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ABSTRACT: To improve the mining efficiency of coalbed methane,
liquid nitrogen freeze—thawing experiments were performed to
improve coal seam permeability and to study its influence on coal
pore structure development and mechanical properties. Mechanical
properties and nuclear magnetic resonance tests of coal samples were
performed with O, S, 10, and 15 freeze—thaw cycles of liquid nitrogen.
The results show that the number of freeze—thaw cycles caused the
change of uniaxial compressive strength and elastic modulus of coal,
and the change effect decreased significantly after 11—15 freeze—thaw
cycles. Between 0 and S freeze—thaw cycles, the base growth rate of the
transverse relaxation time T, spectral area of the full pore of coal is
44.1%, and that of the transverse relaxation time T, spectral area of
adsorption pore is 71.5%. After 6—10 freeze—thaw cycles, the fixed base
growth rate of the transverse relaxation time T, spectral area of the full
hole of coal is 269.0%, and the chain growth rate is 156.2%. In this stage, the chain growth rate of the transverse relaxation time T,
spectral area of the seepage hole is 198.4%, which is mainly the growth of seepage hole volume. After 11—15 freeze—thaw cycles, the
chain growth rate of the full pore of coal transverse relaxation time T, spectrum area is 20.1%, the chain growth rate of adsorption
pore is 4.8%, the chain growth rate of seepage pore is 22.2%, and the growth rate of the pore volume is greatly reduced. Comparing
the changes of pore and coal mechanical properties in different pore sizes, it can be seen that the change of adsorption pore volume
has a greater impact on coal mechanical properties.
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1. INTRODUCTION

Coalbed methane (CBM) is a clean energy source,"” so the

significantly improve rock permeability, and the number of
cracks is directly proportional to the temperature of the rock

mining technology of CBM has gradually attracted attention,
but the low permeability of the reservoir significantly limits
CBM extraction. The hydraulic permeability enhancement
technology method is the most commonly used, but the water
pollution and the impact of water lock reaction on subsequent
mining are difficult to be solved effectively. Based on this, the
use of liquid nitrogen (LN2) for permeation can effectively
avoid these disadvantages of hydraulic permeation enhance-
ment, and the research and engineering application prospects
of LN2 permeation enhancement technology are also more
promising.3’4

When LN2 contacts coal rocks, it promotes the generation
and development of coal rock pores through temperature
stress, freezing, and swelling forces and changes the mechanical
properties of coal rocks. In order to clarify the law of LN2
promoting the development of pore structure in coal rock,
related scholars have conducted a lot of research studies. Cha
et al.’ demonstrated that LN2 can cause fractures inside the
rock, forming a large number of microfractures and destroying
the rock structure. Zhang et al.® used a low-pressure LN2 jet to
impact granite specimens. The results show that LN2 jet can
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itself. Cai et al.” studied the effect of LN2 on rock permeability
by comparing rock pore structure before and after LN2
treatment. The results show that LN2 as a fracturing fluid will
increase the reservoir volume during fracturing. Li et al.®
conducted a nuclear magnetic resonance (NMR) test on coal
and rock samples after LN2 freeze—thawing treatment and
found that coal and rock samples’ porosity increased
significantly after freeze—thawing. The increasing effect
increased with the water saturation of coal and rock samples.
Wei et al.” conducted LN2 freeze—thaw cycle experiments on
coal samples with different water saturations. The results show
that the different degrees of internal and external damage of
coals with different water saturation are mainly due to the
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phase change and pore water migration. Qin et al."’ conducted
an NMR test on freeze—thawed coal samples and found that
the pore diameter in coal tends to increase with the freezing
time. Coetzee et al.'' found that the use of LN2 as a fracturing
fluid could effectively promote the development of internal
fractures and increase the permeability of the coal. Scholars
examined the LN2 freeze—thawed coal rocks by various
technical means and analyzed the effect of liquid nitrogen
freeze—thawing on the pore structure of coal rocks. Some
scholars also found that this effect decreases with the increase
in the number of LN2 freeze—thaw cycles, but there is no
relevant research to explore this decay law in depth.'” During
the freezing of coal rocks by LN2, the mechanical properties
change with the develofment of the pore structure in coal
rocks."> Al-Omari et al."* found that rock water saturation has
a great influence on the damaging effect of freeze—thaw cycles.
Liu et al."” studied the rock mechanical behavior under
different temperatures and found that the uniaxial compressive
strength and Young’s modulus increased with temperature
decreased. Cai et al.® conducted a comparative test between
cold-treated and intact coal. The experimental results show
that very low temperatures will increase the initial damage of
degree of coal and rock. Sandstr et al.'” carried out rock
freeze—thaw cycle tests showing that the number of freeze—
thaw cycles impacts rock mechanical properties and damage
cracks. Zhai et al.'® found that the number of freeze—thaw
cycles was an important factor in the formation of larger pores
in coal, and the proper control of the number of cycles helped
achieve effective fracturing of coal. Henwan et al."” conducted
a study on the strength of coal bodies under the action of cold
loading cycles, and the results showed that cold loading had a
significant effect on the development of primary fracture
structures in coal samples. The temperature gradient formed
when LN2 comes in contact with coal destroys the skeleton of
the rock, creating many cracks and changing the mechanical
properties of the rock.”” Most previous studies focused on the
effects of low-temperature LN2 on the mechanical properties
and physical structural damage of coal rocks and elaborated the
fracture development mechanism of LN2 freeze—thaw coal
rocks in terms of the changes of mechanical parameters such as
compressive strength and elastic modulus and the degree of
damage to the physical structure of coal rocks. However, the
law of coal weakening and pore structure development caused
by the number of LN2 freeze—thaw cycles has not been deeply
explored.

Research on the influence of LN2 freeze—thaw cycle times
on the development of coal pore structure and mechanical
properties mostly focuses on the influence of LN2 freeze—
thawing, ignoring that with the increase of cycle times, the
adaptability of coal is also enhanced and the transformation
effect is reduced. This paper focuses on the evolution law of
coal pore structure development and mechanical properties
under different LN2 freeze—thawing cycle times. Based on the
NMR test and mechanical property test, this paper studies the
influence law of cycle times on coal weakening and coal pore
structure development and reveals the mechanism of LN2
freeze—thawing cycles to transform coal and rock and improve
CBM mining efficiency.

2. TEST PREPARATION AND METHOD

2.1. Sample Preparation. In this test, coal seam II-1 of
Zhaogu no. 2 mine in Jiaozuo City, Henan Province was
selected, and samples were drilled from the same raw coal

sample (® 50 mm X 100 mm standard cylindrical coal sample)
and polished to make both ends smooth and neat. The
prepared samples were grouped and numbered in turn, as
shown in Figure 1, and the grouping information of coal
samples is shown in Table 1.

Figure 1. Coal sample.

Table 1. Coal Sample Grouping

LN2 LN2 LN2
experimental  original  freeze—thaw freeze—thaw freeze—thaw

condition coal cycle S times  cycle 10 times cycle 1S times
mechanical A B C D
property
test
NMR test E, Eg E Ejs

2.2, Experimental System.

(1) This experiment adopts the independently developed
LN2 cold immersion device, including the self-
pressurized LN2 tank and LN2 insulation tank (Figure
2).

Liquid nitrogen
outlet

Liquid nitrogen
Self pressurized inlet
liquid nitrogen

tank

Liquid nitrogen
insulated storage
tank

Coal sample

Figure 2. Schematic diagram of LN2 cold immersion device.

(2) NMR test system: The experimental equipment (Figure
3) consists of a MesoMR23-060H-1 low field NMR
analyzer from Suzhou Numag Electronic Technology
Co., Ltd. Experimental conditions were as follows

(Table 2).

(3) Mechanical property test system: A digitally controlled
electro-hydraulic servo RMT-150 test machine was used,
as shown in Figure 4. The experiment adopts stroke
control, and the loading speed is 0.5 mm/s (Table 3).

2.3. Experimental Methods and Process. In this paper,
in order to analyze the influence of different numbers of
freeze—thaw cycles of LN2 on the change of physical
properties and pore structure development of coal, uniaxial
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Figure 3. NMR test system.

Table 2. Experimental Parameters of the NMR Test System

NMR main control cabinet
test magnetic field  resonance RF pulse magnet
system strength frequency frequency temperature
05T 21.68 MHz 21.68 MHz 32 +001°C

Figure 4. Mechanical properties test system.

compression mechanical property tests and NMR tests were
conducted on the original coal samples, 5 times freeze—thawed
coal samples, 10 times freeze—thawed coal samples, and 15
times freeze—thawed coal samples. The change of mechanical
properties of coal samples was analyzed by the results of the
mechanical properties test, and the development of pore
structure of coal samples was analyzed by the area of transverse
relaxation time T, spectra of the NMR text. The results of
mechanical property tests and NMR tests were combined to
find out the effect of pore space structure development on the
mechanical properties of coal samples. In order to exclude
chance and ensure the reliability of experimental results, all
coal samples were drilled from an identical piece of raw coal
and parallel experiments were conducted. The LN2 injection
device was used to cold leach the coal samples with LN2 in this
experiment. The pore distribution and mechanical properties

of coal samples were tested by the NMR and mechanical
property test systems, respectively. The specific steps were as
follows: the coal sample was placed into the vacuum drying
oven for drying and weighed intermittently until the coal
sample’s weight did not change, and the coal sample was
regarded as completely dry (drying temperature set to 60 °C).
A negative pressure water saturation device was used to
saturate the dry coal sample, and then the water was balanced
in a constant pressure and constant temperature box (set the
vacuum value to —0.1 MPa). Three groups of coal samples, B,
C, and D, were subjected to 5, 10, and 15 freeze—thaws with
the LN2 injection device. For the purpose of parallel
experiments, three coal samples were taken from each group
A, B, C, and D, for a total of 12 coal samples. The NMR
samples were prepared as follows. The E; represents the
untreated coal sample, E was obtained after five cycles of E; in
LN2 freeze—thaw; E;, was obtained after five cycles of Es in
LN2 freeze—thaw; and E 5 was obtained after five cycles of E
in LN2 freeze—thaw. NMR tests were performed on coal
samples Ey, Eg, Ej;, and E;5. The mechanical test system is
used to test the mechanical properties of groups A, B, C, and D
of coal samples under uniaxial compression. The experimental
process is shown in Figure S, the relevant parameters of the
coal samples are shown in Table 4:

Negative pressure saturation NMR test

Vacuum drying

Coal sample

1591 Ay1adoid [eoTURYOIIA

Liquid nitrogen freeze-thaw cycle

Figure S. Test flow chart.

2.4. Principles and Theory of NMR. The resonance
relaxation between the hydrogen nuclei and the magnetic field
in the coal samples was detected by NMR, and then the
relaxation characteristics of the hydrogen nuclei in the coal
pore structure were investigated. In NMR detection, the
distribution characteristics of pore structure and the change
law of pore structure can be analyzed according to the
transverse relaxation time T, spectrum.”’ The relationship
between the transverse relaxation time T, and the pore
diameter r is expressed as formula 1>

r = TpK (1)

where T, is the transverse relaxation time; p is the transverse
surface relaxation rate; F; is the shape factor of pore structure;
and r is the pore diameter of the coal sample.

Table 3. Experimental Parameters of the Mechanical Property Test System

the maximum load

1000 kN

mechanical property test system

the maximum confining pressure

50.0 MPa

5208

the loading rate
0.01—100.0 kN/s (level 13)

the deformation rate

0.0001—1.0 mm/s (level 13)
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Table 4. Relevant Parameters of the Coal Samples”

proximate (wt %)

sample test height (mm) TRD (g-cm™) ARD (g-cm™) My Ay Viat
A, mechanical property test 100.00 151 142 0.43 8.12 10.59
A, 99.90 1.51 1.42 0.43 8.12 10.59
Ay 100.37 1.51 1.42 0.43 8.12 10.59
B, 100.11 1.51 1.42 0.43 8.12 10.59
B, 100.20 1.51 1.42 0.43 8.12 10.59
B; 100.57 1.51 1.42 0.43 8.12 10.59
C, 100.43 1.51 1.42 0.43 8.12 10.59
C, 100.61 1.51 1.42 0.43 8.12 10.59
Cs 100.41 1.51 1.42 0.43 8.12 10.59
D, 100.33 1.51 1.42 0.43 8.12 10.59
D, 100.21 1.51 1.42 0.43 8.12 10.59
D; 100.10 1.51 1.42 0.43 8.12 10.59
E NMR test 100.06 1.51 1.42 0.43 8.12 10.59

“A represents original coal samples; B represents coal samples after S LN2 freeze—thaw cycles; C represents coal samples after 10 LN2 freeze—thaw
cycles; D represents coal samples after 15 LN2 freeze—thaw cycles; E, E;, E,,, and E, indicate the stages of coal sample E at different numbers of
LN2 freeze—thaws (single LN2 freezing time of coal sample of is 60 min; single thawing time of 4 h for coal samples at 25 °C); TRD represents
true density; ARD represents apparent density; M,q represents moisture, air-drying base; A 4 represents ash yield, air-drying base; Vg, represents
volatile matter dry ash-free basis.

ore frozen
el - - [3- 4 -
coa melt
1t )

1

Freezing process Thawing process

Figure 6. Fracture extension process of water-bearing coal under the LN2 freeze—thaw cycle.

The NMR obtains the spin echo string attenuation curve in o =l0o. + opy + 0, + g} (2)
the coal pore through the CPMG pulse sequence test and
processes the obtained attenuation constant to obtain the o =logy + 0, + gl (3)
transverse relaxation time T, distribution, which is non-
destructive and highly efficient. In the NMR test, the transverse where o is the stress of coal matrix; o, is in situ stress; oy is
relaxation time T, of a saturated water coal sample is closely frost heaving force; o, is matrix shrinkage stress; and o, is
related to the pore structure distribution and has a expansion stress.
correiponding relaxation time for different phase states of The tensile strength of the coal matrix on the weak surface
coal. 2>+ of the coal structure is small, which is more likely to become
the direction of crack extension and form fatigue damage. As
3. DAMAGE MECHANISM OF COAL UNDER the damage to the coal matrix gradually accumulates, the strain
FREEZE—THAWING OF LN2 on the coal becomes more prominent, as evidenced by the

development of the pore structure at the microscopic level and
changes in the mechanical properties at the macroscopic level.
The unit volume strain”® of the coal matrix can be expressed as
formula 4, and the coal volume strain can be expressed as

Under the LN2 freeze—thaw cycle conditions, temperature
stress and frost heaving force affect the coal, following the
volume cycle change law of “freeze shrinkage-frost heave-freeze
shrinkage”.”> Studies have shown that the damage degree of

. . ) formula §
coal caused by LN2 freeze—thaw cycles is mainly determined
by temgerature stress, frost heaving force, and expansion £, = &; + 2¢, 4)
force.”**” It is embodied in pore water frost heaving, coal oo
matrix shrinkage, and high-pressure nitrogen expansion. When €, = f e, + 2¢, di
the coal matrix meets LN2, it shrinks rapidly due to low 0 (%)

temperature and changing pore structure. On the other hand,
the pore water of coal expands during freezing and transforms
the primary fractures, which are continuously developed in the
freeze—thaw cycle (Figure 6). The formation and development
of cracks are the key factors for the expansion of coal damage.
From the mechanical point of view, the coal damage expands
when the force on the coal matrix is greater than its tensile
strength. The stress of the coal matrix under LN2 freeze—
thawing conditions is shown in formula 2. The in situ stress

factor was not considered in this experiment, as shown in =2
formula 3 £ (6)

where &, is the unit volumetric strain; &, is the unit axial strain;
€, is the unit circumferential strain; &, is the volumetric strain,
g, is the axial strain; and ¢, is the circumferential strain.

The elastic modulus of coal can be expressed as formula 6.
Considering the stress and volumetric strain of the coal matrix
per unit volume, the elastic modulus per unit volume of the
coal matrix under LN2 freeze—thawing condition is expressed
as formula 7

5209 https://doi.org/10.1021/acsomega.1c06296
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Figure 7. Uniaxial compression test of coal under LN2 freeze—thaw. (a) Stress—strain curve of LN2 freeze—thaw coal. (b) Pore structure change of

coal.

E = logy + o, + agl/(eai + 2¢,) )
where: E is the elastic modulus; o is the stress; € is the strain;
E; is the elastic modulus per unit volume of coal matrix.

In the mechanical properties test of coal, the elastic modulus
can be expressed as formula 8

E, = lojl/e,

(8)

where E; is the axial elastic modulus of coal. o is the axial
stress.

The expressions of the fixed base growth rate and chain
growth rate of uniaxial yield limit, T, spectrum area, and other
parameters are as follows

Si - So
— X 100%
So

“= )

Si Si—l
= = X 100%

i—1

(10)

where ¢, is the fixed base growth rate; ¢y, is the fixed specific
growth rate, S, is the second uniaxial yield limit or T, spectrum
area; and Syis the uniaxial stress yield limit or T, spectrum area
of coal sample without freeze—thaw cycle.

Under LN2 cold immersion, the frost heaving force ogy,
matrix shrinkage stress o, and the expansion force o, are
generated through the temperature change, resulting in the
increasing stress ¢ of the coal matrix. When the tensile limit of
the coal matrix is exceeded, €,; begins to accumulate, as shown
in formula 4. Under the LN2 freeze—thaw cycle conditions, the
coal matrix repeatedly experiences the freeze—thaw process,
resulting in many micro deformations &, manifested in the
change of coal pore structure just as the deformation
accumulation in formula S corresponds to the increase of T,
spectrum area. The macroscopic deformation that is difficult to
observe directly can be analyzed through the stress—strain
change trend of the mechanical properties test reflected in the
transformation between formulas 7 and 8. Based on the
changes in formulas 9 and 10, the mechanical properties and
pore volume changes of coal samples in different freeze—thaw
stages and the development law of coal pore structure were
analyzed, and the coal damage mechanism under the
combination of macro and micro change laws was established.

5210

4. EXPERIMENTAL RESULTS AND DISCUSSION

4.1. Weakening Effect of LN2 Freeze—Thaw Cycle on
Coal. 4.1.1. Pore Development Law of Coal Uniaxial
Compression Test under LN2 Freeze—Thaw Cycles. To
study the weakening effect of the LN2 freeze—thaw cycle on
coal, the stress—strain curve of coal under uniaxial compression
was measured. After the LN2 freeze—thawing cycles, the
stress—strain curve changes during the uniaxial compression
test were measured (Figure 7).

According to the analysis of the experimental results in
Figure 7, the cracks of the coal sample are further generated
and developed after freeze— thawmg with LN2, the total pore
volume in the coal increases.”” When the pore volume of the
coal sample is compressed, it leads to coal deformation and
damage. Combined with Figure 7a, the stress—strain curve can
be divided into four stages: initial compaction, linear elastic,
yield, and failure.”

The first stage is the initial compaction stage (OA): at this
stage, the uniaxial stress compresses the coal’s primary and new
fracture volume, while causing coal fracture development (OA
stage in Figure 7). Pores in coal are the primary bearers of
uniaxial stress in the OA stage: only a small part of the uniaxial
stress effect on the coal is used for fracture generation and
development, and most of it is used for pore collapse to reduce
the pore volume in coal. When the uniaxial stress reaches a
certain level, the pore volume collapse of the coal reaches its
limit, the rate of pore compression of the coal and the increase
of the uniaxial stress is unbalanced, and the uniaxial stress will
no longer be used mainly for pore volume compression of the
coal, leading to the end of the OA stage. Compared with the
original coal sample, the LN2 freeze—thawed coal sample
promotes the formation and development of pores, delays the
arrival of this collapse limit, and increases the OA stage. Figure
7a shows that as the stress increases, the strain in the OA stage
increases, but the strain rate decreases. That is, the ability to
resist uniaxial stress will be enhanced to some extent as the
coal pores are compressed.

The second stage is the linear elastic stage (AB). The AB
stage is reached when the pore compression rate and the
uniaxial stress increase rate in the coal are unbalanced. The
uniaxial stress mainly acts on the elastic deformation of the
coal, and the stress—strain curve changes almost linearly in this
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Figure 8. Uniaxial compression test of LN2 freeze—thaw circulating coal. (a) Test group 1. (b) Test group 2. (c) Test group 3.

stage. The AB stage is the transition stage from coal pore
closure to coal yield. There is no significant damage to the coal,
which is mainly due to the elastic deformation of the coal to
withstand the increase in uniaxial stress.

The third stage is the yield stage (BC): At this stage, starting
from point B, the balance between the uniaxial stress increase
and strain rates is lost again, and many cracks are generated
and developed in the coal, resulting in irreversible deformation.
The pore structure of coal changes rapidly, and the continuous
generation and development of fractures directly lead to
penetration of small fractures into large fractures in the coal,
which finally leads to the CD stage. With the change of pore
structure in the coal, the strain rate increases with uniaxial
stress (Figure 7a). There may be two reasons for this result: on
the one hand, it is due to the increase of pore volume; on the
other hand, it is due to the continuous formation and
interconnection of large-scale fractures.

The fourth stage is the failure stage (CD). At this stage, the
yield strength of coal reaches the limit, and macro fractures
begin to appear. After point C, the strain rate and uniaxial
stress of the coal decreased significantly, indicating that the
coal began to fracture along the large internal cracks and other
positions, shown as coal fracture macroscopically (Figure 7a).

5211

4.1.2. Evolution Law of Stress—Strain Curve of Coal with
Different Freeze—Thaw Cycles of LN2. Next, the weakening
effect of LN2 freeze—thawing cycles on the mechanical
properties of coal was analyzed. Uniaxial compression
experiments were carried out on each coal sample after O, S,
10, and 15 LN2 freeze—thaw cycles.

The uniaxial compressive stress—strain curves of coal
samples in Figure 8a—c comply with the evolution law of
Figure 7 and can be divided into initial compaction, linear
elastic, yield, and failure stages for analysis. Under the LN2
freeze—thaw cycle conditions, the stress—strain curve of coal
will lengthen in the compaction stage and slightly shorten in
the elastic and yield stages compared with that of the raw coal,
mainly because the LN2 freeze—thaw cycle promotes the
development of pore structure and greatly improves the
porosity of coal.

According to Figure 8, the uniaxial stress yield limits of coal
samples after 0, 5, 10, and 15 LN2 freeze—thaw cycles are in
the range of 20 + 0.7, 10.7 + 0.4, 5.1 + 0.5, and 3.7 + 0.3
MPa, respectively. The uniaxial stress yield limit of coal
samples is decreased by 46.5, 74.5, and 81.5% after S, 10, and
1S cycles, respectively, indicating that the LN2 freeze—thaw
cycles greatly reduce the strength of coal. The uniaxial stress
yield limit of groups A, B, C, and D coal samples is shown in
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Figure 8. Compared with group A, group B decreased by
46.5%; Compared with group B, the uniaxial stress yield limit
group C decreased by 50.3%. Compared with group C, the

5212

uniaxial stress yield limit of group D decreased by 27.5%. The
analysis shows that the decreased range of uniaxial stress yield
limit of coal is unchanged after 0—10 LN2 freeze—thaw cycles.
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After 1115 freeze—thaw cycles, the uniaxial stress yield limit
is reduced by 45.3%, indicating that the coal sample has certain
adaptability to the LN2 freeze—thaw process, and the coal
sample transformation is greatly affected reduced. The
experimental results of mechanical properties show that the
effect of the LN2 freeze—thaw cycle on reducing the strength
and elastic modulus of coal is remarkable. After intermittent
thawing for 10 cycles (10 h), the reduction of uniaxial stress
yield limit and elastic modulus of coal samples did not change
significantly. After 11—15 LN2 freeze—thaw cycles, the
reduction of uniaxial stress yield limit and elastic modulus of
coal samples began to decrease. The reduction efficiency of the
LN2 freeze—thaw cycle for coal sample strength and elastic
modulus decreased significantly in this process.

4.2, Effect of Freeze—Thaw Cycles of LN2 on the
Development of Coal Pore Structure. To better study the
influence of the number of LN2 freeze—thaw cycles on the
development of coal pore structure and analyze the relation-
ship between the change of coal pore structure and the change
of coal mechanical properties, NMR was used to examine coal
sample E. The NMR detection results are shown in Figure 9.

Because the experimental coal sample is anthracite, the
transverse relaxation rate p of coal samples is 1.6 um/s;
combined with formula 1, it is known that T, has a positive
correlation function with pore diameter, so pores in different
pore diameter ranges are divided according to T,.>' In Figure
9a, the first wave peak corresponds to micropores, and the pore
diameter is less than 0.1 um. The corresponding aperture of
the second wave peak is 0.1—1 pm range. According to the test
results, the coal pore size is divided into three areas, in which
the micropores belong to adsorption pores, and the medium
and large pores belong to seepage pores.”” In Figure 9a, the
peak value of the first wave is much higher than that of the
second wave, indicating that the microporous fractures of the
coal sample are well developed. After the LN2 freeze—thaw
cycle, the peak value of the first wave rises considerably, and
the peak value of the second wave also shows an upward trend,
indicating that the LN2 freeze—thaw cycle promotes the
development of coal fractures, especially micropores. After S,
10, and 15 cycles of freeze—thawing with LN2, the full pore T,
spectral area increased by 4911, 29,981, and 38,261,
respectively, and the fixed base growth rates were 44.1,
269.0, and 343.3%, respectively. The T, spectral areas of
adsorption holes increased by 1703, 3025, and 3282,
respectively, and the growth rates of the fixed base were
71.5, 127.0, and 137.8%, respectively. The T, spectral area of
the seepage hole increased by 3208, 26,956, and 34,879, and
the fixed base growth rates were 36.6, 307.6, and 396.0%,
respectively. LN2 freeze—thawing cycle 10 times more than §
times T, spectrum area full hole increased by 25,070 with a
chain growth rate of 156.2%, the adsorption holes increased by
1322 with a chain growth rate of 32.4%, and the seepage hole
increased by 23,748 with a chain growth rate of 198.4%. The
LN2 freeze—thawing cycle 15 times more than S times T,
spectrum area full hole increased by 8280 with a chain growth
rate of 20.1%, the adsorption holes increased by 257 with a
chain growth rate of 4.8%, and the seepage hole increased by
7923 with a chain growth rate of 22.2%. The porosity
components and accumulated porosity of coal samples before
and after centrifugation with different numbers of freeze—thaw
cycles of LN2 are shown in Figure 9c—f, and the porosity
changes can be clearly observed in combination with Figure
9g,k. The growth curves of Figure 9gk all gradually leveled off
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during the process of maximum porosity fraction from 0.0418
to 0.07339% and cumulative porosity from 0.85274 to
1.55196% for the water-saturated coal sample. Similarly, the
maximum fraction of porosity and cumulative porosity growth
curves of centrifugal coal samples gradually leveled off. The
experimental results showed that the maximum porosity
fraction and cumulative porosity of coal sample decreased
substantially in the increment of 6—10 freeze—thaw stages, and
basically did not increase during 11—15 freeze—thaw stages.
The maximum porosity fraction and cumulative porosity of the
centrifugal coal sample did not increase significantly during the
6—15 freeze—thaw stages.

Figure 9 shows that after the LN2 freeze—thawing cycle, the
T, spectral area of the coal increases and the number of full
pores, adsorption pores, and seepage pores gradually
increases.” By comparing the chain growth rate of T, spectral
area of the full, seepage, and adsorption holes in the 5, 10, and
1S freeze—thawing cycles, the chain growth rate of T, spectral
area of adsorption hole in the 0—5th freeze—thawing cycles is
larger than that in the 6—10 freeze—thawing cycles. The chain
growth rate of the T, spectral area of adsorption pore and
seepage pore decreased significantly during the 11—15 stages.
Table S shows the comparison of the chain growth rate of the

Table 5. T, Spectrum Specific Growth Rate in the Same
Stage

freeze—thaw cycles full hole (%) adsorption pore (%) seepage hole (%)

0-5 44.1 71.5 36.6
6—10 156.2 32.4 198.4
11-15 20.1 4.8 22.2

T, spectral area of different times of LN2 freeze—thawing
cycles. With the increase of LN2 freeze—thawing cycles, the
adaptability of coal samples to LN2 freeze—thawing cycles is
gradually enhanced. The difference in porosity variation
between saturated and centrifuged coal samples in Figure
9gk indicates that the modification is mainly carried out within
the pore space where free water is located during the 6—10
freeze—thaw stages. After S freeze—thaw cycles, the ability of
the adsorption hole to accept the transformation decreased
significantly; after 6—10 cycles, the percolation efficiency is the
highest, and after 10 freeze—thawing cycles, the efficiency of
coal pore structure modification decreases greatly. The
transformation effect of the full hole is considerable in 0—10
freeze—thawing cycles, and the transformation efficiency of
11-1S5 freeze—thawing cycles is greatly reduced. When the
number of freeze—thaw cycles increases, the full pores develop
gradually, and the trend of increasing the number of seepage
pores lags behind the trend of increasing the number of
adsorption pores. Combined with the analysis in Table S, the
reason is that the pore development follows the order from
small size to large size, and the adsorption pores will
continuously develop and penetrate each other during the
freeze—thaw cycle of LN2, and then form seepage pores, and
finally form frost swelling cracks on the surface of coal.

4.3. Effect of Pore Structure Change on Mechanical
Properties of Coal Samples under LN2 Freeze—Thawing
Cycles. Coal is a multipore structure, and cracks can be
formed and developed after the LN2 freeze—thawing cycle,
thus affecting the mechanical properties of the coal. When LN2
contacts coal, temperature stress will be generated and pore
water in the pore structure will be frozen. Theoretically, the
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water-ice phase transformation can produce frost heaving force
up to 200 MPa.'” Under LN2 freeze—thawing cycle,
temperature stress and frost heaving force act on coal pore
structure together’ > and promote pore development. To
better study the influence of the change of coal pore structure
on the mechanical properties, the relationship between the
base reduction rate of coal uniaxial stress yield limit and the
base growth rate of full pore T, spectral area was analyzed in
combination with the results of mechanical properties and
NMR tests. The change rate trend of the fixed base is shown in
Figure 10.
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Figure 10. Variation trend of uniaxial stress yield limit and T, spectral
area.

According to the analysis of Figure 10, the uniaxial stress
yield limit of the coal sample is inversely proportional to the
full hole T, spectral area, and the base reduction rate of the
uniaxial stress yield limit and the base growth rate of full hole
T, spectral area are increasing. In the 0—5 LN2 freeze—thaw
cycles, the increase of the T, spectrum area of the adsorption
hole is the most prominent, and the uniaxial stress yield limit
of a coal sample is significantly reduced. In the stage of 6—10
LN2 freeze—thaw cycles, the growth rate of T, spectral area of
adsorption hole decreases, the growth rate of T, spectral area
of seepage hole increases significantly, and the growth rate of
T, spectral area of full hole increases, but the decline rate of
uniaxial stress yield limit decreases. In the stage of 11—15 LN2
freeze—thaw cycles, although the T, spectrum area of coal
samples is still rising, the growth rate is significantly lower than
that in the previous stage, and the reduction trend of uniaxial
stress yield limit also tends to be gentle, which can be regarded
as the significant reduction of coal sample efficiency in LN2
freeze—thaw transformation at this stage, which is not in line
with the actual application benefit. The author believes that
under the condition of the LN2 freeze—thaw cycle, the new
cracks in the coal sample meet the time evolution order from
adsorption holes to seepage holes; that is, the pore diameter
gradually increases, and the increase of the number of
adsorption holes has a more significant impact on the uniaxial
stress yield limit of the coal sample. In the experimental
process, the increased adsorption pore volume can be regarded
as increasing new fracture volume. The increase of seepage
pore volume mainly depends on the development of
adsorption pores and the generation and development of
new fractures. Combined with the experimental results of 0—5
times and 6—10 times, it can be seen that the new fracture
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plays a more significant role in weakening the coal than the
original fracture. With the increase of pore volume of the coal
sample, the uniaxial stress yield limit and elastic modulus
generally decrease, especially in 0—S experiments. The increase
of adsorption pore volume has a greater impact on the
mechanical properties of coal.

5. CONCLUSIONS

In this paper, the pore structure development and mechanical
parameters of coal samples with different LN2 freeze—thaw
cycles were characterized by uniaxial stress yield limit, elastic
modulus, and T, spectrum area. Based on this, the coal
development mechanism under different LN2 freeze—thaw
cycles is revealed from the parameter changes of coal
mechanical properties and pore structure development. The
following conclusions were drawn.

(1) Under the LN2 freeze—thaw cycle condition, the initial
compaction stage of the coal stress—strain curve
becomes longer, and the elastic stage and yield stage
become shorter, indicating that the pore volume of coal
has increased, the structure has been damaged, and its
strength has been reduced. The LN2 freeze—thaw cycle
will weaken the coal, promote the development of coal
pore structure, and then improve the exploitation
efficiency of CBM.

(2) LN2 freeze—thaw cycle will greatly reduce the uniaxial
stress yield limit and elastic modulus of coal: in the stage
of 0—10 freeze—thaw cycles, the reduction range does
not change, the transformation capacity decreases in the
stage of 11—15 freeze—thaw cycles, the reduction range
of unijaxial stress yield limit decreases by 45.3%, the
change of elastic modulus tends to be gentle, and the
adaptability of coal samples to LN2 freeze—thaw cycle is

enhanced.

(3) Under the LN2 freeze—thaw conditions, the promotion
of coal adsorption pore development is most evident in
0—S cycles, the development effect of coal seepage pore
in 6—10 cycles occupies the leading position, and the
efficiency of full pore transformation in 11—1$ cycles
decreases by 87.13%. The change of seepage hole
volume shows that the improved efficiency of coal
permeability is the highest in the stage of 6—10 LN2
freeze—thaw cycles. According to the changes of pores in
different pore sizes, the development of coal pore
structure follows the sequence from adsorption pore to
seepage pore, that is, from small to large.

(4) By comparing the base reduction rate of uniaxial stress
yield limit, the change trend diagram of elastic modulus,
and the base growth rate of T, spectrum area, it is found
that when the number of adsorption holes increases, the
uniaxial stress yield limit and elastic modulus of coal
decrease more greatly, indicating that the increase of the
number of adsorption holes has a greater impact on the
uniaxial stress yield limit and elastic modulus of coal.
Based on the influence of the increase of the number of
adsorption holes and seepage holes on the uniaxial stress
yield limit and elastic modulus of coal, it can be seen that
under the condition of the same volume growth, the
adsorption holes have a more significant influence on the
uniaxial stress yield limit and elastic modulus of coal
than the seepage holes.
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