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As an anisotropic porous media, coal’s intrinsic permeability is sensitive to stress variably in different directions. Likewise, the
degree of damage sustained by the internal solid skeletal structure under external stresses is anisotropic. Four parameters are
introduced: permeability stress-based loss rate (PEL) and permeability strain-based loss rate (PSL) highlight the stress
sensitivity of the intrinsic permeability and deformation characteristics of coal’s internal structure during the loading process;
stress-based irrecoverable permeability coefficient (EIP) and strain-based irrecoverable permeability coefficient (SIP) describe
the loss of intrinsic permeability and irreversible deformation features in the whole load cycle. Stress sensitivity of the vertical
intrinsic permeability is greater than that of the horizontal, and the ability of the vertical internal structure to resist
deformation induced by an external load is weaker. During the cyclic loading process for the same coal sample, the stress

sensitivity of the latter loading cycle is significantly less than the former.

1. Introduction

During the CBM extraction process, as methane is desorbed,
the gas pressure in a coal seam gradually decreases, and the
in situ stress changes. The deformation of coal’s internal
structure changes the reservoir’s permeability, which in turn
affects the further extraction of CBM. In situ stress and pore
pressure play significant roles in the processes of adsorption,
desorption, diffusion, and percolation of CBM. Unlike other
porous media, coal contains significant numbers of cleats or
fractures. It has obvious anisotropic characteristics because
of the differences between the face and butt cleat and bed-
ding plane properties and in situ anisotropic stress condi-
tions [1-3]. The difference between the vertical and
horizontal permeability is enormous [4-7]. Koenig and
Stubbs have reported a differential permeability ratio of
17:1 [8]. Wold and Jeffrey [9] conducted a four-well injec-
tion interference test to measure the overall seam permeabil-
ity anisotropy and found that different seams, and even
different regions within a composite seam, can have signifi-
cantly different permeability anisotropy characteristics. Per-
meability anisotropy plays an important role in the CBM

production rate [9, 10] and hydraulic fracture propagation.
Many other studies on coal’s permeability anisotropy with
respect to different stresses can be found in the review pub-
lished by Pan and Connell [11]. However, a systematic study
on the evolution of coal’s intrinsic permeability anisotropy
under cyclic loading conditions is still lacking, which is of
great significance.

Many scholars have researched the deformations of
coal’s internal structure and the dynamic evolution of per-
meability during CBM production. Pan et al. [7] studied
the permeability of an Australian coal from the Sydney Basin
using three different gases—He, CH,, and CO,—and coal’s
corresponding deformation characteristics. Coal permeabil-
ity is sensitive to stress, and cleat compressibility is often
used to describe the sensitivity of permeability to stress for
coal reservoirs [12, 13]. Cleat compressibility is a measure
of the cleat volume change ratio with respect to pore pres-
sure change, which is defined in the following:
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where C; is the cleat compressibility, ¢ is the porosity, and P

is the pore pressure.Cleat compressibility is often obtained
by fitting experimental data using exciting permeability
models [14]. However, cleat compressibility is not constant
with respect to pore pressure and effective stress [13, 15].
Dynamic cleat compressibility is not easy to obtain during
the penetration process when external stress changes. Exper-
imental studies are still lacking on the stress sensitivity of
intrinsic permeability combined with strain characteristics.
In addition, the stress sensitivity of coal’s intrinsic perme-
ability in different directions with respect to cyclic stresses
is not yet well studied.

Gas migration in coal is a combined process in which gas
flow and the internal solid structure interact with each other.
This process becomes more complex due to the gas slippage
effect [16]. It was first proposed by Klinkenberg in 1941,
which means when gas is penetrating in channels of porous
media, the gas molecules close to cell walls show no zero
flow rate [17]. It reflects the effect of gas pressure on gas per-
meability. The mathematical expression can be found in the
following:

b 4c
K =K(1+—=),b=—Ap, 2
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where P is the average pore pressure; K is the gas perme-
ability; K is the Klinkenberg or intrinsic permeability; b is
the Klinkenberg factor, depending on the mean free path
of the gas molecules, which, in turn, depends on the pres-
sure, temperature, and molecular weight of the gas [17,
18]; c is a scale factor; A is the mean free path of the gas mol-
ecules, and y is the average pore radius. When b = 0, gas slip-
page has no effect on permeability, and the penetration
follows Darcy’s law. The gas slippage effect has a large
impact on penetration, especially in low permeability reser-
voirs. The existence of slippage is good for raising reservoir
permeability, which makes possible the exploitation of
large-scale low permeability coalbed methane reservoirs.
However, the slippage effect also has its limitations. It has
been observed that the gas slippage effect diminishes as gas
pressure increases because at high pressures (e.g., >2 MPa),
the mean free path of the gas molecules (diameter approxi-
mately 0.98 A) is far less than the aperture of the coal cleats
(3-40um) [19].

In this paper, the contributions are mainly reflected in
following three aspects. (1) The permeability anisotropy
behaviors for low-rank coal samples (long-flame coal),
namely, parallel and perpendicular to coal bedding, were
studied by N, under cyclic loading conditions. Intrinsic per-
meability under different triaxial stresses was obtained by
calculating and removing the impact of the gas slippage
effect. (2) Four parameters are introduced in this work: per-
meability stress-based loss rate (PEL), stress-based irrecover-
able permeability coeflicient (EIP), permeability strain-based
loss rate (PSL), and strain-based irrecoverable permeability
coeflicient (SIP). PEL and PSL feature the stress sensitivity
of intrinsic permeability and deformation characteristics of
coal’s internal structure during the loading process, while
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EIP and SIP describe the loss of intrinsic permeability and
plastic or irreversible deformation features of the whole load
cycle. (3) By analyzing the evolutionary law of coal perme-
ability anisotropy with respect to cyclic stresses, combined
with the PEL, EIP, PSL, and SIP results, the mechanical char-
acteristics of coal’s internal structure were investigated.

2. Experimental Methods

2.1. Sample Preparation and Test Apparatus. Long-flame
coal was chosen as our experimental object, among devel-
oped multiminable coal seams. The average bulk density is
1340kg/m>. The majority of macerals are vitrinite
(78.59%). Coal permeability anisotropy was studied with
two types of coal samples: sample C3 was parallel to the bed-
ding, while samples C1 and C2 were perpendicular to the
bedding. All samples were trimmed to a dimension of @50
x 100 mm.

The steady-state method was used to measure the per-
meability of coal along with the low-permeability rock per-
meability test system. The average pore pressure is
approximately the average of inlet and outlet gas pressures.

2.2. Experimental Procedure. The permeability of coal sam-
ples was tested by N, under different gas pressures and
cyclic external loading conditions. The cyclic loading process
can be divided into two sections: cyclic hydrostatic stresses
and cyclic deviatoric stresses, during which confined stresses
of 8 MPa and 14 MPa, respectively, are maintained.

3. Experimental Results

Generally, horizontal permeability is greater than vertical.
Figure 1 shows the coal samples’ permeability test results
under different hydrostatic stresses. The magnitude of hori-
zontal permeability tested in samples C1 and C2 is 1~2
orders larger than the vertical permeability tested in C3. This
shows that apparent permeability decreases exponentially as
pore pressure increases, which has been confirmed by many
other studies [20] and is partly caused by the slippage effect.

Figure 2 depicts the apparent permeability evolution of
sample C1 under cyclic axial stresses while maintaining a
confined pressure of 8 MPa and 14 MPa. Apparent perme-
ability decreases when hydrostatic stress or axial stress
increases and increases during unloading. The slope of the
loading curve is significantly larger than that of unloading,
and plastic deformation is generated at each stress cycle.
Details of the test results can be found in our previous
study [21].

The Klinkenberg effect is an important phenomenon for
gas flow in low permeability reservoirs, and its influence
increases as gas pressure is reduced. Intrinsic permeability
under different stresses was obtained by calculating and
removing the impact of the gas slippage effect. As opposed
to apparent permeability, intrinsic permeability remains
constant if no variation occurs to coal’s internal pore struc-
ture. In other words, intrinsic permeability only relates to
structural properties (the average particle size, porosity,
etc.) of the porous medium itself and has no connection to
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FIGURE 2: The permeability test results of coal sample C1 under hydrostatic stresses.

the characteristics of single-phase Newtonian’s fluids. Intrin-
sic permeability is constant when tested by different single-
phase Newtonian’s fluids [22]. Intrinsic permeability is

obtained by fitting the slippage effect expression Equation
(2) with the experimental results of apparent permeability.
The slippage fitting process of sample C1 under hydrostatic
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TaBLE 1: Coal intrinsic permeability under different hydrostatic
stresses (x1072 mD).

Hydrostatic stress loading Unloading
Samples condition condition
8§ MPa 10MPa 12MPa 14 MPa 8 MPa
Cl1 2.09 0.84 0.57 0.21 0.87
C2 3.06 1.26 0.67 0.26 1.44
C3 3434 25.73 18.72  12.67 28.03

stresses is shown in Figure 3 and is similar to deviatoric
stress conditions and other samples. Apparent permeability
increases linearly with reciprocal pore pressure. The final
intrinsic permeability results are listed in Tables 1-3.

4. Evolution of Intrinsic Permeability and
Deformation Behavior

During CBM extraction or coal and methane common min-
ing, complicated changes occur in the mining stress field,
and then porosity changes, eventually leading to a dynamic
evolution of coal seam permeability. Compressed deformation
caused by in situ stress changes may lead to permanent dam-
age in coal’s internal skeletal structure and its intrinsic perme-
ability. Coal permeability is typically anisotropic because of
differences between the face and butt cleat and bedding plane
properties and in situ anisotropic stress conditions [1, 11]. The
loss of intrinsic permeability in different directions and the
corresponding damage deformation during cyclic loading
conditions are significantly different. By studying coal’s intrin-
sic permeability and strain evolution during the cyclic loading
process, this study provides a better understanding of the
stress sensitivity of intrinsic permeability in different direc-
tions and deformation characteristics of coal.

4.1. Introduction of Evaluated Parameters. To study the
stress sensitivity of intrinsic permeability and deformation
characteristics during the loading process, the terms perme-
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ability stress-based loss rate (PEL) and permeability strain-
based loss rate (PSL) are introduced. Additionally, the terms
stress-based irrecoverable permeability coefficient (EIP) and
strain-based irrecoverable permeability coefficient (SIP) are
introduced to describe the loss in intrinsic permeability
and plastic or irreversible deformation features of the whole
loading cycle. This study uses these four parameters to
describe quantitatively and interpret the changes in coal’s
internal structure.

4.1.1. Permeability Stress-Based Loss Rate (PEL). PEL is used
to define the dynamic loss rate of intrinsic permeability
when unit stress increases during the loading process, which
is expressed as

PEL = &, (3)
Ko(Piyy = P;)

whereK,andK,, represent intrinsic permeability in the iy,
and i + 1, load, respectively; K,is the initial intrinsic perme-
ability; andP; and P,,, are the iy, and i + 1, external stresses.
The larger the PEL, the more sensitive intrinsic permeability
is to applied stress.

4.1.2. Stress-Based Irrecoverable Permeability Coefficient
(EIP). EIP is defined to describe the irreversible damage to
the intrinsic permeability of the whole load cycle, which is
expressed as

KO B KOI
KOGmax

EIP =

) (4)

where Kis the initial intrinsic permeability, K,'is the intrin-
sic permeability when the whole load cycle is finished and
then returned to its initial stress state, and o, is the differ-
ence between the maximum stress during the loading pro-
cess and the initial stress.

The larger the EIP, the greater is the irreversible loss in
intrinsic permeability under the maximum differential
stresso,. .

4.1.3. Permeability Strain-Based Loss Rate (PSL). PSL is used
to define the dynamic loss rate of intrinsic permeability
when unit strain increases during the loading process. The
connection between coal’s macroscopic deformation and
the variation in intrinsic permeability is established by PSL.
It is beneficial for studying the mechanical deformation fea-
tures of coal’s internal structure. PSL is expressed as

Ki _Ki+1

PSL= — " |
Ko(ei1 — &)

(5)

where ¢; and ¢;,, represent intrinsic permeability in the iy
and i + 1, load, respectively. The unit is %.

4.1.4. Strain-Based Irrecoverable Permeability Coefficient
(SIP). SIP is defined as the irreversible loss rate of coal’s
intrinsic permeability when the unit irreversible strain
increases for the whole loading cycle. It is a measure of the
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TasLE 2: Coal intrinsic permeability under different deviatoric stresses when confining stress 8 MPa (x10> mD).
Samples Axial stress loading condition Unloading condition
P 8 MPa 12 MPa 16 MPa 20 MPa 24 MPa 16 MPa 8 MPa
Cl1 0.97 0.74 0.54 0.35 0.22 0.33 0.53
C2 1.54 1.14 0.78 0.47 0.25 0.54 0.85
C3 28.63 24.92 21.68 19.08 16.66 17.34 21.59
TasLE 3: Coal intrinsic permeability under different deviatoric stresses when confining stress 14 MPa (x10> mD).
st
The 1* loading The ! The 2™ loading The 2™ unloading
Samples unloading
P Axial stress (MPa) Axial stress Axial stress (MPa) Axial stress (MPa)
14 18 22 26 30 22 14 22 30 34 36 41 36 30 22 14
C1 032 027 024 021 014 016 021 017 0.11 — 0.01 — 0.01 0.04 0.07 0.10
C2 027 017 011 008 0.02 0.07 013 007 0.01 — — — — 0.01  0.05 0.10
C3 811 725 646 573 520 538 656 555 493 451 — 342 343 369 401 453

permanent damage or the irreversible intrinsic permeability
during the cyclic loading process. It is expressed as

SIP = (K- k) (6)

Ky (50’ - 50)

where ¢, is the initial strain (the unit is %), and &,'is the
strain after the whole load cycle is finished and returned to
its initial stress state.

4.2. Evolution of Intrinsic Permeability and Deformation
Behavior under Hydrostatic Stresses. Figure 4 shows the evo-
lution of intrinsic permeability and the axial strain of coal
samples under cyclic hydrostatic stresses. Apparently, intrin-
sic permeability decreases significantly when hydrostatic
stress increases from 8 MPa to 14 MPa and then increases
when the hydrostatic stress decreases.

Figure 5 shows intrinsic permeability decreasing expo-
nentially when the strain increases. When the strain
recovers, intrinsic permeability is lower than it was during
the loading process. Plastic deformation and permanent
damage happen to coal’s internal pore structure or solid
skeleton.

The PEL and PSL of coal in different directions under
cyclic hydrostatic stresses are calculated and shown in
Figure 6. From Figure 6(a), it can be observed that PEL
decreases sharply in the early stage of loading and then levels
oftf after 12 MPa. PEL results indicate that as hydrostatic
stress increases, intrinsic permeability becomes more insen-
sitive to stress. When an external load is applied, coal and
other rock will be compacted and deformed first; the original
pores and fractures are partially closed under stress [23-26].
During this process, the ability of coal’s internal skeletal
structure to resist deformation is so weak that its intrinsic
permeability decreases rapidly. At the later stage, the com-
pressive deformation rate of coal’s internal structure

becomes relatively stable. The reduction in porosity and per-
meability decreases at the same stress increment. Vertical
PEL is obviously larger than horizontal PEL when hydro-
static stress is 10 MPa. Under relatively higher stresses (12
or 14 MPa), the PEL is very close in both directions. In the
early stages of loading, the stress sensitivity of the vertical
intrinsic permeability is greater than that of the horizontal.

PSL curves have similar trends as PEL, as shown in
Figure 6(b). PSL analyzes the deformation of the internal
structure and the evolution of intrinsic permeability from
the strain perspective. It shows the dynamic loss rate of
intrinsic permeability when the unit strain increases during
the loading process. As coal is compacted and deformed,
the compression of its internal pore structure contributes
greatly to the overall strain, resulting in a significant loss of
porosity and intrinsic permeability. When hydrostatic stress
increases, the compressive deformation rate of coal’s internal
structure slows, such that intrinsic permeability eventually
loses stability.

Coal’s internal structure would be damaged under cyclic
loading conditions, and irreversible deformation would take
place. The loss of intrinsic permeability and the plastic
deformation features of the whole load cycle can be
described by EIP and SIP. Based on Equation (4), the EIP
of sample C1 is 0.098, that of C2 is 0.088, while that of C3
is only 0.031. The irreversible intrinsic permeability loss rate
of coal in the vertical direction is significantly greater than
that in a parallel direction under cyclic hydrostatic stress 8
—> 14 — 8 MPa. The strain-based irrecoverable perme-
ability coefficient (SIP) of sample C1 is 77.35, that of C2 is
63.58, and that of C3 is 26.63. Due to the damage sustained
by the coal’s internal structure, it cannot recover from part
of the strain at the end of cyclic loading. The SIP of coal in
the vertical direction is significantly higher than the horizon-
tal. So, given the same plastic deformation, the loss of intrin-
sic permeability in different directions is different. This is
attributed to the anisotropic mechanical characteristics of
coal. The results of EIP and SIP indicate that the ability of
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FIGURE 4: The evolution of intrinsic permeability and axial strain under cyclic hydrostatic stresses.

coal’s internal structure to resist deformation induced by
hydrostatic stress vertically is weaker than it is horizontally.

4.3. Evolution of Intrinsic Permeability and Deformation
Behavior under Deviatoric Stresses. To study the sensitivity

of coal’s intrinsic permeability to deviatoric stress, perme-
ability under cyclic axial stresses was tested by maintaining
confining stress at 8 MPa and 14 MPa. To study the impact
of peak stress during the cyclic loading process on the intrin-
sic permeability and deformation characteristics, the stress
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paths of the 2™ load cycle were varied when confining pres-
sure is at 14 MPa.

Intrinsic permeability evolution of sample C1 under dif-
ferent deviatoric stresses is shown in Figure 7. Subsets, (a)-

(c) maintain confining stress at 8 MPa, while subsets (d)-(f
) maintain confining stress at 14 MPa. It can be observed
from the figure that intrinsic permeability could not
completely recover after cyclic axial stress.
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TaBLE 4: The EIP and SIP calculated results under cyclic deviatoric stresses.

Confining stress 8 MPa

The 1* load cycle of confining stress

The 2™ load cycle of confining stress

14 MPa 14 MPa
Sample C1 ~ Sample C2  Sample C3  Sample C1 Sample C2 Sample C3 Sample C1 Sample C2  Sample C3
EIP (MPa'l) 0.028 0.028 0.015 0.022 0.031 0.012 0.023 0.014 0.011
SIP 9.635 8.629 4.840 25.465 18.227 5.774 25.303 19.518 4.376

Figure 8 illustrates the evolution of intrinsic permeability
with cyclic axial strain. From Figure 8, it can be observed
that intrinsic permeability decreases gradually as the strain
rises, and when the strain recovers, intrinsic permeability is
lower than it was during the loading process. Plastic defor-
mation happens to coal’s internal solid skeleton under exter-
nal stresses, which leads to permanent damage.

The PEL and PSL calculated results of coal samples
under cyclic deviatoric stresses are shown in Figures 9 and
10, respectively. During the process of increasing axial stress
when confined stress is kept at 8 MPa and in the early stages
of confined stress at 14 MPa, PEL and PSL decrease gradu-
ally. PEL and PSL of coal samples perpendicular to the bed-
ding are commonly greater than those that are horizontal.
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As axial stress increases, the sensitivity of intrinsic perme-
ability decreases, and there is a loss of porosity or intrinsic
permeability when unit strain decreases. In addition, the
stress sensitivity of vertical intrinsic permeability is greater
than horizontal. As depicted in Figures 9(b) and 10(b), the
PEL and PSL curves have minimum values except the 1%
loading process of sample C3. The extreme points of PEL
and PSL in different directions are not the same, and the
samples that are perpendicular to the bedding reach the
minimum point near the axial stress of 26 MPa, while the
minimum point in the horizontal direction is near 30 MPa.
Beyond the minimum points, the intrinsic permeability
becomes more and more sensitive to axial stress, and the
porosity and permeability decrease sharply as the axial stress
increases. The difference in axial stresses where extreme
points in different directions are located is mainly attributed
to the anisotropic mechanical characteristics of coal.

The permeability was tested under two stress cycles
when confining stress was at 14 MPa. Figures 9(b) and
10(b) show that PEL and PSL of the 2™ loading process were
all laid below the 1** for the same coal sample. This result
indicates that the stress sensitivity of coal’s intrinsic perme-
ability and the loss of intrinsic permeability with unit strain
during the 2" loading process are smaller than the 1° one. It
is speculated that the stress sensitivity of coal’s intrinsic per-
meability will decrease as the applied loading cycles increase.
This speculation needs to be further studied and confirmed.

The EIP and SIP calculated results under cyclic deviato-
ric stresses are listed in Table 4. The EIP and SIP of coal
samples perpendicular to the bedding were all higher than
the samples that were horizontal to the bedding when con-
fining stress was at 14 MPa in the 1* loading cycle and when
confining stress was at 8 MPa. After applying the same cyclic
axial stress, the irreversible intrinsic permeability and the
permanent damage of the vertical coal sample are obviously
higher than the horizontal. The EIP and SIP results indicate
that the ability of the internal structure in the vertical direc-
tion to resist the deformation induced by an external load is
weaker than the ability of the horizontal direction.

In Table 4, the EIP and SIP of sample C2 of the 1* load-
ing cycle are approximately two to three times higher than
the 2" loading cycle. For samples C1 and C3, because the
peak stresses of the 2™ loading process are higher than the
1%, the differences in EIP and SIP between the two load
cycles are small. Thus, the loss of intrinsic permeability dur-
ing the 2™ load cycle is weaker than the 1%, It is speculated
that the loss of intrinsic permeability decreases when the
applied loading cycles increase, but that requires further
study and confirmation.

5. Conclusions

The permeability of low-rank coal was tested by N, under
cyclic loading conditions in different directions. Intrinsic
permeability was obtained by calculating and removing the
effect of gas slippage. By studying coal’s intrinsic permeabil-
ity and strain evolution during the cyclic loading process,
this paper provides an understanding of the stress sensitivity
of intrinsic permeability in different directions and the
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deformation characteristics of coal’s internal structure. The
main conclusions are listed below.

(1) To investigate the stress sensitivity of intrinsic per-
meability and the deformation characteristics during
the loading process, the terms permeability stress-
based loss rate (PEL) and permeability strain-based
loss rate (PSL) are introduced. To describe the loss
in intrinsic permeability and plastic or irreversible
deformation features of the whole loading cycle, the
terms stress-based irrecoverable permeability coeffi-
cient (EIP) and strain-based irrecoverable perme-
ability coefficient (SIP) are introduced. This study
uses these four parameters to quantitatively describe
and interpret the changes in coal’s internal structure

(2) PEL and PSL decrease sharply at the early stage of
loading and then level off gradually. PEL and PSL
of coal samples perpendicular to the bedding are
commonly greater than those that are horizontal.
The PEL and PSL curves have minimum values
under deviatoric stresses. The extreme points of
PEL and PSL in different directions are not the same.
Beyond the minimum points, intrinsic permeability
becomes more and more sensitive to axial stress,
and the porosity and permeability decrease sharply
as axial stress increases. The difference in extreme
points of axial stress for different directions of the
samples is mainly attributed to the anisotropic
mechanical characteristics of coal

(3) Plastic deformation occurs to coal’s internal solid
skeleton under external stresses, leading to perma-
nent damage. The EIP and SIP of coal samples per-
pendicular to the bedding are all higher than those
that are horizontal. After being exposed to the same
cyclic stresses, the vertical coal sample shows much
higher irreversible intrinsic permeability and perma-
nent damage than the horizontal. The ability of the
internal structure in the vertical direction to resist
deformation induced by an external load is weaker
than that in the horizontal direction
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