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The accurate characterization of coal pore structure is significant for coalbed methane
(CBM) development. The splicing of practical pore ranges of multiple test methods can
reflect pore structure characteristics. The pore\fracture compressibility is the main
parameter affecting the porosity and permeability of coal reservoirs. The difference in
compressibility of different coal rank reservoirs and pore\fracture structures with changing
stress have not been systematically found. The pore structure characteristics of different
rank coal samples were characterized using the optimal pore ranges of high-pressure
mercury intrusion (HPMI), low-temperature liquid nitrogen adsorption (LT-N2A), low-
pressure carbon dioxide adsorption (LP-CDA), and nuclear magnetic resonance (NMR)
based on six groups of different rank coal samples. The compressibility of coal matrix and
pore\fracture were studied using HPMI data and NMR T2 spectrum under effective stress.
The results show that the more accurate full pore characterization results can be obtained
by selecting the optimal pore range measured by HPMI, LT-N2A, and LP-CDA and
comparing it with the NMR pore results. The matrix compressibility of different rank
coal samples shows that low-rank coal > high-rank coal > medium-rank coal. When the
effective stress is less than 6MPa, the microfractures are compressed rapidly, and the
compressibility decreases slowly when the effective stress is more than 6MPa. Thus, the
compressibility of the adsorption pore is weak. Nevertheless, the adsorption pore has the
most significant compression space because of the largest proportion in different pore
structures. The variation trend of matrix compressibility and pore\fracture compressibility is
consistent with the increase of coal rank. The compressibility decreases with the rise of
reservoir heterogeneity and mechanical strength. The development of pore volume
promotes compressibility. The research results have guiding significance for the
exploration and development of CBM in different coal rank reservoirs.

Keywords: pore\fracture structure, full pore characterization, matrix compressibility, pore\fracture compressibility,
different coal ranks

INTRODUCTION

Coal is a complex porous medium. As a coalbed methane (CBM) accumulation site and migration
channel, pore\fracture is very important to the adsorption, desorption, diffusion, and seepage of
CBM (Ross et al., 2009; Moore et al., 2012; Hao et al., 2013; Yang et al., 2017; Wang et al., 2020; Li
et al., 2021). The pore structure of coal determines the development technology of CBM and also
affects production. Therefore, accurate characterization of the pore structure of coal reservoirs is of
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great significance for CBM development. There are many
methods to characterize the pore structure of coal
quantitatively. However, there are some limitations because
various test methods have different advantageous pore ranges
(Clarkson et al., 2013; Zhou et al., 2017). The high-pressure
mercury intrusion (HPMI) test is widely used in pore structure
analysis, but it has limitations in characterizing the full pore size.
When the mercury intrusion pressure is higher than 10 MPa (the
pore size is approximately 100 nm), the compressibility
significantly impacts the test data (Friesen et al., 1988; Li
et al., 2015). Therefore, it is necessary to correct the
compressibility of HPMI data to improve the reliability and
applicability of HPMI data. Furthermore, the study of coal
matrix compressibility also has the practical engineering value
for evaluating the deformation capacity of coal reservoirs.
Therefore, it is necessary to analyze the principle and correct
the test results of pore characterization methods for different coal
rank reservoirs.

Pore\fracture compressibility is the main parameter affecting
the porosity and permeability of coal reservoirs. It is applied to the
study of the permeability prediction model and involves
optimizing CBM drainage and production and selecting
stimulation measures (Yuan et al., 2018; Li et al., 2019; Zhang
et al., 2019; Wang et al., 2020). During the production of CBM,
the effective stress increases gradually, and the pore\fracture is
continuously compressed, resulting in the continuous reduction
of seepage space, which affects the permeability (Tao et al., 2010;
Wang et al., 2021). Therefore, the study on the compressibility of
pore\fracture with stress plays a guiding role in efficient CBM
development (Tan et al., 2018). At present, HPMI and nuclear
magnetic resonance (NMR) are mainly used to study the
compressibility of coal (Li et al., 2013; Shao et al., 2018; Chen
et al., 2019; Evweton et al., 2021). Moreover, NMR has the
characteristics of fast, non-destructive, and can apply in-situ
stress, which can approximately simulate the changes of
pore\fracture under effective stress. Li et al. (2013) proposed a
method to characterize the pore stress sensitivity of coal by NMR.
It is concluded that seepage pores control the stress sensitivity of
low-rank coals. In contrast, adsorption pores maintain the middle
and high-rank coals by describing the pore system of different
rank coals under different confining pressures. Meanwhile, Hou
et al. (2019) concluded that the compressibility of movable fluid
pores is more excellent than that of irreducible fluid pores. The
total compressibility is affected by both types of pores. Li et al.
(2019) proposed an improved permeability model considering
coal matrix deformation and key pore compressibility. In
addition, the compressibility of the pore\fracture system is
greatly affected by heterogeneity, and the permeability
characterized by NMR has an apparent negative correlation
with fractal dimension. The occurrence law of minerals
(mineral content, mineral morphology, and mineral
arrangement) has an evident impact on compressibility, and
the coal reservoir with high mineral content has less
compressibility (Chen et al., 2019; Cheng et al., 2020).
Previous studies mainly focused on the single coal rank, and
there was a lack of comparative research of different coal ranks.
There are differences in material composition, pore\fracture

development degree, and mechanical characteristics of varying
coal rank reservoirs, which will affect the compressibility of coal
reservoirs. In addition, the pore\fracture of coal reservoirs shows
other characteristics under different effective stress. Previous
studies used HPMI and NMR experiments to characterize the
compressibility of pore\fracture and rarely analyzed the
influencing factors of compressibility.

Firstly, we selected six different rank coal samples in Shanxi
Province to characterize the full pore by HPMI, low-temperature
liquid nitrogen adsorption (LT-N2A), and low-pressure carbon
dioxide adsorption (LP-CDA). Secondly, the compressibility of
coal matrix and different types of pore\fracture are analyzed by
HPMI and NMR. Finally, the influencing factors of
compressibility were analyzed combined with the mechanical
test of microhardness.

EXPERIMENTS AND METHODS

Samples
Shanxi Province is the enrichment area of coal and CBM in
China, and there are different rank coals. The compressibility of
different rank coal samples was studied by collecting six different
rank coal samples (Ro,max between 0.54 and 3.18%) in Shanxi
Province. The samples were from the fresh working faces of
Maoergou coal mine (MEG), Baode coal mine (BD), Zuozegou
coal mine (ZZG), Xinzhuang coal mine (XZ), Gaohe coal mine
(GH), and Sihe coal mine (SH) (Figure 1). The samples are sealed
by plastic wrap to the laboratory for relevant experiments after
being collected. The maximum reflectance (Ro,max) of vitrinite
under oil immersion, coal rock composition, and industrial
analysis are measured according to ISO (International
Organization for Standardization) 17246-2005 and ISO 7404-
5-2009. The macerals contain vitrinite and a small amount of
inertinite primarily (Table 1).

Experimental Process
There are cylindrical samples of 25 × 50 mm used for the NMR
experiment, 3 mm broken sample around the cylinder is used for
the HPMI experiment, and 40–60 mesh powder samples are
prepared for LT-N2A and LP-CDA experiment.

The real-time response characteristics of NMR are used to
study the compressibility of coal and rock under different stress.
NMR will be produced when the hydrogen nucleus is exposed to
an oscillating magnetic field (Menzel et al., 2000). The
relationship between relaxation distribution and relaxation
time can detect the number of hydrogen atoms in water. The
number of hydrogen atoms presenting in water can be seen by
transverse relaxation (T2) time (Yao et al., 2014; Kang et al.,
2019). According to the principle of NMR measurement, the
transverse relaxation (T2) of water in the magnetic field gradient
is affected by three different relaxation mechanisms: free
relaxation (T2B), surface relaxation (T2S), and diffusion
relaxation (T2D), which can be expressed as follows:

1
T2

� 1
T2B

+ 1
T2S

+ 1
T2D

(1)
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When the magnetic uniformity is as low as 30 ppm, the
relaxation caused by diffusion is negligible. This means that
the value of 1 / T2D is small enough (Yao et al., 2014). So we
can get:

1
T2

� 1
T2B

+ 1
T2S

� 1
T2B

+ ρ
S

V
(2)

where ρ is the surface relaxation rate, m/s; S is reservoir pore
surface area, m2; V is reservoir pore volume, m3. Thus, T2 values
greater than 100 ms represent free water, 2.5–100 ms represent
capillary water, and less than 2.5 ms represent adsorbed water
(Yao et al., 2010). Generally, the adsorbed water is mainly stored
in the adsorption pore with less than 100 nm. In comparison, the
capillary water is stored in the seepage pore with a pore size of
100–10000nm, while the free water is stored in the fracture with a
pore size greater than 10000 nm and the gap between the sample
and the core holder.

MacroMR12-150H-I large aperture nuclear magnetic analysis
and imaging system produced by Suzhou Newmag company were
used in the experiment. Before the investigation, the sample was
dried at 60°C for 300 min to remove the residual moisture, and

then the sample was placed in the core holder to measure the
NMR signal to remove the noise caused by the dried sample.
Then, each sample was saturated with water under 20 MPa
pressure in a vacuum for 48 h. Next, a saturated sample was
placed in the core holder to measure the NMR signal under the
confining pressure of 0 MPa. Record the T2 spectrum signal when
the signal is stable and use it as the initial base of the saturated
core sample. Next, we applied a confining pressure of 3 Mpa and
kept it for 2 h until the signal did not change, then applied to
confine pressures of 6, 9, 12, and 15 MPa, and recorded the signal
value of each pressure point.

The HPMI experiment was conducted on the autopore IV 9500
mercury intrusion instrument in the Guizhou coalfield geology bureau
laboratory. After drying the sample with 10 g and for 3mm crushed
for 24 h at 60°C, the water in the samples was removed, and then the
experimental test was carried out. The mercury intrusion pressure is
60,000 psi, and the pore size distribution above 5 nm can bemeasured
based on the Washburn equation.

The LT-N2A experimental instrument is Tristar II 3020
specific surface and porosity analyzer. After drying and
degassing 2 g sample with 40–60 mesh, the N2 adsorption

FIGURE 1 | Sampling location in the Shanxi Province.

TABLE 1 | Vitrinite reflectance, industrial analysis, and macerals of samples.

Sample number Ro,max/% Proximate analysis/% Coal composition/%

Mad Ad Vdaf FCd V I E

MEG 0.54 5.56 10.13 37.49 56.17 58.11 40.54 1.35
BD 0.76 2.96 6.91 36.51 59.10 56.95 32.45 10.60
ZZG 1.28 0.50 16.00 26.30 61.91 64.29 35.06 0.65
XZ 1.88 0.82 24.20 29.80 53.22 82.30 17.40 0.30
GH 2.30 0.99 10.16 11.15 79.82 75.41 24.59 \
SH 3.18 1.60 37.63 13.10 54.20 77.58 22.42 \

Mad, moisture content on an air-dried basis; Ad, ash yield on a dry basis; Vdaf, volatile matter yield on a dry, ash-free basis; FCd, fixed carbon content on a dry basis; V, vitrinite; I, inertinite; E,
exinite.
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capacity at different relative pressures (0.001–0.998) wasmeasured at
77 K. The N2 adsorption branch data were interpreted based on the
multipoint Brunauer Emmett Teller (BET) and Barrett Joyner
Halenda (BJH) models, and the specific surface area, pore
volume, and pore size distribution parameters were obtained.

An autosorb IQ-MP automatic micropore analyzer carried out
an LP-CDA experiment. After drying and degassing 2 g sample
with 40–60 mesh, LP-CDA with relative pressure between 0.0001
and 0.03 were obtained at 273 K. The LP-CDA data were
interpreted by nonlocal density function theory (DFT), and
the pore size distribution was obtained.

The microhardness is measured by using the Chinese coal
standard MT-246-1991. First, the prepared standard sample of
coal brick is fixed on the carrier. After flattening and compaction,
a thin layer of white paraffin is evenly coated on the experimental
surface. Next, the 40 measuring points evenly distributed on the
smooth sheet of coal brick are pressurized and depressurized
under the test force of 0.98 N. The microhardness of each
measuring point was calculated based on the average of the
two diagonal lengths of the measured indentation. Arithmetic
means the value of the practical point measurement results is the
microhardness value of the sample.

Data Processing
The pore division adopts the decimal division standard of
(Hodot, 1966), which is widely used in the aperture
classification of coal reservoirs. This aperture division method
can describe the aperture splicing results in the later paper and
can be compared with NMR (Yao et al., 2014).

The compressibility coefficients of coal matrix and different
types of pore\fracture are calculated by using HPMI and NMR
data according to the definition of compressibility coefficient
and previous research methods (Li et al., 2013; Shao et al.,
2018).

Matrix Compressibility
Ignoring the compressibility of mercury, the compressibility
coefficient of the coal matrix is defined as:

Cm � dVm/(Vm × dP) (3)

where Cm is the compression coefficient of coal matrix, m2/N; Vm

is the volume of coal matrix measured by helium, cm3/g; dVm/dP
is the volume change of coal matrix under the condition of unit
pressure drop, cm3/(g·MPa). Thus, during mercury intrusion, the
relation between mercury intrusion volume (ΔVobs), pore volume
(ΔVP), and compressed volume of coal matrix (ΔVP) can be
described as:

ΔVobs � ΔVP + ΔVm (4)

The coal matrix’s compression effect is becoming more
evident with the increase of mercury intrusion pressure during
the HPMI experiment, especially when the pressure is more
significant than 10 MPa. Furthermore, a linear relationship
exists between the cumulative mercury intrusion volume and
the mercury intrusion pressure, resulting in ΔVobs/ΔP tends to a
constant α. Therefore, ΔVm/ΔP can be expressed as:

ΔVm

ΔP � ΔVobs

ΔP −∑D2

D1

ΔVP/ΔP (5)

where∑D2
D1
ΔVP/ΔP is obtained from the experimental data of LT-

N2A; ΔP is the difference between the maximum mercury
intrusion pressure and the minimum mercury intrusion
pressure in the mercury injection stage, MPa; ΔVm/ΔP is the
mean value within a pressure range, which is independent of
pressure change. Usually, ΔVm/ΔP can be instead of dVm/dP. Cm

can be expressed as:

Cm � 1
Vm

(α − ΔVP

ΔP ) (6)

Compressibility of pore\fracture
TheHPMI experiment reflects the compression characteristics of the
coal matrix under different mercury intrusion pressures. NMR can
characterize the compression characteristics of different
pore\fracture under different confining pressures. The ratio of T2
spectral area under different confining pressures and initial T2
spectral area (0MPa) is used to reflect the variation law of
pore\fracture to quantitatively characterize the relationship
between different pore compression characteristics and confining
pressure:

Aij � Si
S0

× 100% (7)

where Aij is the area ratio of T2 spectrum, i � 1, 2 and 3 represent
adsorption pore, seepage pore, and microfracture; j � 1, 2, 3, 4, 5,
and 6 represent confining pressures of 0, 3, 6, 9, 12 and 15 MPa
respectively; S0 refers to the T2 spectral area when the confining
pressure is 0 MPa, and Si refers to the T2 spectral area of T2
spectrum when the confining pressure increases to 3, 6, 9, 12 and
15 MPa respectively. The smaller Aij indicates that the larger the
compression space of pore\fracture.

The change of T2 spectral area can be used to quantitatively
characterize the compressibility of each pore range under stress
(Li et al., 2013). The calculation formula of the compressibility
coefficient can be described as follows:

Cpc � − 1
VP,0

(VP − VP,0

Pc − Pc0
)

Pp

� −(Si/S0 − 1
Pc

)
PP

(8)

where Cpc is the average pore compression coefficient, MPa−1; Vp

is the pore volume when the effective stress is P, cm3/g; Vp0 is the
pore volume when the effective stress is 0, cm3/g; Si/S0 is the
dimensionless T2 spectral area ratio, and Pc0 is the stress under
initial conditions.

RESULTS AND DISCUSSION

The compressibility of the coal reservoir is an important
parameter that affects the diffusion and seepage capacity
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change in CBM production. This work analyzes the pore
structure characteristics and full pore characterization results
of different rank coals. HPMI and low field NMR are used to
study the compressibility of different coal steps and different
pores and fractures. The factors affecting the compressibility of
the coal reservoir are discussed.

Characteristics of Pore in Different Coal
Rank Reservoirs
Characterization of Pore Structure by the Single Test
Method
HPMI data show that the mercury intrusion volume of MEG
samples with the lowest coal rank is significantly greater than that
of the other five samples with higher coal rank (Figure 2A),
showing that the pores of low-rank coal (Ro,max<0.65%) are more

developed and the pore volume is more significant. The mercury
removal efficiency of MEG samples is lower, and the lag ring is
larger (Figure 2A), indicating that the low-rank coal samples
develop more parallel open pores and have good connectivity.
Micropore and transition pore are more developed, and the
content of mesopores and macropores is minimal from the
pore distribution. Especially for high-rank coal (Ro,max>2.0%),
such as XZ, GH, and SH samples, macropores are very
underdeveloped. All kinds of pores of low-rank coal samples,
such as MEG, are relatively developed and have uniform pore
distribution (Figure 2B). It reveals that the mercury removal
efficiency of low-rank coal is lower, while that of medium (0.65%
<Ro,max<2.0%) and high-rank coal is higher.

According to the LT-N2A adsorption-desorption curve
characteristics, the six coal samples are divided into two types.
Type Ⅰ: MEG, ZZG, and XZ samples.When the relative pressure is

FIGURE 2 | Pore size distribution characteristics of different test methods (A). Characteristics of mercury Intrusion-Extrusion curve; (B). Pore distribution
characteristics of HPMI; (C). Adsorption-desorption curve characteristics of LT-N2A; (D). Pore distribution characteristics of LT-N2A; (E). Isothermal adsorption curve
characteristics of LP-CDA; (F). Pore distribution characteristics of LP-CDA).
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low (P/P0 < 0.5), the adsorption-desorption curves coincide with
no adsorption loop (Figure 2C). In the small pore range
(<4.5 nm), the semi-open pore is the central part. There is a
noticeable lag ring with the ink bottle-shaped pores and
cylindrical pores when high relative pressure (P/P0 > 0.5).
Type Ⅱ: BD, GH, and SH samples. The adsorption-desorption
curves are parallel but do not overlap when the relative pressure is
low. There are mainly semi-open pores closed at one end and
cylindrical pores open at both ends. Adsorption loop appears
with higher relative pressure. But the pore of Type Ⅱ is more
relaxed than Type Ⅰ. The LT-N2A experiment can characterize the
information of part micropores and transition pores. Among
them, the pores of 3–5 nm are more developed (Figure 2D).

The carbon dioxide adsorption capacity of different rank coal
samples increases with the increase of relative pressure. The
adsorption rate in the low-pressure range (P/P0 < 0.01) is
high, and that in the medium high-pressure range (P/P0 >
0.01) is decreasing. Therefore, the maximum adsorption
capacity of different rank coals is high-rank coal > low-rank
coal > medium rank coal (Figure 2E). The pore size distribution
of different samples is similar. However, the pore volume is more
developed with less than 0.8 nm (Figure 2F).

Coal Matrix Compressibility
HPMI can not reflect the actual pore structure characteristics of
coal due to the compression effect of coal matrix in the high-
pressure range (>10 MPa) when characterizing the pore
structure. Therefore, it will result in significant errors in pore
structure analysis (Friesen et al., 1988; Li et al., 1999; Cai et al.,
2013; Guo et al., 2014). Therefore, it is necessary to correct HPMI
data. The compression effect of the coal matrix has little effect on
macropores (1,000–10,000 nm) and mesoporous

(100–1,000 nm); the pore distribution curve before correction
almost coincides with that after correction (Figure 3). On the
other hand, the matrix compression effect has a significant impact
on the transition pores (10–100 nm) and micropores (<10 nm).
There is an apparent separation between the pore distribution
curve before correction and the pore distribution curve after
correction. Therefore, the compression effect of the coal matrix
should be considered when the HPMI experiment is used to
characterize pore size distribution, especially pore size is less than
100 nm.

Full Pore Characterization
According to the different pore characterization range and
accuracy with the three test methods, each method’s optimal
pore range is adopted to characterize different coal samples’ pore
characteristics comprehensively. The pore structure
characteristics of micropores are characterized by LP-CDA
data (<2 nm) and part LT-N2A data (2–10 nm); the pore
structure characteristics of transition pores are characterized
by part LT-N2A data (10–100 nm) and corrected HPMI data
describe the pore structure characteristics of mesopores and
macropores. Adsorption pores (micropores and transition
pores) are the most developed for the six samples. However,
there are significant differences between low-rank coal and
medium-high rank coal. The proportion of adsorption pores
of low-rank coal is 77.29%, and that of medium-high rank
coal is 90.38–96.07%, with an average of 93.03%. The seepage
space is more developed because the compaction degree of low-
rank coal is low, and the coal structure is loose.

Furthermore, with the increase of coalification degree, cyclo
condensation and thermal cracking lead to the shedding of
oxygen-containing functional groups and hydrogen-rich side

FIGURE 3 | The curve of incremental mercury intrusion and pore distribution.
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chains, more orderly arrangement of aromatic rings, and the
formation of a series of intermolecular pores, which makes the
adsorption space of medium and high-rank coals more developed
(Liu et al., 2016). Therefore, the pore size distribution
characterized by HPMI-LTN2A-LPCDA agrees with the
corresponding pore size distribution of NMR, especially in the
distribution frequency of adsorption pore range (Figure 4).
However, there are still differences in comparing the two
methods due to different test methods’ size effect and
principle. Furthermore, different pore size distributions will
affect the compressibility of the coal reservoir, further
analyzed below.

Compressibility of Matrix and pore\fracture
HPMI method and NMR test with stress are the main methods to
study the compressibility of the coal. In this work, the coal matrix
compressibility coefficient (Cm) is calculated using the HPMI
data, and the compressibility coefficient (Cp) of different types of
pore\fracture is calculated according to the T2 spectrum under
different confining pressures. The applicability of the test results
is compared and analyzed.

Compressibility of Coal Matrix Based on
High-Pressure Mercury Intrusion
The matrix compressibility (Cm) of coal samples of different coal
rank ranges from (1.04–1.84) × 10−4 MPa−1 (Figure 5), and low-
rank coal > high-rank coal > medium rank coal. Compared with
medium-high rank coal, low-rank coal has a loose structure, low
compactness, and a significant matrix compression effect. Nelson
et al. (1980) attributed the relationship of coal matrix
compressibility and coal rank to the change of micropore
volume. Cai et al. (2018) considered a negative correlation
between coal matrix compressibility and coal rank. Shao et al.
(2018) considered that the compressibility of the coal matrix
changed in stages with the increasing coal rank. The
compressibility coefficient of the coal matrix shows first
decreased, increased, and then decreased with the increase of
coal rank. The turning point was Ro,max � 1.3%, and Ro,max �
2.5%, mainly affected by the second and third coalification jump.
The calculation results were consistent with the previous research
results, which illustrated the feasibility of the calculation method
and results.

Compressibility of pore\fracture Based on Nuclear
Magnetic Resonance
NMR carried out the experiments of pore\fracture distribution
under different confining pressures. The results show that the
T2 spectrum amplitude of adsorption pores decreases slightly
with confining pressure. At the same time, the T2 spectrum
amplitude of seepage pores also gradually moves to the left
(Figure 6), indicating that the T2 amplitude of different types
of pores has different manifestations. The surface areas of T2

amplitudes of different pores are calculated by integration. The
results show that the T2 amplitudes of total pores, adsorption
pores, and microfractures gradually decrease with confining
pressure.

In contrast, the seepage pores slightly increase, and the overall
T2 peak spectrum also shifts to the left (Figure 6). Because the
pores are compressed with the increase of stress, resulting in the
decrease of signal amplitude. The compression of pore\fracture
also reduces the T2 relaxation time, resulting in the left shift of
peak spectrum (Yao et al., 2010). The change of matrix causes the
changing trend of adsorption pore under stress. Matrix
compression leads to fluid extrusion in the adsorption pore
with increased confining pressure, which reduces the T2

FIGURE 4 | Full pore splicing characterization (A). MEG sample; (B). SH sample).

FIGURE 5 | Characterization of matrix compressibility of coal samples of
different coal rank.
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spectrum amplitude of the adsorption pore. The amplitude of
microfracture T2 changes obviously under stress (Figure 7).
3 MPa is the turning point, T2 amplitude decreases to
15.29–98.54%, with an average of 44.14%, when the confining
pressure is 0–3 MPa. When the confining pressure is 3–15 MPa,
T2 amplitude decreases by 1.02–20.56%, with an average of
10.52%. The T2 amplitude of the seepage pores in the low-
pressure range increases slightly (Figure 7). Because the stress
sensitivity of microfractures is the largest, microfractures are

compressed during the increase of confining pressure, and part
microfractures are compressed to form seepage pores. Moreover,
the fluid of the adsorption pore will move to the seepage pore
during compression, which increases the T2 amplitude of the
seepage pore. The variation trend of T2 spectrum amplitude of
total pore is consistent with that of adsorption pore under stress.
Adsorption pore is the primary pore type in the pore\fracture.
Therefore, the compressed volume of the pore\fracture under
stress mainly comes from the adsorption pore.

FIGURE 6 | T2 spectra of samples under different confining pressures.

FIGURE 7 | Relationship between T2 spectral area ratio and confining pressure.
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The compressibility of different pore types of different rank
coals varies greatly (Figure 8). The compressibility of
microfractures significantly changes with the increase of
confining pressure (Figure 8). The compressibility of
microfractures can be divided into two stages based on the
variation trend of the compressibility coefficient. The
compressibility coefficient of microfractures decreases sharply
in confining pressure of 0–6 MPa, and the compressibility of
microfractures decreases slowly in confining pressure of
6–15 MPa (Figure 8). It indicates that microfractures’
compression effect is evident in the low-pressure range and
weak in the high-pressure field. The compressibility coefficient
of the seepage pore increases with the increase of confining
pressure. The compressibility of microfracture decreases
significantly with the rise in pressure, the compression space
of microfracture decreases, which changes part microfractures
into seepage pores. The compressibility is of the adsorption pore
almost unchanged because the compressibility of the adsorption
pore is determined by the mechanical properties of the coal
matrix resulting in a weak stress response.

Influencing Factors of Compressibility
Analyzing the influencing factors of coal reservoir compressibility
is the key to take targeted response control measures. Therefore,
the following will study the compressibility coefficient of coal
reservoir from three aspects: pore structure, heterogeneity, and
mechanical properties.

Pore Structure
The influence of pore size distribution characteristics on coal
compressibility is controversial. For example, Li et al. (2013)
found an apparent positive correlation between coal
compressibility and micropores. In addition, Cai et al. (2018)
showed that micropores have little effect on compressibility;
macropores are the chief pore range affecting compressibility.
In this work, different coal rank samples are mainly adsorption
pores, and the content of adsorption pores of medium and high-
rank coal is more than 90%. The reason has been explained in
Chapter 3.1. There is a prominently positive correlation between
the total pore volume and compressibility in coal samples of
different coal ranks (Figure 9B), indicating that the larger the

FIGURE 8 | Pore\fracture compression coefficient.

FIGURE 9 | Relationship between adsorption pore volume, total pore volume, porosity, and compressibility.
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pore volume, the easier the coal is compressed. Pore volumes of
different samples are mainly adsorption pores, so the effect of
adsorption pore volume on compressibility is significant
(Figure 9A). The pore volume and porosity are almost
consistent in development. Therefore, the impact of porosity
on coal compressibility is similar to pore volume (Figure 9C).
The compressibility of coal shows an increasing trend with the
increase of porosity and pore volume. There is a synergy between
them, which has an important impact on the compressibility
of coal.

Pore Heterogeneity
The distribution of pore heterogeneity is usually characterized by
fractal dimensions (Mandelbrot et al., 1983; Li et al., 2019). NMR
fractal theory can characterize pore morphology and structural
heterogeneity in different pore size ranges (Harmer et al., 2001).
The complexity of pore\fracture is reflected by studying the
fractal dimension under different stresses. The larger the
fractal dimension, the more complex the pore\fracture
structure, and the more substantial the heterogeneity (Zheng
et al., 2018; Chen et al., 2019). Based on previous studies, VP can
be expressed as:

VP � (T2max

T2
)

Dw−3
(9)

Logarithmic transformation of the above formula can be
characterized as:

lg(VP) � (3 −Dw)lg(T2) + (Dw − 3)lgT2max (10)

where VP is the cumulative porosity percentage, %; T2max is the
maximum transverse relaxation time;Dw is the NMR fractal value
in dripping water, dimensionless.

The pore\fracture based on NMR characterization is divided
into adsorption space (T2 < 2.5 ms) and seepage space (T2 >
2.5 ms) according to the pore division methods of Li et al. (2013)
and Cheng et al. (2020). To explain the variation of heterogeneity
of pore\fracture under different confining pressures, the fractal
dimensions of adsorption space and seepage space of different
coal rank samples based on NMR test results are calculated by Eq.
10 (Figure 10). With the increase of effective stress, the
heterogeneity of adsorption space tends to be complex. The
increasing trend of fractal dimension of adsorption space (DA)
of SH sample is more evident than that of other samples, and DA

increases rapidly from 1.17 to 1.24 (Figure 10A). The reason is
that the adsorption pore volume of the SH sample is more
developed than that of other samples (Figure 2). Therefore,
the stress compression response is more significant. However,
the effect of stress on the heterogeneity of seepage space is weak.
During 0–3 MPa, the fractal dimension of seepage space (DS)
increases obviously. When the confining pressure is higher than
3 MPa, the DS is almost unchanged (Figure 10B). The above
results show that the confining pressure dramatically influences
adsorption space heterogeneity, and the seepage space’s
heterogeneity is mainly reflected in the low-pressure range
(0–3 MPa).

There is the same change trend between the DS and the
corresponding compressibility of each sample (Figure 11),
indicating that the changing trend of DS can express the
change law of compressibility of pore\fracture. The larger the
DS of the same sample, the stronger the heterogeneity, and the
more difficult it is for the pore\fracture to be compressed. Because
the fractal dimension affects the mechanical strength and self-
similarity of coal. Wang et al. (2013) studied that the compressive

FIGURE 10 | Fractal dimension of samples under different confining pressures (A). Fractal dimension of adsorption pore; (B). Seepage pore fractal dimension).

FIGURE 11 | Relationship between compressibility and heterogeneity of
seepage space.
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strength of coal decreases exponentially with the increase of
fractal dimension. The larger the fractal dimension indicates
that the coal structure has low self-similarity, the more
substantial the ability to resist stress deformation (Pateicia
et al., 2003). To clearly show the influence of the fractal
dimension of seepage space on compressibility, the first-order
derivation of the compressibility coefficient of sample seepage
space is carried out. The variation trend of compressibility of
seepage space with fractal dimension is divided into two stages
(Figure 12). The first stage is the rapid decline stage; the
compressibility of seepage space decreases significantly with
the increase of fractal dimension. The second stage is the
sound stage, the influence of fractal dimension on
pore\fracture compressibility becomes smaller and stable when
the fractal dimension increases to a specific value. Because the
stress sensitivity of microfractures in the initial stress range is

more potent than that of seepage pores, which will lead to the
transformation of part microfractures into seepage pores, and the
compressibility of seepage space decreases sharply. In the later
stage of stress application, the pore size of the seepage space
becomes smaller. Li et al. (2019) studied that pore compressibility
is affected by pore size. In the same space, pore stress sensitivity
with large pore size is strong. Therefore, the fractal dimension
affects the compressibility of seepage space, showing the second
stage change trend.

Mechanical Strength
The effective stress increases of the reservoir with the production of
gas and water from the coal reservoir in CBM exploitation,
resulting in the deformation of the pore\fracture of the coal
reservoir. The higher the mechanical strength of coal, the
stronger the ability to resist stress deformation, reducing the

FIGURE 12 | Relationship between the first derivative of seepage pore compressibility coefficient and fractal dimension.

FIGURE 13 | Relationship between microhardness and compressibility of matrix and pore\fracture.
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compressibility of coal matrix and pore\fracures. Microhardness
can analyze the hardness and other critical mechanical
characteristics of materials. In recent years, the micromechanical
properties of coal have been widely used to explain coal reservoirs’
mechanical properties (Shao et al., 2018; Godyń et al., 2019).

Coal matrix compression and pore\fracture compression are
expressed as the relative changes of the coal reservoir matrix and
pore\fracture under stress. Thus, they can reflect the mechanical
characteristics of coal reservoirs. There is an apparent negative
correlation between matrix compressibility, pore\fracture
compressibility, and microhardness (Figure 13). The higher the
mechanical strength of coal, the stronger the ability to resist stress
deformation, and the less prone to compression deformation.
Therefore, the greater the microhardness, the smaller the
compressibility of matrix and pore\fracture. On the other hand,
there is an apparent positive correlation between matrix
compressibility based on HPMI and pore\fracture compressibility
based on NMR. The correlation coefficient is 92% (Figure 13),
which illustrates the adaptability of matrix compressibility and
pore\fracture compressibility in characterization results. The
compressibility of pore\fracture characterized by NMR is higher
than that indicated by HPMI. Because different test methods
describe the stress sensitivity of different properties, and the scale
effect is also the reason for the difference between the two values.

The matrix compressibility and pore\fracture compressibility of
coal have the exact change trend with the increase of metamorphic
degree (Figure 14). Before the second coalification jump,
aromatization led to the shedding of many oxygen-containing
functional groups in the coal, reducing microporosity and pore
volume. The decrease in volatile substances would also lead to the
consolidation of the coal, enhance the compactness of the coal, and
improve the strength and resistance to stress deformation of the
coal (Stach et al., 1982). Therefore, the compressibility of coal
matrix and pore\fracture decreased due to the decreasing pore
volume and the increasing strength. During the second
coalification, the side chain of organic matter is shortened. As a

result, the quantity is reduced, the cyclo condensation cooperation
and thermal cracking are gradually strengthened, the hydrogen-
rich side chain is significantly reduced and accompanied by a large
amount of methane escape, a large number of nanopores are
generated in the coal, increasing the stress response of the coal
reservoir (Figure 9). The increase of pore volume will also reduce
the mechanical strength of the coal, resulting in the enhancement
of compressibility.

CONCLUSION

1) The more accurate full pore characterization results can be
obtained by selecting the optimal pore range measured by
HPMI (>100 nm), LT-N2A (2–100 nm), and LP-CDA
(<2 nm), and the characterization results are highly
consistent with the NMR.

2) The coal pore/fracture volume decreases with the increase of
stress. The adsorption pore has the most significant
compression due to volume advantage. The microfracture
compression is the most effective, and the compression
coefficient first decreases rapidly (0–6 MPa) and then
decreases slowly (6–15 MPa) with stress increase.

3) The compressibility coefficient negatively correlates with pore
heterogeneity and mechanical strength and positively
correlates with pore volume. The variation trend of coal
matrix compressibility and pore\fractures compressibility
with coal rank is consistent, greatly affected by the jump of
coalification.
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