pore pres-
sure increases, since the actual ESC is slightly less than 1.0 [44,45].
Consequently, under the same nominal effective stress, an increase
in pore pressure can lead to a decrease in apparent permeability.

3.1.2. Apparent permeability using absorbing N, and CO,

The apparent permeability under varying effective stress, mea-
sured separately using N, and CO,, are shown in Figs. 6 and 7,
respectively. Compared to non-absorbing helium, gas adsorption
leads to a reduction in apparent permeability in all three directions
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Fig. 4. Permeability data and repeatability error of all samples.
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Fig. 5. Directional permeability variation of coal under different effective stresses.
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Fig. 7. Directional permeability variation of coal under different effective stresses using CO,.

1719



T. Zhang, L. Ding, ].X. Li et al.

due to sorption-induced coal matrix swelling, although noticeable
anisotropy still persists. Moreover, under the same effective stress,
arise in pore pressure leads to a reduction in apparent permeabil-
ity. This behavior is the combined result of both the effective stress
coefficient being less than 1.0 and the enhancement of gas adsorp-
tion [46].

3.2. Evolution of anisotropy ratio

3.2.1. Anisotropy ratio evolution with helium gas injection (effective
stress impact)

In this section, data acquired from permeability tests using He
are employed to analyze the impact of effective stress on coal ani-
sotropy. To quantify the anisotropy of the coal samples, the aniso-
tropy ratio (R) is defined as [32]:
kmax

Rf

B kmin

(6)

where kp.x is the maximum permeability; and k.,;, the minimum
permeability among the three directions under the same stress
conditions.

The variation of R with effective stress for the eight tested sam-
ples is shown in Fig. 8, with each color representing a sample with
a different initial permeability (ko). Results show that different coal
samples exhibit varying permeability anisotropy ratios. Specifi-
cally, the anisotropy ratios range from 1.28 to 5.95 at a pore pres-
sure of 0.5 MPa, and from 1.11 to 6.55 at 1.0 MPa. For each sample,
the anisotropy ratio changes linearly with effective stress. The
influence of effective stress on anisotropy ratio varies depending
on the initial permeability. Specifically, for coal samples with high
initial permeability, R decreases with increasing effective stress,

International Journal of Mining Science and Technology 35 (2025) 1713-1729

whereas for those with low initial permeability, R tends to increase
with increasing effective stress. Moreover, to establish a quantita-
tive relationship between effective stress and R, we fitted R as a lin-
ear function of effective stress changes using Eqs. (7) and (8):

R=axAdge.+b (7)

8)

where Ag. is the effective stress change; g.o the initial effective
stress of 1 MPa for this work; and o. the effective stress; and a
and b the fitting parameters.

The fitted dashed lines and corresponding results for He are
presented in Fig. 8 and Table 2, respectively.

According to Table 2, the relationships between fitting parame-
ters (a and b) and initial permeability (ko) are plotted in Fig. 9.
These figures demonstrate that both parameters a and b have a
functional relationship with ko. Above all, the relationships
between anisotropy ratio (R), effective stress change (Ac.), and ini-
tial permeability (ko) using helium gas (including two pore pres-
sures) can be expressed as Eq. (9) according to Fig. 9c:

R = (-0.322 x Inko + 0.782) x Ade + 0.073 x ko + 1.273

Ad.

Oe — Oe0

9)

According to Eq. (9), the influence of increasing effective stress
on the anisotropy ratio (R) is not consistent for coal samples with
different kqo. A critical value of kg exists when fitting parameter a
equals zero. When the initial permeability is lower than this criti-
cal value (11.32 mD for helium gas), the parameter a becomes pos-
itive, and R increases with increasing effective stress, indicating an
enhancement of permeability anisotropy. In contrast, for coal sam-
ples with initial permeability exceed the critical value of kg, the
parameter a becomes negative, and increasing effective stress
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Table 2
Fitting parameters for linear relationship between Ag. and R using helium gas.
Sample number ko (mD) Ppore=0.5 MPa Pyore=1.0 MPa
A B R? A b R?
S1 1.76 0.9003 1.2709 0.92 0.5243 2.1757 0.90
S2 2.59 0.4611 1.2266 0.95 0.4279 1.6209 0.91
S3 412 0.0009 1.3680 0.1303 1.0764 0.75
S4 8.20 0.4909 1.7450 0.88 0.4695 1.6483 0.96
S5 9.89 -0.0322 1.9332 0.37 -0.0750 2.1225 0.67
S6 15.18 —-0.0839 5.9582 0.78 -0.4002 6.6823 0.92
S7 17.38 -0.1743 2.9750 0.88 -0.1145 2.7336 0.74
S8 29.28 —-0.2969 3.3272 0.98 —-0.2002 3.2262 0.57
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Fig. 10. Anisotropy ratio changes with ko and Ace.

results in a decrease in R, suggesting a reduction in anisotropy.
Moreover, coal samples with higher initial permeability (i.e., those
with more extensively developed fracture networks) generally
exhibit higher R.

To illustrate the impact of effective stress on the anisotropic
permeability, the R values corresponding to different ko and

effective stress (Acg.) were calculated using Eq. (9), shown in
Fig. 10. It demonstrates that for coal samples with low ko, increas-
ing the effective stress leads to an increase in R, whereas for coal
samples with high ko, increasing the effective stress results in a
decrease in R. In addition, coal samples with higher initial perme-
ability tend to exhibit higher values of R. In summary, both ky and
Ad. have significant impact on coal anisotropic permeability.

3.2.2. Anisotropy ratio evolution with N, and CO, injection (adsorption
impact)

In this section, data acquired from permeability tests using N,
and CO, are employed to analyze the impact of adsorption on coal
anisotropy. Similarly, based on the linear fitting using Egs. (7) and
(8), the fitted dashed lines and corresponding results for N, and
CO, are summarized in Fig. 11, and Tables 3 and 4.

The results show that, under the effective stress of 1.0 MPa, the
anisotropy ratios for N, range from 1.39 to 5.11 at a pore pressure
of 0.5 MPa, and from 1.31 to 4.75 at 1.0 MPa. Correspondingly, for
CO,, the anisotropy ratios range from 1.43 to 4.68 at a pore pres-
sure of 0.5 MPa, and from 1.59 to 4.85 at 1.0 MPa. In addition, it
indicates the anisotropy ratio also changes linearly with effective
stress when using N, and CO,. Similar trends were observed in
the N, and CO, tests as in the He tests. In both cases, R decreases
with increasing effective stress for coal samples with high initial
permeability, while increasing for those with low initial
permeability.

Similarly, the relationships between fitting parameters (a and b)
and initial permeability (ko) for N, and CO, are plotted in Figs. 12
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Fig. 11. Anisotropy ratio (R) of coal samples under varying effective stresses using N, and CO, (colors indicate different samples with varying initial permeabilities).

Table 3

Fitting parameters for linear relationship between Ac. and R using N,

Sample number ko (mD) Ppore=0.5 MPa Ppore=1.0 MPa
a B R? a b R?
S1 1.76 0.5081 2.3229 0.81 0.5041 2.3763 0.84
S2 2.59 0.3026 1.3505 0.86 0.2133 1.4228 0.79
S3 4.12 0.1275 1.2708 0.60 0.1441 1.2449 0.70
S4 8.20 0.4519 1.7197 0.95 0.4013 1.6364 0.96
S5 9.89 —-0.1984 2.3440 0.90 -0.1842 23112 0.92
S6 15.18 -0.0847 4.9856 0.25 0.1395 4.7296 0.96
S7 17.38 -0.1110 2.6905 0.82 -0.0109 2.6414 0.14
S8 29.28 -0.3332 3.8461 0.92 -0.4583 4.0455 0.89
Table 4
Fitting parameters for linear relationship between Ag. and R using CO,.
Sample number ko (mD) Ppore=0.5 MPa Ppore=1.0 MPa
a B R? a b R?

S1 1.76 05114 2.3768 0.85 0.2899 3.0476 0.72
S2 2.59 0.1109 1.5260 0.89 —-0.1680 1.7724 0.42
S3 4.12 0.1235 1.3619 0.63 0.1211 1.4768 0.54
S4 8.20 0.3251 1.6311 0.83 0.2180 1.7452 0.66
S5 9.89 -0.1451 2.3378 0.90 -0.4346 3.2079 0.92
S6 15.18 -0.1422 4.6930 0.99 -0.0535 49169

S7 17.38 -0.1560 2.8528 0.74 -0.1407 2.9044 0.57
S8 29.28 -0.2575 4.0055 0.90 -0.2055 4.3741 0.77

1722




T. Zhang, L. Ding, ].X. Li et al.

International Journal of Mining Science and Technology 35 (2025) 1713-1729

@ a Q a
*x b * b
>IN Ppore= 0.5 MPa >IN, Pye= 1.0 MPa
N b=0.080k,+1.383 R .l b=0.085k,+1.353 *
= h = a
g R>=0.78 e 2 R?=0.77 .-~
g e =] Pt
S 3 P S 3
= e 3 = Tk
I * *|_.--77 on * * -t
g, _— £, T =0
= =P - i3 T K 7 . PR =
. * % Critical value of &k, = 10.48 mD . v o Critical value of k =11.31 mD
9 Qo / o P /
ol 2o X _— o] 9ot I e g
9 4=-0263Ink, 0618 @ 9 | a=-0.239nk 0580 """ =3
R?=0.68 R2=0.57
-1 T T T T T -1 T T T T T
0 5 10 15 20 25 30 0 5 10 15 20 25 30
ko (mD) ko (mD)
(a) Using N, at a pore pressure of 0.5 MPa (b) Using N, at a pore pressure of 1.0 MPa
6
9 a
5 b
N,
4 *
5 i
5} o
g & b=0.082k,+1.368
o, ¥ .2 R2=0.78
o o
£ P _
21 ¥ a0
1 Critical value of k, = 10.87 mD
Q
0 L — —,j.;,; / 9
) B, e ———— -
a=—0.2511nk;+0.599, R?>=0.62
-1
0 ; lIO 1‘5 2‘0 2‘5 30

k, (mD)

(c) Results for two pore pressures

Fig. 12. Fitting parameters a and b under different ko using N, and the critical value of k.

and 13, respectively. These figures also indicate that parameter a
and b vary as a function of ko. Furthermore, the relationships
between anisotropy ratio (R), effective stress change (Aag.), and
ko for adsorbing gases (i.e. N, and CO,) are expressed as Egs. (10)
and (11) according to Figs. 12c¢ and 13:

For Nj:

R =(-0.251 x Inky + 0.599) x Ag. + 0.082 x ko + 1.368 (10)
For CO5:
R=(-0.177 x Inky + 0.359) x Ag. + 0.082 x ko + 1.629 (11)

A similar trend to that observed for helium gas was identified
for the adsorbing gases (e.g., N, and CO;), where the influence of
increasing effective stress on the anisotropy ratio also depended
on the initial permeability. In both cases, a critical value of kg exists
at which the fitting parameter a equals zero. Specifically, for N, and
CO,, R increased with effective stress when the initial permeability
was below the critical value of ky (10.87 mD for N, and 7.60 mD for
CO,), whereas it decreased when the initial permeability exceeded
the threshold.

Above all, whether R decreases or increases with increasing
effective stress depends on whether the initial permeability
exceeds the critical value of ko. However, the critical values differ
among the three gases, as shown in Table 5. It indicates that when
tested with adsorbing gases, coal samples exhibit lower critical val-
ues of ko. Specifically, under the impact of gas adsorption, coal
samples tend to exhibit a decrease in the anisotropy ratio (R) with
increasing effective stress.

To illustrate the effect of gas adsorption on the anisotropic perme-
ability, the R values corresponding to different ko under the condition
of no effective stress change were calculated using Eqs. (9)-(11) for
different gases and are plotted in Fig. 14. The results indicate that
gas adsorption leads to an increase in anisotropy ratio. Specifically,
at a ko of 5 mD, the anisotropy ratios are 1.64 for helium, 1.78 for
N, and 2.04 for CO,; while at 15 mD, the anisotropy ratios increase
to 2.37, 2.60, and 2.86, respectively. This phenomenon can be attrib-
uted to the variation in cleat (or fracture) equivalent aperture
induced by gas adsorption. Specifically, gas molecules adsorbed on
the internal surfaces of micropores induce coal matrix swelling,
which reduces pore throat size and narrows cleat apertures. Due to
the heterogeneous distribution of pores and cleats, this swelling
effect results in anisotropic permeability changes, with different
degrees of reduction along the three flow directions. Low-
permeability cleats exhibit higher adsorption sensitivity and there-
fore undergo more pronounced permeability reduction, whereas
high-permeability cleats experience less reduction due to their lower
sensitivity to adsorption-induced swelling [9]. Consequently, gas
adsorption may lead to an increase in permeability anisotropy, which
has also been reported in previous studies [47].

3.3. Degree of anisotropy

To quantify the degree of permeability anisotropy, an equivalent
permeability is introduced to represent the permeability of the
sample under the assumption of isotropy [31], as defined in Eq. (12):
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Table 5 5.0
Critical values of ko under different gases. k,=5mD k, =10 mD
Gas type Critical value of ko (mD) 4.5
He 11.32
N, 10.87 4.0
CO, 7.60

kiso = (kA X kB X kc)%

(12)

where ks, is the equivalent permeability; ka, kg and k¢ the per-
meabilities measured in A, B and C directions at the same stress

conditions, respectively.

Furthermore, the degree of anisotropy is quantified by the
quadratic deviation I of the permeability tensor from kjs, [31]:

=

(kA - kiso)2 + (kB - kiso)2 + (kC - kiso)2

K2+ K+ k2

(13)

where [ is the deviation from isotropy, expressed as a percentage,
ranging from 0 to 100%. The closer I is to 100%, the greater the
degree of anisotropy. When [=0, the material is isotropic.

w
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The deviation from isotropy (I) varies as the effective stress
increases from 1.0 to 4.0 MPa, and the corresponding variation
range is illustrated by the bars in Figs. 15 and 16. The results
demonstrate that pore pressure has a limited influence on the
degree of anisotropy. However, as kg increased, the variation range
of I gradually decreased as effective stress changes from 1 to 4 MPa,
which was reflected by the shortening of the bars from left to right.
In other words, for coal samples with well-developed cleat net-
works, the impact of changing effective stress on anisotropy degree
becomes less pronounced.

3.4. Cleat compressibility

3.4.1. Influence of initial permeability

Although the apparent permeability of coal exhibits significant
anisotropy, whether the cleat compressibility (Ct) is anisotropic
remains unclear due to the lack of direct experimental evidence.
To investigate this issue, C; was derived from the apparent
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permeability data measured by helium gas (Fig. 5), as calculated by
the following empirical equation [48]:

ky = ki exp(—3Cs x Ace) (14)
where k; is the permeability at effective stress of e,; k; the perme-
ability at the effective stress of ge1; Cr the cleat compressibility; and
AG.=0e2—0c the effective stress change.

The cleat compressibility (C) of three directions for each sample
is shown in Fig. 17. The results reveal that C¢ also exhibits
significant anisotropy, and the direction with the largest
permeability does not always have the highest C¢[30]. In addition,
with increasing initial permeability, implying more developed
fracture networks, the C; in different directions gradually become
more uniform. Overall, pore pressure shows a limited influence
on the C; values.

3.4.2. Influence of gas adsorption

To evaluate the influence of gas adsorption on cleat compress-
ibility, the equivalent permeability (kis,) under a pore pressure of
1.0 MPa, as calculated from Eq. (12), was selected for comparison.
Furthermore, Eq. (14) was used to fit the relationship between k;s,
and effective stress, as shown in Fig. 18. It can be observed that the
kiso decreased with increasing effective stress, and the fitting
results exhibited a good agreement with the experimental data
[49].

The Cr values derived from the fitting results are plotted in
Fig. 19. It illustrates that gas adsorption has a noticeable impact
on C;, leading to an increase in C; especially for CO,. This
phenomenon is attributed to gas adsorption. When gas molecules,
particularly CO,, are adsorbed onto the internal surfaces of coal
micropores and the matrix, they cause the coal to swell. This swel-
ling not only reduces the size of pore throats and cleat apertures
but also lowers the elastic modulus of coal [50], effectively soften-
ing the matrix. As a result, the cleats become more compressible
under the same external stress, leading to an increase in the cleat
compressibility. This mechanism also accounts for the more pro-
nounced increase in C¢ for CO, compared to gases with lower
adsorption affinity, such as N; [51,52].

4. Conclusions and recommendations

In this work, more than 600 permeability tests were performed
on eight cubic coal samples from Bowen Basin, Australia, to inves-
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Fig. 19. Sample cleat compressibility (Cy) of different gases at a pore pressure of
1.0 MPa.
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tigate the impact of effective stress and gas adsorption on the evo-
lution of coal permeability anisotropy ratio. The reliability of the
experimental data was verified through repeatability testing. The
primary conclusions are as follows:

(1) Anisotropy magnitude: All cubic coal samples exhibited pro-
nounced permeability anisotropy, with ratios ranging from
1.11 to 6.55. While permeability in all directions decreased
with increasing effective stress, anisotropy remained evi-
dent. The anisotropy magnitude was found to be dynamic
rather than constant, highlighting the need to consider effec-
tive stress changes and gas adsorption when evaluating ani-
sotropic permeability.

(2) Anisotropy ratio: Our results reveal that the evolution of the
anisotropy ratio is strongly controlled by effective stress, ini-
tial permeability and gas adsorption. Specifically, when the
initial permeability was below a critical permeability value,
the anisotropy ratio increases with increasing effective
stress, reflecting an enhancement of permeability aniso-
tropy. Above the critical value, the anisotropy ratio
decreases with increasing effective stress. However, under
the impact of gas adsorption, coal samples exhibit lower
critical values. Based on these observations, quantitative
relationships between the anisotropy ratio, effective stress,
and initial permeability were established for helium, N,
and CO,, respectively.

(3) Degree of anisotropy: The results show that pore pressure
has a limited impact on the degree of anisotropy. However,
as the initial permeability increased, the variation range of
anisotropy degree gradually decreased when increasing
effective stress. In other words, for coal samples with well-
developed cleat networks, changes in effective stress have
a less pronounced impact on anisotropy degree.

(4) Anisotropy of cleat compressibility: The cleat compressibil-
ity of coal also exhibited notable anisotropy, and the direc-
tion with the highest permeability did not necessarily
correspond to the largest cleat compressibility. As the initial
permeability increased, indicating better-developed fracture
networks, the differences in cleat compressibility among the
three directions tended to diminish. Moreover, gas adsorp-
tion, especially CO,, was found to enhance cleat compress-
ibility, which may further weaken the coal structure and
alter its mechanical behavior.

These findings suggest that field gas injection strategies should
consider the evolution of permeability anisotropy when predicting
injectivity and migration pathways of the injected gas. For exam-
ple, during gas injection, the increase in pore pressure leads to a
decrease in effective stress, which in turn alters the anisotropy
ratio of coal permeability. Gas adsorption can further modify this
stress-dependent anisotropy evolution, particularly for strongly
adsorbing gases such as CO,. Therefore, accounting for stress-
induced and adsorption-induced anisotropy evolution is critical
for injected gases migration prediction and injectivity manage-
ment in both CO, geo-sequestration and compressed air energy
storage projects.

Key recommendations for the future are as follows:

(1) Initial permeability range expansion: Although the initial
permeability range of the coal samples selected in this study
may represent the majority of coal seam permeabilities,
future research should include investigations on low-
permeability coal (e.g., permeability less than 0.1 mD) and
high-permeability coal (e.g., initial permeability greater than
50 mD) to further complement and enhance the findings of
this study.
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(2) Control of experimental errors: In this work, to minimize
experimental errors, the samples were vacuumed after the
adsorption tests to remove gas-induced swelling, and multi-
ple cycles of confining pressure loading and unloading were
applied to reduce the impact of irreversible deformation.
However, it remains uncertain whether the experimental
errors would increase with the number of repeated trials.
Future experiments will further explore effective approaches
for experimental error elimination.

(3) Generalizability of the quantitative relationships: The quan-
titative relationships derived in this study were established
under the specific stress loading path of constant axial pres-
sure with varying confining pressure. However, previous
studies adopted different stress conditions, such as hydro-
static pressure, and thus no suitable data are currently avail-
able to validate our model. Further investigations are needed
to test the robustness of the model under alternative loading
paths, to validate its general applicability.
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