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Based on the results of previous research on the fracture systems of reservoirs

of middle- and low-rank coal, we took high-rank coal in the southern Qinshui

Basin as the study object in this paper and summarize the characteristics of both

macro- and micro-fractures in reservoirs of different rank coals, establish a

geometric model of the fracture network for different rank coals, and explore

the mechanism of coal reservoir permeability change under different

conditions. The study found that the structure of the fracture network of

high-rank coal developed unevenly. The high-rank coal had the

characteristics of rift created outside, micro-fracture development, and

undeveloped endogenous fracture, which can be used to improve the

permeability of the coal reservoir, to a certain extent. We concluded that

given the absence of a seepage aisle in the high-rank coal, there is a rapid

increase in reservoir permeability from low to high rate during the seepage

process of the fracture network. However, the seepage rate in other coal rank

reservoirs increases smoothly. Due to fracture compression and coal matrix

shrinkage, the permeability of the coal reservoir first decreases and then

increases during the drainage stage. At the same rate of pressure drop, the

permeability of high-rank coal reservoir decreases at the fastest rate, followed

by that of low-rank coal reservoir, and that of middle-rank coal reservoir, in that

order.
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Introduction

Rocks form various kinds of fissures during long-term geological action, and the study

of their morphological characteristics has important engineering significance, as well as

coal as a kind of rock (Salmachi et al., 2016; Zhao et al., 2021). Coal reservoirs have a dual

pore-fracture structure, and the connectivity and dimensions of their pore fracture system

are crucial to their permeability (Yao et al., 2006; Gao et al., 2017; Shen et al., 2019; Shang

et al., 2020). The permeability rate is one of the parameters affecting the effectiveness of
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the extraction of a coal reservoir’s coalbed methane (CBM). It

reflects the ease of fluid seepage within the coal reservoir and

determines the transport and output of CBM. The study of

characteristics of the pore and fracture development of coal

seams is important for in-depth understanding of the micro-

mechanism of fluid fugacity and mass transfer processes in coal

seams and for the optimization of geological suitability

development (Moore., 2012; Giffin S et al., 2013; Liu et al.,

2021). At present, substantial progress has been made in the

gas production areas of high-rank coal reservoirs represented by

the Qinshui Basin, the gas production areas of middle-rank coal

represented by the eastern margin of the Ordos Basin, and the gas

production areas of low-rank coal represented by the Erlian Basin

and the southern margin of the Junggar Basin. These results

obtained are credited to the extensive basic scientific research

work conducted by previous authors on the gas production

mechanisms of reservoirs of different ranks of coal, as well as

verification of the existence of different structural characteristics

of reservoirs of different ranks of coal and corresponding

differences in gas transport in the reservoirs (Liu et al., 2017;

Li et al., 2018; Yu et al., 2018). The pore system controls the

desorption-diffusion transport of coalbed methane, and the

fracture system mainly determines the large-scale seepage

output of the gas (Li et al., 2014; Fang et al., 2019; Fang et al.,

2020). Due to differences in the development of connected pores,

endogenous fractures, and exogenous fractures in the structure of

the reservoirs, each factor will make a different contribution to

the permeability values of the reservoir. In general, the seepage

capacity of connected pores, endogenous fractures, and

exogenous fractures decreases from exogenous fractures to

endogenous fractures to connected pores in decreasing order

(Zhou et al., 2018). Theoretically, the natural fracture

development of the coal seam is conducive to increasing the

permeability of the coal seam. Domestic and foreign scholars

have shown through a large number of experimental tests that the

differences in the degree of fracture network development and

connectivity in coal seams have a key effect on the permeability of

coal seams (Sampath et al., 2019; Wu et al., 2019; Zhang et al.,

2019). For reservoirs of higher rank coal, there is a higher

contribution of exogenous fractures due to the non-

development of endogenous fractures and connected pore

spaces. For reservoirs of middle- and low-rank coal, the

contribution of endogenous fractures and connected pores to

the permeability of the coal reservoir is high, and middle-rank

coal is characterized by a relatively high contribution of

endogenous fractures, while low-rank coal is characterized by

a relatively high contribution of connected pores (Sang et al.,

2009).

Previous studies on permeability in high-ranking coal

reservoirs have mostly focused on the overall effect, which is

limited to the overall size of permeability, while the refinement of

the fracture network in high-ranking coal reservoirs and the

resulting variation process of permeability size are still lacking.

Research in this area will have an important impact on the

drainage process in CBM development, where the variation of

permeability size determines the selection of drainage

parameters.

Therefore, to further illuminate the multi-stage and multi-

genesis fracture network system of high-rank coal reservoirs, this

paper takes high-rank coal in the southern Qinshui Basin as the

research object, describes the characteristics of high-rank coal

fracture network (semi-) quantitatively by means of downhole

field observation, optical microscope and scanning electron

microscope observation, and compared and analyzed with the

previous research results of middle and low-rank coal, establishes

the geometric model of fracture network of different coal rank

coals, highlights the macroscopic and microscopic characteristics

of high-rank coal, the macroscopic and microscopic

characteristics of fractures in high-rank coal reservoirs are

highlighted, their control on reservoir permeability is

investigated, and the mechanism of change in permeability of

high-rank coal reservoirs under different drainage stages is

discussed, with a view to providing a theoretical basis for the

optimization of coalbed methane extraction process in the

study area.

Samples and methodology

Samples

The object of this research is the 3# coal seam in the area, the

coal thickness is relatively stable, roughly between 5.0 and 7.0 m,

and shows a trend of gradually increasing from south to north;

the burial depth in most areas is between 500 and 1000 m, and

the burial depth is relatively shallow; the coal metamorphism in

the area is high and belongs to the anthracite stage, and the coal

grade shows a significantly increasing trend from N to S. The

macroscopic coal rock type is mainly semi-bright coal, followed

by bright coal, and locally also intercalated with dull coal

stratification; microscopic components are mainly mirror

group, common matrix mirror body, followed by the inert

group, common semi-filament body, and rare shell group. The

average ash is about 12.98%, which is low ash coal, and the

average volatile matter (Vdaf) is about 7.08%; the average

moisture (Mad) is about 1.34%.

Methodology

In this study, a combination of field investigation and

laboratory observation was adopted to conduct a

comprehensive and systematic statistical analysis of the

fracture network characteristics of high-order coal in the

study area from macroscopic to microscopic. The macroscopic

fracture characteristics of high-order coal in the study area were
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firstly studied by using fresh coal walls from the underground of

three pairs of coal mines, including Sihe, Tang’an, and

Chengzhuang, combined with the sketch map of four coal

rock profiles drawn and the borehole core data collected from

46 CBM parameter wells and some exploration wells; then the

microscopic fractures and ultramicroscopic fractures of 40 coal

samples collected were observed and counted in the laboratory by

using an optical microscope and scanning electron microscope to

study The microscopic fracture characteristics of high-order coal

were then studied in the laboratory using an optical microscope

and scanning electron microscope. See Figure 1 for details of

sampling point locations.

High-Rank coal fracture network
characteristics

Previous studies have distinguished the coal reservoir

fracture system into visualizable exogenous fractures and

endogenous fractures (cleats), and micro-fractures visible

under an optical microscope (Zhong et al., 2006; Pan et al.,

2016). In this paper, we take the high-rank coal of southern

Qinshui Basin as the study object to reveal the multi-level and

multi genesis fracture network system in high-rank coal

reservoirs. This method can provide us with a way to

systematically observe the reservoirs of high-rank coal and

study them from macro and micro angles. Accordingly, the

coal seam can be divided into two categories: macro-fractures

and micro-fractures.

Macro-fractures

Based on the mechanical mechanism of fracture formation in

coal, macro-fractures can be divided into exogenous fractures

and endogenous fractures, among which endogenous fractures

can be classified as face cleat and butt cleat. Statistical analysis of

macroscopic cracks in fresh coal walls from underground coal

wells and drilled coal cores in Sihe, Tangan and Chengzhuang in

the study area was carried out.

Exogenous fracture
The endogenous fractures in the area are generally not

developed, and the degree of their development varies at

different observation sites. Tracing the direction of the

fracture along the coal seam laminate, we know that the main

directions of the exogenous fractures in the area are two groups of

the NE direction and the NW direction, among which one group

FIGURE 1
Location of the study area and distribution of sampling points.
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of the NE direction corresponds to the NW-SE direction

extrusion in the Yanshan period and one group of the NW

direction corresponds to the NE-SW direction extrusion in the

Xishan period, and the two groups intersect each other and

become a network. The average density of the fracture

development is 1–5 fractures per meter, and the length of the

extension along the laminated surface varies greatly, from several

meters to hundreds of meters. The fracture generally cuts

through the whole coal seam, sometimes even cutting through

the top and bottom plate It is not limited to any coal rock

component, and its surface is flat or serrated. It is often filled with

coal dust, calcite, and other fillers, which affects the permeability

of the coal reservoir in the area.

Endogenous fracture (cleat)
Endogenous fractures (cleats) mainly develop in bright coal

and semi-bright coal, and their development varies from a few

millimeters to a few meters. They are mainly comprised of two

groups in a dominant development direction. The direction of

the first group is roughly between N33°–66°E, and the cleats of

this group, which are face cleats, are developed, with a density of

27–120 pieces per meter. The direction of the second group of

cleats, which are butt cleats, is roughly between N42°–54°W, but

the development of this group’s cleats is relatively weak, with a

density of 24–60 pieces per meter. As the cleat density is lower,

the cleat of the second group is a butt cleat, whereas the

development of the length of the cleat is controlled by the

face cleat. Face and butt cleats often intersect at nearly right

angles, and the inclination of the cleat surface is generally greater

than 70°. Although the width of a cleat varies from a few microns

to several hundred microns, most are filled by calcite in a tight

state and are not conducive to the permeability of coal reservoirs,

meanwhile, the development of endogenous fractures (cleats) is

strictly controlled by the components and is mainly seen in the

vitrinite band of bright coal, semi-bright coal, or semi-dark coal,

and is not developed in dull coal. The density of the cleat

development of high-rank coal is much less than that of

middle-rank coal (800–1200 pieces per meter).

TABLE 1 Statistical results of microscopic fracture observation.

Micro-fracture types Lengths (μm) Widths (μm) Densities (pieces/cm2)

Shrinkage micro-fracture 86.93–1636 0.53–43.65 44–640

Hydrostatic micro-fracture 567.9–1636 0.1–2 57–81

Tectonic micro-fracture >4, 757.8–1760 2.06–8.48 49–65

Ultra-micro-fracture <10 <0.1

FIGURE 2
Development characteristic of micro-fracture in high-rank
coal reservoirs. (A) Shrinkage micro-fracture which features are
short, straight and oriented (B) Hydrostatic micro-fracture which
features are short, curved, dense and disorderly (C) Tectonic
micro-fracture which are cutting distribution by tectonic
influence.
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Micro-fracture development
characteristics

The scale of micro-fracture development, which can be

further divided into two different scale levels, i.e. the micro-

fracture that can be observed under an optical microscope and

the ultra-micro-fracture that can be observed only under a

scanning electron microscope, which mostly develop in

vitrain and bright coal, is significantly lower than that of

macro-fracture development. In our study, 40 coal samples

were collected from coal seam No. 3 in the study area for

observation and statistical analysis. The statistical results are

detailed in Table 1.

Based on the study of micro-fractures under an optical

microscope in high-rank coal reservoirs, we found three

common micro-fracture types: shrinkage micro-fractures,

hydrostatic micro-fractures, and tectonic micro-fractures. The

first two are endogenous fractures. They are strictly restricted by

their components which only develop in the vitrinite

group. Shrinkage micro-fractures correspond to endogenous

fractures (cleats) in macro-fractures. Their main

morphological features are short, straight and oriented. There

is no displacement on both sides of the fissures, which are largely

perpendicular to the laminae and arranged at equal intervals, as

in Figure 2A, with lengths ranging between 86.93 and 1636 μm,

varying widely, widths ranging between 0.53 and 43.65 μm,

usually greater than 1 μm, densities ranging between 44 and

640 pieces/cm2 with average fracture numbers of 177 pieces/cm2.

Hydrostatic micro-fractures are affected by the pressure of

overlying static rock during their development and are

disorderly and undirected. Their main morphological features

are short, curved, dense and disorderly, as in Figure 2B, with

lengths ranging from 567.9 to 1636 μm, widths ranging from

0.1 to 2 μm or smaller, and densities ranging from 57 to 81 piece/

cm2, with an average value of 69 pieces/cm2. The tectonic fissures

are not restricted to specific components because their formation

is subject to tectonic movements, and they are obliquely

intersected by the laminae. From the cutting relationship

between the two groups of fractures in the Figure 2C, it can

be seen that the relatively long fissures are formed later than the

relatively short ones, corresponding to two phases of tectonics.

The relatively long fissures are generally 4 mm in height or even

larger, while the relatively short fissures range in height from

757.8 to 1760 μm and in width from 2.057 to 8.483 μm, with a

density of 49–65 pieces/cm2 and an average of 59 pieces/cm2. At

the same time, the density of development of the three micro-

fracture types is much more extensive than the endogenous

fractures (cleats) and no mineral filling. Under the optical

microscope, the micro-fracture of the coal reservoir in the

area partially cut through the pore space or cleat with the coal

seam cleat, which becomes an important channel to

communicate the desorption-diffusion pore space with the

cleat fracture network.

Based on the study under a scanning electron microscope of

ultra-micro-fractures in high-rank coal reservoirs, we found that:

ultra-micro-fractures are developed in high-rank coal reservoirs.

They are caused by the directional arrangement of the coal

molecules and are unique to high-rank coal and absent in

middle- and low-rank coal reservoirs. The ultra-micro-fracture

usually develops in a group, and the length of the fracture is

generally less than 10 μm, the width is generally less than 0.1 μm

or even smaller, and it is without mineral filling (Figure 3).

High-rank coal reservoir fracture network
peculiarities

According to the fracture structure development

characteristics of the above-mentioned high-rank coal,

combined with previous research results in middle- and low-

rank coal, (Fu et al., 2001a; Bi et al., 2001; Jia et al., 2015), a

structural connectivity network model of coal reservoirs of

different coal rank was established (Figures 4, 5). Both

exogenous fractures and cleats of different ranks of coal are

commonly developed in two groups, and both are roughly

vertical in orientationThe coal reservoir is cut into a series of

small matrix blocks, in which coalbed methane is mainly

transported by seepage, flowing from cleat to exogenous

fractures and then transported to the wellbore. The difference

is in the different development densities of cleats in different

ranks of coal. For dull type coal and semi-dull type coal, the

density of the cleats in middle-rank coal and high- or low-rank

coal is not very different. The cleats of bright type and semi-

bright type coal are mostly developed in middle-rank coal, and

are more sparsely developed in high- and low-rank coal, as

shown in the left side of Figure 4 and Figure 5, as a whole,

the exogenous fracture and microfracture development densities

of high-rank coal and middle- and low-rank coal are comparable,

and the cleats density development is smaller.

The seepage channels in coal reservoirs of different ranks of

coal vary in the structure of the fracture network. The overall

diffusion and transport of gas in the coal body gradually moves

from the inside to the outside of the coal body through the filling

pore, connecting pore, micro-fracture, endogenous fracture, and

exogenous fracture. However, in the connecting pore stage, high-

rank coal lacks the continuity distribution of the transition pore

and the mesopore, and the gas mostly diffuses directly from the

micro-pore to the micro-fracture (Zhang et al., 2011), as shown

in the right side of Figure 4 and Figure 5, the pore development of

the middle- and low-rank coal reservoir is balanced, the high-

rank coal develops more microporous and sparse macropores,

the transition pores and mesopores are not developed, but some

super-microscopic fractures are developed. In the connecting

stage from the endogenous fracture to the exogenous fracture, it

is mostly connected from the micro-fracture to the exogenous

fracture, and the connection from the secondary fracture (cleat)
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FIGURE 3
Development characteristic of ultra-micro-fracture in high-rank reservoirs.

FIGURE 4
Structural connectivity network of middle- and low-rank coal reservoirs.

FIGURE 5
Structural connectivity network of high-rank coal reservoir.
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to the exogenous fracture is missing in the middle, which will

reduce the transport path of gas in the coal seam and cause the

rapid increase of the overall gas seepage rate. High-rank coal

reservoirs contain high gas content, and the difficulty of coalbed

methane extraction is its unique property, but the thermal

evolution and tectonic evolution characteristics of high-rank

coal reservoirs have a significant impact on the reservoir

structure. The development of the regional thermal

metamorphic anthracite pore structure is favorable to

reservoir formation, and the tectonic evolution effect is

favorable to the development of exogenous fractures in coal

seams, which improves the permeability of coal reservoirs.

Mechanism of permeability variation
in high-rank coal reservoirs

Permeability variation under original
reservoir conditions

The linear seepage permeability, K0, within a regular fracture

is related to the fracture width, w, and spacing, s, as follows (Fu

et al., 2001b):

k0 � 1.013 × 109w3

12 · S (1)

Where: w is the single fracture width (mm), S is the spacing of

two adjacent fractures (mm).

The maximum fracture width of coal reservoirs under

confining pressure conditions does not exceed a few tens of

microns, so when considering the relationship between

fracture development characteristics and permeability of

different coal rank reservoirs, the fracture width with a

very small variation range can be considered a constant

value, and only the fracture spacing variation is considered,

i.e., the numerical variation of fracture development density is

used instead.

Based on the previous analysis of characteristics of fracture

network development, the development density of each scale of

fracture in reservoirs of different ranks of coal is substituted into

Eq. 1, and the mechanism of the permeability change in

reservoirs of different ranks of coal under the original state

can be obtained (Figure 6). Natural coal samples in reservoirs

of high-rank coal have high compressive strength and high

brittleness, and are easily ruptured into blocks under the

exertion of external forces, and exogenous fractures are

developed under the transformation effect of latter stage

tectonic movements, and tectonic fractures are developed in

micro-fractures. Scanning electron microscope observations

and mercury intrusion porosimetry (MIP) indicate that micro-

fractures are significantly more developed than endogenous

fractures in reservoirs of high-rank coal, while micro-fractures

are fully developed in medium- and low-rank coals. Therefore, if

the seepage field of middle- and low-rank coal is considered a

kind of multi-level road network, then the seepage field of high-

rank coal is a network from low rank road directly to high rank

road and the transition of secondary road is missing in between.

Accordingly, its seepage characteristics are significantly different

from those of middle- and low-rank coals, and its seepage rate

generally increases with the increase of the fracture width due to

the balanced development of fractures in middle- and low-rank

coals. While high-rank coal lacks the transition of secondary

roads, its seepage rate has a rapid increase between the lower and

higher roads.

Change in reservoir permeability during
drainage

According to the model of permeability change during CBM

well drainage, i.e., the Shi-Durucan (S-D) model (Shi and

Durucan, 2004; Shi and Durucan, 2010):

K � K0e
−3cf(σ−σ0) (2)

Where: Cf is the fracture compression volume factor (MPa-1), σ0
is the effective stress at the original reservoir pressure p0.

Where the effective stresses are as follows:

σ − σ0 � −1 − 2v
1 − v

(p − p0) + E
3(1 − v)εmax( p

p + P50
− p0
p0 + P50

)
(3)

Assuming that the shrinkage of the substrate and the gas

desorption are proportional, then Eq. 3 can be expressed as:

σ − σ0 � −1 − 2v
1 − v

(p − p0) + Eαs
3(1 − v) [V(p) − V0]

� −1 − 2v
1 − v

(p − p0) + Eαs
3(1 − v)( bp

bp + 1
− bp0
bp0 + 1

) (4)

FIGURE 6
Characteristics of permeability change of different coal rank
reservoirs of in original state.
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Where: αs is the matrix shrinkage expansion coefficient; V(p) is

the adsorption volume at reservoir pressure; b is the Langmuir

constant; V0 is the gas adsorption volume at the initial reservoir

pressure p0.

The first and second terms in Eq. 4 represent the effects of

compression of the fracture and shrinkage of the matrix,

respectively. In the drainage gas extraction stage (p< p0), the

fracture compresses and the matrix contracts, and the amount of

change in σ- s0 depends on the relative amount of change in the

interaction of the two factors.

Define Δσ(p) � σ0 − σ , then:

Δσ � 1 − 2v
1 − v

[(p − p0) − E
3(1 − 2v)

αsVLb(bp + 1)(bp0 + 1)] (5)

Let Δσ � 0 and we can obtain:

pequilibrium � E
3(1 − 2v)

αsVLb(bp + 1)(bp0 + 1) − 1
b

(6)

Pequilibrium is the pressure point where the fracture

compression and matrix shrinkage effects reach equilibrium,

and it can be seen that Pequilibrium is inversely proportional to

the initial seam pressure, which means that the higher the

original reservoir pressure is when the other properties of the

coal seam are the same, the lower the pressure value at which the

fracture compression and matrix shrinkage effects on coal seam

permeability reach equilibrium, and the longer the time in

negative effect.

Find the minimum value of pressure point Pmin

corresponding to the minimum value of Δσ:

pmin �











E
3(1 − 2v)b

√
− 1
b

(7)

From the above equation, we can understand that the

minimum value is independent of the initial pressure.

In summary, the theoretical trend of permeability change

during the drainage process can be obtained (Figure 7). We can

understand that: with the minimum value of Pmin as the dividing

point, the change of permeability shows the characteristics of first

decreasing and then increasing, when P>Pmin, fracture

compression plays a dominant role, and the permeability

becomes smaller as the pressure decreases; when P<Pmin,

matrix contraction plays a dominant role and the permeability

starts to rebound and increase.

According to the drainage information of well 1-1 in the area,

the dynamic fluid level of the well reached stability after 36 days

of drainage, and the drainage data after 36 days were taken for

calculation to obtain the permeability change of well 1-1, as

shown in Figure 8.

As the drainage proceeds, the fluid pressure in the coal

reservoir decreases and the effective stress increases, resulting

in the gas permeability decreasing first and reaching a low point,

and after 250 days of drainage, the gas permeability rises rapidly

due to the dominant role of coal matrix contraction. The total

permeability of coal reservoirs generally decreases and then

increases with time. The reservoir permeability is low at the

beginning of drainage and the permeability decreases, and with

further drainage, the positive effect of coal matrix shrinkage

increases, and the reservoir permeability increases. The course of

FIGURE 7
Theoretical trends in permeability rates.

FIGURE 8
Change trend of liquid and gas permeability in well 1-1.

FIGURE 9
Change trend of total permeability in coal reservoir.
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the total permeability and the trend of the theoretical

permeability are in good agreement (Figure 9).

Therefore, the permeability variation in reservoirs of

different ranks of coal can be deduced from Eq. 7. Previous

studies have shown that the Langmuir pressure tends to

decrease gradually with increasing reflectance of the

vitrinite group (Zhang et al., 2004), i.e., the Langmuir

constant is greatest for high-rank coals. Young’s modulus

shows a trend of decreasing and then increasing and is

lowest in the middle-rank coal stage (Shen and Zhang,

2000). Using the above trend in combination with Eq. 7 we

can see that: the value of Pmin in reservoirs of high-rank coal is

the largest, and under the same pressure drop rate conditions,

the Pmin pressure point is reached first and the permeability

drop rate is the fastest. The reservoir of middle-rank coal has

the smallest value of Pmin and reaches the minimum value the

latest, with a slower rate of permeability decline, while the

low-rank coal is in between. The result corresponds to the

contribution of fracture network structure to reservoir

permeability for different ranks of coals as described in the

previous section, where the permeability of reservoirs of

higher rank coal depends on exogenous fractures, which

are also necessarily most influenced by fracture compression.

Conclusions

The structure of the high-rank coal fracture network is

unevenly developed, and is characterized by the development

of exogenous fractures and micro-fractures, but not endogenous

fractures; the development of unique ultra-micro-fractures can

improve the permeability of the reservoir, to a certain extent.

There is a corresponding absence of seepage channels for

high-rank coals, and in the original state, with the increase of

fracture width, the seepage rate of middle- and low-rank coals

shows a smooth increasing trend in general, while there is a

process of rapid increase from low to high seepage rate due to the

lack of endogenous fractures.

Under the influence of fracture compression and the coal

matrix shrinkage effect, the permeability of the coal reservoir

in the drainage stage has a trend of first decreasing and then

increasing. Under the same pressure drop rate condition, the

permeability of the high rank coal reservoir decreases the

fastest, followed by low-rank coal, and middle-rank coal, in

that order.
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