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Abstract During the coalbed methane (CBM)
exploitation, the reservoir permeability can be affected by
the effective stress that varies with the reservoir fluid
pressure, which is a complex, dynamic and significant
engineering problem. To analyze the response characte-
ristics of the pore-fracture system by the changing stress,
this work simulated reservoir and fluid pressures during
the exploitation by adjusting confining pressure and
displacement pressure. Stress sensitivity experiments under
different effective stresses were conducted to systema-
tically study the stage variation characteristics of porosity
and permeability of coal. The results show that the
permeability decreases exponentially with the increase in
effective stress, consistent with previous studies. However,
the porosity shows a V-shaped trend, which is different
from the traditional understanding that it would decrease
continuously with rising effective stress. These variation
characteristics (of porosity and permeability above)
therefore result in a phased porosity sensitivity of coal
permeability (Ppg). Moreover, the stress sensitivity of the
samples was evaluated using the permeability damage rate
method (Mppr) and the stress sensitivity coefficient
method (M), both of which showed that it ranges from
the degree of strong to extremely strong. When the
effective stress is lower than 5-6 MPa, the stress
sensitivity of the coal reservoir drops rapidly with effective
stress rising; when it is higher than 5-6 MPa, the change in
stress sensitivity tends to flatten out, and the stress
sensitivity coefficient (Cgg) goes down slowly with rising
effective stress. Finally, suggestions are proposed for the
drainage scheme of CBM wells based on the experimental
results.
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1 Introduction

Unconventional natural gas development has become a
major issue to be addressed at a time of international
energy scarcity and rising carbon emissions (Xie et al.,
2017; Tao et al., 2019a, 2019b). Coal, a porous medium,
is suitable for coalbed methane (CBM) development, but
its low porosity and permeability make it difficult to
transport reservoir fluid, profoundly restricting the
production of CBM (Tao et al., 2018; Chen et al., 2021b,
2021c; Ye etal., 2022).

Previous studies have considered that the porosity and
permeability of coal mainly were determined by the
geometric distribution of pore-fracture systems (Liu et al.,
2011b; Wangetal., 2011), and affected by reservoir
temperature, water saturation, reservoir fluid type, and
effective stress in the reservoir at the same time (Jasinge
etal.,,2011; Wangetal,2011; Guo etal., 2014; Wang
etal.,, 2014b; Lietal.,2014; Zhangetal.,2016b; Guo
etal., 2017; Liu et al., 2017), while they also showed a non-
linear variation with stress (Chen et al., 2011, 2012; Meng
and Li, 2013; Zhang et al., 2015; Chen et al., 2021a).
Zhang et al. (2019b) found a positive correlation between
the permeability and porosity of coal, and concluded that
it was caused by the change of the effective flow path
since they both went down when the effective flow path
was contracted. They also found that coal with high initial
porosity had more significant porosity and permeability
changes under stress.

The dynamic permeability during CBM extraction is a
complex coupled problem that is mainly influenced by
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effective stress, matrix shrinkage effect, and the
Klinkenberg effect, among which, the effective stress is
considered to be the main influencing factor and the only
negative one (Liu et al., 2011a; Wang et al., 2014a, 2014b;
Yao etal.,2014; Chenetal., 2015; Zhangetal., 2015,
2017b; Ju et al., 2017; Niu et al., 2018). Numerous mathe-
matical models were developed to predict the dynamic
permeability change during the CBM well production (Liu
and Rutqvist, 2010; Pan et al., 2010; Mitra et al., 2012;
Aziz etal., 2013; Ozgiil et al., 2017), but unfortunately,
it’s impossible to widely apply them to CBM well
production because of their limitations.

In the process of CBM exploitation, the stress
sensitivity of the coal reservoir changes as the fluid
transports (Xiao et al., 2021). The stress sensitivity has
been studied extensively by previous researchers who
concluded that coal was a porous medium with high-
stress sensitivity. As stress sensitivity is influenced by
several factors: reservoir fluid, water saturation, reservoir
components, reservoir temperature, and pore-fracture
space distribution characteristics (Somerton et al., 1975;
Durucan and Edwards, 1986; Meng et al., 2015; Xiao
et al., 2016; Geng et al., 2017), many methods have been
proposed to characterize it, which can be categorized into
two types, i.e., stress sensitivity coefficient method
(Mgg) and permeability damage rate method (Mppg)
(Somerton et al., 1975; Jones and Owens, 1980; Durucan
and Edwards, 1986; McKee et al., 1988; Xiao etal.,
2016). Some researchers investigated the variation of
stress sensitivity with effective stress in coal reservoirs
under different in situ stresses and found that, under low
in situ stress, coal seams had higher stress sensitivity with
ascending effective stress; while the sensitivity became
lower under high in situ stress (Meng and Li, 2013; Meng
etal., 2015).

The porosity sensitivity of permeability (Ppg) refers to
the characteristic of coal permeability changing with
porosity, which relates stress sensitivity with the
characteristics of pore-fracture space change and is
important for the investigation of the stress sensitivity of
pore-fracture space in coal reservoirs (Zhang et al.,
2019b). Therefore, deepened understanding of the Pp,g of
coal can provide theoretical support for permeability
enhancement projects such as pore size and pore
connectivity adjustment. In contrast to stress sensitivity,
which has been extensively studied, the Ppg of coal has
gained little attention (Zhangetal., 2015). The P,g of
coal, commonly defined as a constant of 3 or a multiple
of 3 (Cui and Bustin, 2005; Wang et al., 2013; Shi et al.,
2014), is actually a variable controlled by the distribution
characteristics and compressibility of the pore-fracture
system and effective stress, which reveals the limitations
of much previous research.

The stress sensitivity and Ppg of coal significantly affect
the fluid seepage within coal reservoirs, determining
CBM production capacity. Under different effective
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stresses, both coal matrix and pore-fracture space are
nonlinearly compressed (Zhao et al., 2016; Wang et al.,
2018a, 2018b; Ai et al., 2021). Therefore, it is meaningful
to comprehensively understand the stress sensitivity and
P,g of coal reservoirs. Previous studies on reservoir
permeability during CBM well exploitation have mostly
focused on the stress sensitivity evaluation with a single
value, but few have focused on the stage variation
characteristics of reservoir stress sensitivity.

In this work, stress sensitivity experiments were carried
out to study the correlations between confining pressure,
pore pressure, porosity, and permeability, analyze the Pq
of coal and the variation of porosity and permeability
with different effective stresses, and investigate the stage
variation of stress sensitivity during CBM well drainage
based on the real discharge conditions of CBM wells.
Finally, suggestions were given for the CBM well
drainage scheme.

2 Experiments and methodology

2.1 Sample preparation

No. 3 coal of the Shanxi Formation in the southern
Qinshui Basin, China, is structurally simple and thick. It
is not only the main mining target of coalfields, but also
the main gas-producing layer of CBM wells in this area
(Meng et al., 2018; Wang et al., 2020). Fresh No. 3 coal
samples were collected from the Sihe coalfield in this
area in a cylindrical shape with a dimension of 25 mm in
diameter x 50 mm in length by drilling in parallel to the
seam on a lump of large intact coal (Fig. 1).

These cylindrical samples were used for porosity and
permeability testing under different confining and
displacement pressures. The basic parameters of the
samples were measured using coal core residue from
drilling (Table 1). The results show that the samples are
typical high-rank coal.

2.2 Testing equipment and experimental procedure

Porosity and permeability were tested using the SCMS-E

SH-37%1 SH-3%-2 SH-3%-3
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Fig. 1 Cylindrical samples for experiments.

sample
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Table 1 Basic information of samples for experiments
Industrial analysis
Sample Macrolithotype and texture Burial depth/m Ry max! %
M,y/% A% Vil % S, o/ %
SH-3# Black semi-bright coal banded or homogeneous <1200 2.60 13.76 6.69 0.32 3.86

Notes: M, is moisture content at air-dried basis; 4, is ash yield at dried basis; V¢ is volatile content at dried and ash-free basis; S, 4 is total sulfur content at

dried basis; R is maximum reflectance of vitrinite.

automatic core multi-parameter measurement system, and
the schematic diagram is shown in Fig. 2. This equipment
can be used to measure gas porosity from 0.1% to 30%
and gas permeability from 107> to 2000 (1073 um?).
Helium, a gas with physical properties close to those of
CH, and considered by other researchers as a substitute
for CH, in porosity and permeability tests, was chosen as
required by the laboratory safety regime (Pan et al., 2010;
Geng et al., 2017; Shaw et al., 2019).

The overburden pressure on the target reservoir varies
with the burial depth in different CBM wells, and the
reservoir fluid pressure changes continuously and mostly
decreases during the CBM well exploitation. The
confining pressure was set by simulating the real
reservoir conditions at the location for sample collection,
where the average pressure gradient was 7.1 MPa/km,
and the burial depth was shallower than 1200 m (Meng
etal.,2015). The displacement pressure was designed
based on the bottom flow pressure in CBM wells. The
values of confining pressure were 3.0, 4.0, 6.0, 8.0, and
10.0 MPa and the values of displacement pressure were
2.0, 3.0, 5.0, and 7.0 MPa. 19 sets of experiments were
set up as shown in Fig. 3. To exclude the influence of
temperature on the experimental results, the constant
temperature cabinet was set at 25°C. Each stress point
was kept in equilibrium at least 60 min before testing to
ensure the accuracy of the measurement results.
Additionally, the pore pressure was approximately equal
to half of the displacement pressure, as the tiny outlet
pressure was neglectable.

2.3 Methodology

All processes involving fluid transport in coal reservoirs

are influenced by porosity and permeability (Zhang et al.,
2015, 2016a, 2017b). Investigating the relationship be-
tween porosity and permeability will help to understand
the details of fluid flow from macroscopics.

The correlation equation (Eq. (1)) between porosity and
permeability was proposed by previous researchers based
on the matchstick model and fracture flow cubic law

(Zhang et al., 2019b):
E_ (¢_)
kO ¢€0 '

where k is the permeability of coal under stress, 1073 pm?;
ko is the initial permeability of coal, 1073 um?; ¢, is the
porosity of coal under stress, dimensionless; ¢, is initial
porosity of coal, dimensionless.

Some experts have doubted the cubic relationship (Gu
and Chalaturnyk, 2010; Zhang et al., 2015). To accurately
evaluate the correlation between permeability and poro-
sity, a new parameter was introduced based on Eq. (1),
and thus Eq. (2) was obtained (Zhang et al., 2019b):

)
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where, ap is used to characterize the Ppq of coal,
dimensionless, calculated in Eq. (3). Other parameters are

explained in the list of symbols as well as the following
equation:
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There are two methods commonly used to evaluate

stress sensitivity, summarized as Mppp and Mg, Tespec-
tively (Xiaoetal., 2016; Zhangetal., 2019a). Eq. (4)
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Fig. 2 Schematic diagram of the test equipment for porosity-permeability co-metering.
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Fig.3 Schematic diagram of the experiment.

below is suitable for Mg, and the evaluation criteria are
shown in Table 2 (Zhang et al., 2019a; Shao et al., 2020;
Han et al., 2022), while Eq. (5) is suitable for the
calculation of My, and the evaluation criteria are listed
in Table 3 (Meng et al., 2015):

_ 1= (k/ko)'?

= 4
lg(oe/oen) ’ ( )

N

ko —k
0

D, =

%X 100%, (5)
where S is stress sensitivity coefficient, dimensionless;
o, 1s effective stress, MPa; o is initial effective stress,
MPa; Dy, is permeability damage rate, dimensionless.

3 Experimental results and discussion

3.1 Porosity and permeability of coal under different
stresses

The experiments conducted are shown in Fig. 3 and the
results are shown in Fig. 4. The porosity and permeability
characteristics under different confining pressures and
pore pressures were compared. Meanwhile, quantitative
analysis was conducted on the various characteristics of
pore-fracture space under different overburden pressures
during fluid pressure change. Terzaghi’s effective stress
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law, which considers the effective stress coefficient as 1,
was used to analyze the relationship between the effective
stress on porosity and permeability.

As shown in Fig. 4(a), the porosity of coal shows a first
decreasing and then increasing trend with the increase of
pore pressure, and the “turning point” mostly occurs
when pore pressure ranges from 1 to 1.5 MPa. The
porosity of coal at the final stage is lower than that at the
initial stage (except that at the confining pressure of
3 MPa) The reason for this is that the experimental
displacement pressure must be lower than the confining
pressure, so only two stress points were tested at the
confining pressure of 3 MPa, and both stress points were
before the “turning point”. At an equal pore pressure,
when confining pressure increases, porosity will
significantly decrease, which is particularly obvious after
the “turning point”.

Previous studies have concluded that the porosity of
coal would increase with pore pressure at a constant
confining pressure because the fluid with high pressure
bore part of stress instead of the coal matrix, and the
partially compressed and closed pore-fracture space
would be re-opened, but no attention was paid to the
specific stage where porosity would decrease (before the
“turning point”). We believe that the non-homogeneity of
coal and the complex pore distribution characteristics
play major roles in this regard. With low displacement
pressure, the test gas cannot fully occupy all the pore-
fracture space in the coal, thus leading to the partial
closure of the pore-fracture space with ascending
confining pressure. When the displacement pressure
exceeds the “critical point”, the gas can occupy more
pore-fracture space, at which time, the seepage paths
closed by confining pressure will be re-opened gradually.
This complex process is the reason why porosity
fluctuates. When an advantageous seepage path is
formed, it is difficult for the test gas to open more pore-
fracture space, and the porosity will stop increasing. Still,
some previously closed pore-fractures will remain
unchanged at this time, which explains why the effective
porosity at the final stage is lower than that at the initial
stage.

In Fig. 4(b), the permeability increases with pore
pressure under a constant confining pressure, but its
increment gradually goes down with the increase of

Table 2 Evaluation criteria of stress sensitivity by stress sensitivity coefficient method

Sensitivity coefficient S,<0.05 0.05 = §5,<0.3 03<85,=<0.5 05<8,=<0.7 07<§,=<1 S,>1.0
Sensitivity degree None Weak Moderately weak Moderately strong Strong Extremely strong
Table 3 Evaluation criteria of stress sensitivity by permeability damage rate method

Permeability damage rate/% D, <5 5<D, <30 30<D, <50 50<D, <70 70<D, <90 D;>90
Sensitivity degree None Weak Moderately weak Moderately strong Strong Extremely strong
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Fig. 4 Experimental results. (a) Relationship between porosity and pore pressure; (b) relationship between permeability and pore
pressure; (c) relationship between porosity and Terzaghi effective stress; (d) relationship between permeability and Terzaghi

effective stress.

confining pressure. When confining pressure exceeds
6 MPa, the permeability variation is minimal regardless
of pore pressure change, which is consistent with
previous studies (Zhang et al., 2019a). Figures 4(c) and
4(d) show the comparison between the variation patterns
of porosity and permeability, respectively, with increas-
ing effective stress and it can be seen that the stress
sensitivity of both porosity and permeability is obvious,
and that the Terzaghi effective stress gradually descends
with pore pressure ascending at a constant confining
pressure. Therefore, the variation patterns of porosity
with increasing Terzaghi effective stress are similar to
those with decreasing pore pressure (Fig. 4(c)). As shown
in Fig. 4(d), the permeability of coal shows a negative
exponential decrease with the increase of effective stress,
which is a behavior similar to the one concluded by other
studies (McKee et al., 1988; Zhang et al., 2017a, 2019a),
and is caused due to the significant nonlinear compres-
sion of the pore-fracture space. When Terzaghi effective
stress exceeds 6 MPa, gas seepage paths are almost
completely closed and there is no more obvious change in
permeability.

3.2 The porosity sensitivity of coal permeability under
different stresses

Both the porosity and permeability of coal are determined

by the distribution characteristics of pore-fracture space.
Previous work found that the porosity and permeability
correlation coefficients of porous media were equal to 3
or a multiple of 3 (Cui and Bustin, 2005; Wang et al.,
2013; Shietal., 2014). The porosity sensitivity coeffi-
cient of permeability (Cppg) ay was calculated using
Eq. (3), and the results are marked in Fig. 5.

From the calculation results shown in Fig. 5, it is
noticeable that @y, which reflects the correlation between
porosity and coal permeability under different stresses, is
a variable with a certain variation trend instead of a
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Fig. 5 Porosity sensitivity coefficient of coal permeability.
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constant value. We believe that the difference between
our results and previous studies can be explained by two
factors: the non-homogeneity of coal and the complex
distribution of pore-fractures in coal. At the stage of low
pore pressure (0—1 MPa), all the ay values are negative
except those at the confining pressure of 3 MPa,
indicating that the porosity and permeability of coal were
negatively and exponentially correlated with each other.
Such a correlation began to turn positive when the pore
pressure increased from 1 to 1.5 MPa, while ay became a
high positive value when it kept going up, indicating that
the correlation between the porosity and permeability of
coal had turned highly positive and exponential.

According to Section 3.1, permeability decreases
negatively and exponentially with increasing effective
stress, while, in this section, @y, which is used to
characterize the Ppg of coal, also varies exponentially
rather than linearly, because porosity characterizes the
percentage of the total volume occupied by all pore
volumes, while permeability characterizes the capability
of allowing fluid to pass through and relates only to those
seepage pore-fractures. The non-homogeneous compres-
sion of a pore-fracture system varies with the change of
effective stress, which leads to the irregular change of
porosity in stage A. With the increase of pore pressure,
the pores without fluid are continuously compressed,
while those with fluid make the main contribution to
porosity, and the pressure exerted by coal reaches a
relative equilibrium with the internal pressure. At this
time, there is an obvious positive correlation between
porosity and permeability, which is shown by an orderly
increase in porosity at stage B.

3.3 Changes in stress sensitivity of coal permeability at
different stages

Previously, the stress sensitivity of coal was estimated
quantitatively based on M;pz and Mg, and was
classified into six categories, as shown in Tables 2 and 3
(Somerton et al., 1975; Jones and Owens, 1980; Durucan
and Edwards, 1986;McKee et al., 1988; Xiao et al., 2016).
In CBM production, the effective stress in the coal
reservoir changes all along with the fluid discharge, and
the stress sensitivity is a continuously changing variable
rather than a constant value. Therefore, it is necessary to
analyze the variation of stress sensitivity in different
stages. Two widely applied methods were used to quanti-
tatively evaluate the stress sensitivity characteristics at
different stages of the CBM production.

3.3.1 Permeability damage rate method

Based on Dk calculated using Eq. (5) and My, previous
researchers proposed @, which refers to the permeability
damage rate coefficient (Cppg), to evaluate the stress
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sensitivity, as shown in Eq. (6) (Meng et al., 2015; Zhang
et al., 2019b):

ok
%=1 ®)
where 0k is the variation of permeability, 1073 um?; dp is
the variation of effective stress, MPa.

In Fig. 6, the Ry, of coal increases significantly with
effective stress. The analysis based on Table 3 showed
that there was only one value of R, ranging between
60% and 70% with the effective stress at 2.5 MPa and the
confining pressure at 4 MPa, representing moderately
strong stress sensitivity, and the rest of the values were
greater than 70%, representing strong stress sensitivity.
Moreover, the Ry, remained greater than 90% with the
effective stress higher than 4 MPa, representing
extremely strong stress sensitivity.

The change value of permeability damage rate
decreases with the increasing confining pressure, which
reflects the change of stress sensitivity. To accurately
characterize the change in stress sensitivity, the Cppgr (ax)
was calculated by Eq. (6) and is shown in Fig. 7. The
Cppr of coal dropped dramatically when the effective
stress was less than 5—6 MPa, but its descending trend
tended to level off and was finally stable around 0.15
when the effective stress was higher than 6 MPa. Most of
the seepage space in coal was compressed and closed at
this moment.

3.3.2 Stress sensitivity coefficient method

The stress sensitivity coefficient (Cgg) of coal was calcu-
lated based on Eq. (1) (Fig. 8). According to Table 2, the
Cqg of all samples is greater than 1, representing
extremely strong stress sensitivity. The deviation between
the result herein and the conclusion obtained in Section
3.3.1 occurred mainly because the evaluation methods
used for them each were different. Nevertheless, there is
no doubt that both evaluation methods have proved that
the samples have strong stress sensitivity.

As shown in Fig. 8, the Cgq exhibits a decreasing trend
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effective stress.
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as the confining pressure increases. The analysis of the
Cgg change under different confining pressures revealed
that Cgq only decayed substantially when confining
pressure was 3 and 4 MPa, while it started to fluctuate
with a minor total reduction in the end when confining
pressure became higher. The influence of effective stress
on permeability is dominated by seepage paths closed at
high effective stress. Most of the pore-fracture space that
contributes to the seepage capacity was closed when
confining pressure was above 6 MPa and the “fluctuation
trend” that occurred afterward was mainly caused by the
opening or closing of secondary micro-fractures, which
hardly affected the overall trend though. The same
conclusion was obtained by previous studies (Meng and
Li, 2013; Zhang et al., 2019b).

3.4 Engineering recommendations for CBM production
based on stress sensitivity variation

In the production of CBM, the complex transport of gas-
water two-phase flow determines the difficulty of the
project (Sun et al., 2018). Extensive studies have been
conducted by previous researchers to classify the different
stages of gas-water two-phase flow (Liuetal., 2015;
Clarkson and Qanbari, 2016; Hou et al., 2016). Numerous
studies have proved that in CBM production, single-phase
water flow transforms into gas-water two-phase flow
when the bottom-hole pressure is lower than the critical

desorption pressure. The size and expansion rate of the
formation pressure drop funnel will affect the production
capacity of CBM wells through the stress sensitivity (Xu
etal., 2017; Sunetal., 2017). Therefore, the reasonable
balance of gas-water two-phase flow changes becomes a
critical issue affecting the production of CBM wells.

Section 3.3 discussed the variation of Cgq in CBM
production rather than using Cyq as a value to evaluate the
reservoir quantitatively. Since stress sensitivity constantly
changes at different stages of CBM well drainage, which
undoubtedly increases the difficulty in adjusting the
drainage scheme in engineering practice, a detailed
analysis is needed for different extraction processes.

The effective stress in a coal reservoir varies all
through the process of dewatering and depressurization of
CBM wells. When the effective stress goes up due to the
discharge of reservoir fluid, the permeability will change
drastically, and the stress sensitivity will be the highest.
Thus, it is necessary to drain fluid from a reservoir
slowly, stably, and continuously to avoid the blockage of
seepage paths.

When CH, starts desorption with the reservoir pressure
approaching the critical desorption pressure, the reservoir
is saturated with less water and more gas. The reduction
rate of Cyq tends to level off gradually, but permeability
is still highly impacted by Cgg. Hence, the gas-water
dynamic equilibrium formed in the previous stage must
be maintained to avoid blockage by gas or water.

With the continuous desorption of CH,, the coal matrix
shrinks significantly, and permeability increases. Besides,
the water saturation approaches the minimum value, and
the pore pressure is almost entirely provided by CH,
Meanwhile, Cgg also goes down toward the minimum
value and then gradually becomes stable. Finally, the
CBM well production begins to increase and will enter
the period of stable gas production.

In conclusion, it is necessary to establish a dynamic
equilibrium of fluid pressure inside a reservoir by
adjusting the drainage volume and extraction rate to
ensure smooth extraction from a CBM well with complex
stress change, which will minimize the influence of stress
sensitivity on permeability.

4 Conclusions

To comprehensively analyze the coupling effect of the
pore system and permeability with stress controlled
during the production of a CBM well, porosity and
permeability experiments under different confining and
pore pressures were set up by simulating the production
state of a CBM well. The conclusions are as follows.

1) At an equal pore pressure, porosity decreases as
confining pressure increases, and shows a first ascending
and then descending trend when pore pressure increases
at a constant confining pressure. Besides, the porosity at
the final stage is always lower than that at the initial stage
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because part of the pore-fracture space has been
irreversibly closed.

2) In all tests with different confining pressures,
permeability increased with pore pressure and its
increment showed a negative correlation with confining
pressure. Besides, the coal permeability decreased nega-
tively and exponentially with effective stress increasing
until it approached a minimum value and then hardly
changed when effective stress was greater than 6 MPa,
mainly because effective seepage paths of CH, were
reduced due to the compression of pore-fracture space.

3) The correlation between permeability and porosity is
stage-specific. With pore pressure increasing, the value of
Cppg changed from negative to positive and went through
three stages: the negative exponential relationship stage,
the adjustment stage, and the positive exponential
relationship stage.

4) The dynamic change of stress sensitivity during
CBM well drainage was evaluated by two methods and it
was proved that the reduction rate of Cyg gradually went
down when effective stress increased, which provides
technical support for the CBM development.
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