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In situ gas content is an important parameter associating coalbed methane, while the influence of pressure and temperature on
methane adsorption and desorption still needs to be revealed. In this study, the molecular structure and methane adsorption
capacity of anthracite coal collected from Diandong Coalfield (China) were studied based on 13C nuclear magnetic resonance
(13C NMR), Fourier transform infrared spectroscopy (FT-IR), and methane isothermal adsorption experiment. The results
show that the carbon skeleton of coal sample is mainly composed by aromatic carbon (72%), followed by aliphatic carbon
structure (14.2%). Carbons connected to the oxygen atoms contribute 13.7% of the total carbons in coal molecule, and the
oxygen atoms are mainly in the form of carbonyl. The 2-dimension structure and 3-dimension molecular structure of coal
sample was also reconstructed. The average chemical formula of the coal molecule is C200H133O21N3. The experimental
methane adsorption isothermal data of the coal sample under different temperatures shows that with increasing the
temperature, the methane adsorption amount at each pressure decreases obviously. At 7MPa and 20°C, the methane
adsorption amount of the coal sample is 28.5 cm3/g. Comparably, at 100°C and 7MPa, the methane adsorption amount is only
15.9 cm3/g, decreasing by 44%. In mesopores, temperature has stronger influence on methane adsorption under higher
pressure than that of lower pressure. On the contrary, in micropores, temperature has weaker effects on methane adsorption at
higher pressure than that at lower pressure. The results can be beneficial for understanding methane adsorption characteristics
of deep coal.

1. Introduction

Coalbed methane (CBM) is clean energy and has been
widely extracted and utilized with huge potential in China
[1–5]. The accumulation mechanism of CBM is quite differ-
ent from other types of natural gas as CBM is mainly stored
as absorbed state [6–8]. Thus, methane adsorption mecha-
nism in coal is considered to be one of the most important
factors to realize CBM production [9–12]. In previous stud-
ies, it was found that the adsorption behavior of methane in
coal is caused by intermolecular interaction forces between
methane molecules and coal matrix [11, 13]. In addition,
the coal maturity, composition, pore structure, pressure

and temperature all have effect on the methane adsorption
capacity [8, 14–18]. However, the pore system in coal is
complex, and this makes the methane adsorption mecha-
nism in coal is still unclear [19–21].

Methane adsorption isothermal experiment (gravimetric
method or volumetric method) is commonly used to test the
methane adsorption capacity of coal reservoir [15, 22]. The
adsorption behavior has been widely studied under different
pressure and temperature conditions [23, 24]. It was found
that with increasing methane pressure, the adsorption
capacity increases, which can be simulated by the Langmuir
equation [23, 25, 26]. Besides, with increasing temperature,
the methane adsorption capacity decreases. When the
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vitrinite reflectance of the coal sample increases from 0.5%
to 3.7%, the methane adsorption capacity decreases firstly
and then increases [17, 24, 27]. In general, the anthracite
coals have strong adsorption capacities [24, 28]. The in-
situ CBM contents in many anthracite coalfields were found
much higher than other coal seam [29].

Molecular simulation has been applied in studying the
methane adsorption mechanism as molecule simulation
could provide molecule-scale information about the meth-
ane adsorption behavior in coal [30–32]. The density distri-
bution of adsorbed methane, the location of the adsorbed
methane, and the methane adsorption behavior of different
size pores in coal can be directly provided by the molecule
simulation [13, 33, 34]. Therefore, the molecule simulation
has received extensive attention in coalbed methane studies.
The graphite-slit pore models are used to represent the
adsorption behavior of methane in slit pores [13]. However,
the coal molecule structure is significantly different from
graphite [32, 35].

In the studies of CBM, it is important to evaluate the in
situ methane content in coal. As the depth of the coal is dif-
ferent in different coalfields, the pressure and temperature of
underground coal seams are different. The increase of burial
depth of the coal seam can lead to temperature and pressure
increment. However, it is unclear how temperature and
pressure affect methane adsorption behavior. In this study,
the influence of pressure and temperature on methane
adsorption behavior is investigated by both physical experi-
ments and molecular simulation methods.

2. Methodology

2.1. Samples. The coal samples used in this study are col-
lected from No. 2 coal seams in Yuwang coal mine in East
Yunnan (Diandong coalfield), China. Yuwang coal mine is
an underground coal mine with high gas content. The aver-
age thickness of No. 2 coal seams is 1.13m. The vitrinite
reflectance of these coal samples is about 2.4%. The ash con-
tent of the coal sample is 23.66% and the volatile content is
9.99% under air-dry basis.

2.2. Experiments

2.2.1. 13C Nuclear Magnetic Resonance (13C NMR). The 13C
NMR experiment was conducted by JNM-ECZ600R in
Nuclear Magnetic Resonance Center of Tsinghua University.
The powder coal samples were used and resonance fre-
quency was set to 150MHz. During the experiment, the
mass frequency was set to 12 kHz with the total scan time
of one hour (1200 times) [36].

2.2.2. Fourier Transform Infrared Spectroscopy (FT-IR).
When performing the FT-IR experiment, PerkinElmer spec-
trum (Frontier FT-IR) was used. About 2 g powder coal sam-
ples were used in the experiment. Before the experiment,
atmospheric correction was performed. The scanning range
was set from 450 cm-1 to 4000 cm-1. The scanning speed is
0.2 s-1. The analysis of the FT-IR is based on the previous
study [37].

2.2.3. Methane Isothermal Adsorption Experiment. The
Methane isothermal adsorption experiment was performed
in Unconventional Natural Gas Laboratory, China Univer-
sity of Mining and Technology, Beijing. Before the experi-
ment, the Yuwang coal samples were pulverized to about
60-80 mesh and were dried at 80°C for 24 hours. Methane
adsorption experiments were carried out by the 3H-
2000PH methane adsorption instrument by volumetric
method. For the instrument, the pressure can be set to as
high as 690 bar (69MPa).

2.3. Simulation Methods

2.3.1. Coal Molecule Reconstruction. The reconstruction pro-
cess of coal molecular model contains several steps. Firstly,
the molecular information of the model was obtained by sta-
tistical analysis of the experimental data such as industrial
analysis, elemental analysis, 13C NMR, and FT-IR. Then,
the initial model satisfying the structural information is
drawn by ACD/ChemSketch. After that, the 13C NMR of ini-
tial model was calculated and compared to the experimental
data. The initial model wall was corrected based on the com-
paring results to obtain the objective two-dimensional model
structure. The two-dimensional model will be imported for
model optimization to obtain the three-dimensional model
with the lowest energy configuration. Finally, the periodic
boundary is added to truly restore the microstructure of coal
samples. The details of the molecule reconstruction process
can be also seen in previous studies [38, 39].

2.3.2. Simulation of Methane Adsorption in Coal. The meth-
ane adsorption in coal is physical adsorption, and the inter-
action forces are mainly Van de Waals forces. In the
simulation, the Van de Waals forces are calculated by
Lennard-Jones potential energy function. The simulation
was carried out at different temperature and different pres-
sure. The maximum pressure is 7MPa. The temperature
and pressure conditions are set according to the experimen-
tal conditions.

3. Results

3.1. Results of 13C NMR. According to the previous stud-
ies, the 13C NMR spectrum of the Yuwang coal sample
can be divided into four parts: aliphatic carbon peaks
(chemical shift = 0 − 60 ppm), ether oxygen carbon peaks
(chemical shift = 60 − 90 ppm), aromatic carbon peaks
(chemical shift = 100 − 165 ppm), and carbonyl and carboxyl
carbon peaks (chemical shift = 165 − 250 ppm) [40, 41]. Peak
fitting of the 13C NMR spectrum was performed by using the
software origin. The fitting results were shown in Table 1 and
Figure 1.

According to the peak fitting results, the carbon skeleton
structure of YW coal sample is mainly composed by aro-
matic carbon structure (72%), followed by aliphatic carbon
structure (14.2%). Carbons connected to the oxygen atoms
contribute 13.7% of the total carbons in coal molecule. In
addition, the aromatic carbon structure is mainly composed
by benzene rings and naphthalene rings. There are less
anthracene rings and phenanthrene rings. The structures of
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aliphatic carbon on the side chain are mainly composed by
methyl and methylene. The oxygen-containing functional
groups are mainly ether bonds. According to elemental anal-
ysis and 13C NMR data, the aromaticity rate is 74.5%, and
the total carbon in coal molecular structure unit is 200.
The ratio of benzene : naphthalene : anthracene : phenanthre-
ne : pentacene in YW sample is 5 : 5 : 3 : 0 : 2 (Table 2).

3.2. Results of FT-IR. The peak fitting results of FT-IR are
shown in Figure 2. The assignment of each peaks are accord-
ing to Tables 3–6. The region between 2800 and 3000 cm-1 of
FT-IR spectrum is the aliphatic carbon region. The infrared
spectrum of this region shows that the side chain alkyl is
mainly methylene and there is a small amount of methyl
(Table 6).

3.3. Coal Molecular Construction. The 13C NMR and FT-IR
data are used to reconstruct the chemical molecular struc-
ture of anthracite, and the average chemical formula of the
anthracite coal molecule is C200H133O21N3, as shown in
Figure 3(a). In addition, it can be seen that the oxygen atoms
are mainly in the form of carbonyl groups, which can be also
found from the 13C NMR spectrum. The nitrogen atoms are

in the form of pyrrole rings. After annealing and geometri-
cally optimizing the 2D molecule, it can be found that the
aliphatic side chain is obviously elongated and the aromatic
carbon structure is distorted, as shown in Figures 3(b) and
3(c). Simultaneously, 14 optimized anthracite molecules
put into the unit cell to construct a 3D structure of anthra-
cite coal as shown in Figure 3(d). The size of the 3D molec-
ular structure is 3:345 nm × 3:345 nm × 3:345 nm.

3.4. Methane Adsorption Isothermal Data. Figure 4 illus-
trates the experimental methane adsorption isothermal data

Table 1: 13C NMR peak attribution and relative content of YW samples.

Serial number Peak type Half peak width (ppm) Chemical shift (ppm) Relative area (%) Peak position attribution

1 Gaussian 8.0 19 2.4 Aromatic methyl

2 Gaussian 11.2 32 3.51 Methylene, methylene

3 Gaussian 14.4 45 8.3 Seasonal carbon

4 Gaussian 4.1 107 0.5 Protonated aromatic carbon

5 Gaussian 15.4 126 63.7 Bridged aromatic carbon

6 Gaussian 9.3 141 7.8 Alkyl substituted aromatic carbon

7 Gaussian 9.5 200 5.2 Carboxyl carbon

8 Gaussian 7.4 208 5.5 Carbonyl carbon

9 Gaussian 10.0 215 3.0 Carbonyl carbon

0 100 200
Chemical shift (ppm)

Fitting peaks
Fitting curve
Experimental curve

In
te

ns
ity

 (a
.u

.)

Figure 1: 13C NMR data of the YW coal samples with the peak fitting results.

Table 2: Forms of aromatic carbon with different molecular
configurations of coal samples.

Existing forms of aromatic carbon Numbers

Benzene 5

Naphthalene 5

Anthracene 3

Phenanthrene 0

Pentacene 2

Pyrrole 3

3Geofluids



of the YW coal sample under different temperatures. It can
be seen that the adsorption capacity of methane increases
significantly with increasing the pressure under the same
temperature. This phenomenon demonstrates that it is con-
ductive to the adsorption of methane under higher-pressure
conditions. With increasing temperature, the methane
adsorption amount is significantly weakened. At the pres-
sure of 7.0MPa, the methane adsorption capacity of the
YW coal sample is 28.5 cm3/g under the temperature of
20°C. Comparably, the methane adsorption amount under
the temperature of 100°C is only 15.9 cm3/g, decreasing by
44%. At the pressure of 1MPa, with the temperature
increases from 20°C to 100°C, the methane adsorption
amount decreases from 10.0 cm3/g to 7.1 cm3/g.

3.5. Simulation of Methane Adsorption in Micropores of Coal
Sample. The pores of the model are calculated based on the
3D YW coal molecule, as shown in Figure 5. It can be seen
from there are many pores in the coal matrix. These pores
are very small in size, and the pore size ranges from 0.34
to 1.0 nm. In addition, the shape of these micropores is irreg-
ular. We employed methane adsorption simulation by using
the 3D YW coal molecule and these methane molecules are
adsorbed in the micropore (Figure 5). Figures 6(a) and 6(b)

illustrate the simulation adsorption capacity of methane
under different pressures and temperatures. With the meth-
ane pressure increasing from 1MPa to 7MPa at 100°C, the
absolute adsorption amount of methane increases from
7.52 cm3/g to 14.50 cm3/g, and the excess adsorption amount
of methane increases from 7.30 cm3/g to 12.91 cm3/g. While,
when the pressure reaches critical value, the absolute adsorp-
tion amount is found saturated, then the excess adsorption
amount will show downward trend. Compared with pres-
sure, temperature has a negative effect on methane adsorp-
tion. With temperature increasing, the adsorption capacity
of methane gradually decreases. When the temperature is
20°C, the absolute methane adsorption amount and excess
methane adsorption amount is 25.2 cm3/g and 23.0 cm3/g
under 7MPa pressure. When the temperature increases to
100°C, the absolute methane adsorption amount and excess
methane adsorption amount decreases from 14.50 cm3/g to
12.91 cm3/g at 7MPa pressure, decreasing by 42.4% and
43.9%, respectively.

3.6. Simulation Methane Adsorption in Mesoporous.
Figures 7(a) and 7(b) demonstrated the simulation results
of the methane adsorption behavior in mesopores. When
the temperature increases, the methane adsorption capacity
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Figure 2: The peak fitting results of FT-IR of YW coal samples.
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decreases significantly in 3°nm pore. This phenomenon is
consistent with the adsorption of methane in micropores
and experimental data. With pressure increasing from
1°MPa to 7°MPa at temperature of 100°C, the absolute adsorp-
tion amount of methane increases from 6:23 × 10−3 ° cm3/g to
4 × 10−2 ° cm3/g, and the excess adsorption amount of meth-
ane increases from 2:70 × 10−3 ° cm3/g to 1:43 × 10−2 ° cm3/
g, respectively. When temperature increases from 20°C to

100°C, the absolute adsorption amount of methane decreases
from 6:6 × 10−2 ° cm3/g to 4 × 10−2 ° cm3/g, and the excess
adsorption amount of methane decreases from 2:98 × 10−2 °
cm3/g to 1:43 × 10−2 ° cm3/g under 7°MPa pressure. With
the temperature rising from 20°C to 100°C, the absolute
adsorption amount and excess adsorption amount decreases
by 33.33% and 52.01%, respectively (at 7°MPa pressure).

Table 3: Regional content of aromatic hydrocarbons (the
assignments of the FT-IR is according to [37]).

Chemical
shift (cm-1)

Relative
area (%)

Peak position attribution

720 1.79
Skeleton vibration of (CH2) n ° >4 on

the side chain of n-alkanes

748 11.28 Out of plane deformation vibration of
CH in aromatics (4-5 adjacent H

atoms)771 12.29

790 26.87

Out of plane deformation vibration of
CH in aromatics (3 adjacent H atoms)

804 9.24

822 20.48

834 4.14

860 2.34
Out of plane deformation vibration of
CH in aromatics (2 adjacent H atoms)

875 1.51

890 9.43

Table 4: Regional content of oxygen-containing functional groups
(the assignments of the FT-IR is according to [37]).

Chemical shift
(cm-1)

Relative
area (%)

Peak position attribution

1012 0.77

C-O-C telescopic vibration1031 4.54

1055 3.72

1078 3.95

C-O-C symmetric telescopic vibration1099 5.22

1120 6.11

1164 6.14 R-O-C telescopic vibration

1202 0.46
Ar-O-C telescopic vibration

1316 0.92

1344 2.02

CH3 symmetrical bending vibration1369 2.16

1385 2.28

1402 4.91

Asymmetric deformation vibration
of CH3 and CH2

1427 3.13

1459 0.20

1500 1.06

1520 4.07

Aromatics C°=°C skeleton vibration
1547 37.83

1580 1.77

1631 2.06

1692 0.33 Stretching vibration of C°=°O in
quinone and anhydride1738 6.36

Table 5: Regional content of aliphatic carbon (the assignments of
the FT-IR is according to [37]).

Chemical shift
(cm-1)

Relative
area (%)

Peak position attribution

2836 5.37 CH2 telescopic vibration

2853 11.92
CH3 telescopic vibration2870 23.69

2899 26.00 CH telescopic vibration

2924 14.99 CH2 asymmetric telescopic
vibration2942 6.86

2963 11.18
CH3 asymmetric telescopic

vibration

Table 6: Regional content of hydroxyl group (the assignments of
the FT-IR is according to [37]).

Chemical shift
(cm-1)

Relative
area (%)

Peak position attribution

3197 5.14 Ring stretching vibration

3295 21.28 OH-O stretching vibration

3385 20.72
OH-OH stretching vibration

3461 46.97

3544 5.90 OH-Π telescopic vibration

(a) (b)

(c) (d)

Figure 3: Molecular structure model of YW anthracite. ((a) 2D
molecular model; (b) 3D structure optimization results; (c) 3D
structure after anneal treatment; (d) 3D molecule structure with
14 molecules).
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4. Discussion

4.1. Methane Adsorption Density at Different Pressure and
Temperature. Figures 8(a) and 8(b) show the methane den-
sity distribution in 3nm pores under different temperature
and pressure. The adsorbed methane molecule is mainly
located near the pore walls, and the methane adsorption
density near the pore surface is much larger than that in

the center of the slit pore. In addition, the methane density
in the center of slit pore increases linearly with increasing
the pressure. The density of adsorbed layers near the pore
wall firstly increases significantly, and then increases slowly
when the pressure is larger than 4MPa. Figure 8(b) shows
the methane density distribution at different temperatures.
It can be found that with increasing the temperature, the
methane density near the pore walls and in the center of
the pore both decreases. However, the decrease of methane
density in the center of pore is not obvious with increasing
the temperature. Comparably, the methane density on the
pore surface decreases significantly. It indicates that the tem-
perature significantly affects adsorbed methane molecules.
In Figures 8(a) and 8(b), the density near the pore surface
is more sensitive to the pressure and temperate compared
to the methane in the center of the pores. In addition, it
can be seen that as the pressure increases, the methane den-
sity on both sides of the pore wall increases. While, as the
temperature increases, the density of methane on both sides
of the pore decreases. The reason is that the pores provide
enough space in anthracite coal molecules, and as the pres-
sure increases, more methane will be adsorbed on the pore
surface. However, as the temperature increases, the methane
molecules adsorb thermal energy and convert it into kinetic
energy, thereby breaking the adsorption force of the pore
wall and escaping from the pores. These simulation results
are consistent with the experimental results of methane
adsorption isotherm.

4.2. The Effect of Temperature on Methane Adsorption
Amount of Coal. Figure 9 shows the experimental methane
adsorption data at different temperature. It can be seen that
the methane adsorption amount of coal sample at 20°C is
significantly larger than those at larger temperature. Based
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Figure 4: Experimental methane adsorption isothermal data of YW coal samples under different temperatures.

Figure 5: Pore distribution in YW anthracite coal molecule
(3:345 nm × 3:345 nm × 3:345 nm).
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on Figure 9, it can be seen that when the pressure is larger,
the temperature has larger effect on the methane adsorption
amount. At 7MPa, the methane adsorption amount is
28.5 cm3/g under 20°C, and decreases to 15.9 cm3/g under
100°C, decreasing by 44%. However, at 1MPa, the methane
adsorption amount is 10.0 cm3/g under 20°C, and decreases
to 7.1 cm3/g under 100°C, decreasing by 28%.

Experimental data illustrate the overall methane adsorp-
tion amount in all pores of coal sample including micro-
pores, mesopores, and macropores. As shown in Figures 6
and 7, methane adsorption in micropores is different from
that in mesopores. Thus, it should be discussed separately.
Figure 10 shows the relationship of temperature and meth-
ane adsorption amount in micropores under different
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Figure 6: Simulation methane adsorption under different temperatures ((a) absolute adsorption amount under different temperatures; (b)
excess adsorption amount under different temperatures).
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pressure. It can be found that at 20°C the adsorption amount
in micropores at different pressure is similar, but at 100°C,
the methane adsorption amount is micropores at lower pres-
sure is obviously smaller than that at high pressure. It
means, in micropores, temperature have larger effects on
methane adsorption at low pressure than that at high
pressure.

Figure 11 shows the influence of temperature on meth-
ane adsorption in mesopores under different pressure.
With increasing the temperature, the methane adsorption
amount decreases, which is consistent to the experimental
data (Figure 9). It is also obvious that temperature has
larger effect on methane adsorption amount at higher
pressure than that at lower pressure. At 1MPa, the
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Figure 7: Simulation methane adsorption in 3 nm pore under different temperatures (a) absolute adsorption amount under different
temperatures; (b) excess adsorption amount under different temperatures).
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methane adsorption amount at 20°C is 0.01 cm3/g, and
decreases to 0.0027 cm3/g at 100°C, decreasing by 48%.
Comparably, at 7MPa, the methane adsorption amount
at 20°C is 0.066 cm3/g, and decreases to 0.014 cm3/g at
100°C, decreasing by 78%. By comprehensively analyzing

that the methane behavior in micropore, mesopore, and
macropores, when the pressure is higher, temperature
has larger effects on methane adsorption in mesopores
and macropores, and has weaker effects on methane
adsorption in micropores. The experimental data show

–1.5 –1.0 –0.5 0.0 0.5 1.0 1.5

80

70

60

50

40

30

20

10

0

D
en

sit
y 

(g
/L

)

Distance from the pore center (nm)

1 MPa
2 MPa
3 MPa
4 MPa

5 MPa
6 MPa
7 MPa

(a)

–1.5 –1.0 –0.5 0.0 0.5 1.0 1.5
Distance from the pore center (nm)

20 ºC
40 ºC
60 ºC

80 ºC
100 ºC

80

90

70

60

50

40

30

20

10

0

D
en

sit
y 

(g
/L

)

(b)

Figure 8: Characteristics of methane density variation in 3 nm slit pore at different pressures (a) and different temperatures (b).
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that in YW coal sample, the temperature has larger effects
on methane adsorption methane adsorption at high-
pressure stage, which is consistent to the phenomenon of
methane adsorption in mesopore and macropores, and is

contrary to the phenomenon of methane adsorption in
micropore. It indicates that the mesopores and macropores
in YW coal sample finally determine the temperature
effect on methane adsorption.
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Figure 10: The effect of temperature on methane adsorption amount in micropores (simulation data).
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5. Conclusions

(1) Based on the 13C NMR data and FT-IR data, the car-
bon skeleton of YW coal sample is mainly composed
by aromatic carbon structure (72%), followed by ali-
phatic carbon structure (14.2%). Carbons connected
to the oxygen atoms contribute 13.7% of the total
carbons in coal molecule, and the oxygen atoms
mainly exit in the form of carbonyl

(2) The average chemical formula of the coal molecule is
C200H133O21N3 and the nitrogen atoms are in the
form of pyrrole rings. By combining 14 coal mole-
cules, the 3D macromolecular model was built and
the size of the 3D macromolecular model is 3:345
nm × 3:345 nm × 3:345 nm

(3) The experimental methane adsorption isothermal
data of the YW coal sample under different temper-
atures show that with increasing the temperature,
the methane adsorption amount decreased obvi-
ously. At 7MPa, the methane adsorption amount
of the YW coal sample is 28.5 cm3/g under 20°C.
Comparably, less than 100°C and 2MPa, the meth-
ane adsorption amount is only 15.9 cm3/g, and
decreases by 44%. Besides, the experimental data
show that in YW coal sample, the temperature has
larger effects on methane adsorption methane
adsorption at higher pressure stage

(4) In mesopores and macropores, temperature has
larger effects on methane adsorption at higher pres-

sure than that at lower pressure. On the contrary,
in micropores, temperature has weaker effects on
methane adsorption at higher pressure than that at
lower pressure
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The injection of N2 into coal reservoir has great potential in improving recovery of coalbed methane (CBM). In this study, a
numerical model was established based on the GEM component model to evaluate the influences of different N2 injection
parameters (production injection well spacing, gas injection timing, gas injection duration, gas injection rate, and the bottom-
hole injection pressure) on the production of CBM in the Shizhuang Block of Qinshui Basin, China. Based on the economic
benefit of CBM production, the production increasing rate and nitrogen replacement ratio were established to optimize the N2
injection parameters. The results show that (1) the production injection well spacing had the greatest influence on CBM
production, followed by injection duration and the bottom-hole injection pressure, and injection timing and injection rate had
a relatively small influence. (2) With increasing gas injection duration, injection rate, and the bottom-hole injection pressure,
the rate of production increased and the nitrogen replacement ratio decreased. (3) The optimal N2 injection scheme was
revealed with the production injection well spacing of 180m, the injection timing of a second year after gas production, an
injection duration of 7 years, an injection rate of 5000m3/d, and a bottom-hole injection pressure of 10MPa. Under these
conditions, the rate of production increasing rate, the nitrogen displacement ratio, and the regional recovery of the four
production wells were 18.14%, 0.5, and 48.96%, respectively, some 8.88% higher than that without nitrogen displacement,
showing good effect in terms of CBM production.

1. Introduction

Coalbed methane (CBM) is an important unconventional
natural gas resource, and it is abundant in China. According
to the fourth round of CBM resource assessment, the geolog-
ical resources of shallow CBM at a burial depth of 2 km are
29:82 × 1012 m3 in China [1–5]. There are about 20,000
CBM wells at the end of 2020, and the CBM production is
about 57:67 × 108 m3. The average gas production per well
is generally low. It is not only affected by the complex geo-
logical conditions but also depends on the adaptability of
CBM development technology. By the end of the 13th Five-

Year Plan, the production of CBM has gradually increased,
but the increase is small. The CBM production still has not
exceeded 10 billion cubic meters. At present, China’s CBM
industry is characterized by the low exploration and devel-
opment, low adaptability of agent technology, low return
on investment, small development scale, etc. [6–9]. Under
the background of “peak carbon and carbon neutralization,”
clean energy is in high demand. CBM industry needs to be
closely linked around the value chain in terms of “how to
improve the single CBM well production and the overall
CBM recovery.” Therefore, CBM development needs to con-
duct the refine exploitation geology research and the
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development of more targeted engineering technology
research. This strengthens the geological and engineering
technology integration evaluation and implements technol-
ogy industrialization, which can achieve the goal of improv-
ing the development benefit of CBM and promote the
development of China’s CBM industry. Therefore, efficient
techniques are needed to improve CBM recovery [10].

Exploitation of CBM mainly depends on drainage and
pressure reduction, which promotes desorption of methane
[11, 12]. Injecting N2 can reduce the partial pressure of
methane in a coal reservoir [13] and improve the permeabil-
ity of coal reservoir [14], thus significantly improving the
CBM production. Based thereon, a gas-injection technique
is proposed, which is called “enhancing CBM recovery by
injecting N2 (N2-ECBM)” [15, 16]. Many laboratory and
field tests have been conducted [17–23]. The adsorption of
N2 will cause the shrinkage of coal matrix when the N2 is
injected into coal, which mainly changes the mechanical
properties and permeability of coal. After N2 injection, the
permeability of coal increases, and it can promote the diffu-
sion and migration of CBM. Meanwhile, the mechanical
strength of coal changes readily, which is conducive to
improving CBM recovery. Additionally, some scholars
explored and compared the results of N2 injection and the
mixture of N2 and CO2 injection [24]. The process is nonpis-
ton displacement when N2 displaces CH4. The breakthrough
of N2 occurs rapidly, and the two-element transition zone is
narrow. The CH4 and N2 are produced for a long time after
breakthrough. The ratio of N2 injection is higher when the
mixture of N2 and CO2 is injected into the coal, which can
increase the permeability of the coal and is beneficial to
CBM recovery. Most of the previous studies focused on the
mechanism analysis of N2 injection to enhance CBM recov-
ery, however, less work on the effect of N2 injection param-
eters on CBM recovery and the optimization of N2 injection
scheme has been undertaken.

The Shizhuang Block has realized the industrial develop-
ment of CBM which shows considerable production vol-
umes in the Qinshui Basin [25–27]. However, with the
development of CBM, many CBM wells have been found
to have low efficiency and low rates and amounts of overall
productivity [28, 29]. To promote the long-term stable pro-
duction of CBM in the area, it is necessary to enhance the
recovery based on an N2-ECBM technique.

Therefore, in the present research, the production varia-
tions under different N2 injection parameters (including the
production injection well spacing, gas injection timing, gas
injection duration, gas injection rate, and the bottom-hole
injection pressure) in coal reservoir were studied using
numerical simulation, to optimize the N2 injection parame-
ters and enhance CBM recovery. The results may provide
theoretical guidance for an optimal N2-ECBM scheme in
the study area.

2. Model Establishment

2.1. Geological Model. The Cartesian coordinate system was
adopted for the reservoir grid model. The grid distribution
is 51 × 51 × 1. The length, width, and height of a single grid

are 10m × 10m × 6m, and the model measures 510m ×
510m × 6m. Based on the five point well pattern, an N2
injection well is located in the middle of the model, four pro-
duction wells are located around the injection well, and the
well spacing between the injection well and the four produc-
tion wells is equal (Figure 1).

The Shizhuang Block is located in the south of Qinshui
Basin (Figure 2). The target layer is the no. 3 coal seam. Pre-
vious studies have shown that its burial depth is 500-1300m,
the coal thickness is 4-10m, and the gas content is 8-28m3/t
[30, 31]. Based on the above, basic parameters of the basic
model are described as follows: the depth of the coal seam
is 1000m, the thickness of the coal seam is 6m, and the
gas content is 24 m3/t. Thus, the geological reserves of
CBM in this area amount to 57:8 × 106 m3; other basic
parameters are listed in Table 1.

2.2. Numerical Model. A coal reservoir is the dual porosity
system composed of matrix pores and fracture [32]. Matrix
pores are the main gas storage area where CBM is present
as an adsorption phase, and fracture controls the permeabil-
ity of coal reservoir [33]. Therefore, the Gliman and Kazemi
dual porosity model was adopted, which assumes that the
matrix does not consider flow, and the fractures does [34].

In addition, the GEM component model was used to
simulate the multicomponent fluid flow state in the process
of N2-ECBM. According to the occurrence conditions of
coal reservoir, the assumptions proposed by our predeces-
sors were employed to set some basic settings of simplified
operation in the model, namely: (1) there are two-phase
flows of water and gas in the coal reservoir [35]. (2) The free
gas in coal reservoir is an ideal gas [36]. (3) CBM experi-
ences desorption, diffusion, and seepage processes, in which
the desorption process conforms to the Langmuir model, the
diffusion process is Fickian, and seepage in fractures con-
forms to Darcy’s law [37, 38].

According to the conservation of mass and continuity
equation，the balance equation of gas-water two-phase flow
in fractured systems can be expressed as

∂ ∅Sw/Bwð Þf
∂t

= ∇∙
kkrw
μwBw

∇pw − ρwg∇dð
� �

f

− qfw + qcwmf ,

ð1Þ

∂ ∅Sg/Bg

À Á
f

∂t
= ∇∙

kkrg
μgBg

∇pg − ρgg∇d
� !

f

− qf g + qcgmf :

ð2Þ
The equilibrium equation of gas-water two-phase flow in

the matrix system can be expressed as

∂ ∅ρwSw/Bwð Þm
∂t

= −qcwmf , ð3Þ

∂ ∅ρgSg/Bg

� �
m

∂t
= −qcgmf + qmd ,

ð4Þ
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qmd = −ρgaρc
dV
dt

, ð5Þ

where ϕ represents the porosity, ρw is the density of water,
ρg is the density of gas, Sw is the saturation of water, Sg is
the saturation of gas, μw is kinematic viscosity of water, μg
is kinematic viscosity of gas, g is gravity acceleration, d is
the coal burial depth, qw is the production of water, qg is
the production of gas, qcwmf is the water exchange capacity
between the matrix and fracture, qcgmf is the gas exchange
capacity between the matrix and fracture, Bw is the water
volume factor, Bg is the gas formation volume factor, ρga
is the gas density at standard conditions, ρc is the coal den-
sity, V is the average residual gas content in coal matrix, and
subscripts f and m denote fracture and matrix.

Based on the studies of Redlich and Kwong [39] and
Soave [40], the equations of state for gases are

P = RT
V − b

−
a Tð Þ

V V + bð Þ , ð6Þ

a Tð Þ = 0:42748RT
2
c

Pc
1 +m 1 − T

Tc

� �0:5
 !" #2

, ð7Þ

b = 0:086640RTc

Pc
, ð8Þ

m = 0:48508 + 1:55171ω − 0:15613ω2, ð9Þ

where R denotes the universal gas constant of 8.314 J/ðmol
∙KÞ, Tc is the critical temperature in K, Pc is the critical pres-
sure in Pa, and ω is the acentric factor.

Binary mixed gas migrates in coal reservoir in the pro-
cess of N2 displacement [36]. Here, the subscript 1 and the
subscript 2 represent CBM and injected nitrogen, respec-
tively. The gas in coal reservoir is stored in adsorbed state
and free state, and the content of adsorbed component can
be expressed by the generalized Langmuir equation [41]:

C1 =
VL1p1b1

1 + p1b1 + p2b2
, ð10Þ

C2 =
VL2p2b2

1 + p1b1 + p2b2
, ð11Þ

where C is adsorption gas volume, VL denotes the Langmuir
volume constant, p represents gas pressure in matrix, and b
is the Langmuir constant for gas component 1 and 2 which
is equal to the reciprocal of the Langmuir volume, VL.

Palmer and Mansoori [42] established a model to predict
the change in coal permeability caused by coal shrinkage,
which is applicable to the mixed gas adsorption/desorption
equation:

where ϕ represents the porosity, subscript 0 is the initial con-
ditions, pL is the Langmuir pressure, εL is the strains at infi-
nite pressure, subscripts 1 and 2 denote CBM and injected
nitrogen, cf represents the fracture pore volume compress-
ibility, M represents the constrained axial modulus, K is
the bulk modulus, p is the pressure, y0,1 and y0,2 stand for

the composition of components 1 and 2 at the initial or ref-
erence conditions, and y1 and y2 refer to the composition of
components 1 and 2 with pressure p.

2.3. Simulation Scheme. Previous studies have shown that
the factors affecting the production increase of N2 injection

Table 1: Basic parameters used in the numerical simulation.

Parameter Value Unit Remark Parameter Value Unit Remark

Gas content 24 m3/t Measurement Reservoir temperature 25 °C Well testing

Reservoir pressure 10 MPa Well testing Water viscosity 0.7 Cp Empirical value

Buried depth of coal 1000 m Measurement Density of coal 1435 kg/m3 Experiment

Coal seam thickness 6 m Average value Compressibility of coal 2 × 10−5 MPa-1 Empirical value

Langmuir volume of CH4 34.24 m3/t Experiment Matrix porosity 6 % Experiment

Langmuir volume of N2 21.72 m3/t Experiment Fracture porosity 1 % Empirical value

Langmuir pressure of CH4 3500 kPa Experiment Matrix permeability 0.01 mD Experiment

Langmuir pressure of N2 3520 kPa Experiment Fracture permeability 1.0 mD Well testing

Diffusion coefficient of CH4 4 × 10−6 cm2/s Empirical value Matrix water saturation 1 % Empirical value

Diffusion coefficient of N2 1:5 × 10−6 cm2/s Empirical value Fracture water saturation 99 % Empirical value

ϕ

ϕ0
= 1 + cf p − p0ð Þ + 1

ϕ0

K
M

− 1
� �

εL1p y1/pL1ð Þ + εL2p y2/pL2ð Þ
1 + p y1/pL1ð Þ + y2/pL2ð Þð Þ −

εL1p0 y0,1/pL1
À Á

+ εL2p0 y0,2/pL2
À Á

1 + p0 y0,1/pL1
À Á

+ y0,2/pL2
À ÁÀ Á

 !
, ð12Þ
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in coal reservoirs are mainly limited by the spacing between
production wells and injection wells, the timing of N2 injec-
tion, the duration of gas injection, the rate of gas injection,
and the bottom hole pressure of gas injection [13]. There-
fore, the productivity of coal reservoir under different nitro-
gen injection production parameters was simulated based on
the above factors.

According to the geological conditions of the Shizhuang
Block, the basic nitrogen injection parameters were set as
follows: the production injection well spacing is 150m, the
injection timing is the third year after gas production, the
gas injection duration is 5 years, the gas injection rate is
4000m3/d, and the bottom-hole injection pressure is
10MPa. Compared with these, the influences of various nitro-
gen injection production parameters on CBM Recovery were
analyzed to optimize the N2-ECBM production scheme.

To select the optimal parameters of N2 injection for
increasing production, the coefficient of production increas-
ing rate (I) was established, and the increasing production
effect of CBM under the influences of different factors was
expounded, which provides a favorable basis for optimizing
productivity.

I = Ci − C0
Ci

, ð13Þ

where Ci represents the total cumulative gas rate of parame-
ter i, and C0 is the total cumulative gas rate of coal reservoir
without N2 injection. The larger the value of I, the greater
the effect of N2 injection on increased production, the higher
the recovery.

The value of I can characterize the stimulation effect of
N2 injection in coal reservoir, however, the economic benefit
of coal reservoir should be considered, that is, the total

amount of nitrogen needed to be consumed. Therefore, the
establishment of the coefficient replacement ratio (R) reflects
the volume of methane that can be replaced by 1m3 of N2, to
study N2 injection into coal reservoir and consider the ensu-
ing economic benefits.

R = Ci − C0
Ni

, ð14Þ

where Ni represents the total amount of N2 injection with
parameter i. The larger the value of R, the better the dis-
placement effect of CH4 by N2, and the higher the economic
benefit.

3. Results

First, the real productivity of coal reservoir without N2 dis-
placement was simulated, and then the productivity of coal
reservoir with basic N2 injection parameters was taken as
the control group for simulation, to provide the basis for
analyzing different N2 injection conditions when aiming to
enhance CBM recovery. Based on the application of the
above reservoir parameters and nitrogen injection produc-
tion parameters, the bottom-hole injection pressure was
controlled by the pressure drop rate of 0.1MPa/d. When
the bottom-hole injection pressure dropped to 0.2MPa, the
bottom-hole injection pressure was kept unchanged and
CBM production continues [43]. The model simulated the
production capacity of four production wells in 15 years,
and the gas-production time ranged from 2021 to 2036.
Since the parameters of the four production wells were the
same, Well-1 was taken as an example (Figure 3).

When the coal reservoir was not stimulated by N2 injec-
tion, the cumulative gas flow per single well in 15 years was
5:79 × 106 m3, the peak gas rate was 1486.8m3/d, and the
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average gas production amounted to 1057.65m3/d. The
cumulative gas rate of the four wells was 23:18 × 106 m3,
and the recovery factor was 40.08%. When the control group
was subject to N2 injection displacement production, the
cumulative gas flow from a single well in 15 years increased
to 6:46 × 106 m3, the peak gas rate was 1909.43m3/d, and the
average gas rate was 1178.61m3/d. The cumulative gas rate
of the four wells was 25:83 × 106 m3, the value of I was
10.26%, the value of R was 0.39, the recovery factor was
44.68%, the cumulative gas rate net increase was 2:65 × 106
m3, and the recovery factor was increased by 3.88%.

3.1. Production Injection Well Spacing. The simulation con-
ditions are the same as the other parameters. On this basis,
the productivity of production wells and N2 injection wells
with a spacing of 90m, 120m, 150m, 180m, and 210m
could be simulated, respectively. The simulation results indi-

cated that the longer the interval between production wells
and injection wells, the longer the time to reach the peak
gas rate. When the production injection well spacing was
greater than 180m to 210m, the peak gas rate tended to
decrease from 1922.42m3/d to 1884.44m3/d. The increase
in cumulative gas rate was also small. The total cumulative
gas rate of four wells was only increased by 19:08 × 106 m3

(Figure 4(a)). Meanwhile, the smaller the production injec-
tion well spacing, the shorter the time for N2 to reach the
maximum N2 injection rate, but the higher the total amount
of N2 injection (Figure 4(b)). The CBM recovery factor was
then 36.62%, 41.03%, 44.68%, 46.98%, and 47.31% according
to the respective well spacing.

3.2. Gas Injection Timing. To analyze the influences of differ-
ent injection timings on N2-ECBM, the N2 injection produc-
tivity of injection wells in 0, 1, 2, 3, 4, and 5 years after gas
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Figure 5: CBM production curves and N2 injection curves under different N2 injection production conditions: (a and c) are CBM
production curves of gas injection rate and the bottom-hole injection pressure, respectively; (b and d) are N2 injection curves of gas
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Figure 6: Continued.
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production was simulated, respectively. According to the
simulation results (Figures 4(c) and 4(d)), when the gas
injection timing was one year after gas production, the gas
rate peak value was the largest, reaching 2003.92m3/d, but,
in general, the influence of gas injection timing on cumula-
tive gas rate was small. Meanwhile, the total amount of N2

injection was 501:46 × 106 m3, 591:35 × 106 m3, 640:5 × 106
m3, 675:48 × 106 m3, 692:26 × 106 m3, and 711:02 × 106 m3,
which increased with the delay of injection timing. The
recovery factors of CBM were 44.28%, 44.59%, 44.70%,
44.68%, 44.61%, and 44.51%, respectively. The trend was
that the recovery factor first increased, then decreased,
reaching a maximum in the second year.

3.3. Gas Injection Duration. The productivity of injection
wells with an N2 injection duration of 1 year, 3 years, 5 years,
and 7 years was simulated, respectively. According to the
simulation results (Figures 4(e) and 4(f)), when the injection
duration exceeded 3 years, the gas rate peak value increased
to 1909.43m3/d and then did not increase. With the increase
of the injection duration, the cumulative gas rate increased,
but the growth rate decreased. The total cumulative gas rates
of the four wells were 2383:84 × 106 m3, 2516:92 × 106 m3,
2582:56 × 106 m3, and 2611:36 × 106 m3, and the total
amount of N2 injection also increased. The recovery factors
of CBM were 41.24%, 43.55%, 44.685%, and 45.18%,
respectively.

3.4. Gas Injection Rate. The simulation conditions were set
to match the other parameters. On this basis, the productiv-
ity of injection wells with N2 injection rates of 2000m3/d,
3000m3/d, 4000m3/d, and 5000m3/d could be simulated.
According to the simulation results (Figures 5(a) and 5(b)),
the effect of injection rate on cumulative gas rate was rela-
tively small, and the peak gas rate was 1729.56m3/d,
1843.24m3/d, 1909.43m3/d, and 1909.89m3/d, respectively.
The total amount of nitrogen injection was 364:07 × 106 m3

, 532:66 × 106 m3, 675:48 × 106 m3, and 784:05 × 106 m3,

which increased with the increase in N2 injection rate but
also decreased in the later period. The recovery factors of
CBM were 43.76%, 44.36%, 44.68%, and 44.89%,
respectively.

3.5. The Bottom-Hole Injection Pressure. The bottom-hole
injection pressure could push the injected gas into the pore
and fracture space of coal reservoir, compete with methane
for adsorption, reduce the partial pressure of CBM, and then
promote methane desorption. To study the influence of the
bottom-hole injection pressure on N2-ECBM, the productiv-
ity of 6MPa, 8MPa, 10MPa, and 12MPa injection pressure
was simulated by increasing the injection pressure of 2MPa.
Through comprehensive analysis of the gas rate (Figures 5(c)
and 5(d)), the higher the bottom-hole injection pressure, the
larger the peak gas production, the maximum value was
1976.9m3/d, and the shorter the time to reach the gas rate
peak value. At the same time, the cumulative gas rate and
the total amount of N2 injection were larger, but the increase
was smaller, which indicated that higher injection pressure
was not an ideal parameter for optimization of the tech-
nique. The CBM recovery factors were then 41.65%,
43.92%, 44.68%, and 44.72%, respectively.

4. Discussion

The results show that the production parameters of N2 injec-
tion, such as production injection well spacing, gas injection
timing, gas injection duration, gas injection rate, and the
bottom-hole injection pressure, have a significant impact
on N2-ECBM. Therefore, it is necessary to use the values
of I and R to analyze the stimulation and economic applica-
bility of various control factors for N2 injection in a coal res-
ervoir in more depth.

4.1. Production Injection Well Spacing. Both N2 injection and
CBM drainage were realized by reducing the pressure of coal
reservoir through drainage. When the well spacing was less
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Figure 6: (a–e), respectively, describe the production increasing rate and replacement ratio of production injection well spacing, gas
injection timing, gas injection duration, gas injection rate, and the bottom-hole injection pressure.
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than the radius of influence of each well, the depression fun-
nels formed in the drainage process of production wells
would overlap, resulting in inter-well interference, which
would increase the corresponding development cost and

worsen the economic effect. However, if the well spacing
was too large, the drainage and depressurization effect would
be affected, and the N2 injectability would be reduced [44].
Therefore, choosing the right spacing between production
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Figure 7: The CBM production curves and N2 injection curves of N2 injection optimized displacement and no N2 injection displacement.
GR denotes daily gas production, and CGR denotes cumulative gas production. SC denotes surface condition.
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wells and injection wells was conducive to obtaining the best
N2-ECBM effect. Based on numerical simulations of produc-
tivity, the production increasing rate I and the replacement
ratio R of different production injection well spacings were
calculated (Figure 6(a)), and the production increase and
replacement efficiency under five spacings were revealed.
The results indicate that I and R increased with the increase
of production injection well spacing, which indicated that
the increase of well spacing was beneficial to the increase
of production and economy of coalfield. However, when
the well spacing exceeded 180m, I tended to remain
unchanged and R increased greatly. Considering the bound-
ary problem of geological model, the optimal production
injection well spacing should be 180m.

4.2. Gas Injection Timing. By changing the timing of gas
injection, its influences on the production increasing rate
of coal reservoir N2 injection and its economics could be
studied (Figure 6(b)). The results show that the later the
gas injection timing was, the smaller the R was, and the less
economical it was, but I first increased, then decreased,
reaching its peak in the second year after gas production.
It showed that the best time for gas injection was the second
year after gas production, but the economic benefit was gen-
eral. Considering that the main benefit of coal field was the
increase of production, the best time of gas injection was
the second year after gas production.

4.3. Gas Injection Duration. Through the numerical simula-
tion of the production capacity under different injection
durations, the control of the injection duration on the pro-
duction increasing of N2 injection and the economy of the
total amount of N2 injection were obtained. The results
(Figure 6(c)) showed that, with the increase of injection
duration, I increased and R decreased, indicating with the
increase of N2 injection amount, the production increasing
rate of coal reservoir increased, but the efficiency of use of
N2 decreased, and the amount of waste increased. Moreover,
the longer the gas injection duration, the rate of production
increase tended to be flat. Considered comprehensively, the
production capacity with a gas injection duration of 7 years
should be selected.

4.4. Gas Injection Rate. By changing the gas injection rate,
the productivity simulation results (Figure 6(d)) imply that
when the injection rate was less than 4000m3/d, with the
increase of the injection rate, I increased rapidly, R
decreased sharply, and finally tended to slow down. The
finding showed that increasing the gas injection rate was
beneficial to the increase of coalfield production, but it
would reduce the rate of utilization of N2 and weaken the
economic effect of coalfield production. Considered compre-
hensively, a rate of injection of 5000m3/d was optimal.

4.5. The Bottom-Hole Injection Pressure. By changing the
bottom-hole injection pressure, the increases in production
benefit and economic benefit of N2 injection in the coal field
were analyzed. The results (Figure 6(e)) show that the influ-
ences of the bottom-hole injection pressure, injection rate,
and injection timing on N2 injection in coalfield had a sim-

ilar trend. With the increase of the bottom-hole injection
pressure, I increased and R decreased, and when the pres-
sure exceeded 10MPa, the rate of production increase and
replacement ratio tended to be constant. On the one hand,
the higher N2 injection pressure in the fracture would
increase the N2 diffusion from the fracture system to the coal
matrix system and lead to the earlier breakthrough of N2,
which would increase the industrial cost of N2 and CH4 sep-
aration in the N2-ECBM process. On the other hand, if the
N2 injection pressure was too low, it was not conducive to
gas injection and migration. Considered comprehensively,
it was more appropriate to choose a bottom-hole injection
pressure of 10MPa.

4.6. Scheme Optimization. As mentioned above, the injection
of N2 reduced the partial pressure and concentration of
methane in the fracture system, caused desorption of meth-
ane on the coal surface and contraction of the coal matrix
[45, 46], promoted the exploitation of methane, and
improved the recovery of CBM. Therefore, according to
the above summary, the production parameters of N2 injec-
tion optimization scheme were designed as follows: the pro-
duction injection well spacing was 180m, the injection
timing was two years after gas production, the injection
duration was 7 years, the injection rate was 5000m3/d, and
the bottom-hole injection pressure was 10MPa. The simula-
tion results are shown in Figure 7.

Figure 7 demonstrates that, compared with the case of
no nitrogen displacement production, the average gas rate,
daily gas peak value, and cumulative gas rate increased sig-
nificantly when nitrogen injection displacement production
was implemented under the proposed scheme. The cumula-
tive gas rate per single well in 15 years was 7:07 × 106 m3,
increasing by 22.1%, the peak gas rate was 2011.44m3/d,
increasing by 35.3%, and the average gas rate was
1291.27m3/d, increasing by 9.6%. The cumulative gas rate
of the four production wells was 28:29 × 106 m3, I was
18.34%, R was 0.5, and recovery factor was 48.95%. Com-
pared with the case with no displacement, the cumulative
gas rate net was increased by 5:11 × 106 m3, and the recovery
factor was increased by 8.88%. The simulation results were
well verified in the physical experiment [47].

5. Conclusion

In this study, an N2-ECBM numerical model was established
to study the effects of various N2 injection parameters on the
production of CBM, and the values of I and of R were estab-
lished to optimize the N2 injection parameters. The follow-
ing conclusions were drawn:

(1) The stimulation effect of N2 displacement is related
to the production injection well spacing, injection
timing, injection duration, injection rate, and the
bottom-hole injection pressure. Among them, the
production injection well spacing has the greatest
influence on methane cumulative gas rate, followed
by injection duration and the bottom-hole injection
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pressure, while injection timing and injection rate
have relatively little effect

(2) In the process of displacement, N2 injection can sig-
nificantly improve the gas production of CBM. The
gas production of production wells increases rapidly
in the early stage, reaches its peak value, and then
decreases. At the end of N2 injection, the gas rate
decreases greatly and then decreases steadily in the
later stage

(3) With the increase of the production injection well
spacing, the production increasing rate and nitrogen
replacement ratio of coal reservoir increase. How-
ever, with a delay to the timing of the gas injection,
the replacement ratio of nitrogen injection in a coal
reservoir decreases, and the rate of production first
increases and then decreases. Injection duration,
injection rate, and the bottom-hole injection pres-
sure have similar controlling effects on N2-ECBM,
manifest as an increased rate of production and a
decrease in the nitrogen replacement ratio

(4) The best nitrogen injection scheme is as follows: the
production injection well spacing should be 180m,
the injection should occur in the second year after
gas production, the injection duration should be 7
years, the injection rate should be 5000m3/d, and
the bottom-hole injection pressure should be
10MPa. Under these conditions, the cumulative gas
rate of four production wells is 28:29 × 106 m3,
which is 5:11 × 106 m3 greater than that without
nitrogen displacement, the recovery rate is 48.96%,
and the net increase therein is 8.88%.
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Groundwater distribution influenced by mining activities is hard to be tracked due to the lack of accurate and real-time
monitoring data. To address the groundwater dynamic change data under the mining conditions of open-pit coal mines, a
three-dimensional automatic observation network of groundwater was constructed, and this observation network takes open-
pit as the center, showing a radioactive distribution, based on hydrogeological conditions, and observes different aquifers. The
data was analyzed by integrating hydrology, mining activity, and meteorological data. Analytic hierarchy process was adopted
to reveal the underground disturbance influencing factors, and suggestions for groundwater protection were given. The results
show that the dynamic variations of the groundwater with time can be divided into 3 types (precipitation affected, unaffected
type, and mining affected types). The drainage operation during the open-pit mining triggered the drop of groundwater level,
resulting in a cone of depression. The maximum drawdown of the central groundwater level was 60m. And the disturbance
mainly occurred in the mining area where the maximum groundwater disturbance radius was 8 km. Artificial drainage was the
main disturbance factor of groundwater, and the range of groundwater level drop within the disturbance radius was closely
related to the distance from the open-pit coal mine and the drainage volume. The closer the distance to the mines and the
higher the drainage volume led to the deeper the groundwater level drop. This study shows the importance of the three-
dimensional observation network of groundwater and provides a good reference for groundwater resources protection and
ecological restoration in open-pit coal mines.

1. Introduction

China is highly rely on the coal, and the proportion of coal
in the energy structure will be continuously high [1]. For
effective coal production, open-pit coal mining is adopted
for their high recovery rate and high safety coefficient [2].
Open-pit coal mining can bring great economic benefits to
the mining area; however, it may also induce ecological envi-
ronment issues, especially in arid and semiarid mining areas

[3–9]. Hailaer Basin is an arid and semiarid area, which con-
tains rich coal resources. It is an important base for the inte-
grated development of coal and electricity in China [10]. The
carrying capacity of groundwater resources is extremely lim-
ited, and the contradiction between groundwater protection
and coal development is particularly prominent, especially
in opencast coal mines located in grassland areas. Therefore,
it is of great significance to study the impact of mining activ-
ities on groundwater in arid and semiarid regions.
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Open-pit coal mining groundwater drainage can cause
groundwater disturbance [9, 11–14], and the existing articles
on groundwater in open-pit mines mainly focus on the predic-
tion of groundwater inflow [2, 14–17], groundwater as a
disaster-causing factor for the safety evaluation of open-pit
mine slopes [18–22], groundwater chemistry [5, 6, 23], and
ecological evaluation [3, 4, 23, 24]. There are many articles
on the change and prediction of groundwater inflow caused
by open-pit mining from the perspective of numerical simula-
tion, such as Soni and Manwatkar [16] used the modflow
model to simulate and predict the groundwater inflow and

groundwater flow field changes in an open-pit coal mine in
India under different mining conditions. Xue et al. [17] used
a mining geological model to calculate the groundwater
impact under different precipitation levels in the Zhuanlong-
wan mining area, Inner Mongolia. Zhao et al. [2] used the sur-
fact model to assess the groundwater impact of an opencast
coal mine in New South Wales and predicted the inflow of
groundwater into the mining area during the entire project
mining cycle. Ró˙zkowski et al. [14] used numerical calcula-
tion and simulation of groundwater inflow in open-pit mines
to formulate a reasonable drainage scheme. Haque et al. [9]
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assess the vulnerability of groundwater due to open-pit coal
mining using a drastic model. In terms of slope safety, Islam
et al. [22] used the femmodel to study the stress redistribution
caused by mining and the impact of groundwater influx on
slope safety. In the chemical change of groundwater in open-
pit coal mines, Dong et al. [23] through the groundwater sys-
tem evolutions in mining area before and after the mining
actions of Yimin open-pit coal mine, the interactions between
groundwater chemical and its environment was investigated.
In the field of groundwater monitoring in open-pit coal min-
ing areas, through long-term monitoring and analysis of the
mining area in Riyadh, Saudi Arabia, Yihdego and Drury
[15] found that open-pit mining activities in arid areas
resulted in a significant drop in groundwater level. Existing
articles on groundwater dynamic observation and data analy-
sis mainly focus on urban groundwater source areas [11, 12,
25–28] and underground coal mining area [29–36], there are
few articles about the spatial and temporal distribution charac-

teristics of groundwater, disturbance range, and factors under
the condition of high-intensity mining in open-pit coal mines,
and the distribution of the diving ecological groundwater level
needs to be further studied.

Long-term drainage of groundwater in open-pit coal
mining will lead to changes in groundwater flow near the
stope [18, 23] and formed groundwater drawdown funnels
in the mining pits [13, 15, 29, 37]. Through long-term obser-
vation of groundwater, the influence of open-pit coal mining
on groundwater can be studied [11], which is helpful for
groundwater management and protection [11, 12, 38–45].
Long-term observation of open-pit groundwater in arid
areas generally shows a downward trend in groundwater
level [15, 46]. At present, the observation of groundwater
in an open-pit coal mine is mainly based on manual obser-
vation, which is time-consuming, labor-consuming, and
error-prone [47]. In the cold and arid area, it is difficult to
monitor groundwater due to low temperature in the autumn
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and winter. The research on the spatial and temporal distri-
bution characteristics of groundwater under high-intensity
mining conditions in cold areas has not been systematically
studied. In this paper, through the establishment of a remote

three-dimensional observation network of groundwater, the
automatic monitoring of groundwater level and temperature
and the spatial and temporal distribution of groundwater
under high-intensity mining are revealed in Inner Mongolia.
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The groundwater disturbance factors are discussed, and the
targeted groundwater protection measures are proposed.
The result can be of significance for groundwater resources
protection and ecological restoration of open-pit coal mines
in cold regions.

2. Geological Setting and Coal Mining Activities

The Baorixile open-pit mine (annual output of 35 million
tons raw coal) is located in Baorixile town (Figure 1) where
it is cold in winter, with the lowest temperature at -47°C and
the annual average temperature at -1.9°C. The mining area
contains 30 km longitudinally and 10 km latitudinally with
a 300 km2 mining area. The hydrogeological unit thereby
covers about 80 km long from east to west, about 25 km wide
from north to south, with an area of about 2000 km2.

The topography of the study area is high in the east and
low in the west, with an altitude ranging between 600 and
750m. The Hailar River in the south is the main river in this
area, and the Dongdagou River in the east flows into the
Hailar River from north to south. The Mergel River runs
from north to west and flows into the Hailar River in the
west.

The mining area belongs to an arid and semiarid climate
with less precipitation and large evaporation. The annual
precipitation from 1980 to 2018 is 124.5–619.1mm
(Figure 2), and the average precipitation is 352.3mm. The
precipitation mainly occur in July and August. With global
warming and gradual drought, the precipitation in the area
is decreasing year by year. From 1980 to 2018, the evapora-

tion range was 996.9–1582.7mm, and the average evapora-
tion was 1205.9mm, showing an increasing trend year by
year. Evaporation is greater than precipitation, which will
reduce surface water to some extent.

The main strata of the mining area are Cretaceous (K)
and Quaternary (Q), and the coal-bearing strata are the Cre-
taceous Damoguaihe formation (K1d). There are three main
mineable coal layers, which are named no. I, no. II, and no.
III coal seams from top to bottom. At present, the main coal
seam of the Baorixile open-pit coal mine is no. I. The aqui-
fers are mainly Quaternary phreatic aquifer and Cretaceous
coal bearing rock confined aquifer (Figure 3). The lithology
of the Quaternary phreatic aquifer is mainly gravels, and
the lithology of the Cretaceous confined aquifer is mainly
composed of coal seam with developed fractures, roof, and
floor conglomerate and sandstone, which are named coal-
bearing aquifer no. I, coal-bearing aquifer no. II, and coal-
bearing aquifer no. III from top to bottom. The lithology
of the impermeable layer is mainly mudstone and siltstone.

Since the commissioning of the Baorixile mining area in
2001, at first, due to the high groundwater abundance of coal
bearing formation, the initial value of artificial drainage of
groundwater is relatively large, and the coal production is
low. With the continuous groundwater drainage operation,
the drainage amount increases first and then decreases. After
the completion of the drainage of the static groundwater
reserves, the drainage is mainly dynamic reserves, and the
drainage amount reaches relatively stable. The coal produc-
tion gradually increases and then tends to be relatively sta-
ble. Raw coal production was inversely proportional to
drainage volume (Figure 4).

3. Methodology

3.1. Groundwater Data Acquisition Method. Groundwater
data collection is divided into automatic acquisition and
manual acquisition. The groundwater level acquisition
method in the study area has been used for irregular artificial
observation of groundwater before the construction of an
automatic observation network. The error is large, and the
observation well is few. The cold weather in winter brings
difficulties to the artificial long-term observation of ground-
water. In order to realize the automatic collection of ground-
water data, the three-dimensional automatic observation
network of groundwater is designed firstly. This observation
network takes the open-pit stope as the center, showing a
radioactive distribution, based on hydrogeological condi-
tions, and observes different aquifers. The confined ground-
water in the Quaternary phreatic layer and the aquifer layer
of coal no. I is observed hierarchically, and the long-term
monitoring of groundwater in different directions and aqui-
fers is realized.

Groundwater observation network in the Baorixile open-
pit mine is shown in Figure 5. The observation network is
centered on an open-pit mine, and 20 hydrological bore-
holes are arranged on the plane (Table 1), including 11 Qua-
ternary aquifer observation wells and 9 coal no. I bearing
aquifer observation wells. After the completion of each
hydrological observation hole, the construction of a

Table 1: Layout parameters of groundwater automatic observation
network.

Aquifer Well
Equipment
depth (m)

Distance from open-
pit mine (m)

Quaternary
groundwater aquifer

Q2 38.67 11000

Q3 32.28 7000

Q5 48.39 4000

Q6 30.42 9000

Q7 22.43 13000

Q8 32.28 8000

Q9 29.62 6000

Q10 46.94 4000

Q11 59.96 4000

Q12 48.49 7000

Q13 35.51 8000

Coal groundwater
aquifer

M1 30.47 14000

M2 50.80 10000

M3 120.00 4000

M4 140.00 3000

M5 60.02 5000

M6 59.68 8000

M7 30.23 11000

M8 28.74 8000

M9 108.00 3000

5Geofluids



groundwater automatic monitoring well is carried out. The
automatic monitoring equipment for groundwater cold
resistance (Figure 6) is installed in each observation well.
The acquisition and transmission time of groundwater
parameters (groundwater level and groundwater tempera-
ture double parameters) is set. The groundwater data is col-

lected every 12 hours and transmitted to the Aliyun server
through the internet of things wireless network. The ground-
water level data is viewed and downloaded online through
the remote monitoring system. This project has been com-
pleted in November 2019. The automatic acquisition, wire-
less transmission, and online remote monitoring of

(a) (b)

(c) (d)

(e)

Figure 6: Groundwater automatic observation network construction process pictures. (a) Workers are observing the groundwater level of
herdsmen’s wells. (b) Workers are drilling hydrogeological boreholes. (c) Workers are installing automatic groundwater level observation
equipment. (d) Workers are calibrating parameters of automatic groundwater level observation equipment. (e) This is the client interface
of the automatic groundwater observation system.
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groundwater data (groundwater level and groundwater tem-
perature) under high-intensity mining conditions of open-
pit coal mines in cold regions are accomplished.

3.2. Weight Analysis Method of Groundwater Disturbance
Factors. Determining the weight of groundwater disturbance
factors can help to develop targeted groundwater protection
measures [48], this paper uses the analytic hierarchy process
(AHP) [49, 50] qualitatively and quantitatively evaluated the
index weight [51]. The target was divided into several levels,
the factors in each level were compared in pairs to obtain the
relative comparison value of any two factors, and then the
judgment matrix at each level was constructed. The maxi-
mum eigenvalues and corresponding eigenvectors of the
judgment matrix at each level are calculated, and the ratio-
nality of the element value of the judgment matrix is verified
by the consistency test results of the judgment matrix.
Finally, the weight value of each factor in the judgment
matrix relative to all factors in the corresponding level is
obtained after normalization.

3.2.1. Construction of Judgment Matrix. When using AHP
analysis, it is necessary to establish a judgment matrix for
the same level of indicators by pairwise comparison. The
level W contains events W1,W2,⋯,Wn. The expression of
judgment matrix is

W = W1,W2,⋯,Wn½ �, ð1Þ

Wi = Wi1,Wi2,⋯,Wij,⋯,W in
� �

: ð2Þ

Among them,Wij is the relative importance ofWi toWj

, which is usually expressed by the natural number 1–9 and
its reciprocal. The larger the value, the higher the impor-
tance of Wi to Wj. The scale and meaning of the judgment
matrix are shown in Table 2.

3.2.2. Calculate the Sum of Feature Vectors and the
Corresponding Feature Roots. According to the constructed
judgment matrix, the feature vector and feature root are

obtained, and the judgment matrix is normalized:

Wij =
Wij

∑m
k=1Wij

i, j = 1, 2, 3,⋯,mð Þ: ð3Þ

The normalized judgment matrix is added by rows to
obtain Uij:

Uij = 〠
m

j=1
Wij i, j = 1, 2, 3,⋯,mð Þ: ð4Þ

Calculating the maximum eigenvalue of judgment
matrix λmax:

λmax =
1
m
〠
m

j=1

∑m
j=1WijU j

U j
: ð5Þ

3.2.3. Consistency Testing. Consistency test for constructed
judgment matrix. Consistency indicators:

CI = λ − n
n − 1 : ð6Þ

The random indicators RI are shown in Table 3.
Define consistency ratios:

CR = CI
RI : ð7Þ

Usually, CR < 0:1 passes the consistency test.

4. Results

4.1. Distribution of Groundwater Flow Field under Mining
Conditions. In order to study the spatial distribution charac-
teristics of groundwater, we draw the groundwater flow field
diagram according to the monitoring data of groundwater
level in 2020. It can be seen from the groundwater contour
map (Figure 7) of the Quaternary phreatic aquifer that the
flow direction of groundwater in the Quaternary aquifer is
generally northeast to southwest. In the mining area, the
contour density increases, the hydraulic gradient increases,
and the groundwater level decreases significantly, forming
a groundwater drawdown funnel, and the central groundwa-
ter level is 570m. It can be seen from the groundwater

Table 2: Judgement matrix scale and its meaning.

Scale Implication

1 Comparing the two factors, they have the same importance.

3 Comparing two factors, the former is slightly more important than the latter.

5 Comparing the two factors, the former is more important than the latter.

7 Comparing two factors, the former is more important than the latter.

9 Comparing two factors, the former is more important than the latter.

2, 4, 6, 8 Represents the intermediate value of the above judgment

Reciprocal The scale of factor i versus j is the reciprocal of the scale of factor j versus i

Table 3: Random indicators RI.

n 1 2 3 4 5 6 7 8

RI 0 0 0.58 0.90 1.12 1.24 1.32 1.41
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contour map of aquifer I (Figure 8) that the flow direction of
groundwater is generally similar to that of the Quaternary
phreatic aquifer, and runoff flows from northeast to south-
west. In the mining area, the closer to the pit, the greater
the contour density, forming a groundwater drawdown fun-
nel, the central groundwater level is 535m.

4.2. Variation of Groundwater Flow Field before and after
Mining. In order to study the characteristics of groundwater
disturbance after coal mining, the groundwater level data of
the coal-bearing seam before coal mining in 1985 were col-
lected. At that time, the coal mine had not been developed,
and the flow field was mainly controlled by topography.
The groundwater level data can be used as the initial value
of the groundwater level. From the contour map of the
groundwater flow field before coal mining (Figure 9), the
groundwater flow east to west as a whole, and the groundwa-
ter elevation in the mining area is 595–620m.

After interpolation of groundwater level data in Figures 8
and 9, the contour map of drawdown (Figure 10) can be
obtained. From the diagram, it can be seen that the maximum
drawdown of groundwater level in the mining area is about
60m. Through measurement, the influence radius and range
of groundwater disturbance in open-pit coal mining can be
obtained (Table 4). The maximum influence radius is about
8km, and the maximum influence area is about 200km2. The

mining affected type mainly occurs in the mining area, and
the maximum influence area accounts for about 66.7% of the
mining area and 10% of the research area.

4.3. Temporal Variation of Groundwater Level. According to
the groundwater level data of groundwater automatic moni-
toring network in 2020, the variation curve is plotted. Com-
bined with the fluctuation of the groundwater level curve
and the variation of precipitation and drainage, the variation
curve of the groundwater level can be divided into precipita-
tion affected type, unaffected type, and mining affected type.

4.3.1. Precipitation Affected Type. This type is revealed by the
observation wells of Q11, Q13, and M2. The fluctuation of
the groundwater level curve of observation wells changes
with the change of precipitation (Figure 11). The groundwa-
ter level increases after the increase of precipitation and
decreases after the decrease of precipitation. The peak value
of groundwater level lags slightly behind the peak value of
precipitation and is less affected by drainage. It is mainly dis-
tributed in the area far from the open pit coal mining pit,
deep aquifer burial, and good precipitation infiltration
conditions.

4.3.2. Unaffected Type. This type is revealed by the observa-
tion wells of Q2, Q8, Q9, Q12, and M7. The fluctuation of
groundwater level curve of observation wells is gentle
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(Figure 12), which is basically not affected by drainage and
precipitation changes. It is mainly distributed in areas far
from open pit coal mining, good groundwater runoff condi-
tions, and deep aquifer burial.

4.3.3. Mining Affected Type. This type is revealed by the
observation wells of Q3, Q5, Q6, Q7, Q10, M1, M3, M4,
M5, M6, M8, and M9. The fluctuation of groundwater
level curve of observation wells is greatly affected by drain-
age (Figure 13). When the precipitation increases, the
groundwater level does not increase but decreases. When
the drainage amount is greater than the supply amount,
the groundwater level shows a gradual downward trend,
and the groundwater level dynamic shows a typical con-

sumption type, which is mainly distributed in the area
near the open-pit coal mining area.

4.4. Spatial Variation of Groundwater before and after Coal
Mining. Before open-pit coal mining, the groundwater flow
field was mainly controlled by topography. The distribution
of groundwater was basically consistent with the topogra-
phy, and the groundwater flow field generally flowed from
northeast to southwest.

After the open-pit coal mining, the overburden and rock
layers on the coal seam were completely stripped, resulting
in the destruction of the aquifer above the coal measure
strata, which changed the running state of the groundwater.
And under the action of gravity, the mining pits became the
new groundwater catchment center, and the open-pit coal
mine drainage became the main factor controlling the
groundwater flow field. The drainage of open-pit coal mines
is a dynamic and continuous process. With the continuous
drainage of aquifers, the groundwater level continues to
drop, forming a groundwater depression cone with the min-
ing pit as the center. In the groundwater cone area, the flows
of groundwater are changed from the horizontal direction to
the vertical, increasing both the hydraulic gradient and the
groundwater velocity. The groundwater disturbance factor
is mainly the influence of artificial drainage, followed by pre-
cipitation evaporation. When the drainage groundwater and
precipitation evaporation are consistent, the groundwater
disturbance at different locations is also affected by the dis-
tance between observation wells and mining pits, recharge
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Figure 10: Contour map of groundwater in coal seam confined aquifer after open pit mining in 2020.

Table 4: Radius and range of groundwater disturbance after open
pit mining.

Groundwater drawdown
(m)

Influence radius
(km)

Influence area
(km2)

5 4.0-8.0 50-200

10 3.5-7.5 38-176

20 3.5-7.0 38-153

30 3.0-6.0 28-113

40 2.5-3.5 20-39

50 2.0-2.5 12-20

60 1.5-2.0 7-12
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runoff conditions, aquifer buried depth, and landform fac-
tors. With the expansion in the scale of open-pit coal mining
and the nonstop advancement of the stope, the outflow of
groundwater increases continuously, the groundwater level
drops, and the cone of depression becomes larger. When
the static reserves of groundwater in the open-pit coal min-
ing area are drained to reach the dynamic reserves, the
groundwater depression cone also reaches a dynamic equi-
librium, and the groundwater flow field is mainly deter-
mined by the topography and the open-pit coal mine
drainage combined, instead of being determined solely by
the topography.

5. Discussion

5.1. Groundwater Disturbance Influencing Factors after Coal
Mining. In the process of open-pit mining, the load above
the coal seam in the mining area will be completely stripped,
the aquifer above the coal series will be drained, and an open
funnel area will be formed. The groundwater discharge of
the aquifer in the mining area changes from the original nat-
ural runoff discharge along the dip direction of the strata to
the drainage mode dominated by drainage and artificial dis-
charge. Due to the destruction of the natural recharge, run-
off, and discharge conditions of the groundwater in the
region, the groundwater recharge in the downstream area
is reduced, and the groundwater resources are reduced.
The destruction of groundwater resources during open-pit
mining is mainly caused by the drainage of groundwater
caused by coal mining, which leads to the loss of regional
groundwater resources. Drainage volume and precipitation
are the direct factors that cause groundwater level
fluctuation.

5.1.1. Drainage Volume. In order to study the relationship
between drainage volume and groundwater level, taking
M5 observation station as an example, the plot of average
groundwater level from January to December 2020 and the
corresponding monthly drainage volume are drawn. The
correlation diagram between the two was established
(Figure 14). It can be seen from the diagram that with the
increase of drainage, the groundwater level decreases, the
decline is large, and the trend is obvious. There is a negative
correlation between the two, and R2 value is 0.9316. It indi-
cates that a large amount of groundwater drainage is an
important reason for groundwater level decline.

5.1.2. Precipitation. Precipitation is an important source of
groundwater recharge, and its seasonal and interannual var-
iations have important driving significance for the dynamic
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Figure 11: Characteristics of temporal dynamic change curve of precipitation-affected groundwater level (M2).

0 2 4 6 8 10 12
592.0

592.5

593.0

593.5

594.0

M
7 

gr
ou

nd
w

at
er

 le
ve

l (
m

)

Time (Month)

M7 groundwater level

Figure 12: Characteristics of time series dynamic change curve of
unaffected groundwater level (M7).

11Geofluids



0 2 4 6 8 10 12
90

95

100

105

110

115

120

A
rt

ifi
ci

al
 ex

tr
ac

tio
n 

of
 g

ro
un

dw
at

er
 (×

10
4  m

3 )

Time (Month)

Artificial extraction of groundwater

572.5

573.0

573.5

574.0

574.5

575.0

575.5

M
5 

gr
ou

nd
w

at
er

 le
ve

l (
m

)

Figure 13: Time series dynamic curve characteristics of mining-affected groundwater level (M5).

y = –0.0176x3 + 30.697x2 – 17828x + 3×106

R2 = 0.9316

3.3

3.4

3.5

3.6

3.7

3.8

3.9

573.4 573.6 573.8 574.0 574.2 574.4 574.6 574.8 575.0 575.2

M5 groundwater level (m)

A
rt

ifi
ci

al
 ex

tr
ac

tio
n 

of
 g

ro
un

dw
at

er
(×

10
4 m

3 /
d)

Figure 14: Correlation curve between groundwater level of M5 observation well and drainage volume of coal mine (January–December
2020).

y = 1558.4x2 – 2×106x + 6×108

R2 = 0.5666

0

10

20

30

40

50

60

70

80

600.35 600.4 600.45 600.5 600.55 600.6 600.65

Pr
ec

ip
ita

tio
n 

(m
m

)

M2 groundwater level (m)

Figure 15: Correlation curve between groundwater level and precipitation in M2 observation well (January–December 2020).

12 Geofluids



change of groundwater in the region. Groundwater recharge
is directly related to the amount of local precipitation. Pre-
cipitation in open-pit mining area is directly converted into
water accumulation in mining area. In order to further ana-
lyze the variation of groundwater level with precipitation,
the groundwater level from January to December in 2020
was used as the abscissa, and the corresponding monthly
precipitation was used as the ordinate. The correlation dia-
gram between the two was established (Figure 15), from
the diagram, it can be seen that with the increase of precip-
itation, the groundwater level increased, and the groundwa-
ter level decreased after the decrease of precipitation, they
were shown to be positively correlated, and the R2 value
reached 0.5666.

5.1.3. Other Influencing Factors. In a certain period of drain-
age and precipitation, the groundwater level at different

locations is disturbed differently. In order to study the rela-
tionship between groundwater drawdown and pit distance,
the groundwater level drawdown of M1, M2, M3, M4, M5,
M6, and M7 observation wells is used as the abscissa, and
the distance from the pit is used as the ordinate. The corre-
lation diagram between the two is established (Figure 16). It
can be seen from the figure that the closer to the open-pit
coal mine, the greater the decline of groundwater level in
the observation well. The decline of groundwater level is
negatively correlated with the distance to the open-pit mine,
and the R2 value reaches 0.942. It indicates that drainage is
an important factor affecting groundwater resources. The
closer to the mining pit, the greater the amount of artificial
drainage is, and the greater the disturbance is. The drainage
effect of mining pit has different degrees of influence on
groundwater resources in different distribution areas, and
the magnitude of this influence is inversely proportional to

y = –0.0122x4 + 1.3508x3 – 44.266x2 + 174.7x + 13364
R2 = 0.942 
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Figure 16: Correlation curve between groundwater level drop of observation well and open-pit mine distance.
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the distance from the coal mining area, that is, the closer to
the open-pit coal mine, the greater the influence of coal min-
ing on groundwater resources.

In addition to drainage volume, precipitation, and obser-
vation well location, groundwater disturbance is also affected
by other secondary factors such as topography, aquifer
depth, and recharge runoff conditions: The lower the terrain
is, the more groundwater will be collected, and the more
groundwater will be lost after dredging. The shallower the
aquifer is, the more easily it will be disturbed. The location
with more groundwater recharge and less discharge will be
more likely to be disturbed after dredging and drainage.
The discharge volume increases, and the groundwater dis-
turbance degree increases.

5.2. Quantitative Analysis of Groundwater
Disturbance Factors

5.2.1. Different Influencing Factors Classification. Combined
with mining conditions, six factors, namely, artificial drain-
age (A), precipitation (B), landform (C), distance from min-
ing pit (D), aquifer burial depth (E), and recharge-runoff
condition (F), were determined to classify the target layer
hierarchically (Figure 17).

5.2.2. Different Influencing Factors Weight. Random consis-
tency ratio CR = 0 < 0:1 (Tables 5, 6, and 7). It shows that
the judgment matrix is consistent and does not need to
adjust the element value of the judgment matrix.

The analytic hierarchy process (AHP) was used to ana-
lyze the influencing factors of each disturbance, and the
weight value of each influencing factor in different mining
periods (Table 8) was determined. The calculation results
show that the artificial drainage weight is 0.5625, which is
the main factor, followed by the distance from the mining
pit, the weight is 0.1875, the influence weight of precipita-
tion, recharge runoff conditions, aquifer depth, and topogra-
phy are 0.125, 0.075, 0.025, and 0.025.

5.3. Suggestions on Groundwater Protection in High-Strength
Mining Area. According to the characteristics of groundwa-
ter disturbance factors and the results of influence weight
analysis, artificial drainage is the main factor. Precipita-
tion-evaporation, topography, distance from mining pit,
and recharge runoff conditions are secondary factors and
objective natural factors. With the climate drought, the
decrease of precipitation, and the increase of evaporation,
the groundwater level decreased to some extent. By reducing
the drainage capacity of groundwater and improving the uti-
lization rate of drainage are the main measure to reduce the
disturbance of groundwater in mining area. The excessive
drainage of groundwater in mining area can be reduced by
stopping drainage vertical wells. After the groundwater
gushing from the mining pit is treated as the production
and living water for recycling, the abundant water is stored
in the underground reservoir constructed under the dump
and the ground reservoir after the ecological restoration of
the waste land on the dump for standby. These water saving
measures have important practical significance for the pro-
tection of groundwater in the high-intensity mining of
open-pit coal mines and are beneficial to the coordinated
development of green mining of open-pit coal mines and
the sustainable utilization of groundwater.

6. Conclusions

To address the groundwater dynamic change data under the
mining conditions of open-pit coal mines, a three-
dimensional automatic observation network of groundwater
was constructed to obtain long-term dynamics, with the var-
iation of groundwater flow field under the mining condi-
tions can be compared and analysed, the conclusions
obtained are as follows:

(1) The maximum drawdown in the study area was
about 60m and the maximum influence radius of
about 8 km. The maximum influence range
accounted for about 66.7% of the mining area and
about 10% of the hydrological unit area

(2) Apart from mining influenced groundwater varia-
tion curves, the precipitation influenced and unaf-
fected groundwater were also recognized. Both of
which are distributed in the mining area and beyond,
accounting for 33.3% of the mining area. The

Table 7: Pair-wise comparison judgment matrix B2-C3-6.

B2 C3 C4 C5 C6 Weight

C3 1 5 5 5/3 0. 5

C4 1/5 1 1 1/3 0.1

C5 1/5 1 1 1/3 0.1

C6 3/5 3 3 1 0.3

Table 8: Standard weight of all factors.

Goal A Weight B Weight C Weight

A

B1
C1 0.5625

C2 0.1875

B2

C3 0.1250

C4 0.0250

C5 0.0250

C6 0.0750

Table 5: Pair-wise comparison judgment matrix A-B1-2.

A B1 B2 Weight

B1 1 3 0.75

B2 1/3 1 0.25

Table 6: Pair-wise comparison judgment matrix B1-C1-2.

B1 C1 C2 Weight

C1 1 3 0.75

C2 1/3 1 0.25
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precipitation affected type was mainly distributed
upstream of the mining area, and the precipitation
infiltration conditions were good. The unaffected
type was mainly distributed in the north and south
of the mining area, far from the mining pit, and
the aquifer is deeply buried

(3) The groundwater was influenced by topography and
precipitation before coal mining, of which topogra-
phy was the most important. After mining, artificial
drainage and precipitation were the key factors.
Thus, groundwater recycling and protection should
be conducted during mining activities
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Radial jet drilling (RJD) is applied to low-permeability and unconventional natural gas. A self-propelled bit chiefly affects the
borehole length and drilling efficiency. Herein, for a straight-swirling mixed jet (SSMJ) bit, a prediction model of the drilling
extension limit LEL was established by analysing the forces and pressure loss of RJD system. LEL of a specific project was
calculated and the pressure loss and forces distribution were obtained. Additionally, the influence laws of the main factors on
LEL were studied using the established model. The results indicated that the high-pressure hose contributes the main system
pressure loss, and the recoil force of backward nozzles is the sole driving force of RJD. The recoil force of forward nozzle and
friction between the hose and borehole constitute the main resistances. Increasing the pump pressure pb, backward nozzle
diameter db, and jet diffusion angle θx and reducing forward nozzle diameter df , impeller central hole diameter dm, and
backward nozzle inclination angle θb are conducive to improving LEL. However, larger pb and db increase the hydraulic
consumption, besides larger θx or smaller df , and dm will reduce the rock-breaking capability. From a sensitivity analysis, pb
and dm have the maximum and minimum influence on LEL, respectively. Finally, prediction value LEL of an oil well in Eastern
Sichuan can be up to 63.7m. The results provide a guidance for the hydraulic parameters and key component selection,
additionally bit structure optimization of RJD.

1. Introduction

China is rich in unconventional natural gas resources of
coalbed methane (CBM) and shale gas, etc. [1]. Of these,
the total CBM resources in China that are within 2000m
from the ground are estimated to be 36.81 trillion cubic
meters [2, 3]. Most of the production wells are located in
the southern Qinshui Basin and eastern Ordos Basin [4, 5].
Radial jet drilling (RJD) technology was imposed in the
1980s [6]. The use of RJD to exploit low-permeability oil-
gas reservoirs, CBM, and shale gas is a hot topic and an
important direction for the development of oil-gas resource
drilling [7–10]. A RJD technique utilizes hydraulic energy
to create several lateral holes in different directions and
levels with several different lengths. These lateral holes are
made by milling the casing with a small bit and then extend-
ing these holes laterally using high-pressure hydraulic jet-
ting, which can improve the recovery of oil and gas with
lower cost [11]. In 2011, Petrobel Company drilled five

50m radial wells and one 90m well at two stratums at
No.1 well in Belayin Oil Field [12]. The successful applica-
tion of RJD in the world reflects its promising future.

Predicting the extension limit of the RJD can optimize
the layout of boreholes, and it is significant to improve their
output. To date, some authors researched the main factors
influencing the extension limit, such as the self-propelled
force of the bit and system pressure loss. Buset et al.
researched the self-propelled force of multiple nozzle jet bits
of a RJD system [13]; Ma et al. established a calculation
model of pressure loss for RJD system by analysing the pres-
sure loss of a coiled tube and high-pressure hose [14]; Zhang
et al. designed a jet radial horizontal drilling simulation
experiment system of the casing windowing and evaluated
the self-propelled force of a multiorifice nozzle [15].

A self-propelled bit, the “core” of RJD, chiefly affects the
borehole length and drilling efficiency. RJD technology
changes the direction from a vertical to horizontal direction
using a diverter [15]. The turning radius of the interior trail
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within the diverter is small, which limits the dimension of
the bit. Therefore, only a simple structure can be selected
in the design of bit. Research [16–19] indicated that the jets
used for drilling can be divided into three main types:
straight, swirling, and a combination thereof. Li et al.
researched sandstone-breaking characteristics by experi-
ment and studied the influence of working conditions of
lithology, axis length, jet pressure, and standoff distance
[20]. Liu et al. adopted the FLUENT combined with RNG
turbulence model to analyze the multinozzle jet flow field
and study the effects of inclination angle of forward nozzles
and standoff distance [21]. Du et al. researched the damage
characteristics of straight jet, swirling jet, and SSMJ and then
obtained the velocity fields of the three jets by 3DPIV [22].
Overall, a straight jet can drill a deep hole, yet the diameter
is smaller because the energy of the jet is more centralized. A
swirling jet can be used to drill a larger diameter hole, but it
has a boss at the centre owing to the central low-velocity
zone of the jet. A combination of a dual-jet nozzle or an
SSMJ nozzle can combine the advantages of both a straight
jet and swirling jet [23–25]. Few articles have been published
on the research on predicting the extension limit of an SSMJ
and its influential factors.

With an SSMJ as the research objective, this study estab-
lished a model to predict the extension limit of a RJD system
by analysing the distributions of force and pressure loss.
Thereafter, the drilling extension limit of a specific project
was calculated and the pressure loss and forces were
obtained. Finally, the influence laws of the main parameters
(pump pressure, diameter of the forward nozzle and back-
ward nozzles, diffusion angle of the jet, inclination angle of
the backward nozzle, etc.) on the extension limit were stud-
ied using the established prediction model; additionally, the
influence degree of parameters was investigated. We con-
ducted these studies in an attempt to provide a guidance
for the construction parameter selection of the RJD.

2. Mathematical Model

During drilling, the horizontal section of the RJD system has
a self-propelled force of the bit (Fp), the pressure of an exter-

nal fluid on the bit (Fo), friction between the diverter and
high-pressure hose (Frz), friction between the borehole and
high-pressure hose (Frk), and friction between the borehole
and bit (Fxk), as shown in Figure 1. Owing to the lower flow
rate of the system and the use of a pure water jet during
operation, the viscosity is low, and the viscous resistance of
the fluid in the borehole to the hose is also small, which
can be ignored. The resultant force F on the RJD system is
expressed as

F = Fp − Fo − Frz − Frk − Fxk: ð1Þ

2.1. Self-Propelled Force of the Bit. An SSMJ bit composes of
a body and an impeller with a central hole and several slots
(Figure 1). Its basic operating principle is as follows: the fluid
flows into the mixing chamber through the central hole and
slots of the impeller, generating a low-speed, straight-
swirling flow. An SSMJ with a high axial velocity and periph-
eral rotational intensity is then created successively under
the pressurization of the nozzle outlet, and the extended sec-
tion ensures a specific target distance when breaking rock. In
addition, the jets created by the backward nozzles can push
the bit and high-pressure hose forward. A straight jet has
only a one-dimensional velocity; however, for a swirling
jet, the trajectory is approximately a helix, and the velocity
of any particle is a space vector, its axial velocity u is parallel
to the jet axis, and its radial and tangential velocities v and w
are perpendicular to the jet axis [26, 27]. When the system is
operating, the forces of the bit include the recoil force of the
backward nozzles (Fb) and recoil force of the forward nozzle
(Ff ). Naturally, the self-propelled force of the bit Fp is Fb
minus Ff .

2.1.1. Recoil Force of the Forward Nozzle. The recoil force of
the SSMJ forward nozzle was produced from two parts:
straight jet and swirling jet. If the forward nozzle and the
impeller central hole diameter are df and dm, respectively,
the flow area of the swirling jet is the difference between
the forward nozzle area and the central hole area, and the
equivalent diameter of the swirling jet can be obtained:

Backward-nozzle Impeller Forward-nozzleChamber

Jet bitHigh pressure hose

Frz

Diverter

Frk Fxk Fp

Fo

Figure 1: Force model of the RJD system.
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dx =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2f − d2m

q
: ð2Þ

(a) Recoil Force of the Straight Jet. The equation to cal-
culate the recoil force of the straight jet acting on the
bit is [27]

Fm = 1:56μfd2mpi, ð3Þ

where pi is the nozzle inlet pressure (MPa) and μf is
the flow coefficient of the forward nozzle

(b) Recoil Force of the Swirling Jet. Swirling jet is a
three-dimensional flow different from the straight
one. The axial velocity u of any particle of the swir-
ling jet is perpendicular to v and w; thus, v and w
do not produce an axial recoil force. According to
the law of mass conservation, the total flow rate qx
is the sum of the axial flow rate qu, radial flow rate
qv, and tangential flow rate qw. The recoil force of
the swirling jet acting on the jet bit is only related
to qu and can be expressed as

Fx = 0:745qu
ffiffiffiffi
pi

p ð4Þ

The axial velocity distribution along the radial of the
swirling jet is approximately shaped as “M”; therefore, for
ease of calculation, we can assume that all fluid particles of
the swirling jet are distributed on the cone with a diffusion
angle of θx. Moreover, the approximate relationship between
the axial velocity flow rate (qu) and total flow rate (qx) can be
obtained:

qu = qx cos
θx
2 : ð5Þ

Additionally, qx is

qx = 2:1μfd2x
ffiffiffiffi
pi

p
: ð6Þ

Combining Equations (4), (5), and (6), we obtain

Fx = 1:56μf d2f − d2m
� �

pi cos
θx
2 : ð7Þ

Finally, the forward nozzle recoil force is

Ff = Fm + Fx = 1:56μfpi d2m + d2f − d2m
� �

cos θx
2

� �
: ð8Þ

2.1.2. Recoil Force of Backward Nozzles. Referring to the
analysis method in the previous section, the equation for
the backward nozzle recoil force can be written as

Fb = 〠
nb

b=1
1:56μbd2bpi cos θb, ð9Þ

where nb is the number of backward nozzles and db, θb, and
μb are the diameter, inclination angle, and flow coefficient of
a backward nozzle, separately.

Combining Equations (8) and (9), the self-propelled
force of the SSMJ bit can be obtained:

Fp = 1:56pi 〠
nb

b=1
μbd

2
b cos θb − μfd

2
m − μf d2f − d2m

� �
cos θx

2

" #
:

ð10Þ

2.2. Pressure of the External Fluid on the Bit. In the axial
direction, the drill bit is subjected to the pressure of the fluid
in the hole on the front end face. The following equation of
this pressure Fo is obtained:

Fo =
π

4 po d2o − d2f
� �

, ð11Þ

where do is the outer diameter of the bit (mm) and po is the
pressure of the external fluid on the front end face of the bit
(MPa). To be specific, po is the sum of the annulus pressure
loss and ground pressure, and the ground pressure is 0; thus,
the value of po is the annulus pressure loss, which can be cal-
culated according to the relevant research [14].

2.3. Friction Resistance of the System. The friction resistance
(F’) of the RJD system primarily includes the friction
between the diverter and hose (Frz), the friction between
the borehole and the hose (Frk), and the friction between
the borehole and the bit (Fxk). Of these, Frz can be obtained
through a laboratory test, while

Frk = μrkGrlrk, Fxk = μxkGx, ð12Þ

where μrk is the friction coefficient between the hose and
borehole, Gr is the submerged weight of a unit length of
the hose (N/m), lrk is the friction section length of the hose
(m), μxk is the friction coefficient between the bit and bore-
hole, and Gx is the submerged weight of the jet bit (N).

Substituting Equations (10), (11), and (12) into (1), the
force model of the RJD system can be obtained:

F = 1:56pi 〠
nb

b=1
μbd

2
b cos θb − μfd

2
m − μf d2f − d2m

� �
cos θx

2

" #

−
π

4 po d2o − d2f
� �

− Frz − μrkGrlrk − μxkGx:

ð13Þ

2.4. Pressure Loss of the System. We need to calculate the
pressure loss of the RJD system to obtain the inlet pressure
of the bit (pi). Ignoring the leakage at the joint and the local
pressure loss such as hose diameter variation and bending,
the system pressure loss is primarily generated by the coiled
tubing (Δpcti) and the high-pressure hose (Δpr):

pi = pb−Δpcti−Δpr, ð14Þ

where pb is the pump pressure (MPa).
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2.4.1. Theoretical Pressure Loss. The pressure loss along the
coiled tubing Δpcti includes the spiral section loss Δpcti1
and straight section loss Δpcti2, i.e., Δpcti = Δpcti1 + Δpcti2,
which can be obtained from the previous studies [14].

The theoretical pressure loss of the hose can be obtained
using the following equation [28]:

Δpr = Kr ×
59:7q2lr
d5ri Re0:25

, ð15Þ

where Kr = 1, dri is the hose inner diameter (mm), q is the
volume flow rate (L/min), lr is the total length of the hose
(m), and Re is the Reynolds number, which should be writ-
ten as λq/dri, and the coefficient λ is 1:12 × 104 under turbu-
lent condition. According to the previous studies [14], the
theoretical value of hose pressure loss is quite deviation from
the actual, and then, it will greatly affect the judgment of the
inlet pressure value of the bit. The correction of Equation
(15) is necessary to be performed through an experimental
test.

2.4.2. Experimental Test. In this study, several groups of tests
were executed under different factors of the flow rate, hose
inner diameter, and length; then, the measured pressure loss
values under different factors were obtained; moreover, the
parameters under each factor were substituted into Equation
(15) to obtain the calculated value. By comparing the mea-
sured and calculated values, the correction factor Kr is intro-

duced to Equation (15), and the deviation of Kr is analyzed
to evaluate the effectiveness of the test. Eventually, Kr is
taken as an average value.

The following apparatuses were used (Figure 2): a high-
pressure pump, an SSMJ bit, high-pressure hoses of 1/4”
(inner diameter of 6.35mm) and 3/8” (inner diameter of
8mm), a flowmeter, and two pressure gauges. The two
gauges were, respectively, allocated at the inlet and outlet
of the tested hose; therefore, the difference reading between
pressure gauges No.1 and No.2 was the pressure loss value
of the hose when the system operated steadily. The test
results are listed in Table 1. Kr is introduced to correct Equa-
tion (15). The values of Kr under different conditions range
from 0.23 to 0.27, with the relative standard deviation of
1.3%. A small deviation rate proves the effectiveness of the
test; then, the final correction factor is taken as an average
value, i.e., Kr = 0:25.

2.5. Mathematical Model of the Extension Limit. When the
resultant force F > 0, the RJD system can continuously drill
forward. As the drilled radial borehole length increases, the
friction increases and F decreases gradually until F = 0.
Herein, the system is in an equilibrium condition of forces
and the bit will not continue to drill forward with the hose;
eventually, the value lrk under this condition is exactly the
extension limit of the RJD system. Substituting F = 0 into
Equation (13), we can obtain the prediction model of the
extension limit LEL:

3. Results and Discussion

3.1. Project Setting. A field construction condition of an oil
well in Eastern Sichuan, China, with a radial well depth of

1500m and casing model of 7” (inner diameter of
168.6mm) was selected as the analyzed case of this study,
and the working pressure of the field pump is 60MPa. A
pure water jet, with a temperature of approximately 90°C

Pump
Strainer

Water tank

Flowmeter Pressure-gauge 1 Jet bit

Tested hose

Pressure-gauge 2

Relief
valve

Figure 2: Schematic of the test system.

LEL =
1:56pi ∑

nb
b=1μbd

2
b cos θb − μf d2m + d2f − d2m

� �
cos θx/2ð Þ� �� �

− π/4ð Þpo d2o − d2f
� �

− Frz − μxkGx
μrkGr

: ð16Þ
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under this operating condition, a density of 965.4 kg/m3, and
a viscosity of 0:315 × 10−3 Pa·s, was used. A drilling experi-
ment using an SSMJ bit has been executed previously; then,
a borehole with a diameter of 25mm was obtained, and μrk
and μzk are both 0.3. According to experience and the previ-
ous laboratory tests, the flow coefficients of the forward and
backward nozzles μf and μb are both set as 0.83; further-
more, the friction between the hose and diverter Frz was
obtained as 20N through a ground test.

A coiled tubing with a model of 1.5” was used, and its
main parameters of length lct and outer and inner diameter
dcto and dcti are shown in Table 2; additionally, Table 2
shows the length lr and outer and inner diameter dro and
dri and submerged weight Gr of high-pressure hose with a
model of 5/16”; the self-propelled bit was made by cemented
carbide, and its specific dimensions are also shown in
Table 2, such as density ρz, length lz, outer diameter do,
inner diameter di, forward nozzle diameter df , impeller cen-
tral hole diameter dm, jet diffusion angle θx, number of back-

ward nozzles nb, diameter of backward nozzle db, and
inclination angle of backward nozzle θb.

3.2. Pressure Loss Analysis. The construction parameters
were substituted into Ma et al.’s study [14] and Equation
(15) to obtain the pressure loss distribution along the coiled
tubing and high-pressure hose, separately. The main pres-
sure loss of the system was observed to emanate from the
high-pressure hose, which was 20.1MPa, accounting for
92.6% of the total.

The hose parameters (inner diameter dri and length lr)
have a significant impact on the pressure loss (Figure 3). The
pressure loss increases as a quadratic function with the
increase in lr, which will reduce the extension limit. Therefore,
the length of the hose should be as short as possible. During
engineering construction, lr must be chosen according to the
designed radial borehole length, and a little longer than the
designed borehole length should be most suitable. The pres-
sure loss is highly sensitive to the variation in dri; therefore,

Table 1: Test data of the high-pressure hoses.

Hose length (m) Hose inner diameter (mm) Flow rate (L/min) Tested Δpr (MPa) Calculated Δpr (MPa) Correction factor Kr
10 6.35 117 10.8 41.68 0.26

10 6.35 55 2.8 11.18 0.25

20 6.35 117 20.0 83.35 0.24

20 6.35 55 5.6 22.35 0.25

10 8 117 3.4 13.13 0.26

10 8 55 0.8 3.52 0.24

20 8 117 7.1 26.26 0.27

20 8 55 1.6 7.04 0.23

Table 2: Main parameters of the project.

lct (m)
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Figure 3: Hose pressure loss influenced by the hose length.
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dri should be as large as possible, provided that the high-
pressure hose can smoothly pass through the diverter.

3.3. Extension Limit Results and Analysis. The construction
parameters of an oil well in Eastern Sichuan were placed into
Equation (16), and the extension limit of the RJD system LEL
was calculated as 63.7m. The force distribution in the hori-
zontal section of RJD is shown in Figure 4. We observe that
the recoil force (Fb) of the backward nozzle is the sole driv-
ing force for the system to drill forward; thus, increasing the
equivalent diameter of the backward nozzles (any nozzle
diameter or number) is the most effective method of increas-
ing the drilling depth. The recoil force (Ff ) of the forward
nozzle is the main resistance of the system, accounting for
66.96% of the total resistance. Therefore, the diameter of
the forward nozzle should be appropriately reduced, pro-
vided that its rock-breaking performance satisfies the design
requirements. The friction between the hose and borehole
(Frk) increases with the increase in drilling depth. When
the axial force of the system is balanced, Frk also reaches
the maximum. Herein, Frk accounts for 20.42% of the total
resistance. A hose with a light weight and smooth outer sur-
face should be selected to reduce Frk . In the bit structure
design, the roundness of the drilled hole is used as an evalu-
ation index. The friction between the hose and diverter (Frz)
accounts for 9.3% of the total resistance. A hose with a small
turning radius should be selected in a RJD system to reduce
Frz. In the design of diverter, the hose and bit should be
investigated on whether they can pass through the diverter
smoothly.

3.4. Influential Factor Analysis for Extension Limit

3.4.1. Pump Pressure.We changed the pump pressure pb and
maintained other parameters in the engineering example to
obtain the variation law of extension limit LEL with pb under
different inner diameters of the hose (Figure 5). We
observed that the extension limit increases approximately
linearly with the increase in pb. Besides, the inner diameter
of the high-pressure hose has a significant influence on LEL
. When the inner diameter is 6.4mm, the drill bit can drag

the high-pressure hose forward after pb reaches 45MPa,
whereas when the diameter is 8mm, the drill bit can drag
the high-pressure hose forward when pb reaches 25MPa.
The larger the inner diameter, the greater the slope, addi-
tionally the higher the rise rate of LEL, which indicates that
the increase in the inner diameter of the hose can effectively
reduce the pressure loss and improve the inlet pressure of
the bit.

3.4.2. Forward Nozzle Diameter. We changed the forward
nozzle diameter (df ) and maintained other parameters in
the engineering example to obtain the variation law of LEL
(Figure 6). We observed that when the pump pressure is
60MPa, the decline rate of LEL is greater than that when
40MPa. This is because when the pump pressure is relatively
high, the flow rate of the system is relatively large. As df
increases, the increase rate of the system pressure loss is also
faster, which increases the decline rate of the nozzle inlet
pressure compared with when the pump pressure is rela-
tively low, and finally increases the decline rate of the dril-
ling extension limit. Under the same pump pressure, LEL
decreases approximately linearly with the increase in df ;

Fb = 215.1 N,
50%

Ff = 144 N,
33.48%

Fo = 6.8 N,
1.58%

Frz = 20 N,
4.65%

Frk = 43.9 N,
10.21%

Fxk = 0.34 N,
0.08%

Figure 4: Force distribution of the RJD system.
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therefore, reducing the diameter of the forward nozzle is
conducive to increasing LEL. However, the main function
of the forward nozzle is to generate an SSMJ for rock-
breaking to enable the system to continuously drill forward.
The smaller diameter of the forward nozzle weakens the
energy of the jet and the rock-breaking performance of the
bit becomes worse. Therefore, when selecting df , we should
also combine with rock-breaking research and appropriately
reduce df under the premise that the rock-breaking effi-
ciency satisfies the operating requirements.

3.4.3. Jet Diffusion Angle. We changed the jet diffusion angle
(θx) by adjusting the slot dip angle of the impeller and main-
tained other parameters in the engineering example to
obtain the variation law of LEL (Figure 7). We observed that
under the same pump pressure, LEL increases as a cosine
curve with the increase in θx. By increasing θx, the axial
velocity of the swirling jet decreases, and then, the recoil
force of the forward nozzle decreases. The decrease in the
system resistance can improve LEL of the system, but an
excessively large diffusion angle will also weaken the rock-

breaking efficiency of the SSMJ. Therefore, the flow field
and erosion performance analysis must be combined to
obtain the optimal θx.

3.4.4. Impeller Central Hole Diameter. The variation law of
LEL was obtained by changing the diameter of the impeller
central hole dm (Figure 8). Under the same pump pressure,
LEL decreases in a quadratic function with the increase in
dm. Therefore, the diameter can be appropriately reduced
to increase LEL. However, according to the previous research,
when dm is small, the central boss easily appears in the bore-
hole bottom, which hinders the advancement of the bit and
reduces the drilling speed. Therefore, the size of the central
hole should satisfy the larger LEL and drilling speed. When
dm is greater than 1.5mm, LEL decreases to a lower value,
and the decline rate reaches 40% under the pump pressure
of 60MPa. Thus, dm less than 1.5mm is more appropriate;
additionally, the specific results can be further investigated
combining the drilling efficiency test.

3.4.5. Backward Nozzle Diameter. We changed the backward
nozzle diameter (db) and maintained other parameters in
the engineering example to obtain the variation law of LEL
(Figure 9). Under the same pump pressure, LEL increases
approximately linearly with the increase in db. According
to the data, the increase rate of LEL decreases with the
increase in db. For example, under the condition of a pump
pressure of 60MPa, when db changes from 1.22 to 1.24mm,
LEL increases by 8.55m, whereas for a db changes from 1.36
to 1.38mm, LEL increases by 7.85m. Increasing db is the
most effective method of increasing the drilling depth. How-
ever, at the same pump pressure, the increase in db increases
the flow rate, additionally increases the water consumption
and pressure loss of the system, and reduces the increase rate
of LEL. Therefore, considering the system loss and economy,
db cannot increase indefinitely and should be determined
according to the drilling extension limit required by the con-
struction design.
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3.4.6. Backward Nozzle Inclination Angle. We changed the
inclination angle of the backward nozzle (θb) to obtain the
variation law of LEL (Figure 10). Under the same pump pres-
sure, LEL decreases as a cosine function with an increase in
θb. Except for providing the SSMJ a driving force, the back-
ward nozzle also has the function of reaming. Reducing θb is
conducive to increasing LEL, but its reaming capacity
decreases, and too small θb will cause the fluid to erode the
high-pressure hose. According to the prediction model of
LEL, when the pump pressure is 60MPa and θb is 0, LEL is
111.91m. When θb increases to 20°, 30°, and 40°, LEL
decreases to 90.20, 63.68, and 27.69m, respectively. When
θb reaches 48.4°, LEL is 0. Overall, LEL decreases relatively
rapidly when θb exceeds 30°. Therefore, it is reasonable to
select θb of 30° to ensure both a large LEL and borehole
diameter.

3.5. Parameter Sensitivity Analysis. In this study, the method
of grey relational analysis (GRA) was used to investigate the
influence degree of six factors above on the extension limit,
such as pump pressure pb, forward nozzle diameter df , jet
diffusion angle θx, impeller central hole diameter dm, back-
ward nozzle diameter db, and backward nozzle inclination
angle θb. GRA refers to the uncertain correlation between
objects or between subsystems and between factors and
main behavior. Its basic assignment is to analyze and deter-
mine the influence degree between factors or the contribu-
tion degree of factors to main behavior, based on the
micro or macro geometric proximity of behavior factor
sequences. The detailed calculation process is as follows:

(1) Determine the reference and comparison sequences:
taking the reference sequence reflecting the charac-
teristics of system behavior as y, and the comparison
sequence affecting system behavior as xi, the corre-
sponding equation is as follows:

y = y kð Þ k = 1, 2,⋯, njf g,
xi = xi kð Þ k = 1, 2,⋯, njf g,

(
ð17Þ

where k and i are the group k and column i of a spe-
cific quantity value in the matrix composed of
sequences, yðkÞ is the reference sequence value of
the data group k and its unit is related to the chosen
physical quantity, and xiðkÞ is the value of the i’th
influential factor of data group k and its unit is also
related to the selected physical quantity

(2) Dimensional normalization processing of the data: it
is necessary to unify the unit for different parame-
ters, usually the dimensional normalization methods
including mean value, initial value, maximization,
and minimization. The initial value method was
adopted, since it is suitable for the data with a ten-
dency and regularity and is often used in compre-
hensive evaluation, such as GRA

(3) Calculation of relation coefficient: the equation is as
follows:

ξi kð Þ =
min

i
min
k

x0 kð Þ − xi kð Þj j + ρ∙max
i

max
k

x0 kð Þ − xi kð Þj j
x0 kð Þ − xi kð Þj j + ρ∙max

i
max
k

x0 kð Þ − xi kð Þj j ,

ð18Þ

where ρ is the resolution coefficient and has a value
range between 0 and 1, usually as 0.5. The smaller
ρ, the greater the difference between relation coeffi-
cients, and the stronger the discrimination ability.
After calculating the relation coefficient, take the
average value of each coefficient as the grey relation
coefficient of the factor, and the calculation equa-
tion is

ri =
1
n
〠
n

k=1
ξi kð Þ, ð19Þ

where ri is the relation degree of the i’th influential
factor

Take the extension limit LEL of the jet bit under different
parameters as the reference sequence, which is yo, and take
pb, df , θx, dm, db, and θb as the comparison sequence, which
are x1 to x6, respectively. It is found that taking LEL as the
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Figure 10: Extension limit influenced by the backward nozzle
inclination angle.

Table 3: Calculation results.

Comparison sequence Relation coefficient Sensitivity order

pb 0.52963 1

θx 0.51874 2

df 0.51867 3

db 0.51856 4

θb 0.51852 5

dm 0.51842 6
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evaluation index, the order of parameter sensitivity from
large to small is pb, θx, df , db, θb, and dm (Table 3).

4. Conclusions

Through analysing the force and pressure loss of the RJD
system, a model to predict the drilling extension limit LEL
was established. The LEL value of a specific project was calcu-
lated and the pressure loss and forces were obtained. The
influence laws of the main parameters on LEL were studied
using the established prediction model. The conclusions
are summarized as follows:

(1) The sensitivity of pressure loss to the variation in the
inner diameter is higher, because the diameter of
high-pressure hose is significantly lower than that
of the coiled tubing, and the main pressure loss of
the system results from the high-pressure hose. The
backward nozzle recoil force is the only driving force
of the system, and the forward nozzle recoil force
and friction between the hose and borehole contain
the main resistance of the system. The drilling exten-
sion limit prediction value of the project in this arti-
cle can reach up to 63.7m

(2) Under the same pump pressure, LEL of the system
increases approximately linearly with the increase
in backward nozzle diameter, yet this will signifi-
cantly increase hydraulic consumption and pressure
loss; it decreases linearly with the increase in the
forward nozzle diameter. Therefore, the design of
the rear nozzle should not blindly pursue the large
LEL but also consider that the hydraulic consump-
tion and pressure loss are within a reasonable range;
the forward nozzle diameter can be as small as pos-
sible on the premise of ensuring rock-breaking effi-
ciency. LEL increases with the increase in the
swirling jet diffusion angle; the diffusion angle can
also be reduced to ensure the capability of rock-
breaking rock. LEL decreases as a quadratic function
with the increase in the backward nozzle installa-
tion angle; when the angle is larger than 30°, the
decrease in LEL rate is high. From parameter sensi-
tivity analysis, the factors that have the greatest and
least influence on LEL are pb and dm, respectively.
Hence, increasing pb is the most direct and effective
way to raise LEL, while the design of dm does not
depend on the requirements of LEL, but on its
rock-breaking capacity

(3) This research provides a theoretical guideline for
predicting the extension limit of RJD under a specific
working condition, optimizing the bit structure, and
choosing high-pressure hose and hydraulic parame-
ters. The specific bit structure parameters should be
further obtained through rock-breaking perfor-
mance tests combined with this study. In addition,
laboratory simulation of RJD experiment and field
test will be performed in the future
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The adsorption/desorption characteristics of a coal reservoir play an important role in coalbed methane (CBM) development. The
proximate analysis, maceral analysis and methane isothermal adsorption/desorption experiment are carried out based on coal
samples from no. 4+5 coal seam in Baode block. Combing with coal experimental data and the CBM well-produced water
salinity data in the Baode block, the effect of salinity and water content on CBM adsorption/desorption characteristics of the
coal reservoir and its influencing mechanism is discussed. The results show that the CBM adsorption and desorption capacity
decreases with the increase of water salinity and the decrease value shows a decreasing trend. The increase of water salinity
reduces the solubility of methane in coal seam water and then reduces the adsorption capacity of methane. With the increase
of water content, the adsorption and desorption capacities of CBM decrease gradually. The CBM adsorption and desorption
capacities decrease with the increase of water content in coal samples. The adsorption/desorption capacities of coal samples
change rapidly in the low-water content stage and slowly in the high-water content stage. The competitive adsorption effect
and water blocking effect between water and methane molecules are the main influencing mechanisms of water content on
CBM adsorption/desorption. It can be seen that the salinity and water content will have a certain adverse impact on the
adsorption and desorption capacity of CBM in the Baode block. The influence of the difference in water content and salinity in
the coal seam cannot be ignored in reserve evaluation and productivity prediction of CBM. The continuous, stable, and
effective drainage is one of the key factors to ensure the efficient development of CBM wells in the Baode block.

1. Introduction

China is rich in CBM resources, and the amount of CBM
resources buried at a depth of 2000m or shallower is 30:05
× 1012 m3, accounting for 11.6% of the total global CBM
resources, with huge development potential [1]. According
to incomplete statistics, by the end of 2020, 19540 vertical
CBM wells and 1677 horizontal CBM wells had been drilled
in China, in which 12880 had been put into production [2].
The accumulative proven CBM geological reserves are
9302 × 108 m3, and the national production of CBM in

2020 was 58:2 × 108 m3 [2]. Committing to achieving peak
carbon dioxide emissions before 2030 and achieving carbon
neutrality before 2060, promoting the efficient development
and utilization of CBM is of great significance to “carbon
neutrality;” however, the unconventional characteristics of
CBM mainly in the adsorbed state have always been one of
the difficult issues in the CBM development field.

Adsorption/desorption characteristics are the basis for
revealing the occurrence mechanism and efficient develop-
ment of CBM. The adsorption/desorption property has a
significant impact on the gas content in a coal reservoir
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and the productivity of a CBM well and is an important
parameter for evaluating the development potential of a coal
reservoir [3–5]. The adsorption/desorption characteristics of
a coal reservoir are usually characterized by methane iso-
thermal adsorption/desorption experiment and the Lang-
muir equation, but the curves and parameters measured by
the national standard method are unable to fully reflect the
influence of high-salinity water on the adsorption/desorp-
tion characteristics in the in-situ state of a coal reservoir.

Previous studies revealed that salinity inhibits the
adsorption capacity of coal seams [6–9]. Liu et al. carried
out simulation experiments on the adsorption capacity of
lignite to CBM under different salinity conditions and found
that the increase of salinity could lead to the decrease of
adsorption capacity in a coal reservoir [6]. Wang et al. stud-
ied the adsorption capacity of a coal core under different
salinity conditions and believed that high salinity will reduce
the adsorption capacity [7]. Yi et al. studied the methane
desorption rate of granular anthracite coal samples under
the condition of water injection with different salinity and
found that the salinity reduced the methane desorption rate
in coal [8]. Wei et al. found that there was a limit value for
the influence of water salinity on the coal adsorption capac-
ity and the limit was about 10000mg/L for long-flame coal
from the southern margin of the Junggar Basin [9].

Compared with the salinity, the influence of water on the
adsorption/desorption characteristics of CBM was more
widely studied. Joubert et al. first studied American bitumi-
nous coal samples and found that the adsorption of methane
by moisture is closely related to the properties of coal. Under
the condition of saturated moisture, water will not further
affect the adsorption of methane in coal [10]. Krooss et al.
carried out the adsorption experiments of methane and
CO2 on multiple coal samples under dry and wet conditions
and found that the adsorption capacity of methane will
decrease by 25% when the water content increases by 1%
[11]. Other researchers in China successively carried out iso-
thermal adsorption experiments on coal samples under the
condition of equilibrium water. They believe that the molec-
ular force between water and coal is stronger than methane,
which reduces the adsorption performance of coal [12–14].
In addition, in the process of CBM development, when the
water-based fracturing fluid invades the nanopore structure
of coal, it will inevitably affect the adsorption/desorption
characteristics of the coal reservoir and then affect the pro-
duction of CBM wells.

Although predecessors have recognized that salinity and
water will affect the adsorption/desorption capacity of coal
reservoirs, no relevant research has been carried out on the
Baode block, which is a hot spot area of medium-low-rank
CBM development in China. Due to the low degree of ther-
mal evolution of coal in the Baode block, the adsorption
capacity of a coal reservoir is weak and the gas content is
low. Therefore, compared with medium- and high0-rank
coal blocks, the influence of salinity and water content on
the adsorption/desorption capacity of coal reservoirs is par-
ticularly significant in this block. It has a great impact on the
accuracy of CBM reserve calculation and coal reservoir
adsorption/desorption capacity evaluation. In view of the

abovementioned problems, relying on the major national
science and technology project of CBM, this study studies
the influence of salinity and water content on the adsorp-
tion/desorption characteristics of coal reservoirs in the
Baode block, in order to provide basic support for the
deployment and optimization of efficient exploration and
development scheme of CBM in this block.

2. Sampling Background and
Experimental Methods

2.1. Geological Setting. In the administrative division, the
Baode block is located in the northwest of Shanxi province,
covering an area of 476.46 km2. Structurally, it is located in
the northern part on the eastern edge of the Ordos Basin
(Figure 1). It is generally characterized by a monoclinal
structure inclined to the west, with a stratigraphic dip angle
of 5°~10°, and the fault structure is not very developed.
Groundwater in the block mainly comes from atmospheric
precipitation and lateral recharge of Ordovician limestone.
It is generally runoff from east to west, and the hydrological
environment is in the runoff weak runoff area.

The main coal-bearing strata in the Baode block are the
Taiyuan Formation and Shanxi Formation. The no. 4+5 coal
seam in the Shanxi Formation and the no. 8+9 coal seam in
the Taiyuan Formation are the main coal seams for CBM
development [15]. The single-layer thickness of the no. 4+5
coal seam is between 5 and 14.6m, with an average of
7.6m. The single-layer thickness of no. 8+9 is between 5
and 14.2m, with an average of 10.2m. The vitrinite reflec-
tance of the coal in the Baode block ranges from 0.71% to
1.22%, belonging to highly volatile bituminous coal [16].

2.2. Sample Collection. The coal samples used in this study
were collected from no. 4+5 coal samples of Wangjialing
coal mine in the Baode block (Figure 1). The sampling was
carried out in accordance with the methods for coal seam
sampling (following Chinese National Standards GB/T482-
2008). The macrolithotypes and heterogeneity of coal seams
were fully considered in the sample collection, and the sam-
ples were highly representative. The samples were collected
from the fresh coal face of the mine and then immediately
put into the sampling bag and fasten to prevent pollution
and oxidation.

2.3. Experimental Methods. The maximum vitrinite reflec-
tance (Ro,max, %) measurements and maceral analysis were
performed on the same polished section of coal samples, fol-
lowing Chinese National Standards GB/T6948-1998 and
GB/T8899-1998. Proximate analysis was performed follow-
ing Chinese National Standard GB/T212-2001 for samples
to obtain the ash yield, moisture, and volatile contents of
the coals.

The isothermal adsorption experiment is the main tech-
nical method to characterize the ability of a coal reservoir to
adsorb CBM. In order to study the influence of salinity and
water content on adsorption/desorption characteristics of
coal reservoirs, methane isothermal adsorption desorption
tests of coal samples from the Baode block under different

2 Geofluids



salinity and water contents were carried out. The experimen-
tal instrument adopts the automatic isothermal adsorption
instrument, which is implemented in accordance with the
high-pressure isothermal adsorption test method of coal
(GB/T 19560-2008). It should be noted that all adsorption
capacity data and Langmuir isothermal adsorption parame-
ter data in this study are based on air drying basis. The

experimental tests were carried out in the Shanxi Key Labo-
ratory of Coal and Coal-Measure Gas Geology.

3. Results and Discussions

3.1. Coal Petrology and Quality Characteristics. The results
of vitrinite reflectance, proximate analysis, and maceral
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composition of the coal samples are shown in Table 1. The
maximum vitrinite reflectance of the experimental coal sam-
ple is 0.81%, belonging to highly volatile bituminous coal.
The organic maceral composition of the experimental coal
sample is dominated by vitrinite (48.7%), followed by inerti-
nite (32.1%) and liptinite(5.8%). Besides, the proximate
analysis result shows that moisture, ash yield, and volatiles
are 2.16%, 14.44%, and 35.62%, respectively.

3.2. Effects of Salinity on Adsorption/Desorption CBM
Characteristics. This study carried out the experimental
analysis of methane isothermal adsorption and desorption
of coal samples under different salinity conditions for no. 4
+5 coal samples of Wangjialing coal mine. Since the coal
seam water salinity measured by the chemical analysis of
the produced water of no. 4+5 CBM well in the Shanxi For-
mation of the Baode block ranges from 902 to 2026mg/L
(Table 2) [17], the salinity gradients of the simulated forma-
tion water used in the isothermal adsorption/desorption
experiment were set as 1000, 1400, 1800, and 2200mg/L in
this study.

3.2.1. Effects of Salinity on CBM Adsorption/Desorption
Capacity. By comparing the adsorption and desorption
curves of coal samples from the Baode block soaked in water
with different salinity gradients (1000, 1400, 1800, and
2200mg/L), it can be found that the adsorption and desorp-
tion capacities of CBM generally decrease with the increase
of coalbed water salinity and the decline value of adsorption
and desorption capacities generally decrease with the
increase of coalbed water salinity (Figure 2).

The isothermal adsorption constants of the coal sam-
ples with different salinity gradients (1000, 1400, 1800,
and 2200mg/L) were calculated by the Langmuir equation
(Table 3). The Langmuir volumes of the coal samples were
18.75, 15.68, 13.86, and 12.43m3/t, and the Langmuir
pressure values are 3.86, 3.18, 3.08, and 2.79MPa, respec-
tively. The adsorption capacity with a salinity of 1000mg/L
is the largest. The higher the salinity, the smaller the Lang-
muir volume characterizing the adsorption capacity, indicat-
ing that the salinity of coalbed water will have an adverse
impact on the adsorption of CBM.

3.2.2. Effects of Different Salinity on CBM Desorption Lag
Characteristics. The isothermal adsorption/desorption
curves of no. 4+5 coal samples from the Baode block under
different salinity conditions are shown in Figure 2. It can be
found that for each salinity gradient, there is always a
desorption lag in the desorption curve, reflecting that the
adsorption capacity of CBM is greater than the desorption
capacity under the same differential pressure. From the com-

parison of curve characteristics under different salinity, it is
evident that the desorption lag phenomenon has no obvious
relationship with the salinity gradients (Figure 2). Because
the equivalent adsorption heat of CBM desorption is greater
than that of adsorption, the desorption process needs to
absorb heat from the outside system. The energy difference
between the adsorption process and the desorption process
may be the key factor of the CBM desorption lag [18]. Ma
et al. analyzed from the perspective of the pore structure
and believed that the main reason for the desorption lag
was the stronger binding ability of micropores and small
pores to methane molecules [19].

3.2.3. Effect Mechanism of Salinity on CBM Adsorption/
Desorption Characteristics. Wei et al. studied the massive
coal samples of the Jurassic Xishanyao Formation in the
Manas mining area on the southern edge of the Junggar
Basin; they found that with the increase of inorganic salt con-
centration in the solution, the surface tension of the solution
increased and the capillary phenomenon became more obvi-
ous, which further reduced the adsorption site on the surface
of the coal matrix, thus reducing the Langmuir volume and
adsorption capacity of coal samples to methane. However,
there is also a limit value. If the salinity is greater than
20000mg/L, the salinity can no longer significantly reduce
the Langmuir volume of coal samples [9].

In recent years, with the successful application of nano-
pore analysis and molecular simulation technology in the
field of unconventional oil and gas, some scholars have veri-
fied and explained the characteristics of methane adsorption/
desorption from the perspective of numerical simulation.
Zhou et al. confirmed through the research of molecular sim-
ulation technology that salinity has a negative impact on the
methane adsorption capacity of kerogen [20]. In a certain
salinity range, the higher the salinity, the greater the impact
on methane adsorption, and when the salinity was 6mol/L
and the temperature was 338.15K, the methane adsorption
capacity decreased by about 6.0% [20] (Figure 3). The exis-
tence of NaCl reduces the solubility of methane in brine
and then reduces the adsorption capacity of methane. These
research results can also explain the reason why the methane
adsorption capacity and desorption capacity of the coal reser-
voir in the Baode block decrease with the increase of coalbed
water salinity in this study from aspects of experiment and
numerical simulation. Meanwhile, it also indicates that the
influence of salinity should not be ignored in the evaluation
of the CBM reservoir.

3.3. Effects of Water Content on CBM Adsorption/Desorption
Characteristics. This study carried out the experimental
analysis of methane isothermal adsorption and desorption

Table 1: Coal vitrinite reflectance, proximate analysis, and maceral composition in the Baode block.

Sample no. Ro,max (%)
Proximate analysis (%) Maceral composition (%)

Mad Ad Vdaf V I E MM
BD-WJL-04 0.81 2.16 14.44 35.62 48.7 32.1 5.8 13.6

Ro,max: maximum vitrinite reflectance; V : vitrinite; I: inertinite; E: liptinite;MM: mineral matter;Mad: moisture (air dry basis (ad)); Ad: ash yield (air dry basis
(ad)); Vdaf : volatiles (dry and ash free (daf)).
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of coal samples under different water content gradients for
no. 4+5 coal samples of Wangjialing coal mine. The water
content gradient values are set according to the equilibrium
water content value of the no. 4+5 coal seam in the Baode
block. The preliminary exploration well coal core experi-
ment shows that the equilibrium water saturation obtained
from the isothermal adsorption experiment of lump coal
samples in Baode district is about 5%. Therefore, in this
study, the water content gradients of experimental coal sam-
ples are set as 2%, 3%, 4%, and 5%.

Table 2: The ion composition and water type of produced water in no. 4+5 coal in the Baode block. [17].

Well no.
Cationic concentration (mg/L) Anion concentration (mg/L)

Salinity (mg/L) Water type
Na+ +K+ Mg2+ Ca2+ SO4

2- Cl- HCO3-

B-1 283 44 29 7 336 471 1175 NaHCO3

B-2 398 69 59 21 558 474 1580 NaHCO3

B-3 305 43 51 7 319 465 1190 NaHCO3

B-8 432 50 75 1 591 460 1610 NaHCO3

B-11 577 57 64 8 607 715 2026 NaHCO3

B-12 252 24 36 4 236 781 1333 NaHCO3

B-23 128 45 25 82 114 311 707 NaHCO3

B-22 105 22 30 2 130 432 721 NaHCO3

B-24 314 63 64 23 425 413 1301 NaHCO3

B-25 287 41 22 42 282 393 1067 NaHCO3

B-26 167 73 50 189 243 180 902 Na2SO4

B-27 459 16 24 10 460 567 1538 NaHCO3

B-29 174 51 91 98 198 432 1045 Na2SO4

B-17 574.6 54.7 125 1 725 485 1969 NaHCO3

B-19 604 53.4 25 3 733 522 1943 NaHCO3
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Figure 2: Methane isothermal adsorption/desorption curves of coal samples with different salinity.

Table 3: Langmuir isothermal adsorption parameters of Baode coal
samples with different salinity.

Salinity gradients VL (m3/t) PL (MPa)

1000mg/L 18.75 3.86

1400mg/L 15.68 3.18

1800mg/L 13.86 3.08

2200mg/L 12.43 2.79
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3.3.1. Effects of Water Content on CBM Adsorption/
Desorption Capacity. By comparing the adsorption and
desorption curves of coal samples with different water con-
tents of coal 4+5 in the Baode block, it can be found that
the CBM adsorption and desorption capacities generally
decrease with the increase of water content in coal samples
(Figure 4). The CBM adsorption and desorption in coal sam-
ples will decrease with the increase of water content. In the
stage of low water content, the adsorption/desorption of
methane changes rapidly, and in the stage of high water con-
tent, the change is slow. It can be seen that the high water

content of coal seams will have an adverse impact on the
rapid and efficient desorption of CBM in the Baode block.

The isothermal adsorption constants of the samples were
calculated by the Langmuir equation (Table 4). The Lang-
muir volumes of the samples were 16.78, 14.09, 13.05, and
13.03m3/t, and the Langmuir pressure values are 3.52,
3.05, 3.35, and 4.71MPa, respectively. The adsorption capac-
ity with a water content of 2% is the largest. The higher the
water content, the smaller the Langmuir volume characteriz-
ing the adsorption capacity, indicating that the water in the
coal seam will have an adverse impact on the desorption/
adsorption of the CBM.

3.3.2. Effects of Water Content on CBM Desorption Lag
Characteristics. The isothermal adsorption/desorption curve
of no.4+5 coal samples of the Shanxi Formation in the Baode
block under different water content conditions is shown in
Figure 5. It can be seen that there is always a desorption
lag in coal samples under different water content conditions
but there is no obvious correlation with the water content
(Figure 4). Previous studies have shown that the lag mecha-
nism of coal samples is mainly reflected in two aspects, i.e.,
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Figure 3: Methane adsorption isotherms of different salinities with the water content of 3wt % at 338.15K. Points are results of simulation,
and lines are results of Langmuir fitting [20].
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Figure 4: Methane isothermal adsorption/desorption curves of coal
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Table 4: Langmuir isothermal adsorption parameters of Baode coal
samples with different water content.

Coal samples with different water content VL (m3/t) PL (MPa)

2% 16.78 3.52

3% 14.09 3.05

4% 13.05 3.35

5% 13.03 4.71
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desorption obstruction and gas migration obstruction. The
moisture is one of the main factors affecting the desorption
lag of CBM. The lag degree of the water-bearing coal sample
is significantly higher than that of the dry coal sample, but it
has no obvious relationship with water content [21, 22],
which is confirmed by the results of this study.

3.3.3. Effect Mechanism of Water Content on CBM
Adsorption/Desorption Characteristics. Previous studies have
shown that water has a significant impact on the adsorption/
desorption characteristics of the CBM [12–14, 21, 22]. The
influence mechanism of water content on methane adsorp-
tion/desorption characteristics of coal samples is mainly
reflected in two aspects, i.e., the competitive adsorption
effect between water and methane molecules and the water
lock effect.

Because the interaction force between coal and water
molecules is much greater than that of coal and methane

molecules, in the case of three-phase medium coexistence,
water and methane molecules produce competitive adsorp-
tion on the coal surface and water molecules will be replaced
to partially adsorb methane, resulting in the reduction of
methane adsorption capacity of the coal reservoir. Zhou
et al. confirmed through molecular simulation technology
that the increase of water content will reduce the adsorption
capacity of the kerogen to methane (Figure 5). The density
distribution changes of methane and water molecules show
that water molecules occupy some adsorption sites in the
kerogen matrix to prevent methane from entering the nano-
pores, which leads to the decline of methane adsorption
capacity of the kerogen [20].

The water content of coal is closely related to the coal
wettability, which can indirectly affect the adsorption/
desorption characteristics of CBM [23, 24]. Water molecules
are easy to combine with the broken chemical bonds on the
surface of the coal matrix and the hydrophilic functional
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Figure 5: CH4 adsorption isotherms under different water contents at 338.15 K. Points are results of simulation, and lines are results of
Langmuir fitting [20].

HMG 0 wt% water HMG 3.0 wt% water

Figure 6: Simulation of adsorption of CH4 on coal macromolecules with different water content [25] (red elliptic circles represent water
competitive adsorption sites).
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groups inside the coal matrix, resulting in the enhancement
of hydrophilicity of the coal. The surface free energy of coal
is reduced to a certain extent, and the heat released by reach-
ing the methane-coal adsorption system equilibrium state is
decreasing. The molecular force between water and coal is
stronger than that of methane, which can occupy effective
adsorption sites on the coal surface and weaken the methane
adsorption capacity of coal (Figure 6) [25].

In addition, the continuous accumulation of adsorption
of water molecules on the surface of micropores and fissures
in coal will lead to water molecules occupying some pore
and throat channels in coal, leading to a water lock effect
[26]. The higher the water content of the coal is, the stronger
the water locking effect is. The existence of the water lock
effect leads to the blockage of some pore channels and the
obstruction of methane movement channels, which leads
to the decrease of methane adsorption and desorption
capacity in coal (Figure 7). In this study, the experimental
results of methane adsorption and desorption capacities of
coal reservoir in the Baode block decrease with the increase
of coal water content, which is consistent with the under-
standing of previous theoretical studies and also indicates
that the influence of coal water content cannot be ignored
in the reserve evaluation and development effect prediction
of CBM in a high water-bearing coal seam.

4. Conclusion

(1) Desorption lag phenomenon exists, under any condi-
tion of salinity and water content, in coal of the Baode
block, but there are differences in desorption lag
degree with different salinity and water content. The
moisture content is the main factor affecting the
desorption lag. The CBM desorption lag mechanism
is mainly reflected in blocked desorption and blocked
gas migration. The energy difference between the
adsorption and desorption processes is the key inter-
nal factor of the desorption lag. The influence of water
content and the strong binding effect of micropores on
methane are also important factors of the CBM
desorption lag

(2) With the increase of salinity, the adsorption and
desorption capacities of coal in the Baode block
show a decreasing trend in general and the decrease

value of adsorption and desorption capacities shows
a decreasing trend. The increase of coal seam water
salinity reduces the solubility of methane in brine
and then reduces the adsorption capacity of meth-
ane. The influence of coalbed water salinity cannot
be ignored in the reserve evaluation of CBM
resources

(3) The adsorption and desorption capacities of CBM
decrease gradually with the increase of water content.
The adsorption and desorption capacities decrease
rapidly in the stage of low water content, while slowly
in the stage of high water content. The competitive
adsorption effect and water locking effect between
water and methane molecules are the main influenc-
ing mechanisms of water content on methane
adsorption/desorption. The influence of water con-
tent in the coal seam cannot be ignored in CBM
reserve evaluation and productivity prediction in a
high water-bearing coal seam

(4) The salinity and water content in the coal reservoir
will have a certain adverse effect on the adsorption
and desorption capacities of CBM in the Baode
block. Continuous, stable, and effective water pro-
duction is one of the key factors to ensure the effi-
cient development of CBM in this block
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The current average daily gas production of single coalbed methane (CBM) wells in China is less than 1,300m3. The low
production rate of CBM wells dramatically limits the sustainable development of the CBM industry in China. To promote
CBM industry development, three universal geological factors, i.e., gas sources, channels, and driving force of the low
production wells are analyzed, considering the various and complicated geological conditions of CBM reservoirs in China.
Additionally, we find that the growth in proven CBM reserves should be greatly promoted as the CBM proven rate is only less
than 3% by the end of 2020. The widespread CBM extraction mode based on depressurization via dewatering generates very
limited effects in coal seams with notable deformation, high in situ stress, or little water. Therefore, a specific design of CBM
development modes is proposed, according to the applicable geological conditions of different CBM development modes. It
covers depressurization via dewatering, depressurization via stress release, and coal and CBM comining. Moreover, the regional
governments play a key role in the development of the regional CBM industry, and favorable policies should be formulated to
promote the multipoint development conditions across China. This study is concluded to provide a recommended
development framework involving sustainable CBM production in China and its development processes.

1. Introduction

Coalbed methane (CBM), generated and mainly adsorbed in
coal seams, is a form of unconventional natural gas [1, 2].
Given the actual energy structure in China, the dominant posi-
tion of coal in energy consumption over other energy forms
would persist for a long time in the future [3]. The extraction
of CBM resources can increase the energy supply and reduce
mining hazards. Moreover, acknowledged as a type of green-
house gas, the development of CBM in the process of coal min-
ing is beneficial for reducing greenhouse gas emissions and
protecting the environment. Therefore, CBM development is
of significance in both economic and environmental respects.

In the past 30 years, China has made great achievements
in CBM exploration and development, with the production
volume of CBM wells exceeding 100 × 108 m3 since 2020

[4]. Two CBM industrialization bases including Qinshui
Basin and the eastern margin of Ordos Basin have been
built. Unfortunately, the average daily gas production of sin-
gle CBM wells in China is currently lower than 1,300m3,
and the low production rate of CBM wells greatly restricts
the development of CBM in China. The limiting factors con-
cerning low CBM production are thought to include geolog-
ical conditions, engineering technologies, and management
policies [5]. Admittedly, under multistage tectonism, the
geological conditions of coal-bearing basins in China are
extremely variable and complicated. Hence, the preservation
conditions of CBM are definitely poorer than those other
countries developing CBM [6]. The various and complicated
geological conditions of CBM reservoir in China make the
development technology meet great bottleneck. In addition,
the management policies of the government and enterprises
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cannot effectively stimulate investment enthusiasm in pres-
ent hard stage of CBM industry [7]. Therefore, it is urgent
to determine the universal limitations based on the move-
ment process of CBM in coal seams. In this way, a recom-
mended framework should be established to achieve a
significant increase in CBM production throughout China.

The objective of this study is to reveal the limiting factors
of CBM development and provide a fundamental framework
for CBM industry development in China. The universal geo-
logical reasons for the low production rate of CBM wells are
first analyzed. A recommended framework including ensuring
the growth of proven CBM reserves, specific design of CBM
development modes, and the role of regional governments is
developed. This work is intended to promote CBM industry
development across China.

2. CBM Industry Progress in China

China’s CBM development over the past 30 years, especially
the large-scale development of CBM resources since 2006,
has been provided notable policy support by the state. Con-
sequently, the CBM industry in China has attained remark-
able achievements. From 2005 to 2020, the number of gas
accidents in coal mines decreased from 414 to 7, at a reduc-
tion rate of 98.3%, with the number of deaths decreasing
from 2171 to 30 [8, 9]. The annual production volume of
CBM wells has dramatically increased from less than 1 ×
108 m3 in 2005 to 104:7 × 108 m3 in 2021 [4], as shown in
Figure 1. However, CBM production in China still lags far
behind that in major countries developing CBM, such as
the USA, Canada, and Australia. Moreover, China has failed
to meet the annual production target during two consecutive
five-year plans, and the implementation of the fourteenth
five-year plan barely realized the annual production target
[10]. Figure 1 shows that in recent years, the growth rate
of CBM production has continuously decreased, even exhi-
biting a negative growth in 2017, which has resulted in the

current CBM industry in China experiencing a rather unfor-
tunate situation, and the confidence of investors and practi-
tioners in the CBM industry is low.

The initial CBM drainage mode is coal mine gas extrac-
tion of coal seams or the adjacent layers in the subsurface
coal mines. The aim is to reduce gas content and gas pres-
sure, ensuring mining safety. At the end of the last century,
drawing lessons from the surface CBM development of
depressurization via dewatering in the United States [11],
China has developed the development technology systems
involving drilling, fracturing, and drainage processes. At
present, this is still the main mode of CBM surface develop-
ment. With the progress of CBM development technologies,
the coal and CBM comining in the mining areas gradually
formed between 2010 and 2015 [12]. By coordinating the
relationship between CBM development and coal mining
in time and space dimensions, CBM resources are extracted
in coordination with coal mining process to achieve rapid
release of reservoir pressure [13, 14]. The coal and CBM
comining have achieved an excellent adaptability to CBM
reservoirs in coal mine areas [15]. However, successful com-
mercial development of CBM in a few areas is inadequate to
support the development of CBM industry in China [16, 17].
A specific design of CBM development modes suitable for
the specific geological conditions in China has not been
established yet [18]. There is still a great need to innovate
development technologies that can cover complicated geo-
logical conditions and extract CBM resources efficiently.

Additionally, in the past, due to the urgent demand for
CBM production, field trials and error correction became a
common means to assess the effect of development methods.
This has caused substantial financial and time losses. The
relatively extensive technical development and management
have hindered the sustainable development of CBM industry
in China. Therefore, to overcome the abovementioned bot-
tlenecks of CBM development, improve the production rate
of single CBM wells, and complete the long-term planning
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target of the CBM industry, relevant development processes
must be updated.

3. Geological Factors concerning Low
Production of CBM Wells

Studies have analyzed the different geological factors of
CBM reservoirs in China and other countries, which proba-
bly cause the low production rate of CBM wells, such as the
permeability, buried depth, thickness, gas content, gas satu-
ration, coal structure, and coal rank [19–24]. Admittedly,
due to repeated plate movements and tectonic activities dur-
ing historical periods, the geological conditions of coal-
bearing basins in China are extremely variable and compli-
cated. However, under the various and complicated geologi-
cal conditions, investigations of geological factors among
different areas are inadequate to guide CBM exploitation.
Moreover, CBM development in only limited areas has been
promoted. Hence, in China, it is necessary to analyze the
universal geological reasons for the low production rate of
CBM wells. This could be helpful to optimize development
methods that adapted to the various geological conditions
and improve the production of single CBM wells.

Generally, the necessary conditions for CBM movement
include gas sources, channels, and driving force. From this
perspective, the universal geological reasons for the low sin-
gle CBM well production in China, based on the gas move-
ment process, are listed in Table 1. The objective limiting
factors determine that the production rate of single CBM
wells cannot reach a peak within a short time as other kinds
of natural gas wells, such as wells in tight sandstone gas and
shale gas reservoirs. Nevertheless, this table does not indicate
that the CBM production rate cannot be greatly improved,
on condition that the expected stimulation methods must
overcome these three constraints. Furthermore, the current
development methods of CBM extraction are not fully
adapted to the various and complicated geological condi-
tions of CBM reservoirs, which significantly restricts CBM
development. Therefore, if the production rate of CBM wells
is expected to distinctly increase across China, a CBM devel-
opment framework is urgently needed.

4. Recommended Development Frameworks

4.1. Ensuring the Growth in Proven CBM Reserves. Abundant
coal reserves provide a basic condition for CBM development.
The CBM resources in China are highly abundant, and at a
buried depth of 2,000m, the CBM resources in China total
are approximately 30:05 × 1012 m3, with the recoverable
resources reaching approximately 12:5 × 1012 m3 [29]. CBM
development areas with the large-scale CBM exploitation
activities in China include the Qinshui Basin in Shanxi Prov-
ince, the eastern margin of Ordos Basin in Shanxi and Shaanxi
Provinces, the Qianxi-Diandong area in Guizhou and Yunnan
Provinces, the Junggar Basin in Xinjiang Autonomous Region,
and the Erlian Basin in Inner Mongolia Autonomous Region
(Figure 2), due to their advantageous geological resources.

At present, the CBM resource evaluation area in China
covers 37:5 × 104 km2, and the registered mining right area

reaches 4:83 × 104 km2, which only accounts for 12.87% of
the total CBM resource evaluation area [31]. After more
than 30 years of development, China has successively estab-
lished two major CBM industrialization bases, namely, the
Qinshui Basin and the eastern Ordos Basin. Most high-
quality blocks in these areas have been put into develop-
ment. However, by the end of 2020, China’s total proven
CBM reserves reached 7857:54 × 108 m3 (Figure 3), with a
proven rate lower than 3% [32], mainly distributed in the
Qinshui Basin and eastern Ordos Basin, North China. The
annual increased proven CBM reserves lacked sustained
growth, exhibiting a very low and highly unstable pattern
(Figure 3). Furthermore, only Shanxi Province accounted
for approximately 88% of the proven CBM reserves in China
[33]. Therefore, it is necessary to further conduct geological
exploration of CBM-bearing basins and to increase the
proven gas reserves, which is an effective way to sustainably
develop the CBM industry in China.

4.2. CBM Development Modes. A shale gas revolution swept
the USA in the early 2000s. The development mode of hori-
zontal drilling associated with fracturing created a surge in
shale gas production in the United States, transforming it from
an energy importer into a net energy exporter. Moreover, this
surge altered the landscape of energy markets globally. The
applicable modes of CBM development have not been deter-
mined, which represents the development bottleneck of the
CBM industry in China. In the process of CBM exploitation,
the extraction mode based on depressurization via dewatering
has been increasingly questioned to determine whether this
mode is suitable for all the geological conditions in China
[34, 35]. Depressurization via dewatering performs well in
CBM exploitation of shallow and weakly deformed coal seams
in China. However, hydraulic fracturing applied to achieve
dewatering generates very limited effects in coal seams with
notable deformation, wherein hydraulic fractures rarely prop-
agate (Li et al., 2020; [27, 36]). Moreover, the buried depth of
CBM reservoirs increases in the process of CBM development.
The basic geological conditions and fluid production charac-
teristics of deep CBM reservoirs distinctly differ from those
of shallow reservoirs [37, 38]. Under the high in situ stress
conditions of deep coal seams, the damage exerted by stress
on the fracture system during dewatering distinctly increases,
which greatly limits the flow and output of gas and deforma-
tion water [39–41]. Therefore, depressurization involving only
dewatering hardly extracts deep CBM resources [42]. The lim-
itation of the depressurization mode via dewatering should be
overcome to account for the geological conditions of deep
CBM reservoirs.

Depressurization of deep coal seams and strongly
deformed coal seams has been suggested to be enhanced via
stress release. An increasing number of recent studies have
indicated that cavity establishment is a feasible approach for
stress release, and directional drilling and hydraulic jetting
technologies can create many cavities within coal seams for
stress release [43–46]. In terms of gas sources, depressurization
via stress release can enhance the desorption rate of coalbed
methane. Furthermore, the change of stress condition induces
the movement and deformation of coal seams, which can
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improve reservoir permeability. In addition, the expansion
deformation of coal seams enlarges the volume of pores and
fractures, which can reduce the capillary resistance of gas
migration in flow channels [16]. Therefore, this development
mode should be further researched and applied in CBM indus-
try. In addition, in coal mining areas, employing the advantages
of rapidly releasing the reservoir pressure through mining,
CBM extraction can be significantly enhanced. Hence, the

development mode of coal and CBM comining has been dem-
onstrated as a suitable way to develop CBM resources in practice
[47, 48]. In China, the maximum depth of coal mining reaches
approximately 1500m. Hence, the coal and CBM comining
mode can be employed to develop CBM in mining areas.

According to different CBM development modes and their
applicable geological conditions, a certain design of CBM
development modes is proposed, as summarized in Table 2.
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In shallow weakly deformed coal seams or water-bearing coal
seams, the development mode of depressurization via dewa-
tering can be optimized and innovated to further improve
the CBM extraction effect, because this development mode
exhibits a high geological adaptability. In coal mining areas,
coal and CBM comining mode should be continuously devel-
oped and popularized. In deep coal seams, strongly deformed
coal seams, or water-free coal seams, the development mode of
depressurization via stress release should be vigorously devel-
oped, as current development modes are inefficient in terms of
extraction in these areas. The geological conditions described
in Table 2 can cover most CBM development areas in China.
Hence, this design achieves a universal geological adaptability.
It should be noted that Table 2 does not provide detailed
values of the buried depth in in situ coal seams, as there exists
no absolute critical conversion value between deep and shal-
low coal seams.

4.3. Recommended Policies and Managements. Since 2008,
China has implemented several National Science and Tech-
nology Major Projects for the development of CBM resources
from 2006 to 2020 [49, 50]. Nevertheless, considering the low
production rate of single CBMwells, it is also difficult to estab-

lish a high gas production capacity to satisfy the energy
demand in China. Therefore, the support and overall manage-
ment provided by the central government alone is far from
sufficient. CBM resources in China are widely distributed
[51]. If the regional governments could strengthen the devel-
opment of local CBM resources and prioritize fulfillment of
the demand of local users, this probably facilitates the forma-
tion of multipoint development conditions across China.

In 2010, the Government of Shanxi Province proposed
the gasification of Shanxi strategy and issued pump priming
policies in investment, fiscal taxation, finance, land, and
other areas of the CBM industry [52]. In 2017, the Science
and Technology Department of Shanxi Province issued a
major project on key and core technologies to realize an
energy revolution in this province, explicitly supporting break-
throughs in CBM exploration, development, and utilization
[53]. These policies have led to and driven the sustainable
and rapid development of the Shanxi CBM industry. In April
2020, Shanxi Province issued the Administration Measures of
CBM Exploration and Exploitation in Shanxi Province to
further standardize the CBM exploration and development
market and ensure ecological protection in this province
[54]. Prior policies and effective management measures have

Table 2: Design of CBM development modes.
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Suggested development
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Depressurization via stress
release

Deep High in situ stress
Low permeability and high

effective stress
Depressurization via stress

release

Coal mining areas <1500 Reservoir pressure release through
mining

Continuous coal seams
with large thickness
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driven the CBM industry in Shanxi Province to progress rap-
idly. In recent years, the production volume of CBM in Shanxi
Province has always accounted for more than 60% of China’s
total CBM production volume, as shown in Figure 4 [55].
Particularly, in 2021, the surface CBM production in Shanxi
Province reached 89:5 × 108 m3, and the CBM well produc-
tion capacity of Shanxi Province alone accounted for 85.5%
of the national total well production capacity.

Additionally, more than 100 wells have been constructed
in the abandoned mines in Shanxi Province, and approxi-
mately 1:28 × 108 m3 of CBM resources have been extracted
and utilized by the end of 2021 [56]. This terrific amount is
equivalent to reducing 1:92 × 106 tons of carbon dioxide
(CO2) emissions, with a great significance for the local atmo-
spheric environment.

The abovementioned demonstrate that regional govern-
ments play a key role in the development of the regional
CBM industry. Therefore, we argue that regional govern-
ments should formulate more favorable policies, such as
tax relief policies, gas production subsidies, and scientific
research projects, to promote the engagement of CBM pro-
duction enterprises.

In addition, current CBMproductionmanagement remains
extensive, and the extraction methods of CBM wells are exces-
sively uniform across different areas, lacking professional
design of CBM development modes as mentioned in Section
4. 2. In this way, the sameness of CBM extraction method in
China must be disrupted in the future. Enterprises must
strengthen the cooperation between enterprises and universi-
ties and establish professional construction teams. The focus
of CBM development is to improve the fundamental theories
and solve the key technical problems. Based on these aspects,
it is also suggested that interdisciplinary collaboration should
give full play to breakthroughs in key CBM development tech-

nologies. For example, research and development of fracturing
fluids and proppant materials should fully utilize the advances
of materials science. A breakthrough in reservoir stimulation
and permeability enhancement depends on the integration of
basic science theories such as physics, chemistry, and biology.
In addition, research and development of major CBM extrac-
tion equipment require the application of mechanical and elec-
tronic sciences, combined with artificial intelligence. Therefore,
cooperation and interdisciplinary research are expected to
break through the technical restricts in CBM development.

Based on the above discussion, a recommended frame-
work for CBM development in China is proposed, as shown
in Figure 5. Increasing the proven gas reserves can ensure a
sufficient number of attractive areas for CBM development.
The design of CBM development modes can be employed
to provide guidance for the development direction of CBM
extraction technologies. Support by regional governments
and cooperation between enterprises and universities are
important for the CBM industry across China.

5. Conclusions

The low production rate of CBM wells limits the develop-
ment of the CBM industry in China. In this study, the limit-
ing factors of CBM development in China are analyzed
involving the geological reasons for the low gas production,
proven CBM reserves, CBM development modes, and man-
agements. On the basis, a recommended framework of CBM
development is established to promote the CBM industry in
China. In this study, the following conclusions are obtained:

(1) There are three objective limiting factors restricting
gas movement and production in CBM reservoirs,
including gas sources, channels, and driving force.

Recommended
frameworks

CBM development
modes

Depressurization via
dewatering

Searching for attractive
development areas

Support from regional
governmentsEfficient policies and

managements

Coal and CBM co-mining

Increasing the proven
gas reserves

Depressurization via
stress release

Enhanced university-enterprise
cooperation and

interdisciplinary research

Figure 5: Recommended framework for CBM development.
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CBM stimulation methods must overcome these
three constraints

(2) The proven rate of CBM resources in China is much
less than 3%, and the annual increase in proven
CBM reserves in recent years exhibits a very low
and highly unstable pattern. It is suggested to greatly
increase the proven CBM reserves

(3) Depending on the applicable geological conditions of
different CBM development modes, a specific design
of CBM development modes is proposed, including
depressurization via dewatering, depressurization
via stress release, and coal and CBM comining

(4) Regional governments can play a key role in the devel-
opment of the CBM industry and should formulate
more favorable policies to promote the multipoint
development conditions across China. Cooperation
and interdisciplinary research are expected to break
through the technical restricts in CBM development

The limitation of this study is that the favorable policies
are not elaborated, as the development status of CBM in differ-
ent regions is variable across the country. Further works are
needed to survey the market and formulate detailed policies
that can be implemented by different regional governments.
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“Fracture network stimulation and oil-water infiltration and replacement” are recent attempts to effectively produce oil from tight
reservoirs. On the one hand, the formation can be fractured by the fracturing fluid, which can carry proppant into fractures. On
the other hand, the fracturing fluid can spontaneously infiltrate into the pores under the action of capillary pressure to displace the
oil phase, thereby enhancing the oil recovery. To distinguish imbibition and displacement processes during fluid replacement in
tight reservoirs is difficult, and the effect of these two processes is also vaguely defined. In this study, an experimental method that
can visualize the imbibition and displacement process is proposed by combining the core slice displacement experiment. Based on
this method, the process of imbibition and displacement can be effectively distinguished, and imbibition retention rate can be
quantitatively characterized. The effectiveness of this method is proved by taking the core of Chang 7 tight sandstone reservoir
in the Ordos Basin as the research object. The results show that the force direction of the fluid under imbibition is related to
the wettability, and it is always from the wetting phase to the nonwetting phase, while the force direction of fluid under
displacement is mainly related to the directivity of displacement pressure difference. Based on the difference of force action,
imbibition and displacement can be quantitatively characterized, respectively. During the imbibition process, the peak value of
the NMR curve corresponding to the small pore throat shifts to the left, and the signal amplitude increases. During the
displacement process, the peak value of the NMR curve corresponding to the small pore throat has no obvious shift, nor signal
amplitude change, but the peak value of the curve corresponding to the large pore throat shifts to the right. The results also
indicate that there is an exponential negative correlation between imbibition retention rate and gas permeability. The greater
the gas permeability is, the smaller the imbibition retention rate is.

1. Introduction

Imbibition refers to the process that the wetting fluid spon-
taneously sucks into the pores and displaces the nonwetting
fluid under the action of capillary force [1–3]. The concept
of displacement can be divided into broad sense and narrow
sense. In a broad sense, displacement refers to the process of
one fluid driving and replacing another fluid; that is to say,
all fluid replacement can be called displacement (including
imbibition process). In a narrow sense, displacement refers
to the process of fluid replacement under the action of pro-
duction pressure difference. The displacement described in
this study refers to the displacement in a narrow sense [4, 5].

At present, the study of fluid replacement in tight oil res-
ervoirs mainly depends on laboratory experimental. Arab
et al. and Mai and Kantzas conducted core displacement
experiments in the hydrophilic system and showed that the
injection rate has different effects on the recovery under dif-
ferent oil-water viscosity [6, 7]. Li et al. conducted core imbi-
bition experiments to show that chemical solutions can turn
more remaining oil into movable oil to improve oil recovery
[8]. Bertoncello et al. used NMR technology to study the
influence factors on the imbibition [9–14]. Mason et al.
and Li et al. showed that the fluid replacement in imbibition
and displacement during the process of shut-in can improve
the fracturing stimulation effect of tight oil reservoirs via the
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imbibition experiment under pressure [15, 16]. Wang et al.
studied the contribution of displacement and imbibition to
the oil displacement rate via mathematical models [17–20].
Wang et al. carried out NMR tests, which showed that
microfractures have little effect on improving spontaneous
imbibition efficiency [21–24]. Wang Z. et al. and Gao et al.
directly observed fluid replacement in the process of imbibi-
tion via the microfluidic pump, indicating that the chips
with a larger average pore throat radius had a higher degree
of imbibition recovery [25, 26]. Yao et al. and Li et al. studied
the imbibition-displacement law in different reservoirs via
capillary models [27, 28].

The existing researches have the following problems: (1)
it is difficult to distinguish the processes of imbibition and
displacement. During the process of fracturing or postfrac-
turing production in tight reservoirs, the reservoir fluids
are affected by many factors, such as pressure difference,
capillary force, and gravity. The processes of displacement
and imbibition are carried out at the same time and interact
with each other. Especially for small pores (25 nm<pore
diameter≤100nm), whose capillary force and displacement
pressure difference are relatively balanced, so it is difficult
to distinguish the effects of imbibition and displacement
[29–31]. (2) There is a big deviation in the definition of cap-
illary force effect. Self-imbibition experiments are often used
to study the effect of imbibition replacement in recent years.
Many scholars have concluded that “the greater the perme-
ability, the higher the imbibition replacement efficiency”
and “the smaller the interfacial tension, the higher the imbi-
bition replacement efficiency.” However, these conclusions
are contrary to the effect of capillary force. The smaller the
core permeability and the pore throat radius, the greater
the capillary force and the more obvious the corresponding
imbibition effect in general. Similarly, the smaller the inter-
facial tension, the smaller the capillary force effect and the
worse the imbibition effect [32–34]. The reason why some
contrary conclusions are drawn is that self-imbibition pro-
cess is not only affected by capillary force, and the effect of
which has not been clearly defined.

Based on the core slice displacement experiment, this
study effectively distinguishes the imbibition and displace-
ment effects, quantitatively characterizes the imbibition
retention rate, and realizes the visual observation of imbibi-
tion and displacement processes.

2. Methodology

2.1. The Principle of Experiment. The force direction of the
fluid under imbibition is related to wettability, and it is
always from the wetting phase to the nonwetting phase.
When the nonwetting phase is replaced with the wetting
phase under the action of capillary force, the fluid replace-
ment occurs spontaneously. When the wetting phase is
replaced with the nonwetting phase, a larger external force
is required to achieve fluid replacement. Different from cap-
illary force, the direction of fluid flow under displacement is
mainly related to the directivity of displacement pressure
difference and has nothing to do with wettability. In a word,
when the nonwetting phase is replaced with the wetting

phase, the direction of the force is from the wetting phase
to the nonwetting phase. When the wetting phase is replaced
with the nonwetting phase, the direction of the force is from
the nonwetting phase to the wetting phase.

Assuming that the wettability of the core tends to be
hydrophilic, the process of wetting phase displacing nonwet-
ting phase is shown in Figure 1(a), where the blue area rep-
resents water phase, red area represents oil phase, and black
area represents rock skeleton. Under the action of the pro-
duction pressure difference, most of the water phase flows
through the large pore throat to displace the oil phase. At
the same time, spontaneous imbibition occurs in the small
pore throat under the action of capillary force, the water
phase is sucked into the small pore throats to displace the
oil phase, and the water phase fills the affected pore throat
areas.

After the wetting phase displaces the nonwetting phase
to reach the displacement limit, the nonwetting phase is used
to reversely displace the wetting phase (oil reverse displace-
ment water), as shown in Figure 1(b). The water phase in
the large pore throat is displaced by the oil phase under
the action of the production pressure difference. Since the
production pressure difference is much smaller than the cap-
illary force of the small pore throat, the water phase in the
small pore throat is retained. Comparing the two processes
of the wetting phase displacing the nonwetting phase and
the nonwetting phase displacing the wetting phase, we can
effectively distinguish the imbibition and displacement in
the process of fluid replacement in the tight reservoir.

2.2. The Process of Experiment. The six cores used in the
experiment are from the tight sandstone reservoir of the
Chang 7 Formation in the Ordos Basin. The basic physical
parameters are shown in Table 1. The porosity distribution
is 8.06%~10.86%, with an average of 9.33%. The permeabil-
ity distribution is 0.144mD~0.387mD, with an average of
0.251mD. The clay content is 3.28%~4.92%, with an average
of 3.96%. In addition, the contents of illite, chlorite, and
illite/montmorillonite in each core are similar. Since these
cores come from the same block, there is little difference in
physical properties between the cores. Core slices made from
six cores are shown in Figure 2.

The detailed experimental procedures are as follows:

(1) The core is made into a core slice sample with a
length of 2 cm, a width of 2 cm, and a thickness of
about 0.5mm, which is sealed with glass. The exper-
imental device is shown in Figure 3

(2) Turn on the vacuum pump and evacuate the core
slices for at least 5 hours. Turn off the evacuation
pump to saturate the core with water, and end when
there is no significant change in the color of the core
(methyl blue is added to the water phase for easy
identification). This process simulates the process
of water filling the rock pores first under the original
geological conditions

(3) Displace the saturated simulated oil, which is added
with oil red solution for easy identification. The ratio
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of crude oil and kerosene in the target reservoir is
1 : 2, and the viscosity of the simulated oil phase is
1.87mPa·s. This process simulates the accumulation
process of the reservoir, and the first NMR scan is
performed after displacement until no water phase
is produced at the output end

(4) In the process of water displacing oil, the core slices
are observed in real time by a microscope. When
there is no oil phase produced at the production
end, stand still for a period of time to allow the water
phase to be fully imbibed. Then, record the oil-water
distribution at the moment, and conduct the second
NMR scan

(5) In the process of oil reversely displacing water, the
core slices are observed in real time by a microscope.
When there is no water phase produced at the pro-
duction end, stand still for a period of time. Then,
record the oil-water distribution at the moment,
and conduct the third NMR scan

(6) Analyze the experimental data. Compare the pro-
cesses of displacing saturation simulation oil, water
displacing oil, and oil reverse displacing water. The
Nikon NIS-Elements Documentation software was
used to identify and quantify the displacement range
of water and oil phases, and the measuring cylinder
was used to calculate the water phase imbibition
retention rate of core slices

The specific measurement process is as follows: when
measured using conventional measuring cylinder, the injec-
tion and production flow rates of the core slices can be mea-
sured after the oil and water collected in the measuring
cylinder are separated, and the physical parameters of the
core slices can be used to calculate the volume of each fluid
in the core slices. When calculated using microscopic image
recognition software, the water phase containing methyl
blue and the oil phase containing oil red solution were
mixed, and the corresponding mixed colors under different
water saturation were calibrated. During the experiment, a
microscope was used to observe the core slices in real time,
and the images of the fluid color in the core slices observed
by the microscope corresponded to the calibrated saturation
values. Then, the control ranges of different saturation were
calculated to obtain the fluid volumes in the core slices at
different times. The formula for calculating the imbibition
retention rate is

η = Vr

VФ

, ð1Þ

Imbibition

Imbibition

(a) The process of water displacing oil

Retention

Retention

(b) The process of oil reversely displacing water

Figure 1: Schematic diagram of fluid displacing and reversely displacing (the blue area represents water phase, the red area represents oil
phase, and the black area represents the rock skeleton).

Table 1: Basic physical parameters of cores.

Number
Length
(cm)

Diameter
(cm)

Dry weight
(g)

Porosity
(%)

Average of gas permeability
(10-3μm2)

Clay content
(%)

Mineral types and relative
content (%)

Illite Chlorite
Illite/

montmorillonite

A12 4.342 2.51 49.49 10.86 0.387 3.57 15.42 5.11 13.47

B17 4.328 2.52 51.63 8.06 0.181 3.28 16.18 5.09 15.73

B30 4.358 2.51 52.83 9.61 0.313 4.92 13.06 4.83 14.11

B33 4.364 2.52 52.23 8.48 0.144 3.71 13.27 6.65 15.08

C35 4.306 2.52 50.24 8.69 0.199 4.41 15.99 6.57 15.85

C37 4.406 2.52 50.54 10.28 0.284 3.86 15.26 6.27 14.47

Figure 2: Core slices.
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where η is the imbibition retention rate, %; Vr is the imbibi-
tion retention volume of water phase, m3; and VФ is the total
pore volume of core slices, m3.

Compared with the core self-imbibition experiment and
the core displacement imbibition experiment, the experi-
mental method provided in this study can effectively define
the imbibition and displacement effects, quantitatively char-
acterize the imbibition retention rate, and realize the visual
observation of the imbibition and displacement process.
However, this method also has certain limitations. When
using microscopic images to identify fluids, only one surface
of the core slice can be observed, and the measurement accu-
racy will be affected by the thickness of the core slice and the
accuracy of color calibration. At the same time, due to the
total displacement volume flow is small, the error of flow
measurement increases. Compared with the calculation of
displacement flow rate method, the average relative error
of the six cores calculated by the microscopic image recogni-
tion method is about 6.8%. The average value of the two
methods is taken in this experiment.

3. Results and Discussion

Based on the experimental principle, most of the pore throat
areas in the core slices will be filled with simulated oil after
the process of saturating simulated oil, which makes the core
slices dyed red. After the process of water displacing oil,
whether in the displacement area or the imbibition area,
the water phase will replace the oil phase under the action
of displacement or imbibition, which makes the core slices
dyed blue. After the process of oil reversely displacing water,
the water phase in the displacement area will be displaced by
the oil phase under the action of pressure difference, which
makes this area dyed red. In the imbibition area, the dis-
placement pressure difference is less than the capillary force,
resulting in the water phase being retained. This area
appears as a blue area. This study takes B17 and C37 core
slices as examples to illustrate.

3.1. The Displacement Experiment of the B17 Core Slice. The
observation image of the B17 core slice saturated with simu-
lated oil is shown in Figure 4(a), the observation image of
the B17 core slice after water displacing oil is shown in
Figure 4(b), and the observation image of the B17 core slice

after the process of oil reversely displacing water is shown in
Figure 4(c).

Comparing the core slice images of the three stages of
the B17 core, three small areas were selected, which are
enclosed by the dotted circle in Figures 4(a)–4(c). The area
1 and area 2 appear red after the process of saturating simu-
lated oil, blue after the process of water displacing oil, and
remain blue after the process of oil reversely displacing
water. This phenomenon indicates that these areas are
mainly controlled by imbibition. The blue area after oil
reversely displacing water is the water phase left by imbibi-
tion. The area 3 appears red after the process of saturating
simulated oil, blue after the process of water displacing oil,
and red after the process of oil reversely displacing water.
This phenomenon indicates that this area is mainly con-
trolled by the effect of displacement. The experiment results
indirectly verify the correctness of the experimental
principle.

The NMR curve of the B17 core slice after positive and
negative displacement is shown in Figure 5. The abscissa is
the relaxation time, which corresponds to the pore throat
size. The larger the relaxation time is, the larger the pore
throat diameter is. The ordinate is the amplitude of NMR
signal. Through the experimental calibration, the NMR sig-
nal of the water phase is much stronger than that of the oil
phase, so the signal amplitude of the NMR curve mainly
reflects the amount of the water phase. By comparing the
changes of the curves, it can be seen that after the process
of saturating simulated oil, the NMR curve of the core slice
shows a double hump shape. The peak signal intensity of
the curve corresponding to the small pore throat is higher
than that corresponding to the large pore throat, indicating
that the small pore throat accounts for a large proportion
of the core. After the process of water displacing oil, the peak
of the curve corresponding to the small pore throat has a
slight left deviation, and the NMR signal amplitude has little
change. The peak of the curve corresponding to the large
pore throat deviates significantly to the left, and the signal
amplitude decreases. The range of the hump across the pore
throat increases. This is due to fluid displacement; the water
phase is more likely to enter from larger pore throat and
invade into smaller pore throat under the action of pressure
difference and capillary force, which affects the area that was
not affected by the process of saturating simulated oil. After
the process of oil reversely displacing water, the peak value

Microscope

core wafer

Aqueous phase injection unit Oil phase injection unit

Measuring cylinder Measuring cylinder

Six way valve Six way valve

Figure 3: The experimental device.
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of the curve corresponding to the small pore throat has no
obvious lateral shift, and the signal amplitude has little
change. This is because the water phase in the small pore
throat is retained by the capillary force. The peak value of
the curve corresponding to the large pore throat deviates sig-
nificantly to the right, and the peak signal amplitude
increases greatly. We can conclude that the displacement
process makes more fluid flow in the larger pore throat,
and the fluid flow direction is the migration from the larger
pore throat to the largest pore throat.

3.2. The Displacement Experiment of the C37 Core Slice. The
observation image of the C37 core slice after the oil simula-
tion saturating process is shown in Figure 6(a), the observa-
tion image of the C37 core slice after the water displacing oil
process is shown in Figure 6(b), and the observation image
of the C37 core slice after the oil reversely displacing water
process is shown in Figure 6(c).

Comparing the core slice images of the three stages of
the C37 core, three small areas were selected, which are
enclosed by the dotted circle in Figures 6(a)–6(c). The area
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(a) The process of saturating simulated oil
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2

(b) The process of water displacing oil
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(c) The process of oil reversely displacing water

Figure 4: Observation images of B17 core slices at different displacement stages.
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Figure 5: The NMR curve of B17 core slice after positive and negative displacement.
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4 and area 5 appear red after the process of saturating simu-
lated oil, blue after the process of water displacing oil, and
remain blue after the process of oil reversely displacing
water. This phenomenon indicates that these areas are
mainly controlled by imbibition, and the blue area is the
water phase left behind by imbibition retention. The area 6
will be dyed red after the process of saturating simulated
oil, blue after the process of water displacing oil, and red
after the process of oil reversely displacing water, which
indicates that the pore throat in this area is larger and is
mainly controlled by the action of displacement.

The NMR curve of the C37 core slice after positive and
negative displacement is shown in Figure 7. By comparing
the changes of the curves, it can be seen that after the process
of saturating simulated oil, the NMR curve of the core slice is
in the shape of a double hump. The peak value of the curve
corresponding to the large pore throat is higher than the
peak value of the curve corresponding to the small pore
throat, which indicates that the core has a high proportion
of large pore throats. After the process of water displacing
oil, the peak value of the curve corresponding to the small
pore throat shifted significantly to the left, and the amplitude
of NMR signal increased. This is due to the imbibition of the
small pore throat; the water phase enters into the small pore
throat under the action of capillary force, which affects the
area not affected by the simulated oil. At the same time,
the NMR signal is enhanced because of a large amount of
water phase imbibition. The peak value of the curve corre-
sponding to the large pore throat has no obvious shift from
left to right. However, the signal amplitude decreases and the

range of the hump across the pore throat increases, indicat-
ing that the fluid flows to the larger pore throat under the
joint action of displacement and imbibition. After the pro-
cess of oil reversely displacing water, the peak value of the
curve corresponding to the small pore throat has no obvious
lateral shift, and the signal amplitude changes little, which is
because the water phase in the small pore throat is bound
and retained by the capillary force. The peak value of the
curve corresponding to the large pore throat deviates signif-
icantly to the right. This illustrates that the displacement
process makes more fluid flow in the larger pore throat,
and the flow direction of the fluid is the migration from
the larger pore throat to the larger pore throat.

3.3. Relationship between Imbibition Retention Rate and
Permeability. On the basis of the displacement experiments
of six core slices, combined with the recognition software
of microscope images and the calculation of displacement
flow rate, the amount of fluid controlled by displacement
and imbibition can be effectively quantified, and the rate of
imbibition retained also can be measured.

The statistical data after the displacement experiment is
shown in Figure 8. It is not difficult to see from the curve
shape that the imbibition retention rate decreases exponen-
tially with the increase of permeability, and the fitting rela-
tionship is as follows:

η = 5:2047 × K−1:176, ð2Þ

where K is the gas permeability, 10-3μm2.
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Figure 6: Observation images of C37 core slices at different displacement stages.
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4. Conclusions

(1) According to the difference between imbibition and
displacement, an experimental method that can visu-
alize the imbibition and displacement process is pro-
posed by combining the core slice displacement
experiment. Based on this method, the process of
imbibition and displacement can be effectively dis-
tinguished, and imbibition retention rate can be
quantitatively characterized

(2) During the imbibition process, the peak value of the
NMR curve corresponding to the small pore throat
shifted to the left, and the signal amplitude
increased. During the displacement process, the peak
value of the NMR curve corresponding to the small
pore throat has no obvious shift and signal ampli-
tude change, but the peak value of the curve corre-
sponding to the large pore throat is shifted to the
right

(3) There is an exponential negative correlation between
imbibition retention rate and gas permeability. The
larger the gas permeability is, the smaller the imbibi-
tion retention rate is
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Erlian Basin is a Mesozoic oil and gas-bearing basin in northeast of China. The extension rate, extension direction, and stratum
thickness of this rift basin have a clear control on its shape and extension. In this study, we design three sandbox models of the
Erlian Basin to represent the effects of changing these three factors. The extension rate controls the timing of secondary fault
formation inside the rift basin; a high extension rate promotes faster deformation inside the rift. The extension direction controls
the strike of the fault inside the rift; a greater angle between the extension direction and the normal direction of the strike of
the rift favors rapid evolution of internal secondary faults. The stratum thickness represents the control of sedimentation on the
rift basin; the thinner the brittle layer, the wider the rift. The simulation results also show that the extension direction is the major
factor controlling tectonic deformation in the basin. Stratum thickness and extension rate are secondary controlling factors.
Additionally, according to geometric and kinematic similarities between typical Mesozoic rift basins in eastern and adjacent areas
of China, we suggest that southeastward extension is a possible kinematic mechanism for basin formation.

1. Introduction

Erlian Basin is a Mesozoic oil- and gas-bearing basin in
northeast China (Figure 1). There are significant geometric
and kinematic similarities between Erlian Basin and other
Mesozoic rift basins in eastern China [1–8]. For example,
the structural style of fault depression in both Erlian Basin
and peripheral Mesozoic rift basins such as Hailar Basin
and Yin’e Basin predominantly includes a long, narrow half
graben, a graben, and a composite structure combining the
two [1]. The evolutionary features of the study area can be
divided into two stages of tectonic deformation: Mesozoic
early continental and late depression [9, 10]. Previous
research has involved long-term oil and gas exploration of
the basin ([11]) and indicates that tectonic deformation
plays an important role in controlling the distribution of

oil and gas resources [5]. Consequently, there is an in-
depth understanding of the distribution of early Cretaceous
oil-bearing strata and the structural characteristics formed
by continental rifting in this basin. According to previous
research on the factors controlling basin deformation, four
different models have been proposed: (1) The formation
and distribution of rifting in the Erlian Basin were controlled
by the pre-Mesozoic basement structure ([12, 13]). (2) The
preexisting basal fault network, the tectonic stress field dur-
ing the rifting period, and other factors at depth all con-
trolled the formation and distribution of the rift basin [1].
(3) Five large-scale, long-active, and deep faults oriented
EWW and NE in the basin basement controlled the tectonic
evolution of the basin in different periods [14]. (4) The base-
ment properties and preexisting structure of the basin con-
trolled the structural pattern of the basin [5, 15, 16]. Thus,
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the factors controlling Mesozoic tectonic deformation in the
Erlian Basin remain controversial. Specifically, there is a lack
of physical models that simulate deformation mechanisms,
particularly the influence and control of pre-Mesozoic base-
ment properties on deformation.

Deformation analysis of rifting and extension in basins
has shown that physical simulations are an effective way to
explore the mechanisms of tectonic formation; they can rep-
licate the tectonic deformation and effectively verify the rel-
evant formation mechanisms and evolution processes.

Physical modelling has been widely used for rift and exten-
sional structures and provides many new insights for under-
standing the tectonic deformation mechanism of rift basins
[17, 18]; for example, experiments have shown that rift basin
fault strike and combination is related to the extension
direction [19–23], boundary geometry [24–26], preexisting
structure [27–29], and basement properties [28].

According to the structural characteristics of a seismic
section and the distribution characteristics of the planar fault
system in the study area, combined with previous geological
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analyses, we designed an experimental sandbox model that
could control the extension rate, stratum thickness, and
extension direction of the basin. The model was used to
determine the major factors controlling tectonic deforma-
tion in the Erlian Basin, and our experimental results were
compared with the present structural features. We then pro-
posed a kinematic mechanism for formation of Erlian Basin
and other basins with similar tectonic properties in north-
east China.

2. Geological Background

Erlian Basin is generally oriented NNE; it has a wide central
area, is narrow in the NE and NW, and has an elliptical
shape. The tectonic units consist of five depressions: Sunite
Sag, Wulanchabu Sag, Wunite Sag, Tenggeer Sag, and
Chuanjing Sag, and three areas of uplift: the BYBLG uplift,
SNT uplift, and WDEM uplift (Figure 1). The structural pat-
tern is complex and exhibits different fault strikes. There are
a series of three-level structural units inside the depressions
and uplifted areas known as sunken areas and bulges. The
master fault strike of Sunite Sag and Wulanchabu Sag in
the central basin is NE50°–70°. The internal secondary fault
depression of the central rift zone in Sunite-Wulanchabu is
dominated in tandem and oblique structures and is charac-
terized by a deep and narrow graben and a half graben. Mul-
tiple faulted depressions form a narrow, long, and positive
fault depression zone, whose strike is essentially consistent
with the extension direction of the depression. The strike
of the master fault between Chuanjing Sag in the west and
Tenggeer Sag in the south is EN50°–70°, whereas that of
Wunite Sag in the east is NE15°–451. The internal secondary
fault depressions in the rift zone around basin are domi-
nated by oblique structures and are characterized by a shal-
low and wide graben and a half graben. Multiple fault
depression oblique rows form a short, wide, and oblique
fault depression zone, whose strike is oblique to the exten-
sion direction of the depression [16, 30]. This type of fault
depression in the Erlian Basin is widespread in the rift basins
of northeastern China, such as Hailar Basin and Yin’e Basin
in the west of the Greater Khingan Mountains, which have a
similar distribution direction and shape and combine to
form the Mongolian fault basin system [10, 31].

The Erlian Basin is divided into three sets of construc-
tion. Internally, the pre-Mesozoic basement includes the
Atrial crystalline metamorphic rock, Proterozoic era, and
Paleozoic sedimentary rocks. Mesozoic Strata is the main
body of the basins, including the Jurassic, the Lower Creta-
ceous, and a small amount of Upper Cretaceous, missing
Triassic. Among them, the whole basin of the Jurassic is
widely distributed, mainly in volcanic debris, volcanic rock,
etc., and the thickness of the formation is relatively stable.
The Lower Cretaceous is mainly filled with a series of debris
rock layers, and the formation thickness is obviously subject
to fault control. The Upper Cretaceous is only sporadic in
partial depression; the Neogene and Quaternary are mainly
distributed in the depression zone.

The basement of the Erlian Basin belongs to the Mongo-
lian orogenic belt and has undergone multiple stages of tec-

tonic evolution, including the Caledonian, Hercynian,
Indosinian, and early Yanshanian periods. The basement
structure is characterized by nonuniformity and composed
of three anticlinorium and two synclinorium [32], which
constitute a positive and negative tectonic pattern, as well
as a number of large-scale faults oriented NNE and NE.
Among them, the NE-NEE Erlian-Hegenshan fault and
deep, near EW Ondor Sum-Xar Moron fault form two
important structural boundaries. They divide the basement
into three regions with significantly different tectonic direc-
tions and crustal structure properties, revealing the complex
structural features of the strong deformation zone surround-
ing the weakly deformed block body. The anticlinorium
uplift zone belongs to the weak deformation zone of the
basement and forms the uplift zones of the basin. The syncli-
norium or fault zone belongs to the strong deformation zone
of the basement, which mainly controls the development of
basin depressions. Sunite Sag and Wulanchabu Sag in the
middle of the basin are superimposed on the Dong
Ujimqin-Erlian curved fold belt, which strikes from NE to
NEE and protrudes southward. The strike of the master fault
in the rift is essentially the same as that of the basement
structure. Sunite Sag in the eastern margin of the basin is
superimposed on the NEE-striking Erlian-Hegenshan Deep
Fault Zone, whereas Chuanjing-Tenggeer Sag is superim-
posed on the EW-striking Ondor Sum-Xar Moron Deep
Fault Zone, and on both sides of the fold belt, the strike of
the master fault in the rift is oblique to the strike of the base-
ment structure [16].

Some seismic sections in the Erlian Basin exhibit deforma-
tion characteristics of rapid Mesozoic rifting and slow late set-
tlement (Figure 1), as well as strongly continuous fault activity.
Early Cretaceous fault activity was strong, and fault displace-
ment was large before weakening in the late stage. The struc-
ture pattern of the central positive rift zone is half-graben in
tandem and codirectional composite structure. The master
fault has a steep dip angle, and the resulting fault depression
is narrow and long. The structural pattern of the peripheral
oblique rift zone is half-graben in tandem and oblique
arrangement. In the shallow layer, the fault is mainly charac-
terized as a high-angle normal fault, with a dip angle up to
80°, a large fault displacement, a deep part that gradually
becomes shovel type, and a resulting fault depression that is
shallow and wide (Figure 1 A-A’ and B-B’).

3. Model Design

All the models in this study used a 60 cm × 45 cm sandbox
(Figure 2). The models are driven by a motor to pull one side
of the movable baffle; as the rubber at the bottom is
stretched, the upper sand layer gradually produces normal
faults and different types of rift. The model surface was
photographed regularly using a computer-controlled cam-
era. All experiments were repeated, revealing reproducible
results. After each experiment, a layer of white quartz sand
was spread evenly on the surface of the model to prevent
deformation of the model surface. After spraying with water
mist, the model was sliced at equidistant intervals to observe
the internal deformation. Only one variable was changed in
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each model to examine the effect of different factors on tec-
tonic deformation. The experimental design was simplified
to reduce the impacts of minor factors. The sandbox exper-
iments were carried out in the State Key Laboratory of Oil
and Gas Resources and Exploration, China University of
Petroleum (Beijing).

3.1. Experimental Setup. All models were 60 cm long and
45mm wide. The shape of the base retractable eraser was
similar to “Y”(Figure 2(a)); this design not only considers
the actual Paleozoic basement shape of the Erlian Basin,
but also the influence of different oblique rifting directions
on tectonic deformation. Except for model 3, all models were
42mm thick, in which the overlying sand layer was 40mm
and the base retractable rubber and nonstretchable canvas
were 2mm (Figure 2). The initial thickness of the overlying
sand layer on model 3 was 25mm, and a 5mm sand layer
was added for extensions of 20mm, 40mm, and 60mm.

The final thickness of the sand layer was therefore 40mm,
like the other models. In order to study the influence of syn-
deposition and the thickness of the brittle layer (equivalent
to changing the strength of the brittle layer) on tectonic
deformation (similar to [33]) (Figure 2(c)), the final exten-
sion of all models was 80mm (Table 1).

This series of models was designed to investigate the effect
of stratum thickness, extension rate, and extension direction.
Changing the extension direction is equivalent to changing
the inclination angle of extension (defined as the angle
between the extension direction and the normal direction of
the rift) during the rifting process [23, 27, 33]. Model 1 had
an extension rate and direction of 6:67 × 10−3m/s and
N315°E–N135°E, respectively. In model 2, the extension rate
was changed to 3:35 × 10−2m/s. In model 4, the extension
direction was changed to N330°E–N150°E, which corresponds
to a change in the extension inclination angle of α = 0°, 25°
compared with model 1 (extension angle α = 15°, 40°).

45 cm60
 cm

𝛼 = 15°

𝛼 = 40°
Weak zone

45°

(a)

60 cm 45 cm

𝛼 = 25°

𝛼 = 0°

Weak zone

60°

(b)

Sand layers

Canvas Rubber

10
20
30

45
mm

Sand
layers

Canvas

10
20
30

45
mm

Sand
layers

Rubber

(c)

Figure 2: Schematic diagram of the experimental model. (a) Plan view of the extension direction oriented N315°E–N135°E, (b) plan view of
the extension direction oriented N330°E–N150°E, and (c) cross-sectional view.
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3.2. Material Properties. We employed loosely dried quartz
sand, which follows the Mohr-coulomb yielding criteria with
a particle size of 0.25–0.3mm, a density of 1.43 g/cm3, an
internal friction angle of 30–31°, a kinetic friction coefficient
of 0.65, and a cohesion force close to 80Pa (Table 2). It is an
ideal analog material for simulating shallow structural defor-
mation of the crust [34]. Rubber is widely used in experi-
ments simulating the extensional structure of the rift basin
due to its flexible elasticity [29, 35, 36]. This experiment
employed the quasi-kinematic retractable eraser to simulate
the highly ductile weak basement zone [36]. This weak
deformation area was overlain with nonstretchable canvas
to transfer the displacement.

3.3. Scaling. The model size ratio is 1 × 10−5, as 1 cm in the
model represents 1 km in reality; thus, the standard model
simulates a brittle layer 4 km thick and 60 km long
(Table 2). Values for the density, angle of internal friction,
and cohesive force of brittle material of the geologic entity
are derived from Zhou et al. [37]. The cohesive force of the
brittle material in the model is 80 Pa [38], giving a cohesive
force ratio of 2 × 10−6 (Table 3).

We apply standard formulas to scale the proportions of
our model and actual geologic entity. The brittle sand fol-
lows the Mohr-Coulomb yielding criteria, and the stress
ratio (σ ∗, constant: σ ∗ = σm/σn, subscripts m and n,
respectively, represent the model and geologic entity) is as
follows [39]:

σ∗ = ρ∗ × h∗ × g∗: ð1Þ

The density ratio (ρ ∗) is ρm = 1430 kg/m3 and ρn = 2400
kg/m3. The length ratio (h ∗) is hm = 4 × 10−2m and hn = 4
× 103m. The gravity ratio (g ∗) is gm = gn = 9:81m/s2. The
stress ratio of the model brittle layer is 3 × 10−6. The above
proportions have the same order of magnitude, which indi-
cates that our model satisfies the kinetic similarity crite-
rion [40].

We also determined the ratio, Rs, between the gravity
and cohesion force of the brittle region to ensure kinetic

similarity between our experiments and the geologic
entity [41]:

RS =
gravity
cohesion = ρ:g:h

c
: ð2Þ

The Rs values are 7.01 and 2.35 for the model and
geologic entity, respectively (cgeologic entity = 6 × 107, accord-
ing to [42]).

4. Results

4.1. Reference Model (Model 1). The tectonic deformation
evolution process of model 1 is shown in Figure 3 (extension
rate 2mm/min, extension direction NE315°–N135°E, and no
syndeposition). Similar to the results of previous experi-
ments [43–45], the initial stage of extension involves forma-
tion of a trunk boundary fault in the northern part of the
model from the ductile and brittle base, forming a sinking
rift zone (Figure 3(a)). Together with the antithetic second-
ary fault, they form a marginal graben. At this stage, all
deformation is concentrated in the trunk boundary fault
and the antithetic faults. Further stable extension promotes

Table 3: Scaling of models and geologic entity.

Parameter Model Nature
Model/nature

ratio (∗)

Density, ρ (g/cm3) 1.43 2.40 0.60

Internal friction angle, u 0.65 2.20 0.43

Cohesion, c (Pa) 80 7 × 107 1:14 × 10−6

Gravity, g (m/s2) 9.81 9.81 1.00

Length, l (m) 0.01 1000 1:00 × 10−5

Stress, σ (Pa) 561 9:42 × 107 3:00 × 10−6

Rs 7.01 2.35 /

Table 2: Material parameters of physical simulation experiments.

Density
(g/cm3)

Particle size
(mm)

Internal friction
angle (°)

Kinetic friction
coefficient

Static friction
coefficient

Cohesion
(Pa)

Quartz
sand

1.43 0.25–0.3 30-31 0.65 0.59 80

Table 1: Parameter table of each sand box simulation experiment model.

Mode Experimental series
Velocity of extension

(mm/min)
Thickness of basement

layers (mm)
Thickness of brittle

layers (mm)
Extension
direction

Syndeposition

1 Reference model 0.4 0.2 4.3 N315°E-N135°E -

2 Variable extension velocity 2.0 0.2 4.3 N330°E-N150°E -

3 Syndeposition 0.4 0.2 2.5
N315°E-
N135°E°

+

4 Variable extension direction 0.4 0.2 4.3 N315°E-N135°E -
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a change in the deformation pattern with extension of
57mm (Figure 3(c)). The second master fault is formed at
the boundary between the ductile base and the brittle base
of the central horst zone, and the antithetic faults formed
in the south of the model constitutes the second larger mar-
ginal graben, which undergoes further extension
(Figures 3(c) and 3(d)) in the central horst zone to form a
large number of secondary faults (the critical extension of
the secondary fault when it first appears is determined by
observing deformation of the model surface) [43–45]. Con-
versely, activity on the trunk boundary faults is reduced,
eventually forming a structure in which the graben is
arranged separately under steep boundary fault control.
The final section clearly shows that four narrow grabens
are juxtaposed in the center (Figure 3(e), slice 3). Close to
the sides of the baffle, and these become two narrow grabens;
thus, the closer to the baffle sides, the larger the interval
between the grabens (Figure 3(e), slices 2, 4, and 5).

4.2. Effect of Extension Rate (Model 2).Model 2 has an exten-
sion rate of 4.0mm/min, which is twice that of the reference
model. The evolution of deformation still involves the initial
boundary fault formation stage and the internal secondary
fault formation and movement stage. As shown in
Figure 4, the formation and movement of internal secondary
faults occur when the amount of extension is 48mm. This
indicates that the rate of extension determines the amount
of extension required for the evolution of internal secondary
faults; a higher rate of extension leads to more rapid forma-
tion of internal secondary faults in the rift basin, thus requir-
ing less amount of extension (Figure 5). However, the
extension rate has little effect on the evolution of rift zone
width (widest value in the vertical extension direction); all
of them start at 20mm extension and exhibit a positive cor-
relation (Figure 6). The final cross section shows that the
rifting system, in which the compound complex graben
developed by a broad internal domino fault under the
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Figure 3: Evolution and characteristics of deformation in reference model 1. (a–d) Top-view photos (left panels) and schematic line-
drawings of structures (right panels), illustrating boundary faults (BF), antithetic faults (AF), and internal faults (IF). (e) Vertical cross
sections corresponding to locations in (d).
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Vertical cross sections corresponding to locations in (c).
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control of a trunk boundary fault and the simple graben are
arranged separately, differs between models 1 and 2. That is,
model 2 has more secondary faults for the same amount of
extension (80mm) (Figures 3(d) and 4(c)).

4.3. Effect of Syndeposition (Model 3). The evolution of
deformation shown by model 3 is similar to that of the ref-
erence model; both exhibit complex rifting with internal sec-
ondary faults under the control of the master fault
(Figure 7). Model 3 has a rift (30 cm) that is 2 cm wider after
extension of 8 cm than the rift of the reference model
(28 cm) (Figure 8). The deformation pattern observed in
the cross section of model 3 is also similar to the reference
model (Figure 7), but the number of internal faults (quanti-
fied by the total number of faults in the four sections) is 12
for the trunk boundary fault and 20 for the secondary fault.
The reference model therefore has more master faults (18)
and fewer secondary faults (9) (Figure 9), as well as fewer
total faults. The experimental results show that syndeposi-
tion is equivalent to the thickness of the overlying brittle
layer gradually increasing to the thickness of the reference
model brittle layer and the strength of the overlying brittle

layer increasing to that of the reference model brittle layer.
In this case, the width of the rift is greater, the number of
trunk boundary faults is reduced, and the number of second-
ary faults is increased.

4.4. Effect of Extension Direction (Model 4). Model 4 exhibits
a wider rift (35 cm) at 8 cm of extension, which is 7 cm wider
than that of the reference model (28 cm). The rifting width
of the three different cross sections is negatively correlated
with the angle of extension obliquity (Figure 10). The dom-
inant strike of the secondary fault of cross sections 1 and 2 of
the model 4 is N62 E, which differs by 8 from the dominant
strike (N70 E) of the reference model. The dominant strike
of the secondary fault of cross-section 3 is N58 E, 15 of the
dominant strike (N43 E) of the reference model
(Figure 11). The experimental results show that extension
obliquity at different angles controls the width of rifting
and the strike of the internal secondary fault. The larger
the inclination angle of oblique rifting, the wider the rift.
The fault strike near the ductile rifting boundary is con-
trolled by this oblique angle, which is approximately parallel
to the strike of the master fault. The strike of the secondary
fault inside the rift is predominantly controlled by the exten-
sion direction, which is almost perpendicular to the exten-
sion direction.

5. Discussion

5.1. Major Controlling Factors of Tectonic Deformation. The
rate of extension of the lithosphere affects the tectonic evolu-
tion of rift basins ([45–47] for reviews). Our physical simu-
lation results show that different extension rates control the
amount of extension required for secondary fault appear-
ance, in that a high extension rate corresponds to more rapid
movement of the internal deformation in the rift basin. This
is similar to the results of a physical simulation experiment
conducted by Corti et al. [45]. We use retractable rubber
instead of different viscosity silica gels in the base ductile
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Figure 9: Number of faults in the reference model and model 3,
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layer [44, 45]. This may explain why our experiments exhib-
ited more rapid deformation evolution. Due to the heteroge-
neity of extension rate and amount in different areas of the
Erlian Basin [48], our physical simulation results show that,
even if the extension rate and magnitude are small, it will
lead to differences in rifting width and development of sec-
ondary faults (Figures 3 and 4).

The syndeposition is equivalent to increasing the thick-
ness of the upper layer, thereby increasing the strength of
the overlying brittle layer. An increase in the thickness of
the overlying brittle layer (and thus strength of the brittle
layer) inhibits the formation of axial faults [45]. This is the
same as our research.

The direction of extension (equivalent to changing the
angle of the oblique rift) is the main factor controlling the
pattern of the rift structure [19, 21, 23, 27, 49]. Experimental
results show that positive rifting forms a narrow positive rift
zone dominated by normal faults with steep dip angles.
Oblique rifting forms a broad oblique rifting zone domi-
nated by “domino-type” faults. The larger the angle of rift-
ing, the more developed the “domino-type” fault (Figures 4
and 12), which is similar to the experimental results of pre-

vious physical models [23, 50]. The larger the oblique angle
of rifting (angle between the direction of extension and the
normal direction of the rift strike), the more rapid the evolu-
tion of internal secondary faults [43].

5.2. Comparison with Nature. The Mesozoic rifting basin of
Erlian in northeast China has the typical features of a conti-
nental rifting basin. Since the early Cretaceous, it has experi-
enced a long period of intracontinental extensional rifting,
recording the long-term extension process from early rifting
to late depression. The Mesozoic rift zone is controlled by
the early preexisting structural style of the basement litho-
sphere comprising; (1) the weak deformation zone of the
basement formed by Paleozoic magmatic rock or the anticli-
norium uplift zone, whose core is the Lower Paleozoic and
(2) the strong deformation zone of the basement formed
by the fold thrust belt or the synclinorium, whose core is
the Carboniferous-Permian, and Erlian-Hegenshan melange
belt and the Solon Obo-Xar Moron suture zone. In particu-
lar, the weak and strong basement boundary forms a num-
ber of trunk boundary faults that control the rift basin
group. Continued extension and thinning of the lithosphere

N

Extension

Extension-orthogonal

Profiles 1, 2 weak trend

Profiles 3 weak trend

~N70°E

~N43°E

(a)

N

Extension

Extension-orthogonal

Profiles 1, 2 weak trend

Profiles 3 weak trend~N62°E

~N58°E
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Figure 11: Rift zone fault dominant strike orientation map for the reference model and model 4.
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lead to central rifting, accompanied by the formation of a
central secondary fault and cessation of the trunk boundary
fault. The internal secondary fault of the rift formed in the
early Cretaceous, and the central internal secondary fault
formed later. Seismic data show that the rift obliquity of
the secondary rift in the Erlian Basin is characterized by
small inclinational angles (the angle between the extension
direction and the axis of the rifting) in the north and central
regions and large inclinational angles in the west and south.
This indicates that trunk boundary fault activity and evolu-
tion of the internal secondary fault along the axial direction
are strictly controlled by the thickness of the brittle and duc-
tile layer (the increase in the thickness of the brittle layer is
equivalent to the syndeposition) and the obliquity of rifting.
Specifically, the narrow weak zone and the small angle of
obliquity in the central part of the Erlian Basin make the
boundary fault more active, and the central secondary fault
is formed later.

Compared with the actual structural features of the
Erlian Basin, except for the poor similarity of model 3, all
models show good similarity in the deformation patterns
(Figure 13). These models reproduce the overall structural
pattern of the “5 depressions, 3 uplifts” in the basin: (1)
Chuanjing Sag of NEE and EW faults, (2) Wulanchabu Sag
and Sunite Sag of NNE and NE faults with longer extension,

(3) Sunite Sag of NNE and near NS faults with large intervals
between faults, and (4) Tenggeer Sag of NE and NNE faults;
relatively underdeveloped faults in this area may be due to
the depression being close to the direction of extension
and the rubber being less stretched.

Although the extension direction of model 3 is only 15°

different from that of other models, it exhibits very low sim-
ilarity in its structural pattern. The strike of internally devel-
oped faults is NEE and EW (Figure 11), which is similar to
the dominant orientation of fault strike developed in
Chuanjing Sag and Tenggeer Sag. Other factors such as fault
combination and extension length display low similarity. In
addition, when the extension is small, the deformation pat-
tern of model 3 is not as good as that of the actual structure
of Erlian Basin (Figure 13), which indicates that the magni-
tude of extension is not the cause of the lack of similarity.

Figure 11 reflects that the dominant orientation of the
secondary fault strike of the standard model is similar to that
of the actual master fault of Erlian Basin. However, the dom-
inant orientation of the master fault of model 3 is less similar
to the actual situation, which also indicates that inconsis-
tency of the fault strike inside the rift basin and the complex
kinematic mechanism is not necessarily inevitable. The fault
strike inside the basin far from the boundary is mainly con-
trolled by the direction of structural extension [51]. By
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comparing the physical simulation experiments of different
extension directions, we propose that Erlian Basin was
formed by extension in the direction N315°E–N135°E.
Strike-slip deformation of the boundary faults in the western
and eastern of the basin is therefore the result of uniform
N315°–135E° extension and different angles of the basement
ductile zone (α = 0°, 10°), which plays a role in lateral con-
version. We suggest that the “N315°E–N135°E direction
extension mode” provides a good kinematic explanation
for the formation of the Erlian Basin and similar rift basins
in northeastern China.

6. Conclusions

We applied the physical simulation method to study the
effects of extension rate, extension direction, and syndeposi-
tion on the Mesozoic tectonic deformation of the Erlian
Basin and obtained the following conclusions:

(1) The results of extension models with different exten-
sion rates and syndeposition are similar to the actual

geological structure of the basin, but there are differ-
ences in the deformation evolution process and
deformation patterns. An increase of the extension
rate promotes earlier appearance of secondary faults
inside the rift and increases the width of the rift

(2) Syndeposition is equivalent to increasing the
strength of the overlying brittle layer, which pro-
motes the development of internal secondary faults,
favors a wider rift, and conversely suppresses the
development of master faults

(3) The similarity between the experimental results of
the N330°E–N150°E extension model and the actual
geologic structure is poor. However, the experimen-
tal results show that the magnitude of extension is
not the cause of the lack of similarity. When the
angle of rifting is small, a narrow positive rifting
zone is formed. When the angle is large, a gentle
oblique rifting zone is formed. Extension direction
controls faults inside the rift zone far from the exten-
sion boundary. Good similarities between the
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different extension models and the actual geologic
structure indicate that the Erlian Basin was formed
by extension in the southeast direction. The physical
simulation experimental model designed in this
study can provide some reference for the research
on the tectonic evolution of similar basins
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Coal fractures are crucial in affecting the production of methane from coal. Multiscale fracturing and its implications on coalbed
methane production have still not been fully understood. Herein, we present a case study, combining underground coal mine
surveying and specimen, thin section, and scanning electron microscope observations for illustrating the ~m-, ~cm-, ~mm-,
and ~μm-scale fractures present in the Baode area, eastern Ordos Basin, China. Then, the fracture connectivity is evaluated by
helium permeability and mercury porosimetry measurement. The coals are mainly of semibright, semidull, and dull
macrolithotypes. And main maceral composition is vitrinite, accounting for 73%~95%, with around 26% inertinite. The coals
are ultralow-ash and low-ash content, belonging to high-volatile bituminous coal. The ~m scale fractures can penetrate the
whole coal seams, dominant by S-N and following E-W direction, which were generated during the Yanshanian and
Himalayan movements. The ~cm fractures are generally parallel to the lamina, influenced by the bright and dull coal band
extension caused by the depositional differences. The ~mm fractures are mainly shown as endogenous fractures perpendicular
to the lamina restricted within bright macrolithotypes. There are also ~mm fractures that are perpendicular to the lamina
while penetrating dull components and fractures parallel to the lamina. The ~μm fractures are widely distributed and connect
each other. Some of the fractures are filled with carbonate and clay minerals and are beneficial for methane migration, caused
by hydraulic fracturing. The average mercury withdrawal efficiency of the coals was 75%. The helium permeability of the coals
was between 10 × 10−3 and 50 × 10−3 μm2, indicating good fracture connectivity. The study findings, which indicated the
presence of fractures of different scales in the coals studied, can be used for fully understanding the coalbed methane
performance of medium- and low-rank coals.

1. Introduction

The total coalbed methane (CBM) resources in China that
are within 2000m from the ground are estimated to be
36.81 trillion cubic meters of which medium- and low-rank
coals accounted for 7.8 and 14.7 trillion cubic meters,
respectively [1, 2]. The CBM production in China is cur-
rently dominated by medium (maximum vitrinite reflec-
tance, Ro,max, = 0:7% – 2:0%)-to-high (Ro,max > 2:0%) rank
coals; most of the production wells are located in the south-
ern Qinshui Basin and eastern Ordos Basin [3, 4]. Low-rank
CBM has not yet been widely developed in China despite its

huge production potential. The coals used from the Powder
River Basin in the United States and Surat Basin in Australia
for commercial production of CBM are typically low-rank
coals [5–7]. The Baode area is the most successful middle-
to-low rank–CBM production area in China. The coal reser-
voir characteristics have not been widely explored thus far.

Coal permeability is critical in influencing CBM migra-
tion and production, which are both affected by coal matrix
pores and fractures [8–10]. Even though hydraulic fractur-
ing is typically used during CBM production, the initial per-
meability of coal is still a dominant controlling factor of
CBM well performance [11, 12]. The permeability of coal
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is mainly influenced by its fractures, including intrageneric
cleats and exogenous joints. The fracture size and connectiv-
ity are the main factors affecting the permeability of coal res-
ervoirs [13, 14]. Extensive studies using methods, such as gas
adsorption and desorption experiments with N2, CO2, or Ar,
as the medium; three-dimensional imaging, such as micro-
and nano-X-ray computed-tomography, focused ion beam
scanning electron microscopy, and helium ion microscopy;
and fluid intrusion techniques, such as mercury intrusion
porosimetry and nuclear magnetic resonance, have been
conducted for exploring micropore occurrence in coal
[15–20]. However, as for the traditional and direct observa-
tion of the fracture developed in the coals, it is still lacking
clear recognition [21]. The calculation of the number of frac-
tures is difficult because of the complexity and heterogeneity
of the fractures. Mechanical parameters are used to estimate
coal fracture, fracture occurrence, and fracture numbers
[22–24]. Coal fractures have to be studied using coal core
and coal mining surface observations and geophysical
methods.

The Baode area, one of the most successful CBM pro-
duction areas in China, was selected as the study area. A
series of comprehensive studies were conducted for investi-
gating fracture occurrence in coal, followed by a discussion
on its influence on CBM production. The key purpose of
the study was to identify the fracture extension in low-to-
middle rank coals, which could help understand methane
migration and production. The results would help under-
stand low rank–CBM production in other basins where coals
with similar properties are present.

2. Geological Setting

The Baode area in Shanxi is on the eastern margin of the
Ordos Basin, and its tectonic location is along the northern
segment of the Jinxi fold [25]. The area, which has a stable
structure, is located in the transitional area between the
basin margin and the inner basin (Figure 1). Large faults
and folds are less developed, with most small fault strikes
along the near north-south direction. The coal exhibits a
monoclinic structure along the near north-south direction
with a westward inclination. The dip angle of the coal seam
is small. The coal measure mainly comprises fine gravel
sandstone, siltstone, and carbonaceous mudstone. It has
small amounts of medium-grained and coarse-grained sand-
stones. The coal-bearing strata comprise the Upper
Carboniferous-to-Permian Benxi, Taiyuan, and Shanxi For-
mations. Ordovician limestone is below the coal measure,
whereas Triassic fluvial deposits are above it.

3. Materials and Methods

3.1. Coal Seams and Specimen Observation. Exogenous frac-
tures in the coal seams of the Baode Coal Mine were
observed via underground observations. The anatomical
points were mainly concentrated on the coal wall of the
excavation roadway. The 240m wide 308 working face of
the Baode Coal Mine was continuously tracked and observed
while focusing on the development of small structures and

microstructures, such as exogenous joints and small faults.
The roadway excavation was straight, and small folds were
not apparent. The occurrence of exogenous fractures was
observed, and their density was estimated. The location
and partial filling characteristics of the exogenous fractures
associated with the coal seam were marked.

All of the samples were collected from the No. 8 coal
seam of the study area. The hand specimen samples could
be described using features, such as sample color, structure,
composition, macroscopic coal type, luster, fracture, hard-
ness, firmness coefficient, endogenous fracture development
characteristics, exogenous fracture development characteris-
tics, and filling characteristics. Coal macrolithotypes can be
classified as dull, semidull, semibright, and bright coal. Fur-
thermore, the ~μm scale fracture was detected by a scanning
electronic microscope (SEM) [4].

3.2. Proximate, Maceral Composition, and Vitrinite
Reflectance Analyses. Proximate analysis, including mois-
ture, ash yield, volatile matter, and fixed carbon content
analysis, was performed on 12 samples based on GB/T
212-2001 [26]. Maceral composition analysis was conducted
according to ISO 7404–3 : 2009, and the total maceral com-
position was measured by counting all the macerals present
using volume percentages [27, 28]. The Ro values were ana-
lyzed using a Leitz MPV3-SP microscope in accordance with
the international standard ISO17246: 2010 and China Petro-
leum Industry Standard SY/T 5124-2012. At least 50 read-
ings from each sample were recorded [29].

3.3. Helium Permeability. Coal permeability was tested using
coal columns of 25mm diameter. It was determined using
Darcy’s formula, which says that the flow rate of a fluid pass-
ing through a rock sample will be directly proportional to
the cross-sectional area A of the core and pressure difference
ΔP between core inlet and outlet and inversely proportional
to the length L of the rock sample, and viscosity μ of the
fluid as given in

Kg =
2QpoμL

A p2in − p2out
� � × 1000, ð1Þ

where Kg is the gas permeability, 10−3 μm2; A is the cross-
sectional area of the core, cm2; L is the length of the tested
core, cm; μ is fluid viscosity, mPa·s; Q is the flow rate at
the core outlet under atmospheric pressure, cm3/s; P0 is
the atmospheric pressure, 0.1MPa; Pin is the pressure at
the core inlet, MPa; and Pout is the pressure at the core out-
let, MPa. The helium viscosity was found to be 0.017mPa·s
when tested.

3.4. Mercury Intrusion Porosimetry.Mercury intrusion poro-
simetry analysis was performed only on six selected samples
because other samples had either quality- or quantity-related
issues. The experiment was conducted using a Micromeritics
9310 porosimeter. It was based on the Chinese Oil and
Gas Industry Standard SY/T 5346-1994. Before performing
the analysis, all samples were dried at 75°C for 48h. The
average pore radius, mercury saturation, and mercury
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withdrawal efficiency of the coal in the samples were all
recorded [8, 30].

4. Results

4.1. Maceral Composition. Coal has a high vitrinite content
of approximately 73%–95% (Table 1). Its inertinite content
is low (<26%). The gelovitrinite content in vitrinite is high,
mainly comprising homogeneous vitrinite and collodetri-
nite. Furthermore, a few samples contained telovitrinite.
Vitrodetrinite was present in the samples, and small
amounts of collodetrinite and telinite were observed
(Figure 2(a)). The inertinite group was dominated by semi-
fusinite and inertodetrinite. Well-preserved fusinite was
rarely detected. The interlayers of collodetrinite and homo-
geneous vitrinite strips and corpogelinite could be observed,
as shown in Figure 2(b). Collotelinite is commonly devel-
oped with internal pores, and pore deformation occurred
during the coalification process (Figures 2(c) and 2(d)).
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Figure 1: Geological setting of the study area.

Table 1: Maceral composition of coal in the Baode area in the
eastern Ordos Basin of China.

Sample
No.

T
(%)

G
(%)

VD
(%)

V
(%)

Sf
(%)

ID
(%)

I
(%)

E
(%)

BD1 0.13 0.4 0.11 0.64 0.15 0.16 0.31 0.05

BD2 0.52 0.42 0.01 0.95 0.02 0.03 0.05 0.01

BD4 0.17 0.57 0.03 0.77 0.19 0.04 0.23 0

BD7 0.26 0.42 0.05 0.73 0.19 0.07 0.26 0.01

BD8 0.41 0.53 0.01 0.95 0.03 0.01 0.04 0

BD9 0.38 0.33 0.04 0.76 0.14 0.1 0.24 0

BD10 0.34 0.58 0.02 0.94 0.04 0.02 0.06 0.01

BD11 0.29 0.5 0.07 0.86 0.07 0.06 0.13 0

BD12 0.64 0.24 0.03 0.90 0.06 0.03 0.09 0.01

BD14 0.24 0.31 0.16 0.71 0.10 0.16 0.26 0.03

T : telovitrinite; G: gelovitrinite; VD: vitrodetrinite; V : vitrinite; Sf:
semifusinite; ID: inertodetrinite; I: inertinite; E: exinite.
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4.2. Proximate Analysis. The results of the proximate analy-
sis of the samples indicated that they had stable moisture
content of 2%–4% (Table 2). Thus, the coal could be classi-
fied as low-moisture coal. The ash yield of the coal varied
depending on the constituent minerals. The highest and
lowest ash yields were 29.52% and 5.1%, respectively. Thus,
the coals found in the study area could be generally classified
as ultralow-ash and low-ash coals. The volatile-matter con-
tent of the coal was between 28% and 41%. Most of the sam-

ples had volatile-matter content between 36% and 41%,
indicating that the samples comprised high-volatile bitumi-
nous coal. Two samples comprised a volatile-matter content
of 28.04% and 30.59%, respectively, belonging to medium
volatile bituminous coal. The %Ro values of most samples
were between 0.7% and 0.9% with an average of 0.78%. Two
samples had a %Ro of 1.21% and 1.40%, which indicated an
abnormally high thermal maturity. Most samples contained
gas coal and fat coal. A few samples comprised long flame coal.

50 𝜇mVD

ID

(a)

50 𝜇m

VD

(b)

50 𝜇m

T

(c)

50 𝜇m

T

(d)

Figure 2: Photomicrographs of macerals present in the samples (T: telovitrinite; VD: vitrodetrinite; ID: inertodetrinite).

Table 2: Proximate analysis results and vitrinite reflectances of the samples.

Sample No. Mad (%) Aad (%) Vad (%) Vdaf (%) FCad (%) Ro,max (%)

BD1 2.16 12.65 23.89 28.04 61.30 1.21

BD2 3.63 9.13 35.09 40.22 52.15 0.85

BD4 3.45 7.72 32.40 36.47 56.43 0.80

BD6 3.19 5.78 36.61 40.22 54.41 0.57

BD7 2.60 16.59 30.88 38.21 49.93 0.99

BD8 3.47 5.12 37.30 40.80 54.12 0.83

BD9 2.65 14.56 32.85 39.68 49.94 0.77

BD10 3.20 5.39 35.22 38.53 56.19 0.86

BD11 2.77 7.86 36.40 40.73 52.97 0.59

BD12 2.70 10.05 34.79 39.87 52.46 0.81

BD13 3.08 7.08 35.57 39.60 54.27 0.76

BD14 2.06 29.52 20.93 30.59 47.49 1.40

Average value 2.91 10.95 32.66 37.75 53.47 0.78

Mad: moisture, air dry basis, %; Aad: ash yield content, air dry basis, %; Vad: volatile, air dry basis, %; daf: dry ash free basis; FCad: fixed carbon, air dry basis, %;
Ro,max: maximum vitrinite reflectance, %.
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4.3. Occurrence of m-Scale Fractures. The orientation of most
of the exogenous fractures in the coal seam of the Baode
Coal Mine was along the south-north direction, while the
orientation of the other fractures was along the east-west
direction. Most of the natural exogenous fractures that had
large cross-beds were steeply inclined and tended to dip
westward (Figure 3). The linear density of the fractures
was 0.7–1.3 strips/10m, and the distribution of single strips
was dominant. Exogenous joints and endogenous fractures
were present. Exogenous joints can pass through adjacent
macroscopic coal rock-type layers. It is difficult for them to
pass through thick gangue layers. The mechanically strong
gangue lithology mostly comprises carbonaceous and sandy
mudstones. Gangue can develop network joints. Horizontal
natural fractures develop in coal reservoirs, mainly in the
layers between the coal seam and roof and between the
layers within the coal seam.

4.4. Occurrence of cm-Scale Fractures. The samples collected
were mainly made of dull coal, semidull coal, and semibright
coal, with some bright coal present. The coal in most of the
samples had a unified structure or ribbon structure, influ-
enced by peat deposition intervals. The endogenous frac-
tures in the samples were present mainly in bright coal.
Yellow-to-white minerals were observed mostly in the
endogenous fractures. Four continuous bright coal bands
with uneven thicknesses can be observed in Figure 4(a).
Their average thicknesses were 4, 3, 1.5, and 0.5mm. Most
of the bright bands had discontinuous fracture distributions.
Dull coal bands, with a thickness of approximately 2–6mm,
were present between continuous bright coal bands and dis-
continuous bright coal bands. Microfractures were well
developed in the bright coal bands and were perpendicular
to the lamina (Figure 4(b)). They were parallel to each other.
At the center of the sample, the fracture density was

90°m

m0 1
0

1

2

Semidull-dull coal
Semibright coal
Bright coal

Gangue
Fissure/joint 
Coal falling from the bottom

#1 #2 #3 #4

Figure 3: Fractures developed in underground coal seams in different locations. The lower figure is a schematic, where white areas represent
coal falling out from the bottom, red lines represent exogenous joints, gray-yellow areas represent mudstone gangue, and other colors
represent coal stratification of different macroscopic coal types.

2 cm0

(a)

1 cm0

(b)

Figure 4: Fractures (cm-scale) developed in coal cores.
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approximately 5 over a length of 7 cm. Some fractures were
connected to one another. The fractures intersected the
bright coal bands at a high angle. However, these fractures
generally cannot penetrate the dull bands.

Microcracks were prominent in the continuous bright
coal bands. A few microfractures are present in the discon-
tinuous bright coal strips. Microcracks are developed per-
pendicular to the layers and are parallel to one another.

Yellow-white fillings can be seen in the bright coal strip in
the middle. The mineral-filled fissures have a density of 5-
7 cm with a spacing of 1.5–11mm and penetrated the bright
coal strip and extended into the dark coal layer. The density
of the microcracks that are filled with minerals is 1/cm, and
their spacing is between 2 and 5mm. The dark coal layers
have not been penetrated, and there are parallel fractures
between the two parallel fractures to connect them.

BD1 BD2 BD3 BD4

BD5 BD6 BD7 BD8

BD9 BD10 BD11 BD12

100 𝜇m 100 𝜇m 100 𝜇m 100 𝜇m

100 𝜇m 100 𝜇m 100 𝜇m 100 𝜇m

100 𝜇m 100 𝜇m 100 𝜇m 100 𝜇m

Figure 5: Coal fracture distribution in the samples.
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Figure 6: Continued.
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Mineral-filled fractures are less developed in the rest of the
belts, and the fractures not filled with minerals are similarly
developed with a density of approximately 1/cm.

4.5. Occurrence of mm-Scale Fractures. In the thin section,
microfractures are widely distributed, penetrating bright
and dull coal bands. The fractures are generally unstable

0.00
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Ca
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Figure 6: Fractures and minerals in coal. (a) Endogenous fractures, (b, d) endogenous fissures filled with clay minerals, (c, d) clay minerals,
(e) endogenous fractures filled with carbonate minerals, and (f) results of the elemental analysis of the point marked by the red cross in (e).

(a) (b)

(c) (d)

Figure 7: Endogenous fractures and their distribution in coal. (a, b) Interconnected endogenous fractures filled with minerals and (c, d)
endogenous fractures without mineral fillings.
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and are root-shaped, geese-shaped, cone-shaped, and side
column-shaped with coarse fracture surfaces. These frac-
tures are not fully filled, and some of the broken coal matrix
particles could be seen. The fractures are connected even
though most of the fractures are confined to the bright coal
band (Figure 5).

The mm-scale fractures can be divided into three catego-
ries. The first type of fractures is perpendicular to the lamina
and confined to the bright coal bands. A few have small
openings and are filled with minerals. They are not con-
nected to other fractures. The second type of fractures,
which are either root-shaped or brush-shaped, is perpendic-
ular to the lamina. They extend into bright and dull coal
bands. Most of these fractures have large openings filled with

minerals. The minerals and coal components are quite apart
from each other, not completely filled. The fractures gener-
ated during the geological evolution of coal are connected
together, which benefits methane migration and production.
The third type of fractures is parallel to the lamina, and they
are mainly at the junctions of the bright coal bands and silk
charcoal or within silk charcoal itself.

4.6. Occurrence of μm-Scale Fractures. The SEM images indi-
cated that endogenous fractures were widely distributed in
the samples tested. Some fractures were parallel to each
other, with some being closed while some are open, as
shown in Figures 6(a) and 6(b). The fractures indicated that
the inner connectivity of the coal in the study area was

Table 3: Mercury porosimetry results of the samples.

Samples Porosity (%) Average pore radius (nm) Mercury saturation (%) Mercury withdrawal efficiency (%)

BD01 3.82 6.63 37.42 90.12

BD02 6.12 6.73 57 64.58

BD03 5.95 6.53 55.79 71.93

BD08 6.37 9.36 60.22 57.16

BD09 2.8 6.98 34.8 92.15

BD10 4.14 11.18 60.41 71.51

Table 4: Helium permeability test results of the samples.

Samples Fractures
Confining pressure

(MPa)
Inlet pressure (MPa) Outlet pressure MPa) Flow rate (cm3/s)

Permeability
(10−3 μm2)

1 Developed

7.0 1.5 1.0 3.58 40.78

9.0 1.5 1.0 3.17 36.04

11.0 1.5 1.0 2.92 33.19

13.0 1.5 1.0 2.58 29.40

15.0 1.5 1.0 2.42 27.50

17.0 1.5 1.0 2.08 23.71

2 Developed

7.0 2.0 1.0 6.67 31.61

9.0 2.0 1.0 5.33 25.29

11.0 2.0 1.0 5.00 23.71

13.0 2.0 1.0 4.33 20.55

15.0 2.0 1.0 3.83 18.18

17.0 2.0 1.0 3.50 16.60

3 Developed

7.0 1.5 1.0 1.00 8.88

9.0 1.5 1.0 0.92 8.14

11.0 1.5 1.0 0.72 6.37

13.0 1.5 1.0 0.58 5.18

15.0 1.5 1.0 0.33 2.96

17.0 1.5 1.0 0.29 2.59

4 Developed

7.0 2.0 1.0 2.25 8.33

9.0 2.0 1.0 2.12 7.83

11.0 2.0 1.0 1.92 7.09

13.0 2.0 1.0 1.45 5.37

15.0 2.0 1.0 1.17 4.32

17.0 2.0 1.0 1.08 4.01
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satisfactory, which is beneficial for methane migration. Sim-
ilar to the fractures, the pores, namely, gas pores and resid-
ual plant tissue pores, were well developed, as shown in
Figures 6(c) and 6(d). The coals had been generating meth-
ane as indicated by their thermal maturity (Table 2). The
coals, however, were in their early coalification stage with
residual pores apparent, which is favorable for methane
migration and production.

5. Discussion

5.1. Fracture Connectivity and Its Influences. The formation
of endogenous fractures in coal depends on the type of coal.
Endogenous fractures often develop in bright coal bands
(Figure 7). They are irregularly distributed, and the direc-
tions of some fractures were visible. One group of fractures
was perpendicular to the lamina, whereas the fractures in
the other two groups were parallel to the lamina, and some
of the fractures in the first group were connected to the frac-
tures in the other group at a certain angle, as shown in
Figures 7(a) and 7(c). The fracture surfaces were flat, and
some fractures were filled with minerals. The endogenous
fissures on the hand specimens formed an irregular network
and were filled with minerals. SEM energy spectrum analysis

revealed that the endogenous fractures were filled mostly
with carbonate minerals, followed by clay minerals
(Figure 6(f)). The closure of the fractures can decrease coal
permeability, and the existence of closed fractures can be
beneficial for methane production. The fractures that are
not filled with minerals can get easily extended during
hydraulic fracturing. Thus, the development of both forms
of fractures is advantageous for CBM production [31].

Mercury porosimetry can indicate the presence of frac-
tures and help determine pore connectivity of coal. Table 3
shows that the mercury intrusion porosity of the sample
ranges from 2.8% to 6.37% (average porosity = 4:87%). The
pore throat diameter of the coal ranges from 6.53 to
16.18 nm, with an average of 7.9 nm. The approximate aver-
age mercury saturation is 50.94%, and the approximate aver-
age mercury withdrawal efficiency is 74.58%. The samples
exhibit high mercury withdrawal efficiency, implying satis-
factory pore and fracture connectivity. The amount of mer-
cury injected gradually increases at first; the mercury
injection saturation is within 10%. When the pressure
reaches 20–50MPa, the amount of mercury injected
increases rapidly until mercury injection saturation is
achieved, indicating that the micropores are rich in the sam-
ple. The mercury withdrawal curve is roughly similar to the
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mercury injection curve. The high mercury withdrawal effi-
ciency indicates that the pores are mostly open and that they
have good connectivity—favorable for CBM production [32,
33].

5.2. Influence of Fractures on Coal Permeability. Two series
of coal permeability tests were conducted under different
confining stresses to determine the influence of the fractures
on the permeability of the coal (Table 4). The original per-
meabilities of the two series of coals with fractures were
40.78 and 31:61 × 10−3 μm2 while the permeabilities of the
coals that did not have fractures were only 8:88 × 10−3 and
8:33 × 10−3 μm2. Coal permeability was tested under a con-
fining pressure of 7MPa and at a coal burial depth of 700–
800m. Coal permeability was influenced by the confining
pressure and decreased exponentially as the pressure was
increased from 7 to 17MPa (Figure 8). As the burial depth
increased, the fractures started to influence coal permeabil-
ity. Coals with a high initial permeability can improve the
channel flow in the coal mine. The permeabilities of the
two coals with fractures were 23.71 and 16:60 × 10−3 μm2

at 17MPa while the permeabilities of the two coals without
fractures were only 2.59 and 4:01 × 10−3 μm2 at 17MPa.
Compared with the permeability of the coals at other CBM
production blocks, such as the Shizhuang Block, the perme-
ability of the coals in the study area was high, which benefits
CBM production [31].

6. Conclusions

Coal macrolithotypes contain mostly semibright, semidull,
and dull coals. The main maceral group found in coal is
vitrinite (73%–95%). The inertinite content in coal is
approximately 26%. Collodetrinite and corpogelinite are
the dominant subgroups of vitrinite, whereas semifusinite
and inertodetrinite are the dominant subgroups of inertinite.
High-volatile bituminous coal has ultralow-ash or low-ash
content.

The m-scale fractures in coal seams are mostly in the
south-north direction. Some fractures are in the east-west
direction. The fractures can penetrate entire coal seams
while was blocked the coal gauge. These fractures have been
generated during the Yanshanian and Himalayan movements.

The cm-scale fractures are parallel to the lamina and are
influenced by the bright and dull coal bands. The mm-scale
fractures are of three types. Most of them are endogenous
fractures perpendicular to the lamina and are confined to
the bright coal bands. The other two types are the fractures
perpendicular to the lamina, penetrating the dull coal bands
and the fractures parallel to the lamina. The μm-scale frac-
tures are widely distributed and connect coal matrix pores.

Some fractures are filled with carbonate and clay min-
erals and are arranged as connected networks, which are
beneficial for methane production after fracturing. Mercury
porosimetry measurements and helium tests show that the
coal in the study area has high permeability in the wide
range of 10 × 10−3 – 50 × 10−3 μm2. Coal permeability is
exponentially related to the confining stress and is influ-

enced by the fracture closure under high confining
pressures.
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