
Regional Characteristics of Porosity
and Permeability of Dahebian Syncline
Coal and Its Application
Fuping Zhao1,2,3 and Yuanlong Wei2,3*

1School of Resources and Geosciences, China University of Mining and Technology, Xuzhou, China, 2Key Laboratory of
Unconventional Natural Gas Evaluation and Development in Complex Tectonic Areas, Ministry of Natural Resources, Guiyang,
China, 3Guizhou Research Institute of Oil and Gas Exploration and Development Engineering, Guiyang, China

In order to study the basic properties of coal seam thus to provide reference for coalbed
methane (CBM) production, the porosity and permeability of coal from DH and WJZ
regions of Dahebian syncline in Liupanshui Coalfield were systematically studied. The
results shows that the porosity and permeability of coal samples in DH region are between
7.4–10.1% and 0.01 mD∼0.04 mD respectively. The permeability is obviously anisotropic,
and it is distributed in a U-shape along bedding angle. The porosity and permeability in the
WJZ region are between 12.4–24.85% and 0.3 mD–4.8 mD, but the correlation of
permeability and bedding angle is not obvious. There are many primary cracks in coal
matrix of WJZ region, while the coal of DH region is relatively complete. As a result, the
porosity and permeability of WJZ coal samples are much higher than that of DH coal
samples. With the change of confining pressure, obvious change has taken place in the
permeability of coal in the two regions. When the confining pressure decreases from 2 to
8MPa, the permeability loss rate of coal samples is close to 80%. The internal mechanism
of the permeability loss is related to crack closure and plastic deformation caused by
confining pressure. In contrast, the porosity and permeability of coal in WJZ region are
much higher than those in DH region, which indicates that the permeability of the same coal
seam in the same structural will have great differences and inhomogeneities. Therefore, the
WJZ region is the preferred area, which can be included in the preferential exploitation plan
of CBM. In addition, for the typical syncline gas reservoir in Liupanshui Coalfield, it is
necessary to consider the block division according to the porosity and permeability
indexes, and select the optimal block and give priority to development of CBM.
Furthermore, we should pay attention to the difference and adaptability of CBM
development in different regions.
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INTRODUCTION

Natural gas is an important clean energy, which is of great significance for reducing carbon
emissions, haze and acid rain hazards (Aguilera, 2014; Nduagu and Gates, 2016; Shen et al.,
2016). At present, the annual consumption of natural gas in China has reached 300 billion m³, and it
is expected to reach 500 billion m³ by 2030 (Liang et al., 2019; Liu et al., 2020a). Natural gas
exploration and development (Wang et al., 2021), pipeline transportation (Liu et al., 2019a; Liu et al.,
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2020b), storage (Liu et al., 2019b; Zhang et al., 2019; Liu et al.,
2020c; Liu et al., 2020d; Wan et al., 2021; Zhang et al., 2021) and
peak shaving (Lin and Wang, 2012; Qiao et al., 2019; Qiao et al.,
2020) have become important deployment and research work in
the energy field of China. However, China’s conventional natural
gas reserves are limited and its dependence on foreign countries is
too high at present, which has become an important bottleneck
restricting the future development of China’s natural gas (Wang
and Lin, 2014). The total resources of unconventional natural gas
(coal-bed methane, shale gas and tight gas) in China reach over
190 trillion m³, more than 5 times of the total geological reserves
of conventional natural gas (Zheng et al., 2018). Therefore, in
order to realize the large-scale utilization of natural gas in the
future, it is particularly important to speed up the exploration and
development of unconventional natural gas. However, compared
with conventional natural gas reservoirs, unconventional natural
gas reservoirs are generally characterized by low porosity and low
permeability, so it is difficult to effectively form commercial
industrial exploitation with the existing exploitation
technologies (Zhou, 2015). Taking CBM resources as an
example, the geological reserves of shallow CBM in China
below 2,000 m are 368,10 billion m3 (Li et al., 2015). However,
because most coal seams in China are soft and low permeability
reservoirs, the surface and underground exploitation of CBM is
not satisfactory (Regan and Chao, 2014; Tao et al., 2018; Men
et al., 2021).

Since the “11th Five-Year Plan”, the central government and
local governments have issued a series of support policies such as
“Effective development and utilization of coalbed methane”, but
the long-term development was not satisfactory. In the “12th
Five-Year Plan” period, the output of CBM should reach 30
billionm³, including 16 billionm³ above ground and 14 billionm³
below ground. By 2015, both goals had failed, and only 4.4 billion
m³ was extracted from the surfaces. During the “13th Five-Year
Plan” period, the output of surface extraction was about 6 billion
m3, while the target was 10 billion m3, just over half of which. In
the beginning of the “13th Five-Year Plan”, the China’s CBM
production was mainly concentrated in Jincheng and Liulin,
Shanxi province, and the total utilization rate of China’s
resources was less than 0.1%. So far, the situation has not
improved significantly (Wang et al., 2019).

Guizhou Province is the province with the richest coal
resources in South China, and its resource reserves exceed the
sum of the fourteen provinces in South China. As an important
energy supply base in South China, Guizhou Province plays an
important role in ensuring energy security in South China. CBM
is a semi-natural resource of coal mines, and the reserves of CBM
in Guizhou Province are also very large. According to the shallow
buried depth of 2000m, the total amount of CBM resources in
Guizhou Province is 3,151 billion m3, accounting for about 10%
of the total CBM resources in China, ranking the third in China,
only after that of Xinjiang and Shanxi (Huang et al., 2010; Zhou
et al., 2015). Therefore, most mines in the west of Guizhou
Province belong to high gas mines, and gas safety accidents
occur frequently (Zhong et al., 2016). Coal methane, like a
sword hanging on miners’ heads, which directly affects miners’
life safety, and it is a big worry for the development of coal

industry in Guizhou province. Therefore, realizing the safe and
efficient exploitation of CBM resources in Guizhou Province can
not only greatly alleviate the safety situation of coal mining in
Guizhou Province, but also obtain a large amount of clean
energy-CBM (methane as its main component), which is of
great significance for improving the energy structure of
Guizhou Province, which lacks gas and oil.

However, compared to other types of rock (Li et al., 2021a; Li
et al., 2021b), coal have low strength. And compared with the coal
seam conditions in Qinshui Basin, Shanxi Province, the coal
reservoir conditions in Guizhou Province are more complex, and
the exploitation is more difficult. Coal reservoirs in Guizhou
Province have special conditions, such as high in-situ stress, low
permeability and low water-content, and are composed of several
thin-medium-thick coal seams (Yi et al., 2007). However, there
are a few studies on the mechanical and physical properties of this
kinds of coal reservoirs, which needs further improving. The
geological conditions of CBM in Guizhou province are complex,
and the mainstream CBM development technologies at home and
abroad can not adopt to the complex geological conditions in
Guizhou Province, which leads to the unsatisfactory gas
production effect of most CBM extraction wells in Guizhou
Province.

The characteristics and evolution of porosity and permeability
of coal seam are the important basis for evaluating the recoverable
potential of CBM and formulating corresponding development
plans. In order to realize the efficient exploitation of CBM,
scientific understanding of the porosity and permeability
characteristics of coal seam is an important prerequisite.
Scholars at home and abroad have made extensive research on
the characteristics of porosity and permeability of coal reservoirs
(Yang et al., 2019; Xue et al., 2020). For example, Ayers pointed
out that the coal lithotypes rich in vitrinite tend to have an
increased cleavage frequency, so they have a correspondingly
higher grades than those with lower vitrinite (Ayers, 2002). Liu
et al. studied the anisotropic characteristics of cubic coal sample
under triaxial stress state (Liu et al., 2019c). Liu and Rutqvist put
forward a new permeability model of coal, which can reflect the
influences of internal swelling stress and fracture-matrix
interaction (Liu and Rutqvist, 2010; Meng et al., 2011). Meng
et al. studied the relationship between the permeability evolution
process of coal and in-situ stress, pore pressure by using coal
sample obtained from the southern Qinshui basin (Meng et al.,
2011). Nie et al. studied the pore structure characteristics of
different ranks by gas adsorption and SEM methods (Nie et al.,
2015; Liu and He, 2017). Li et al. (Li et al., 2020) studied the
mechanism of temperature and pore pressure on the evolution of
coal permeability by taking the raw coal of Qianbei Coalfield,
Guizhou Province as the research object. Yang et al. studied the
anisotropic permeability of coal sample under cyclic load (Yang
et al., 2018).

From the above research, it can be seen that the characteristics
of porosity and permeability of coal have always been the focus of
research in this field. Generally speaking, the characteristics of
porosity and permeability of coal reservoirs are greatly affected by
coal rank, stress state, temperature and so on. The porosity and
permeability characteristics of coal reservoirs usually have great
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anisotropy and regional differences. However, these studies
mainly focus on the coalfields in the north China, such as the
Qinshui coalfield, while there are few reports devoted to
Liupanshui Coalfield in Guizhou Province. In particular, the
research on the characteristics of porosity and permeability of
the syncline gas-controlled coal reservoir in Liupanshui Coalfield
is even more scarce. Therefore, in this study, the pore and
permeability characteristics of typical coal in the Dahebian
syncline area of Liupanshui Coalfield were studied in order to
fill the research gap in this field and provide sufficient basis for the
exploration and development of CBM and the improvement of
the suitable technology.

In this paper, the coal of two typical regions of Dabebian
Syncline with typical syncline gas-controlling structure in
Liupanshui Coalfield, Guizhou Province was selected as the
research object. A series of porosity tests and permeability

evolution law studies were carried out for the underground
raw coal cores in two typical areas (DH region and WJZ
region) in the Dahebian Syncline region. The purpose is to
provide theoretical reference and basic data for CBM reservoir
evaluation, dessert spot screening, and rationale exploitation
design of CBM in Liupanshui Coalfield and similar coal seams.

TESTING SCHEME

Region and Coring
The Liupanshui Coalfield is the most representative coalfield in
Guizhou Province. The study area is named as Dahebian syncline,
which is one secondary geo-structure in Liupanshui Coalfield.
This syncline covers an area of about 50 km2, which is high in the
west, and lower in the east, with its major axis in the north-south

FIGURE 1 | Dahebian syncline structure and the condition of underground coal seam in DH and WJZ regions. (A)Map of China. (B) Dahebian Syncline Structure.
(C) DH coal mine 11# coal heading head. (D) WJZ coal mine 11# coal working face.
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direction, and its minor axis in the east-west direction. And the
position, shape, and boundary of Dahebian syncline are shown in
Figures 1A, B. The regional distribution of methane content in
coal seams in Liupanshui Coalfield is directly related to the scale
of single syncline and the depth of “Depression”, and it has typical
syncline gas-controlling structural characteristics. And there are
dozens of coal seams with thick-to-medium thickness. Dahebian
syncline is a typical syncline controlling gas structure in
Liupanshui area, and it is also the preferred block for CBM
exploration and development in Guizhou Province.

The study on the porosity and permeability characteristics of
Dahebian syncline coal seam and its evolution law is of great
representative significance to the mining of the whole Liupanshui
Coalfield and even the coal seam with syncline gas-controlling
structure in other coalfields of Guizhou Province. This study takes
No.11 coal seam in DH and WJZ regions was taken as the
research object, with a depth of about 800 m, and a layer
thickness ranging from 1.77 to 5.7 m. This coal seam has the

largest thickness and the highest gas content in this syncline, so it
is chosen as the research target. As can be seen from Figures 1C,
D, they belong to the same coal seam, but the apparent
morphology of the coal seam is still different, which may be
related to the tectonic evolution and stress conditions in different
regions. At the same time, it is found that the coal exhibits strong
bedding characteristics. Therefore, the influence of intersection
angle should be fully considered when testing permeability.

Coal Sample Preparation
All coal cores are taken from underground coal mining face in the
No.11 coal seam of DH and WJZ regions. The blocks with well
integrity and low cracks are selected, and the large blocks with the
size over 300 mm × 300 mm × 300 mm are obtained with
crowbars, and transported to the surface (Figures 2A), and
then packaged and transported to the laboratory. Because the
cores contain many fissures and has low strength, so as to reduce
the damage to the coal structure, all the samples in this study are

FIGURE 2 | Coal cores and samples for porosity and permeability testing. (A) Raw coal cores (B) Sample preparation process by using wire cutting technology (C)
Coal samples containing different intersection angles (50×100 mm).
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processed by wire cutting (Figures 2B). Considering the obvious
bedding characteristics of coal, five intersection angles of 0°, 30°,
45°, 60° and 90° are considered in sample preparation, which is
defined as the intersection angle between the axis direction of
sample and the bedding plane of coal seam. The influence of
intersection angles on the permeability will be studied to reveal
the anisotropy of permeability, which provides an important
reference for the subsequent well-stability anaslysis and
hydraulic fracturing designing.

Typical coal samples (50 mm × 100 mm, cylinder-shape)
proceeding containing different intersection angles are shown
in Figures 2C: the first row is the coal from the DH region. The
coal samples have obvious bedding, good integrity, hard texture
and a few initial cracks; the second row presents the coal from
WJZ region, with many cracks and no obvious bedding, the
integrity of which is worse than that of DH coal samples. This also
fully shows that although they are in the same syncline tectonic
area and the same coal seam, the structural characteristics of coal
still show great differences with the different regional locations,
which increases the difficulty in forming a unified coal-bed
methane development technology.

Testing Principle and Scheme
1) Porosity test

In this experiment, the gas expansion method is used to
measure the porosity of rock samples, which is an indirect
method. The measuring principle is Boyle-Marius’s specific
law: P1V1 � P2V2. First, open the valve of nitrogen bottle,
under a certain pressure P1, and expand the gas into a
standard chamber whose initial pressure equals the standard
atmospheric pressure. The standard chamber has a volume of
V1. measure the balance pressure at this moment. Then, open the
vale to connect the standard chamber with the core holder. The
core holder has a volume of V2. After reaching a new pressure
balance, measure the new balance pressure of P2. after then, the
gas volume in the system is V1+V2-VS.

According to Boyle-Mallot’s law:

P1V1 � P2V2, (1)

Vs � V1 + V2 − V1P1

P2
, (2)

The definition of porosity is:

φ � (Vf − Vs)/Vf � 1 − Vs/Vf , (3)

Where: Vf , the total volume of the appearance of the rock, the
unit is cm3; Vs, is the volume of solid phase in cm3.

Substitute Eqs 1, 2 into Eq. 3 to obtain:

ϕ � 1 − [P2(V1 + V2) − V1P1]/P2Vf (4)

The gas source is provided by the laboratory, including
nitrogen, methane, carbon dioxide and helium. Considering
the development of micro-pores in coal, the permeable gas
medium is helium in this study. The corresponding program
has been compiled fro the test system, which only needs to input

the basic information of the sample, and the result can be read
directly after the pressure becomes stable.

2) Routine permeability testing.

The permeability is measured by the steady-state method: first,
an initial fluid pressure difference is applied to both ends of the
rock, and the fluid will flow across the rock. After reaching a
steady state, the measured flow rate and pressure difference are
substituted into the Darcy seepage formula, and finally the
corresponding permeability is calculated. The basic principle
of the steady-state permeability measurement is Darcy’s law,
that is:

Q � kA(h2 − h1)
l

(5)

Where: Q, unit seepage flow, unit m3/s; K, permeability, unit m2;
A, Core cross-sectional area (m2); core length, unit m; h2-h1:
Total head loss, unit m.

According to the actual needs of the research, liquid such as
brine or gas such as nitrogen can be chosen as the permeation
medium, and in some cases, mixed-phase fluid can also be used.
When using gas as the permeation medium, the
comprehensibility of the gas must be considered, and the
calculation formula is as follows:

Kg �
2P0Qgμgl

A(P2
in − P2

out)
(6A)

Where, Kg, gas measurement permeability, unit m2; μg, gas
dynamic viscosity coefficient, in Pas; P0, atmospheric pressure
value, unit MPa;Qg, gas flow rate, unit m3/s; l, length of core inm;
Pin, inlet end fluid pressure, unit MPa; Pout, the fluid pressure at
the outlet, unit MPa. In the oil and gas field, D (Darcy) or mD
(mild Darcy) is often used as the permeability unit, 1um2 � 1 ×
10−12 m2 � 1D � 103mD.

Porosity and permeability tests are carried out on the LW-1
porosity and permeability tester (Liu et al., 2020c), which was
jointly developed by the State Key Laboratory of Coal Mine
Disaster Dynamics and Control at Chongqing University and
Jiangsu Tuochuang Science and Technology Co., Ltd. It can be
used for porosity test by gas expansion, steady-state permeability
test and unsteady-state permeability test. This device can fully
meet the test requirements, which was shown in Figure 3.

3) Sample information.

See Table 1 for the test scheme. It mainly includes porosity,
conventional permeability, and permeability tests at different
confining/inlet pressures.

PORE AND PERMEABILITY TESTING

Results in DH Region
Figures 4A shows the test results of coal porosity in DH region.
The porosity fluctuates between 7.38 and 11.22%, with an average
value of 9.03%. It can be said that the porosity of DH region is
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good, which is beneficial to the exploitation of CBM in this area.
Figures 4B shows the testing results of coal permeability in DH
region. The permeability of coal sample in DH region ranges from
0.0131 mD to 6.5797 mD. It should be noted that the permeability
of 6.5797 mD corresponds to the sample containing a penetrating
crack. If this sample is excluded, the permeability of DH coal is
between 0.0131 mD and 0.0843 mD, with an average value of
0.0381 mD. It can be seen that, the permeability of coal in DH
region is very poor, which belongs to low permeability coal seam.

Without artificial stimulation measures such as hydraulic
fracturing, it is difficult to obtain effective exploitation and
utilization of CBM. At the same time, it shows that the
existence of cracks will increase the permeability of coal by
over than two orders of magnitude. Therefore, it is necessary
to pay close attention to the development of primary cracks in
coal seams, and find potential favorable regions for the CBM
extraction. In addition, it can also be seen in Figures 4B that the
permeability of DH coal has obvious angle effect. The
permeability of 0° sample (permeating along bedding

direction) is the highest, while that of the middle angle
samples (30°, 45° and 60°) is the lowest, indicating that the
permeability through matrix is slightly poor.

Pore and Permeability Test Results in WJZ
Region
The porosity test results of WJZ coal are shown in Figure 5A as
follows: the porosity ranges from 7.06 to 24.75%, with an average
value of 18.67%. It can be said that the porosity of WJZ coal is
high and good. Figure 5B shows the permeability results of the
WJZ coal testing. Permeability ranges from 0.175 mD to 5.21 mD,
with an average value of 1.36 mD. It can be said that theWJZ coal
has good permeability, which is helpful for realizing the
development of CBM directly or through simple reservoir
reconstruction. Combined with Figure 5, it can be seen that
there are many primary cracks in the WJZ coal, which may be an
important reason for its good permeability. Due to the existence
of a large number of primary cracks, the influence of bedding is

TABLE 1 | Porosity and permeability testing scheme.

Content Coal zone Types of coal sample Quantity

Porosity DH region 5 types of intersection angle 14
WJZ region 5 types of intersection angle 12

Permeability DH region 5 types of intersection angle 12
WJZ region 5 types of intersection angle 13

Permeability under different pressure DH region Confining pressure: 4 types 4
Gas pressure: 3 types
Intersection angle: 0°, 90°

WJZ region Confining pressure: 4 types 10
Gas pressure: 3 types
Intersection angle: 0°, 45°, 60°, 90°

FIGURE 3 | Flow chart of rock porosity and permeability testing equipment.
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weakened, so the relationship between the permeability and
intersection angle of WJZ coal is not obvious. In addition, it is
found that the permeability of WJZ coal is only several times
higher than that of the same group of samples even if the coal
contains perforating fractures, while the permeability of DH coal
with perforated fracture has no significant difference.
Considering the good porosity and permeability characteristics
of WJZ coal, it is necessary to pay close attention to the
recoverable potential of this region, and evaluate whether this
region belongs to the preferential exploitation block of CBM.

Comparison of Regional Results
DH region and WJZ region belong to two blocks in the same
synclinal structure, and the coal cores used here belong to the
same stratum. However, according to the above tests and analysis,
there are obvious differences between them. Figure 6 shows the

comparison results of porosity and permeability between these
two regions.

The comparison shows that: 1) Due to the integrity of coal
structure, the permeability of coal in DH region is as low as the
order of 10−2mD, which belongs to the difficult-to-exploit coal
seam. However, once there is a crack, the permeability will
increase sharply. 2) The coal has good permeability, which is a
favorable condition for methane exploitation. At the mD level,
more attention should be paid to its exploitable potential and it
should be included in the priority area of methane development.
3) The porosity of WJZ coal is almost twice that of coal in DH
region, and the primary cracks are much more developed. From
the perspective of CBM exploitation, the WJZ region should be
given priority. 4) The comparative results fully show that even if
the plane distance between the two study regions are very close,
only 8 km, and the coal cores are taken from the same coal seam,
the characteristics of porosity and permeability are quite
different. Therefore, even in the same coalfield, some priority
blocks should be founded and exploited first. In addition, it is
necessary to further study the porosity and permeability

FIGURE 4 | Relationship between permeability and Intersection angle of
coal in DH region. (A) Porosity of DH Region coal samples. (B) Permeability of
DH region coal samples.

FIGURE 5 | Relationship between permeability and intersection angle of
coal. (A) Porosity of DH Region coal samples (B) Permeability of WJZ Region
coal samples.

Frontiers in Earth Science | www.frontiersin.org January 2022 | Volume 9 | Article 8223227

Zhao and Wei Coal Rock; Coal Bed Methane; Permeability; Porosity; Syncline Gas-Control

https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


characteristics of coal, and to find the development technology
suitable for each region.

The comparison shows: 1) Because of the integrity of coal
structure, the permeability of coal rock in DH region is low,
which is in the order of 10−2mD, and without reservoir
reconstruction, it is difficult to exploit CBM in this region.
However, once there are cracks, the permeability will increase
rapidly. 2) The permeability of WJZ coal is almost twice that of
the DH coal, with extremely developed cracks. From the
perspective of CBM exploitation, WJZ region should be given
priority. 3) The comparison results fully show that even if the
distance of the same coal seam in the same structural area is as
close as 8km, the characteristics of porosity and permeability are
quite different. Therefore, the exploitation of CBM in Liupanshui
Coalfield must consider the priority regions, such as the WJZ
region in Dahebian Syncline.

INFLUENCE OF CRACKS AND PRESSURE

Influence of Cracks
Through the above research, it is found that the permeability
test result of individual sample is much higher than other
samples in the same group. For example, the permeability of
DH-11-02 sample in DH region is as high as 6.5795 mD,
which is 117.6 times of the permeability of coals in the same
coal seam with the same intersection angle, and 172.8 times of
the average permeability of all samples in the same coal seam.
After observation, it is found that there is a crack connecting
bedding on the surface of sample, as shown in Figure 7. The
crack runs through the upper and lower ends of the sample, is
almost parallel to the bedding, and bends locally, which is a
typical bedding tensile fracture. Because of the existence of
such crack, the permeability of the coal is increased by more
than two orders of magnitude.

Meanwhile, the permeability of some coal samples in WJZ
region is obviously higher than that of the same group. For
example, the permeability of WHZ-11-60-06 sample is as high as
5.01mD, which is 8.63 times that of coal with the same
intersection angle. This sample has an intersection angle of 60°

to the coal seam bedding, but there is a crack on the side
penetrating through the sample. The crack surface has a small
opening and a relatively straight crack, which is characterized by
shear crack. According to the analysis, the intersection angle of
60° is not the dominant direction of seepage migration, but it is
this kind of crack that leads to the increase in permeability.

From the above comparison, it can be seen that the integrity of
coal in DH region is better, and there are few cracks on the surface of
the samples. However, once cracks appear, the increase in
permeability is very obvious. From the observation of the sample,
most of the cracks are tensile cracks along the bedding direction.
However, in WJZ region, the integrity of coal is poor, and there are
many primary cracks with poor regularity. These cracks should be
formed along with the later tectonic process, including shear cracks
and tensile cracks. Due to the existence of primary cracks, the
permeability of WJZ coal samples is much higher than that of the
DH coal samples. Therefore, when exploring and developing CBM in
the WJZ region, the crisscrossing crack-network is a favorable factor
for CBM extraction.

Influence of Pressure Condition
In the third part, the conventional permeability tests were carried
out when the confining pressure was only 2.5 MPa. However, in
the underground space, with the change of coal seam depth and
CBM extraction depth, the stress state of coal will change. At
present, the depth of coal seam is generally over 300m, and the
reservoir pressure of the coal seam is much higher than 2.5 MPa.
Therefore, it is still necessary to study the permeability of coal
under different confining pressures and different gas pressure, so
as to provide a basis for coal permeability evaluation and CBM
extraction designing under the condition of field stress state. The
fourth-level confining pressure is 2/4/6/8 MPa and the third-level
inlet pressure is 0.4/0.6/0.8 MPa.

FIGURE 6 | Variation of porosity/permeability with intersection angle. (A)
Comparison of permeability. (B) Comparison of porosity.
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1) Coal in DH region

Four coal samples in DH region were tested. The results show
that with the increase of confining pressure, the permeability of
coal shows a downward trend, indicating that the increase of
confining pressure would lead to the compaction of coal, thus
leading to the decrease of permeability.

The test results show that when the confining pressure
increases from 2 to 8 MPa, the permeability of the three intact
DH coal samples decreases by 75–93%, indicating that the
confining pressure has a great influence on the permeability.
When the confining pressure is in the range of 2–4 MPa, the
permeability decreases rapidly, and then the decreasing trend
slows down. When the confining pressure reaches 8 MPa, the
permeability is basically stable, so no higher confining pressure
test will be conducted. The influence of inlet pressure on
permeability is still not clear. Taking DH-11-0-05 sample
(intersection angle � 0°) as an example, the permeability
increases with the increase of inlet pressure. However, DH-11-
90-01 sample (intersection angle � 0°), the permeability decreases
with the increase of inlet pressure. The testing results of three
representative samples are selected as shown in Figure 8.

2) Coal in WJZ region

This paper studies the permeability evolution of coal in
WJZ region under different confining pressures and inlet
pressures. The results show that the confining pressure has
a significant influence on the permeability of WJZ coal mass.
When the confining pressure is increased from 2 to 8 MPa, the
permeability decreases by 51.51–94.21%. Among them, the 60°

sample (WJZ-11-6-06) shows the smallest decrease, only
47.43%. The 90° sample (WJZ-7-45-04) has the highest
decrease rate, which is 13.74%. It should be noted that
samples with intersection angles of 0°, 45° and 90° have the

same decreasing trend and similar decreasing amplitude
(13.74–19.91%). There are several penetrating cracks in the
sampleWJZ-11-60-06, but with the increase of confining
pressure, the decrease of permeability is limited, which
indicates that the confining pressure only leads to partial
closure of the crack. This further indicates that even under
the action of underground stress, this crack are still the main
channel for gas seepage. The inlet gas pressure shows the
similar influence on the permeability of WJZ coal is basically
the same. Under the same confining pressure, the higher the
inlet pressure, the smaller the decrease of permeability.
However, compared with confining pressure, the effect of
the inlet pressure is very limited. See Figure 9 for the
representative permeability test results under different
confining pressures in the WJZ region.

From the above analysis, it can be seen from the above
analysis that the confining pressure has a very significant
impact on permeability. However, it is also found that after
the first test (confining pressure 2-4-6–8 MPa) and the second
test (confining pressure 2-4-6–8 MPa), the inlet pressure
increased from 0.4 to 0.6 MPa (average pressure increased
from 0.25 to 0.35 MPa), and the permeability is lower than
that of the first test. It seems that the inlet pressure causes the
decrease in permeability. However, from the third round tests
results (Confining pressure 2–4–6–8 MPa, Inlet gas pressure
0.8 MPa), it can be seen that the “Permeability-Confining
pressure” curves of the seven samples in the second and
third rounds are basically coincidental. This does not
explain the influence of inlet pressure on coal permeability.
As a matter of fact, this phenomenon has an important
influence on the field applications.

Generally speaking, from the external conditions, permeability
is related to confining pressure, permeation gas pressure and gas
type (Meng et al., 2017; Liu et al., 2020c). But from the internal

FIGURE 7 | Coal sample with penetrating crack. (A) DH-11-0-02 sample. (B) WJZ-11-60-06 sample.
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mechanism, these factors essentially lead to the change of pore
structure in rock matrix, which reflects the interaction between
gas and pore structure, thus leading to the difference of
permeability. The Kozeny-Carman equation is a famous
theoretical formula for the response of permeability to pore
structure and permeability channel characteristics inside rocks,
and its revised formula is as follows (Kleinberg et al., 2003;
Schneider et al., 2011):

K � φ
vτ(A/V)2grain

, (6B)

Where: v is the shape coefficient, dimensionless; (A/V)grain is the
specific surface area of grain per unit volume, mm−1; K is the
absolute permeability of porous rock, 10−3μm2; φ is the effective
porosity of rock, %; τ is tortuosity, dimensionless.

It can be seen from Eq.6A that the porosity, specific surface area
and tortuosity are all important factors affecting permeability. For
coal sample, the internal porosity will inevitably decrease when
subjected to external force. In the process of rock compression, the
micro-pores and cracks are closed, and the total volume decreases,
but the total surface area of particles remains unchanged, so (A/
V)grain increases instead. The change in tortuosity was not
significant. Generally speaking, the larger the confining pressure,
the smaller the numerator and the bigger the denominator in Eq.6B.
As a result, permeability is reduced. In addition, according to the
research of Liu et al. (Liu et al., 2015; Fan et al., 2019; Fan et al., 2020),
rocks with flat pores and cracks are more easier to close under
pressure. Especially, in the process of increasing confining pressure,
the smallest pore throat tends to close at first, so the permeability
decreases rapidly in the early stage. Even if the confining pressure is
increased, the permeability can not be reduced further. This explains
why the permeability is almost unchanged when the confining
pressure reaches 8MPa. However, for samples with perforated
cracks, because of the large crack size, the “closing pressure”
required for complete crack closure will be very high. Therefore,
when the confining pressure is 8MPa, the decreasing trend of
permeability is unchanged.

It should be pointed out that both the DH coal and WJZ coal
have low strength and belongs to soft rock. After the first test
(Confining pressure is 2–4–6–8 MPa), irreversible plastic
deformation occurs in rock matrix (Liu et al., 2015). After
entering the second and third tests (confining pressure
2–4–6–8 MPa), the porosity, specific surface area and
tortuosity of the rock appear new situations due to the
appearance of plastic deformation. Therefore, the
“Permeability-Confining pressure” curves of the second round
and third round are basically close, but there are also a significant
difference from those of the first round. Hydro-fracturing and
methane extraction is a process of loading and unloading, which
inevitably leads to plastic deformation in coal. Therefore, the
permeability of the coal reservoir is likely to be reduced and thus
affect the productivity. In this study, the influence of plastic
deformation under loading on permeability is only studied by
conventional permeability test. In the follow-up study, according

FIGURE 8 | Permeability evolution of DH coal samples under different
confining pressures and inlet pressures. (A) DH-11-0-05 (Intersection Angle �
0°). (B) DH-11-90-01 (Intersection Angle � 90�). (C) DH-11-0-02 (Intersection
Angle � 0°).
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to the actual stress of coal and the loading and unloading situation
of confining pressure, the downward trend of coal permeability
will be further quantified, which will provide a favorable basis for
on-site CBM extraction.

DISCUSSION AND APPLICATION

The coal samples used in this study were obtained from two
different blocks of the same coal seam in Dahebian syncline.
The plane distance of the coring point is only 8 km, but the
porosity and permeability of the coal are quite different. This
fully shows that there are obvious differences in physical and
mechanical properties of coal in Liupanshui Coalfield.
Therefore, even within the same structural area, it is
necessary to understand the differences of coal in different
blocks, which is the basis for further implementation of CBM
exploitation plan.

In the previous exploitation of coal bed methane in Guizhou
Province, the harvest was not great, and the commercial
exploitation efficiency of coal bed methane has not yet been
achieved. However, according to this study, this is mainly due to
the complex coal structure, complex of coal occurrence
environment, huge heterogeneity, and regional differences of
coal in Guizhou Province. At the same time, the preliminary
research work is still insufficient. If the characteristics of porosity
and permeability of coal seam are not fully understood, the
drilling work may be blind. Therefore, it is difficult to obtain
commercial CBM extraction. There are still many blocks with
high porosity, good permeability and developed primary fractures
in coal seams in Guizhou Province (Figure 10). Although these
blocks may be isolated in distribution, they may be the best places
for methane extraction.

From the Dahebian Syncline, the anisotropy and heterogeneity
of coal in different areas are very obvious. Especially, the coals in
the WJZ region are characterized by high porosity and relatively
good permeability. These are the best regions for CBM
exploitation, and should be listed as the first exploitation areas.
Therefore, in the follow-up studies, even for different areas of the
same structural area, it is necessary to explore the optimal blocks,
find the areas with high porosity and high permeability (relative),
and establish the optimal methane extraction areas. Zhou et al.
(Zhou et al., 2009) studied the regional tectonic characteristics of
Dahebian syncline. They pointed out that the proportion of reserve
faults inWJZ regions is about 18%, and the argillaceous caprock in
WZJ region accounts for 35.3%, while the sandstone only accounts
for 32.2%. However, in the DH region, the proportion of normal
faults in the DH region is as high as 96.9%. And the argillaceous
caprock in DH region is as low as 3.57%, but the sandstone
accounts for 69%. As a result, due to the higher proportion of
reserve faults and tighter caprock, the coal seam inWJZ coal seams
have subjected to structural compression, and the stress
concentration becomes more obvious in this region. As a result,
the integrity of coal seam inWJZ region has been weakened or even
destroyed. Therefore, the coal in WJZ region have lower integrity

FIGURE 9 | Permeability evolution of WJZ coal samples under different
confining pressures and inlet gas pressures. (A) Sample with intersection
angle of 0° (B) Sample with intersection angle of 45° (C) Sample with
intersection angle of 60° (this sample contains a penetration crack) (D)
Sample with intersection angle of 90°.
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but greater porosity and permeability than those of the DH region.
Due to the great differences in coal petro-physical properties, the

methane extraction methods and technical parameters in different
regions should also be different. Therefore, the implementation of the
specific technologies of blocks may be a better method for CBM
exploitation in Guizhou Province. In addition, Guizhou Province
may not be suitable for the formation of a unified and standardized
CBM exploitation method. It is suggested to study the relationship
between the favorable blocks with high porosity and permeability, so
as to provide some guidance for the selection of the favorable blocks
from a macroscopic perspective.

CONCLUSIONS AND PROSPECTS

The porosity and permeability of underground coal samples in
two blocks of No.11 coal seam in Dahebian Syncline of

Liupanshui Coalfield were systematically tested and studied,
and the following conclusions and suggestions are drawn.

1) The porosity of coal samples in DH region is 7.4–10.1%, with
an average value of 9.2%. The range of permeability k ranges
from 0.01 to 0.08 mD, with an average value of 0.04 mD. The
permeability of DH coal samples has obvious bedding effects.
The DH coal samples has good integrity and poor connectivity
of matrix, so it still mainly depends on fracturing to increase
productivity.

2) The porosity of the coal samples in WJZ region ranges from
7.06 to 24.8%, with an average of 18.67%. The permeability is
between 0.2mD and 5.2mD, with an average of 1.4 mD. There
is no obvious relationship between permeability and
intersection angle. WJZ coal mass has good porosity and
permeability, which is expected to be the optimal choice
block for CBM development in the Dahebian Syncline.

FIGURE 10 | Primary fractures and binarization of WJZ coal (size 50 mm × 75 mm). (A) DH coal surface crack and binarization picture (B)WJZ coal surface crack
and binarization picture.
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3) Relatively speaking, the porosity of WJZ coal is twice that of
DH coal, and the permeability is 1–2 orders of magnitude
higher than that of DH coal. With the increase of confining
pressure, the permeability of coal decreases rapidly, but there
is a “Compaction confining pressure”. When this value is
exceeded, the permeability will remain basically stable. In
addition, with the occurrence of plastic deformation
(irrecoverable deformation), the permeability of coal will be
greatly decreased. The porosity and permeability of the same
coal seam in different positions are quite different, which
shows that the coal at different blocks have obvious
heterogeneity and differences. Therefore, we should pay
close attention to the differences in exploration and
development so as to adopt appropriate technology.

4) Generally speaking, when there are cracks in the coal, the
permeability will increase greatly. In contrast, the integrity of
coal in DH region is better, and the porosity and permeability
are lower, whileWJZ coal contains more primary cracks, which
has higher porosity and permeability. Therefore, when
developing CBM similar to the Dahebian Syncline, it is
suggested to choose the first dessert area and give priority to
CBM development, and pay attention to the application of
appropriate technology in different blocks to gradually promote
the commercialization and scale of CBM development.

Dahebian Syncline, a representative syncline in Liupanshui
Coalfield, has the characteristics of strong porosity-permeability
heterogeneity and regional particularity, which must be paid

special attention to in the future exploration and development.
It also shows that there are still many high permeability blocks in
the coalfield. How to grasp the structural characteristics and
occurrence characteristics of these dessert areas will provide
important guidance for the establishment of commercial CBM
base in the next step, which is also the research direction for our
further study.
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