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the equivalent structural model
for the tectonic coal and some implications for the
methane migration

Jun Dong,abcd Yuanping Cheng, b Liang Wang *b and Pinkun Guoacd

The establishment of the equivalent structural model (ESM) is the foundation to simplify the structures of the

coal matrix and fractures for the study of methanemigration. The ESM of the intact coal has been proposed

and widely used by many scholars, but the ESM of the tectonic coal has not been found in the literature. The

application of the ESM of the intact coal to the tectonic coal is not reasonable for the study of the methane

migration properties, so the establishment of the ESM for the tectonic coal is necessary and meaningful. In

this study, a tectonic coal specimen was remodeled from collected coal powders, and methane

permeability tests were conducted. Then the ESM of the tectonic coal was established by analyzing the

fracture structure. The results show that the tectonic coal can be idealized as a model containing a cubic

matrix with square section fractures located at the twelve edges of the matrix. Because of the variation

of the ESM, the permeability and the fracture porosity has a square relation for the tectonic coal, rather

than the cubic relation for the intact coal. The matrix shape factor of the tectonic coal has also been

proposed, which has a value of 480bf/7a
3
m and is much smaller than that of the intact coal.
1 Introduction

Coalbed methane, as a byproduct of coal, is an abundant, clean,
low-cost and high-energy resource that has been widely used for
electricity generation and domestic fuel.1–3 Methane is also
a powerful greenhouse gas with a global warming potential
(GWP) 34 times greater than carbon dioxide over a 100 year time
period.4 In addition, due to its ammable and explosive prop-
erties, methane can be the cause of serious disasters that kill
hundreds of people every year in China. Methane extraction not
only can obtain clean energy but also weaken the greenhouse
effect. Usually, a coal reservoir is treated as a dual-porosity
system consisting of coal matrix and fractures.5 Methane
migration in the coal reservoir is considered as a series of
processes consisting of diffusion through coal matrix and
seepage in fractures.6 Undoubtedly, a smaller coal matrix or
a larger contact area between the matrix and fractures will offer
a higher mass transfer area for the methane migration, which
enhances the capacity of methane diffusion. Meanwhile, the
fracture system with a better connectivity will improve the
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methane seepage capacity. For example, the methane seepage
in the parallel plate shaped fractures is obviously easier than
that in winding fractures. Thus, we can conclude that the
structures of coal matrix and fractures have a great inuence on
the migration properties and extraction effect of methane in the
coal reservoirs.

Coal is a solid combustible organic rock, which is trans-
formed from plant debris with complex biochemical, physical,
chemical and geochemical processes over a long period of
geologic time.7–10 Thus, the positional relationship between the
matrix and fractures and their scale sizes are usually compli-
cated and inconsistent. To simplify the structures of coal matrix
and fractures for the study of methane migration, the equiva-
lent structural model (ESM) of coal should be established. In
1963, Warren and Root rstly proposed the ESM of naturally
fractured reservoir, i.e., the intact coal reservoir (see Fig. 1).11

This model shows that the coal matrix is a cube and its six outer
surfaces contact the parallel plate shaped fractures, so this
model is usually named cubic model. In 1980, Reiss proposed
that the physical structure of coal can be simplied as a plate
model or a matchstick model, meaning that the matrix is
a sheet or a quadrilateral prism.12 When studying the methane
migration, the problems of anisotropy of the plate model and
matchstick model have to be treated. Thus, the isotropic cubic
model has been widely used by many scholars.1,13–16

However, all the three models are established for the natu-
rally fractured coal. In the process of coal formation, a part of
intact coal was subjected to tectonism, forming deformed coal
with new structural characteristics; such coal is named tectonic
RSC Adv., 2020, 10, 9791–9797 | 9791
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Fig. 1 Photographs and equivalent structural models of intact coal and tectonic coal.
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coal (see Fig. 1).17,18 Because of the variation of structure, the
matrix may no longer be cubic, and the fractures may not be
parallel plate shaped. In other words, the cubic model is not
suitable for the tectonic coal. Also, the plate model or match-
stick model is invalid to represent the structure of the tectonic
coal. Through literature review, we have not found the ESM of
the tectonic coal, and the previous study on the methane
migration of tectonic coal imitates the cubic model of intact
coal, which results in huge errors. In conclusion, the ESM of the
tectonic coal has not been established, and the research on this
subject is necessary and meaningful for guring out the
methane migration properties in the tectonic coal reservoirs.

In this study, we prepared the standard specimens of
tectonic coal and conducted permeability tests. Then, the frac-
ture structure of the tectonic coal was analyzed, and its ESMwas
obtained. Considering the differences of the ESMs between the
tectonic coal and intact coal, this paper also discussed the
variations of the permeability model and the matrix shape
factor.
Fig. 2 Tectonic coal of Qinan coalmine and preparation of standard
coal specimens: (a) coal block; (b) secondary forming of coal block; (c)
prepared coal specimens.
2 Specimen preparation and
permeability test
2.1 Tectonic coal specimen preparation

To study the ESM of the tectonic coal, we rstly need to obtain
the research object, that is, tectonic coal specimen with its
original structure under in situ condition. The bitumite of the
Qinan coalmine in the Chinese Huaibei coaleld was chosen as
the research object aer comparing several coal samples
because it has a higher tectonic degree. The coal block is so
9792 | RSC Adv., 2020, 10, 9791–9797
with unclear structure (see Fig. 2(a)) and easy to break into
powders with hand. Thus, it can be concluded that the collec-
tion of coal sample accompanied by geostress unloading makes
This journal is © The Royal Society of Chemistry 2020
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it impossible to maintain the in situ condition of the tectonic
coal.

To reconstruct the original structure of the tectonic coal,
a punch machine was used to conduct secondary forming of the
coal block (see Fig. 2(b)). A mold with an inner diameter of
50 mm was chosen to form the tectonic coal specimen into
standard coal specimens (f50 � 100 mm) for further study.
Ref. 19 gives the detail method to obtain the reliable coal
specimens, and the key factor is that the compressive stress is
chosen to be 150MPa. The prepared tectonic coal specimens are
shown in Fig. 2(c).
Fig. 4 Illustration of circular section fracture, square section fracture
and coal specimen with fractures.
2.2 Methane permeability of tectonic coal

Aer obtaining the tectonic coal specimen close to its original
structure, we need to analyze the fracture structure because it is
the key to obtain the ESM of the tectonic coal. Methane
migration in the fractures is usually considered as seepage, so
the value of methane permeability in coal can help to obtain the
fracture structure.

The transient pressure pulse method was adopted to test the
methane permeability of the prepared coal specimens with an
adsorption-seepage-mechanics coupling characteristic testing
system (see Fig. 3). According to the Darcy's law, the perme-
ability can be calculated using the following equation:20

k ¼ amLSuSd

AðSu þ SdÞ (1)

where k is the permeability, m2; a is the pulse pressure atten-
uation coefficient; m is the dynamic viscosity of methane, Pa s; L
is the height of coal specimen, m; A is the cross-sectional area
perpendicular to the direction of seepage, m2; Su and Sd are the
storage coefficients of the upstream and downstream, respec-
tively, m3 Pa�1.

Two specimens were selected to conduct the permeability
tests. When the effective stress is 2.0 MPa, the permeabilities
are 0.0932 mD and 0.0840 mD. The parallel tests found that the
permeability values of the two specimens have little differences.
Fig. 3 Adsorption-seepage-mechanics coupling characteristic testing s

This journal is © The Royal Society of Chemistry 2020
Thus, the obtained methane permeabilities were considered to
be reliable.
3 Establishment of equivalent
structural model
3.1 Analysis of coal fracture structure

The key to obtain the ESM is to analyze the fracture structure of
coal. In this part, we theoretically analyze the fracture structure
according to the methane permeability. It is generally consid-
ered that the coal particle is a complete matrix and the gas
migration form in the coal particle is molecular diffusion.21,22

The interspace between the particles is larger in size and better
in connectivity than the internal pores of the particles, which is
the fracture and the gas seepage space of the tectonic coal.
Under in situ condition, the coal particles are in close contact
with each other, accompanied by elastic–plastic deformation
and particle dislocation. The cements make coal particles have
certain cohesiveness, and the unbonded parts between the coal
particles can be considered to form the capillary fractures.
Assuming that the capillary is a cylinder (see Fig. 4(a)), and
according to the Hagen–Poiseuille's law, the permeability of gas
ow through a fracture with a circular section is
ystem.

RSC Adv., 2020, 10, 9791–9797 | 9793
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Fig. 5 Illustration of change in tectonic coal powders and fractures
under the increasing stress.
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k ¼ df
2

32
(2)

where df is the diameter of circular section fracture, m.
If the tectonic coal is made up of equal-diameter spherical

particles with cube stacking form, the cross-section of fracture
is closer to a square under compressive stress.23 When the
fracture section is a square (see Fig. 4(b)), setting its hydraulic
radius equals to that of a cylinder, the edge length of the square
section fracture bf is equal to the diameter of the circular section
fracture df. Thus, the permeability of gas ow through fractures
with square cross-section is as follows:

k ¼ bf
2

32
(3)

where bf is the edge length of square section fracture, m.
Aer obtaining the theoretical permeability of square section

fracture, we can further calculate the aperture of the fracture to
verify the hypothesis of the fracture structure in Fig. 4(c). The
assumptions and related calculations are as follows:

(1) Assuming that the tectonic coal is made up of equal-
diameter spherical particles with cube stacking form, and the
seepage channels are fractures with square cross-section pene-
trating the upper and lower surfaces of the coal specimen (see
Fig. 4(c)).

(2) The spacing between adjacent fractures is assumed to be
1 mm, i.e., there is one single fracture per square millimeter
area in the circular section of coal specimen.

(3) According to the tested permeability value (0.0932 mD,
9.20 � 10�17 m2) and eqn (3), the hydraulic equivalent aperture
(the edge length of square section fracture bf) can be calculated
to be 7.37 mm. Because the real fracture is rough, we assume
that the real aperture is twice the hydraulic equivalent aperture,
which is 14.74 mm.

(4) The diameter of the specimen cross-section is 50.6 mm,
and there are a total of 2011 fractures penetrating the upper and
lower surfaces, with a total area of 0.437 mm2. The sectional
area of the specimen is 2011mm2, and the total area of fractures
accounts for only 0.002% of the sectional area of the coal
specimen.

Judged by the small date of 0.002%, the tectonic coal cannot
form parallel plate shaped fracture, that is, its ESM is not the
cubic model. Even if a single fracture was formed, the contact
area would account for 41.4% of the total area of the single
fracture, which is not in line with the actual situation. Thus, the
hypothesis of the fracture structure in Fig. 4(c) is reliable.
Fig. 6 Comparison of the ESMs of intact coal and tectonic coal.
3.2 Equivalent structural model of coal

Under the effect of external stress, the coal particles undergo
elastic–plastic deformation, and the contact area between
adjacent particles increases continuously. Coal particles cohere
with each other, and their shape transforms from spherical to
cubic. The voids between the coal particles (the fracture of the
tectonic coal) are pressed continuously, nally forming the
tectonic coal containing fractures with square cross-section.
The three- and two-dimensional illustration of the change in
9794 | RSC Adv., 2020, 10, 9791–9797
tectonic coal powders and fractures under the increasing stress
is shown in Fig. 5.

From Fig. 5, we can nd that the tectonic coal forms the ESM
in Fig. 6(a). The fractures in the same direction are parallel and
are the same size with square cross-section. The fractures in the
three directions of the tectonic coal are same in size and
interval. The distance between the adjacent fractures, dened
as the matrix size and is set to am. The edge length of square
section fracture, dened as the fracture aperture and is set to bf.
To illustrate the relationship between the matrix and fracture,
the smallest unit is taken and shown in Fig. 6(b). The real
matrixes are interconnected with each other, and the fractures
are located at the twelve edges of the cubic matrix.

For comparison, the ESM of the intact coal is illustrated in
Fig. 6(c). The fractures in the same direction are also parallel
but plate shaped. The edge length of the cubic matrix is the
matrix size am, and the interval between the adjacent matrix is
the fracture aperture bf. The small unit of intact coal is shown in
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10304j


Table 1 Comparison of the fracture porosity, the permeability and
their relationship for the intact coal and tectonic coal

Coal
Fracture
porosity ff Permeability k

Relationship
between k and ff

Intact coal 2bf

am

am
2ff

3

48
k

k0
¼
 
ff

ff0

!3

Tectonic coal bf
2

am2

am
2ff

2

32
k

k0
¼
 
ff

ff0

!2
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Fig. 6(d). The fractures are separated and envelop the six
surfaces of the cubic matrix.

For the tectonic coal, the complete ESM should be named
cubic column fracture model, and the ESM of intact coal should
be cubic matrix model. That is to say, the nomenclature of the
tectonic coal is directed to its fracture morphology; while for the
intact coal, the nomenclature refers to its matrix morphology.

4 Discussions
4.1 Permeability model

In the process of methane extraction, the effective stress acting
on coal would vary because of the change in the gas pressure,
which also results in the change in the volume of coal matrix.
Both the change of gas pressure and matrix volume have
inuence on the volume of coal fractures, further affecting the
permeability of methane in coal. The permeability model is
a mathematical equation describing the permeability evolution
law.

For the intact coal, many scholars have proposed their
permeability models,24–33 which have been widely used in many
literatures. These models have a common feature, that is, the
permeability has a cubic relationship with the fracture porosity:

k

k0
¼
�
ff

ff0

�3

(4)

where k0 is the initial permeability of methane in coal, m2; ff is
the fracture porosity; and ff0 is the initial fracture porosity.

The cubic relationship between the permeability and the
fracture porosity is not hard to analyze. If the gas ows towards
the surface in Fig. 6(d). The fracture porosity is

ff ¼
2bf

am
(5)

The permeability of a single parallel plate shaped fracture is
b2f /12,34 so the permeability through the surface is

k ¼ bf
3

6am
¼ am

2ff
3

48
(6)

Thus, the permeability and the fracture porosity has a cubic
relation for the intact coal.

However, the ESM of the tectonic coal is not the same as that
of the intact coal. The variation of the relative positional rela-
tionship between the matrix and fractures results in the change
of the fracture porosity and the permeability. If the gas ows
towards the surface in Fig. 6(b). The fracture porosity is

ff ¼
bf

2

am2
(7)

The permeability of a single cubic column fracture is b2f /
32, so the permeability through the surface is

k ¼ bf
4

32am2
¼ am

2ff
2

32
(8)
This journal is © The Royal Society of Chemistry 2020
It can be seen from eqn (8) that the permeability and the
fracture porosity have a square relation for the tectonic coal.
The comparison of the fracture porosity, the permeability and
their relationship for the intact coal and tectonic coal is
summarized in Table 1.

The main reason for the difference in the relationship
between the permeability and the fracture porosity is that the
degrees of freedom of the fracture to the matrix are different.
For the intact coal, the fractures envelop the surfaces of the
cubic matrix, so its fracture has a higher degree of freedom.
While for the tectonic coal, the matrix envelops the fractures,
resulting in a lower degree of freedom.

Comparing the permeability model of the tectonic coal and
intact coal, we can also conclude that the permeability of the
tectonic coal is not sensitive to the variation of the fracture.
Thus, it is more difficult to change the permeability of the
tectonic coal than that of the intact coal.
4.2 Matrix shape factor

Methane diffusion from the matrix to the fractures for the dual-
porosity reservoirs was idealized by Warren and Root using the
following equation:11

q ¼ Ds(cm � cf) (9)

where q is the methane exchange rate per volume of coal matrix,
kg (m3 s); D is the diffusion coefficient of methane through the
coal matrix, m2 s�1; sis the matrix shape factor, m�2; cm and cf
are the methane concentrations in the coal matrix and in the
fractures, respectively, kg m�3.

It can be seen from eqn (9) that the matrix shape factor is
a key parameter inuencing the methane diffusion amount.
Warren and Root proposed that the matrix shape factor for the
intact coal can be expressed as11

s ¼ 4NðN þ 2Þ
am2

(10)

where N is the number of normal sets of fractures. For the cubic
model of intact coal, the set of fractures is three, so the matrix
shape factor is 60/a2m. It can be seen that the matrix shape factor
of the intact coal is only related to the matrix size. Other
scholars have also proposed the expressions of the matrix shape
factor based on different assumptions.35–38

Because the ESM of the tectonic coal is not the same as that
of the intact coal, the matrix shape factor of the tectonic coal
RSC Adv., 2020, 10, 9791–9797 | 9795
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Fig. 7 Comparison of the matrix shape factors of intact coal and
tectonic coal with different fracture apertures.
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must change. Based on the hypothesis of parabolic concentra-
tion distribution in the coal matrix, we can undo the modeling
process of the matrix shape factor proposed by Warren and
Root. Similarly, the matrix shape factor of the tectonic coal can
be obtained:

s ¼ 480bf

7am3
(11)

According to eqn (11), we nd that the matrix shape factor of
the tectonic coal is related to the matrix size and the fracture
aperture. The reason for the difference is also the degrees of
freedom of the fracture to the matrix.

Fig. 7 compares the matrix shape factors of the intact coal
and the tectonic coal with different fracture apertures. The
matrix size is set between 10�4 m and 10�2 m, and the fracture
aperture is 10�6 m, 5 � 10�6 m and 10�5 m, respectively. It can
be seen that the matrix shape factor of the tectonic coal is much
smaller than that of the intact coal. The main reason for the
difference is that the matrix size is much higher than the frac-
ture aperture. Even though the matrix size of the intact coal is
a little higher, the matrix shape factor of the tectonic coal is still
smaller than that of the intact coal. Thus, it can be concluded
that the methane diffusion in the tectonic coal reservoir is more
difficult than that in the intact coal reservoir.

According to eqn (9), the diffusion capacity is affected by two
parameters: the diffusion coefficient and the matrix shape
factor. The diffusion coefficient depends on the gas properties
and temperature, so it is difficult to change. If the matrix size
can be reduced, the matrix shape factor can be greatly
improved, then the diffusion capacity of methane in the
tectonic coal can be enhanced.
5 Conclusions

In this study, we collected the typical tectonic coal samples and
conducted secondary forming to obtain the standard tectonic
9796 | RSC Adv., 2020, 10, 9791–9797
coal specimens. Two specimens were selected and conducted
methane permeability tests. Combining the permeability and
some assumptions, the ESM of the tectonic coal was proposed.
Considering the differences of the ESMs between the tectonic
coal and intact coal, we also discussed the variations of the
permeability model and the matrix shape factor. Based on the
work completed, the following conclusions can be made:

(1) The tectonic coal can be idealized as a model containing
cubic matrix with square section fractures located at the twelve
edges of the matrix.

(2) The permeability has a square relationship with the
fracture porosity for the tectonic coal, rather than the cubic
relation for the intact coal. The permeability of the tectonic coal
is not sensitive to the variation of the fracture, so it is more
difficult to change the permeability of the tectonic coal than
that of the intact coal.

(3) The new matrix shape factor for the tectonic coal has also
been proposed with a value of 480bf/7a

3
m, which is much smaller

than that of the intact coal.
(4) The matrix shape factor of the tectonic coal can be greatly

improved by reducing the matrix size, which may be the easiest
measure to enhance the methane diffusion capacity.
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