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Small fault area in coal mine has great risk of coal and gas outburst. However, the damage effect of small faults on coal pore
structure still lacks systematic research. Taking a small reverse fault under Pingmei No. 2 mine as an example, this paper
collects the hanging wall coal samples within 5m from the fault plane and the coal samples 50 m from the fault plane, where
there is no fault development. The pore structure characteristics of the two coal samples were analyzed and compared by
means of a scanning electron microscope, mercury injection, liquid nitrogen adsorption, and Raman spectroscopy. The test
results show that compared with the coal samples without faults, the coal samples at faults form micron-scale fracture zones
with constant spacing, stable occurrence, and flat two walls. The pore volume and pore specific surface area of different pore
sizes increase, the pore peak of mesopore (100~1000nm) shifts from 1000nm to 200~400nm, and its connectivity is
enhanced. The number of micropores (<10 nm) increased significantly, and the ink bottle type pores developed. Faulting also
has a certain impact on the macromolecular structure of coal, which shows that the D peak area decreases and the area of G

peak increases, indicating that the order degree of macromolecular structure of coal increases.

1. Introduction

Coal resources are the main energy for economic develop-
ment of China presently and also in the near future [1]. It
is predicted that China will consume about 50% of its
resources from coal by 2050. Under the guidance of the
dual-carbon strategy, the intelligentization and low carbon
emission of coal production are an inevitable trend of devel-
opment [2-4]. On the road of intelligent development of
coal mines, coal and gas outburst is still the biggest obstacle
to safe production. Coal and gas outbursts are closely related
to the development of structural belts. Production practice
has proved that where there are outbursts, there are many
structures nearby, especially small faults. Small faults often
form stress concentration, destroy the coal body, form frac-
tures in the coal, reform the pore structure of the coal, pro-

vide a place for gas enrichment, and form a gas anomaly area
around the fault [5-8]. When the mining activity is close to
the fault, the stress balance in the gas anomaly area is bro-
ken, and the high-pressure gas is released instantaneously,
resulting in coal and gas outburst.

Previous studies on the development of fractures and
pores of coal and rock near small faults are mainly real-
ized by similarity simulation, numerical simulation, and
sampling analysis [9-12]. Based on different research
methods, the achieved results can be divided into macro-
and microaspects. In the macroscopic aspect, the quantita-
tive prediction of fractures in the process of fault develop-
ment is mainly realized by means of physical simulation
and numerical simulation. It is found that the fractures
near the fault are significantly increased, the plastic failure
area is distributed within a certain range from the fault,
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and the strength of coal and rock in the area is signifi-
cantly lower than that in other areas. The farther away
from the fault plane, the smaller the area of the plastic
zone, and the damage degree of the hanging wall of the
fault is greater than that of the footwall [13-17]. In the
microscopic aspect, by means of scanning electron micros-
copy, mercury porosimetry, liquid nitrogen adsorption,
and other detection methods, it is mainly found that
macropores and fractures are developed in coal samples
near the fault plane. Their specific surface area and pore
volume are improved to a certain extent, and the pores
and fractures have better connectivity [18-22].

The above research results show that the number of frac-
tures near small faults increases and the pore structure of
coal is improved, which provides storage space for free gas.
However, the research on the effect of small faults on the
pore structure of coal is still lacking systematically. In this
paper, taking a small reverse fault in Pingmei No. 2 mine
as an example, coal samples at different distances from the
small fault were collected and analyzed by scanning electron
microscopy, mercury intrusion, liquid nitrogen, and Raman
spectroscopy to study the damage of the small fault to the
pore structure of coal. The research results have theoretical
significance for the theoretical study of coal and gas outburst
in the small fault zone and have practical value for prevent-
ing and controlling gas disasters in coal mines.

2. Samples and Methodology

2.1. Samples. The coal samples were collected from the
working face of No. 1_5 coal seam in a mine in Pingmei
No. 2 mine. The 1_5 coal seam is the lower part of the Tai-
yuan Formation, 46.52~67.17 m above the 2_1 coal seam.
The 1_5 coal seam is well developed in whole mine field,
and its thickness is 0.26~3.9m; the average is 1.52m. The
coal seam recoverability index is 0.83, and the coal thickness
variation coefficient is 48.07%, which show that the coal
seam is relatively stable and most mineable. The coal seam
structure is more complex, generally containing 1 to 3 layers
of gangue. The roof of the coal seam is limestone L, and the
bottom plate is mudstone or limestone L,. The floor eleva-
tion is -17m~-800 m, and the buried depth is 137~1145m.
The gas content of the coal seam is generally low, and the
highest value is 5.25cm *'g.

A reverse fault with a drop of 0.8~2.7m, an inclination
of 95°, and an inclination of 10° is exposed in the wind tun-
nel of the working face. The total length of the roadway is
1880 m. The fault is located in the middle of the roadway,
500 m away from the cut hole in the west. The data of gas
content shows that the closer the distance to the fault plane,
the greater the gas content is. Two coal samples were col-
lected. The coal sample collected within 5m of the fault
plane was marked as Al. The coal sample collected 50 m
away from the fault plane was marked as A2 (Figure 1).
Figure 1 shows that Al coal sample is composed of many
small fragments, while A2 coal sample is a single block of
coal. The coal quality test results are shown as follows
(Table 1), and the coal is 1/3 coking coal.
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FiGure 1: Coal samples collected at different locations.

TaBLE 1: Proximate analysis of coal samples.

Analysis project

Sample B
PO My (6) A (%) Vg (%) Quaq (MIkg?)

Al 0.56 14.83 28.86 29.69

A2 0.65 28.88 31.80 24.39

Note: M, 4 (%) is moisture of air dry basis; A 4 (%) is ash of air dry basis; V4
(%) is volatile matter of air dry basis; Qg o (MJ-kg") is the high calorific

value of air dry basis.

2.2. Methodology. In this paper, the development of macro-
fractures in coal samples is detected by a scanning electron
microscope (SEM). SEM is mainly used to observe the sur-
face information of materials. It can be magnified hundreds
of thousands of times to observe nanoscale objects [23-25].
In this experiment, a Quanta 250 scanning electron micro-
scope from Czech FEI Company was used. The maximum
pressure of the sample chamber was 2600 Pa, the accelera-
tion voltage was 200 V~30KV, and the resolution was up
to 3nm. The collected coal samples are cut into blocks and
subjected to grinding, polishing, purging, drying, and con-
ductive treatment.

Mercury porosimetry and liquid nitrogen adsorption
were used to observe the pore structure of coal samples.
Mercury porosimetry adopts the American Micromeritics
AutoPore IV 9510, the maximum pressure can reach
228 MPa, and the analytical pore size range is 5nm~800 ym.
The sample particle size of 1~5 mm was adopted for this test,
and the samples were dried at 105°C to constant weight
before the test.

Liquid nitrogen adsorption is an important method to
study the micropore characteristics of porous media. Com-
bined with porosimetry, it forms a pore characterization sys-
tem from meso to micro [26]. Liquid nitrogen adsorption is
an important method to study the pore structure of porous
media. The specific surface area, pore volume, pore size dis-
tribution, adsorption-desorption curve, and other parame-
ters of porous media are obtained by using the adsorption
performance of porous media to gas molecules [27-29].
Micromeritics ASAP2460 was adopted to carry out liquid
nitrogen adsorption in this study. The range of pore sizes
that can be tested includes pore diameter ¢ < 2 nm. The par-
ticle sample below 3 mm is used this time, and the sample
mass is more than 100mg. Before the liquid nitrogen
adsorption test, the coal sample needs to be heated at
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FIGURE 2: SEM images of coal samples at different positions. (a, b) Show fracture groups with straight walls, stable strikes, and close spacing.

(c, d) Show wavy beddings.

110°C for 8 hours to discharge the impurities in the coal
sample through heating and evaporation.

In order to study whether the small fault has an impact
on the macromolecular structure of coal, we carried out
Raman spectrum analysis. Raman spectroscopy is a nonde-
structive and rapid detection technique, which can be used
to reveal the disorder of the amorphous structure and the
order of the crystallite structure inside the coal sample. The
Raman effect originates from the vibration and rotation of
molecules and lattices, so we can obtain the relevant param-
eters such as molecular vibration level, lattice vibration level,
and rotation level from the Raman spectrum [30-32]. A Hor-
iba Evolution Raman spectrometer is adopted in this study,
and a laser with a wavelength of 532 nm is selected for testing.
The size of coal samples requires a minimum of 2 % 2mm
and a maximum of 5 % 5cm.

3. Results and Discussions

3.1. Scanning Electron Microscope. The SEM results of coal
samples show that coal sample Al which is near the fault
layer develops fracture groups with straight walls, stable
strikes, and close spacing, while coal sample A2 which is
far from the fault has no such phenomenon and only

develops wavy beddings (Figure 2). It shows that in the pro-
cess of small fault formation, which is mainly under the
action of shear stress, the coal body structure near the fault
plane is damaged, and the directional arrangement of shear
joint groups is formed.

3.2. Mercury Porosimetry

3.2.1. Mercury Injection-Ejection Curve. Figure 3 shows the
mercury injection-ejection curves of coal samples at different
distances from the small fault. The figure shows that the
total amount of mercury injected into the coal sample Al
at the fault is greater than that of the coal sample A2 without
the fault, and the retained mercury at the end of the mercury
ejection curve is smaller than that of the coal sample A2.
This indicates that the pore connectivity of coal sample Al
at the fault has been improved.

3.2.2. Comparison of Pore Volume. The pore volume of
coal sample can be calculated from the volume differential
of mercury intrusion [33]. It can be seen from Figure 4
that compared with the coal sample A2, the peak pore
volume of the coal sample Al is shifted to a smaller size. This
may be related to the enhanced connectivity between pores
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FIGURE 3: Mercury injection-ejection curve of coal samples at different positions.
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FIGUrE 4: Comparison of mercury injection pore volume of coal samples at different positions.

under the action of faults. The development of fractures  3.2.3. Comparison of Specific Surface Area. The specific
cuts and destroys the original larger pore size, causing  surface area and pore volume complement each other,
the pore size peak to shift from 1000 nm to 200~400nm.  reflecting the distribution characteristics of the pore struc-
It shows that the fault has a significant effect on the meso-  ture of the coal from different sides. It can be seen from
pores (100 nm~1 ym) of coal. the cumulative specific surface area distribution diagram
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FiGure 5: Comparison of mercury injection specific surface area of coal samples at different positions.

that the cumulative specific surface area of coal samples at
different positions increases exponentially with the decrease
of pore size. The cumulative specific surface area of the coal
sample Al at the fault is slightly larger than that of the coal
sample A2 without the fault (Figure 5). The test results show
that the fault also has a certain influence on the micropores
(<10nm) and transition pores (10~ 100 nm).

Pore specific surface area, porosity, median pore diam-
eter, bending coefficient, and fractal dimension of coal
samples at different positions are shown in Table 2. It
can be seen that the porosity, total specific surface area,
total pore volume, and median pore diameter of coal sam-
ple Al at the fault have increased, and the specific surface
area of the mesopores has increased by about 30%. It also
shows from the side view that the small faults have the
transformation effect on the macropores and the meso-
pores, especially the influence on the mesopores which is
obvious. The test results also showed that the bending
coefficient and fractal dimension of the pores decreased,
indicating that the pore morphology became simpler and
the connectivity was enhanced.

3.3. Liquid Nitrogen Adsorption Test

3.3.1. Isotherm Adsorption-Desorption Curves. The isotherms
of coal samples at different locations all belong to category
IV isotherms (Figure 6). The adsorption-desorption iso-
therms of liquid nitrogen show that the maximum adsorp-
tion capacity of coal sample A2 without faults is only
1.4cm”g, while the maximum adsorption capacity of coal
sample A1 at faults reaches more than 2.6 cm”g, an increase
of nearly 1 times. Therefore, the pore structure of the coal

TaBLE 2: Comparison of mercury porosimetry parameters of coal
samples.

Sample Al A2
Total pore volume (cm3/g) 1.1x107'  1.0x107!
Micropore volume (cm¥ 2) 21%x107%  2.0x1072
Transition pore volume (cm™g) 3.6x107%  2.8x1072
Mesopore pore volume (cm™g) 31x107%  2.6x1072
Macropore pore volume (cm>g) 24x107%  2.8x107?
Total specific surface area (m>g) 2.1x 10! 1.9x 10!
Micropore specific surface area (m¥g)  1.34x10'  1.33 x 10"
;frreagliirligz)pore specific surface 6.9 58
Mesopore specific surface area (m?g) 55x100  3.7x107!
Macropore specific surface area (m*g) 1.8x107  4.0x 107
Porosity (%) 14.4% 12.7%
Median pore size (nm) 7.2 6.9
Bending factor 2.072 2.076
Fractal dimension 2.811 2.850

body is reformed due to faulting, and the number of pores
is greatly increased. In addition, the Al hysteresis loop of
the coal sample at the fault is more obvious, and there is
an inflection point on the liquid nitrogen adsorption regres-
sion curve in the region of the relative pressure of 0.4~0.5,
indicating that there are abundant ink bottle holes in the
coal sample.
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F1cure 7: Comparison of liquid nitrogen pore volume of coal samples at different positions.

3.3.2. Pore Volume Comparison. After the action of small
faults, the pore volume of micropores (<10 nm) and transi-
tion pores (10~100nm) of coal samples has been greatly
improved. In particular, a peak value is formed at 2~10nm,
indicating that the pore volume of micropores increases sig-
nificantly (Figure 7). Compared with sample A2, the result
shows that the total pore volume of sample Al is increased

by 1 time, and the pore volume of mesopore is increased by
4 times. The average pore diameter decreased by more than
2/3, which may be due to the rupture of some large pores into
small holes under the action of faults.

3.3.3. Comparison of Specific Surface Area. After the action
of small faults, the pore specific surface area of coal
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FiGurg 8: Comparison of liquid nitrogen specific surface area of coal samples at different positions.

samples has also been greatly improved. The specific surface
area of coal sample Al at the fault formed a peak in the pore
size range of 2~10 nm, indicating that the number of micro-
pores increased significantly. The results are consistent with
mercury injection data (Figure 8). The test results show that
compared with coal sample A2 without fault, the total spe-
cific surface area of coal sample Al at fault increases by 6~7
times, in which the specific surface area of mesopore
increases by 12 times and the specific surface area of micro-
pore increases by 1 time (Table 3).

From the results of mercury intrusion and liquid nitro-
gen, it can be seen that the small faults have an obvious
transformation effect on the pore structure of coal, causing
the large pores inside the coal body to suffer a certain degree
of damage, while the number of transition pores and micro-
pores increases significantly, and the connectivity between
pores is also enhanced.

3.4. Raman Spectroscopy. The Raman characteristics of
coal samples are closely related to the internal structure
and molecular order of organic molecules [34-36]. The
D peak, which is called the disordered peak, is due to
the existence of lattice defects or heteroatoms in the coal
macromolecules. The D peak area depends on the defects
in the macromolecular structure of coal. The G peak is
the unique graphene-like characteristic peak in the Raman
spectrum. The G-band is related to the stretching vibra-
tion of C=C and represents the degree of order in the
molecular structure. The area of the G peak is positively
correlated with the total amount of aromatic rings and
the enrichment degree of aromatic carbon in the macro-
molecular structure of coal [31, 37, 38].

TaBLE 3: Comparison of liquid nitrogen test parameters of coal
samples.

Sample Al A2
4.1x107 2.1x107°

Total pore volume (cm¥ g)
1.4x107° 6.0x107°
1.8x107° 1.1x107°
8.8x107* 1.0x107°
23%x107
6.5x 1072

Micropore volume (cm¥ 2)

Transition hole pore volume (cm¥ 2)
Medium and large pore volume (cm®g)
Total specific surface area (m*g) 1.5
Micropore specific surface area (m>g) 1.2

Transition pore specific surface

0x107! 1.2x107!
area (mz/g) 3.0x10 x 10

Medium and macropore specific surface

6x107% 3.9x1072
area (mz/g) 3.6x10 39x%x10

Average pore size (nm) 1.1x10" 3.7x10'

The peak positions and curve trends of the Raman spec-
tra of coal samples at different positions are basically the
same. There are two obvious Raman vibration peaks,
namely, D peak and G peak, in the wavenumber range of
1000-1800 cm™ in the Raman spectrum. The peak position
of D peak is 1350 cm™, and the peak position of G peak is
1600 cm™ (Figure 9).

In order to quantitatively study the effect of faulting
on the chemical composition and functional groups of
coal, Gaussian fitting of Raman spectra was performed
with OriginPro, and the Raman peak fitting diagram and
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FiGure 10: Fitting curve of Raman peaks of coal sample Al at the fault.

Raman peak fitting parameters of coal samples at different
positions were obtained (Figures 10 and 11, Table 4); the
R? of all fitting results is greater than 0.95, indicating that
the accuracy and reliability of the fitted data are high.
Based on the peak fitting results, five peak fitting param-
eters, including peak position, peak area, peak area percent-
age, peak intensity, and peak half-width of the characteristic
peak, were selected to quantitatively analyze the effect of

faulting on the macromolecular morphology of coal samples.
Compared with the coal sample A2 without the fault, the D
peak area of the coal sample Al at the fault decreases, the
peak intensity increases, and the half-peak width decreases.
The result indicates that the amorphous carbon content
decreases. The G peak area of coal sample Al at the fault
increased by about 1 time, the peak intensity increased by
1 to 2 times, and the half-peak width decreased, indicating
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TaBLE 4: Comparison of Raman peak characteristics of coal samples.

Peak number Peak area Peak area percentage Peak position Peak intensity Peak width at half maximum
Al-1 70566 85 1600 947 70

A2-1 30637 55 1600 356 81

Al-2 12363 15 1350 176 66

A2-2 16340 29 1350 141 109

A2-3 8989 16 1000 267 32

that the content of aromatic carbon increased. This result ~ Data Availability

proves that faulting leads to the ordering process of coal.

4. Conclusions

(1) Small faults form directionally arranged fracture
groups near the fault plane, which provides an
enrichment place for gas storage. It is the key field
of coal and gas outburst prevention and treatment

(2) Small faults affect the mesopores, shift the peak pore
size from 1000 nm to 200~400 nm, and enhance the
connectivity between pores. The number of transi-
tion pores and micropores is increased, especially
the number of micropores which is greatly increased,
and abundant ink bottle pores are formed

(3) The intensity of each peak position of Fourier infra-
red spectrum of coal sample at the fault increases,
the area of D peak of the Raman spectrum decreases,
and the area of G peak increases; that is, faulting also
affects the structural composition of coal, which
proves that faulting enhances the order of coal mac-
romolecular structure

The data used to support the findings of this study are
included within the article.
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