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In order to study the pore structure characteristics of high-rank coals with different bedding, NMR experiments were carried out
for high-rank coals with different bedding angles (0°, 30°, 45°, 60°, and 90°). &e results show that the distribution of T2 map of
high-rank coal with different bedding is similar to some extent, showing a double peak or triple peak distribution, and the first
peak accounts for more than 97% of the total, indicating that small holes are developed in high-rank coal with different bedding,
while macropores are not developed. &e influence of bedding angle on the fracture proportion is less than 0.3%. Compared with
the fracture proportion, the effect of bedding angle on the proportion of microhole, medium hole, and large hole is greater and
presents a certain rule. &ere are certain differences in T2 cutoff value (T2C) of high-rank coal with different bedding. &e
relationship between bedding angle and T2C conforms to exponential function, and the correlation degree R2 is 0.839.&e research
results provide a theoretical basis for gas extraction and utilization and prevention of gas disaster in coal mines in China.

1. Introduction

Coal is the main source of energy in China and plays an
important role in China’s economic development. China
is rich in coal and coalbed methane reserves, but the
conditions of coal reservoirs are complex. &e high gas
mines account for more than 65%, and the total gas
volume is 36 trillion m3. China is rich in high-rank
coalbed methane resources, accounting for 1/3 of the total
high-rank coalbed methane resources. Coalbed methane
mainly exists in the coal seam in the state of adsorption.
&e exploitation of coalbed methane is a continuous
process of desorption-diffusion-seepage, which is carried
out in the pores and cracks of coal body. Coal has typical
anisotropic characteristics in different bedding and joint
directions and is a medium with complex pore structure
and multiscale structure [1]. &erefore, studying the
structural characteristics of pores and fissures of different

bedding high-rank coal samples has important guiding
significance for studying the process of gas “desorption-
diffusion-seepage” and provides a certain theoretical basis
for the extraction and utilization of coal mine gas and the
prevention of gas disasters in our country. &ere are
observation methods (such as transmission electron mi-
croscopy observation method and scanning electron
microscopy observation method) and experimental test-
ing methods (such as cryogenic liquid nitrogen test
method, mercury intrusion method, and nuclear magnetic
resonance test method) to study the pore structure of coal
seams. Among them, the mercury intrusion method can
test the pore and macropore structure of the sample, but it
will cause irreversible damage to samples [2], while the
nuclear magnetic resonance method has advantages of
convenient detection and no damage to the test samples.

At present, many scholars at home and abroad have
carried out research on the pore structure of coals. Some of
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them have conducted research using the mercury intrusion
method, nitrogen adsorption method, or low-temperature
CO2 adsorption method: Chen et al. [3] studied the pore
structure and fractal characteristics of outburst coal by
using the low-temperature liquid nitrogen adsorption test;
Qin et al. [4] studied the pore structure characteristics of
lignite, bituminous coal, and anthracite by using nitrogen
adsorption and mercury intrusion methods; Li et al. [5]
studied the pore structure characteristics of low coal ranks
in the southern margin of Junggar Basin by using mercury
intrusion method; Zhao et al. [6] used the mercury in-
trusion method to analyze in detail the complex charac-
teristics of the pore structure of structural coal in Qinglong
Coal Mine; Lin et al. [7] used nitrogen adsorption and
mercury intrusion methods to analyze the pore structure
characteristics of middle- and low-rank coals; Zhao et al.
[8] comprehensively used high-pressure mercury injection,
low-temperature liquid nitrogen adsorption, and low-
temperature CO2 adsorption experimental methods to
conduct full-scale pore structure characterization studies
on high-rank coals in Qinnan area and concluded that the
pores of high-rank coals at all levels are relatively devel-
oped; Labani and Wang et al. [9, 10] used mercury in-
trusion and nitrogen adsorption methods to analyze the
internal characteristics of the pore structure of the sample;
and Fu et al. [11] used the nitrogen adsorption method to
determine the basic characteristic parameters (such as pore
volume and pore size distribution). Other researchers have
used NMR methods to study: Yao et al. [12] reported a new
method that applied low-field nuclear magnetic resonance
technology and microfocus CT scanning technology to
carry out fine quantitative characterization of coal pore and
fissure types, effective porosity, pore structure distribution,
and spatial configuration of pore and fissure; Wang et al.
[13] used the nuclear magnetic resonance experiment
method to analyze the characteristics of coal pore diameter
before and after cold leaching in liquid nitrogen; Zheng
et al. [14] analyzed the characteristics of movable fluid,
bound fluid, and pore size distribution in Huainan low-
rank coal reservoir by NMR experiment and concluded that
adsorption pore is the most developed in low-rank coal in
Huainan, followed by seepage pore and fracture; Xie et al.
[15] used low-temperature liquid nitrogen adsorption
experiment and low-field NMR experiment to analyze the
pore size distribution characteristics of middle-rank coals
and high-rank coals and obtained the conversion coeffi-
cient C between the relaxation time of NMR T2 and the
pore size distribution of coal micropores; Yang and Liu [16]
used low-field NMR experiments to study the pore de-
velopment characteristics of high-rank coal and concluded
that fractures in high-rank coal did not develop, while
micropores and small pores are developed; Liu et al. [17]
used low-field NMR experiments to explore the reservoir
structure characteristics of high-rank coals and concluded
that high-rank coals in the direction of parallel bedding and
vertical bedding have similar pore size distribution char-
acteristics; Ren et al. [18] studied the characteristics of coal
pore size and effective porosity of low-rank coal by low-
field NMR experiment; Xu et al. [19] studied the pore

distribution characteristics of coal samples in Pingmei No.
10 Mine by low-field NMR technology; Yao and Liu [20],
based on the low-field NMR system experimental analysis
of the Longmaxi Formation marine shale in Sichuan Basin,
proposed a relatively complete set of fine quantitative
characterization technology for shale porosity, perme-
ability, pore type, pore structure, and methane adsorption
capacity; Yao et al. [21] used an NMR pore structure model
to effectively estimate the pore size distribution of coals;
Zhou et al. [22] used the low-field NMR method to study
the relationship between fractal analysis and physical
properties of pore fractures with low-rank coal; Cai et al.
[23] used the nuclear magnetic resonance technology to
study parallel bedding coal samples and found that the
distribution of nuclear magnetic resonance transverse re-
laxation saturated water cores has a strong relationship
with the pore structure and rank of coals; and Li et al. [24]
used the nuclear magnetic resonance technology to study
the pore distribution of coals with different structures.

At present, domestic and foreign scholars have con-
ducted relevant research studies on the pore structure and
characteristics of low-, medium-, and high-rank coals.
However, there are few studies on the pore structure of
high-rank coals of different bedding through low-field
nuclear magnetic resonance technology. Furthermore,
high-rank coals and coalbed methane resources are rich in
our country, about a third of the total coalbed methane
resources; therefore, it is of great significance to study the
pore structure of high-rank coal with different bedding.
Because of the advantages of low-field NMR technology,
such as fast detection speed and no damage to test samples,
the author collected high-rank coal from Zhongmacun
Mine of the coking coal group and used NMR technology to
test the pore structure characteristics of high-rank coal with
different bedding angles (0°, 30°, 45°, 60°, and 90°). &e
research results provide a theoretical basis for gas ex-
traction and utilization and prevention of gas disaster in
coal mines in China.

2. Basic Theory of NMR

NMR is the response of an atomic nucleus to radio frequency
magnetization by a magnetic field. Many nuclei have a net
magnetic moment and angular momentum (or spin). When
there is an external magnetic field, the nucleus moves around
the direction of the external magnetic field. When the
magnetic nuclei of these spins interact with an external
magnetic field, a measurable signal can be generated. If one
or both of the number of neutrons and the number of
protons in the nucleus are odd numbers, the conditions for
generating nuclear magnetic resonance signals are available,
such as hydrogen nucleus 1H, carbon 13C, and nitrogen
14N. Because hydrogen nuclei 1H are abundant in nature
and easy to detect, almost all nuclear magnetic resonance
techniques are based on the response of hydrogen nuclei. For
the fluid in rock pores, there are three different relaxation
mechanisms: free relaxation, surface relaxation, and diffu-
sion relaxation [25]. &e transverse relaxation time can be
expressed as follows:
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where T2B is the free relaxation time, T2S is the surface
relaxation time, and T2D is the diffusion relaxation time [26].
Free relaxation is the inherent relaxation property of liquids,
which is determined by the physical properties of liquids
(such as viscosity and chemical composition). &e surface
relaxation strength varies with the change of rock properties.
As with free relaxation, physical properties (such as viscosity
and molecules) constitute the control of diffusion coeffi-
cients; in addition, environmental conditions, temperature,
and pressure also influence diffusion.

Since the experimental environment uses a uniform
magnetic field, based on the principle of nuclear magnetic
resonance [27], equation (1) can be written as follows:
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V
 , (2)

where S is the surface area of the pores, μm2; V is the pore
volume [28], μm3; and ρ2 is the transverse surface relaxation
strength of the rock, μm/ms, with an element of m/ms.
According to equation (2), the relaxation time T2 is pro-
portional to the pore radius r:

r � CT2, (3)

where r is the pore radius, nm; C is the conversion coefficient
[29, 30]; and T2 is the transverse relaxation time.

3. Experimental Method and Process

3.1. Laboratory Equipment. In this experiment, the Mes-
oMR23-060H-I low-field NMR system of Suzhou Niumai
Technology was used (the resonance frequency of the device
was 21.67 568MHz, the magnetic field intensity was 0.5 T,
the magnet temperature was constant at 32± 0.01°C, and the
RF pulse frequency was 21.67 568MHz). &e 2XZ-4B vac-
uum saturation device and TGL-21M table top high speed
refrigerated centrifuge were used. CPMG parameter settings
of low-field NMR are shown in Table 1.

&e physical map of the experimental test equipment is
shown in Figure 1.

3.2. Coal Sample Preparation and Experimental Procedures.
Collect fresh coal from ZhongmacunMine of the coking coal
group, and drill Φ 25mm× 50mm cylindrical raw coal
samples according to the angles of 0°, 30°, 45°, 60°, and 90°
with the seam structure. &ese are ZM1, ZM2, ZM3, ZM4,
and ZM5. &e production process of the coal sample is
shown in Figure 2.

&e prepared coal pillars are reserved for the experiment,
and the fresh small coal blocks that cannot be prepared into
cylindrical coal blocks are tested for the maximum reflec-
tance and microscopic components of the vitrinite coal. &e
test results are shown in Table 2.

Experiment with the coal samples ZM1, ZM2, ZM3,
ZM4, and ZM5 prepared above: first, use the nuclear
magnetic resonance system to test the T2 pattern distribution

of the natural state coal samples, put the coal samples ZM1,
ZM2, ZM3, ZM4, and ZM5 into the vacuum saturation
device which is saturated with water for 12 hours to fully
saturate the coal sample (the quality difference between the
two measured coal samples is less than 0.05%), and then test
the T2 spectrum distribution of the saturated coal sample.
&e saturated coal samples were centrifuged for 0.5 hours at
1.38MPa centrifugal force, and the centrifuged coal samples
were subjected to nuclear magnetic resonance tests [14]. &e
basic physical parameters of coal samples are shown in
Table 3.

4. Experimental Results and Discussion

According to the experimental procedures, the low-field
nuclear magnetic resonance system was used to perform
nuclear magnetic resonance tests on ZM1, ZM2, ZM3, ZM4,
and ZM5. &e measured T2 spectrum in the natural state is
shown in Figure 3, the T2 spectrum in the saturated state is
shown in Figure 4, the T2 spectrum of the coal sample after
centrifugation is shown in Figure 5, and the histogram of the
coal sample pore size distribution is shown in Figure 6.

Analyzing Figures 3–6, we can see that the T2 spectrum
of the coal sample has a double-peak or three-peak distri-
bution. &e T2 spectrum of ZM4 has a three-peak distri-
bution, and the T2 spectrum of ZM1, ZM2, ZM3, and ZM5
has a double-peak distribution.&e areas of the first peaks of
the T2 spectra of ZM3 and ZM5 are 40 999.437, 29 781.694,
25 264.928, 22 693.186, and 27 466.478, respectively, ac-
counting for 98.61%, 99.664%, 99.524%, 97.363%, and
99.657%, respectively; the areas of the second peak are
577.914, 100.352, 120.783, 568.658, and 99.657, respectively,

Vacuum filling device �e centrifuge

Nuclear magnetic resonance system

Figure 1: System diagram of experimental equipment.

Table 1: CPMG sequence parameter.

Parameter
name

SW
(kHz)

TE
(ms)

SF
(MHz)

RFD
(ms)

TW
(ms) NECH

Value setting 250 0.251 21 0.08 5000 10000
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bedding

Fresh coal According to different angles with bedding

SCQ-4A automatic stone cutting machineCoal sample finished

Figure 2: Production process drawing of coal samples.

Table 2: Microscopic coal and rock component detection results.

Results (%) Vitrinite Inertinite &e total organic Clay soil Sulfide Carbonate Amount
of inorganic

Vitrinite average maximum
reflectivity (Rmax)

Value 61.7 25.3 87.0 10.9 0.1 2.0 13.0 3.31

Table 3: Basic physical property parameters of coal samples.

Coal sample number Height (mm) Diameter (mm) Volume (ml) Natural state
quality (g)

Saturated state
quality (g)

Mass after
centrifugation (g)

ZM1 (0°) 49.46 25.46 25.17 39.78 40.85 40.38
ZM2 (30°) 49.51 25.50 25.27 37.08 37.55 37.51
ZM3 (45°) 49.55 25.48 25.25 35.80 36.25 36.19
ZM4 (60°) 49.57 25.51 25.32 37.85 38.16 38.10
ZM5 (90°) 49.61 25.48 25.28 36.45 36.72 36.68
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Figure 3: T2 spectrum of coal samples in the natural state.
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Figure 4: T2 spectrum of coal samples in the saturated state.
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and the proportions are 1.39%, 0.336%, 0.476%, 2.44%, and
0.343%, respectively; the area of the third peak of the T2
spectrum of ZM4 is 45.95, which accounts for 0.197%; the
proportion of the first peak of different bedding high-rank
coals exceeds 97%, of which the first peak of ZM2 has the
highest proportion of 99.664%, and the proportion of the
first peak of ZM4 is the lowest, 97.363%; among them, the
second peak of ZM4 has the highest proportion of 2.44% and
the second peak of ZM2 has the lowest proportion of 0.336%.
Further in-depth analysis shows that the T2 pattern distri-
bution of different bedding high-rank coals has certain
similarities. &e overall pattern shows that the proportion of
small holes is relatively large, followed by the proportion of
mesopores and macropores. &is shows that high-rank coals
with different bedding have developed small holes, while
mesopores and macropores are not developed; the T2
spectrum of ZM4 in the coal sample used in the experiment
shows a three-peak distribution. &e reason is that the
difference in the bedding structure of the coal sample and the

coal sample preparation process have caused some large
pores to evolve into large cracks.

Figure 7 shows that the proportions of the pore diam-
eters of different bedding high-rank coals are different.
Among the proportions of micropores, ZM5 is the highest at
99.963% and ZM3 is the lowest at 97.977%. &is shows that,
as the bedding angle increases, the proportion of micropores
in coal samples first decreases and then increases; in the
proportion of large holes, ZM3 is the highest at 1.726%, and
ZM5 is the lowest at 0.0006%. As a whole, as the bedding
angle increases, the proportion of large holes in coal samples
first increases and then decreases; in the proportion of
cracks, high-rank coals of different beddings show an “N”
shape (first increase, then decrease, and then increase)
distribution law, and the difference between the maximum
and minimum proportions of cracks is less than 0.3%. It
shows that different bedding angles of high-rank coals have
little effect on the ratio of cracks. &e difference of the ra-
tional angle has little effect on the proportion of cracks.
Compared with the proportion of cracks, the bedding angle
has an influence of 1.886%, 0.885%, and 1.725% on the
proportions of micropores, mesopores, and macropores,
respectively.

&e T2 cutoff value can be expressed as T2C. &e left side
of T2C represents the bound fluid in the adsorption hole, and
the right side represents the movable fluid in the percolation
hole. We can calculate the bound fluid and movable fluid in
the experimental sample through T2C, the schematic dia-
gram of T2C is shown in Figure 8. Draw a cumulative curve
for the porosity components of the coal samples before and
after centrifugation, and draw a straight line parallel to the
time axis based on the maximum value of the cumulative
porosity curve after centrifugation (indicated by the dotted
line in the figure).&is straight line is related to the saturated
cumulative pores. &e degree curve intersects at a point,
denoted as point 1, and then a straight line parallel to the
time axis is made based on point 1. &is straight line in-
tersects the time axis at point 2, and the value of the time axis
corresponding to point 2 is the desired value T2C.

Analyzing Figures 8 and 9, we can see that T2C of dif-
ferent bedding high-rank coals has certain differences.
According to the above method, T2C of different bedding
high-rank coals ZM1, ZM2, ZM3, ZM4, and ZM5 can be
obtained. &ey conform to the exponential function rela-
tionship; as shown in Figure 10, the function expression
between them is y� exp(1.41647–0.02139 ∗ x+ 1.35294E−

4 ∗ x2), and the correlation R2 is 0.839. It can be seen from
Figure 10 that, as the bedding angle increases, T2C shows a
trend of first decline and then rise. At the beginning, T2C
decreases faster with the increase of the angle. When T2C
drops to the lowest value, with the increase in bedding angle,
T2C began to rise slowly.

Analyzing Figure 10, it can be seen that the water in the
pores of high-rank coal with different bedding angles has
different degrees of difficulty to be thrown out under the
action of external centrifugal force. Based on the T2C cal-
culation method described above, when the direction of the
combined force of the centrifugal force and gravity on the
water in the pores of the coal sample is closer to the bedding
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Figure 5: T2 spectrum of coal samples after centrifugation.
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Figure 9: Continued.
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direction of the coal samples, the water in the pores of the
coal samples is easily thrown out; when the resultant di-
rection of centrifugal force and gravity received by the water
in the pore of the coal samples is inconsistent with the
direction of bedding of the coal samples, the pore wall of the
coal samples will give an opposite force to the water in the
pore, and the more the resultant direction of centrifugal
force and gravity deviates from the direction of bedding of
the coal samples, the more difficult the water is to throw out.

5. Conclusions

(1) &e T2 patterns of different bedding high-rank coals
have a certain regularity, showing a double-peak or
triple-peak distribution. &eir first peak accounts for
a relatively high proportion, both exceeding 97%. It
is indicated that the micropores of different bedding
high-rank coals are developed, while the medium
and large pores are not developed.

(2) &e different changing law of the angle is that the
proportion of microholes first decreases and then
increases with the increase of the bedding angle. &e
proportion of mesopores first rapidly decreases with
the increase of the bedding angle and then basically
remains unchanged. &e proportion of large holes
first increases and then decreases with the increase of
the bedding angle.

(3) &e bedding angle and T2C conform to an expo-
nential function relationship. T2C shows a trend of
first decline and then rise. At the beginning, T2C
decreases faster with the increase of the angle. When
T2C drops to the lowest value, as the bedding angle
increases, T2C shows a slow upward trend.
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