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Abstract: In order to study the effect of freezing and thawing of liquid nitrogen on the mechanical
and seepage characteristics of coal rock with different water content values, conventional triaxial
loading tests on freeze–thawed coal samples with different water content values were carried out
using non-contact digital image processing technology. The research results showed that with the
same water content, the peak strength of a liquid nitrogen freeze–thawed coal sample was smaller
than that of a non-freeze–thawed coal sample, and the Poisson’s ratio was larger than that of the
non-freeze–thawed coal sample; compared with the non-freeze–thawed coal sample, the strain
fluctuation and concentration in the stages of compression density, elasticity, yield, and damage
were weakened after freeze–thawing by liquid nitrogen, but the local stress concentration was more
obvious; the non-freeze–thawed coal sample mainly showed single shear damage, and the damage
fissures were inclined fissures with small openings. The higher the water content, the more obvious
the tensile damage; with the increase in water content, the permeability of non-freeze–thawed coal
samples showed a linear decreasing trend, and the permeability of coal samples was 0.03 × 10–3 µm2

when the water content reached 9%. The permeability of freeze–thawed coal samples showed a
non-linear increasing trend, and the higher the water content under the effect of expansion, the faster
the permeability growth rate; the permeability of coal samples could reach 6.30 × 10–3 µm2 when the
water content was 9%. The results of the study can provide a theoretical guidance for gas permeation
enhancement in deep low-permeability coal seams.

Keywords: mechanical; seepage; coal; water content; gas permeation; deep low permeability;
coal seams

1. Introduction

In the context of increasingly limited fossil energy reserves and environmental pollu-
tion, coalbed methane (CBM) as an unconventional natural gas resource with rich reserves
is increasingly valued [1]; however, with increasing mining depth, the permeability of coal
rock where CBM is stored gradually decreases, and the existing permeability enhancement
techniques such as hydraulic fracturing, deep hole blasting, and intensive borehole extrac-
tion in deep CBM in mining can cause water locking and water sensitivity [2,3]. In recent
years, liquid carbon dioxide, liquid nitrogen, and other low-temperature fluids have been
gradually applied to coalbed methane penetration mining [4]. Liquid nitrogen freeze–thaw
penetration augmentation has the advantages of not polluting the reservoir, no hydration
expansion, and high efficiency [5], and gasified nitrogen during penetration augmentation
can reduce the partial pressure of methane gas in the coal seam, accelerate the resolution of
coalbed methane, and improve the extraction rate of coalbed methane [6,7]. Therefore, it is
necessary to further study the influence and laws of liquid nitrogen on the mechanical and
percolation characteristics of coal samples with different water content values.
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The mechanical and seepage properties of raw coal change due to hydrolock softening
and other effects of groundwater on underground coal rocks. In a study of water content on
the mechanical and seepage characteristics of coal rock, Wang Shukun et al. [8] examined the
effect of water on the strength and deformation characteristics of coal rock and concluded
that the compressive strength and elastic energy index of coal rock decreased with the
increase in water content. Cheng Qiaoyun [9] conducted experiments on the evolution
of the permeability of coal rock with different water content values and established a
model of permeability under the synergistic effect of effective stress and intrinsic water
based on the thickness of the water film in matrix pores and fractures. Chang Yanan [10]
conducted uniaxial compression and acoustic emission tests on specimens with different
water content values and found that mechanical parameters such as compressive strength,
elastic modulus, and hardness of the specimens showed an inverse relationship with
water content.

In a study of cracking patterns of coal samples by liquid nitrogen and different water
content values, Shaoran Ren et al. [11] conducted cold shock tests on different coal species
in both dry and water-filled states and concluded that the ultra-low temperature of liquid
nitrogen and the natural water in coal rock caused freezing and expansion, resulting in
the generation of thermal stress cracks and local cracks and increasing the permeability of
coal rock. Ren Yongjie et al. [12] conducted CT scan tests before and after liquid nitrogen
immersion in coal rock and found that the contraction–freeze expansion stress effect after
liquid nitrogen immersion led to the generation of new fractures, and the new fractures
interpenetrated with the original fractures in coal rock, which improved the permeability
of coal rock. Wang Hao [13] carried out experiments on the effect of different liquid
nitrogen treatment times and surrounding pressures on the triaxial mechanical percolation
of coal samples and concluded that with the increase in liquid nitrogen treatment time, the
compressive strength of coal samples first decreased and then increased until it stabilized,
and the permeability increased from the initial value at an average rate of 29.84%. Coetzee
Sansh et al. [14,15] carried out fracturing experiments on coal rock with liquid nitrogen
freeze–thawing and found that the effect of liquid nitrogen cold immersion on the new
development extension of fractures was obvious compared to direct fracturing experiments.
Li Bo et al. [16] carried out a study on the mechanism of action of liquid nitrogen on
water-bearing coal rocks and concluded that the permeability of coal samples increased
exponentially with increasing water content after cold leaching with liquid nitrogen.

In summary, scholars have studied the mechanics and percolation laws of coal rocks
with different water content values quite extensively, but there are fewer studies on the
mechanics and percolation laws of liquid nitrogen on coal rocks, especially on the mechanics
and percolation laws of liquid nitrogen on coal rocks with different water content values.
Most research has focused on the study of liquid nitrogen on dry and water-saturated coal
rocks, which differs from the actual coal rock storage environment in wells. The results of
this study are of great significance in order to improve the efficiency of gas extraction and
safe production in low-permeability coal seams.

2. Experimental Protocol Design
2.1. Experimental Equipment

The experimental equipment included a drilling core machine, a cutting machine, a
double-end face-smoothing machine, an electric blast dryer, an HC-U7 series non-metallic
ultrasonic detector, a vacuum pump, an HC-SPT-100 type high-pressure triaxial testing
machine, and other instruments.

Before the experiment, the standard specimens were prepared by a drilling and coring
machine, a cutting machine, and a double-ended grinding machine; the prepared standard
specimens were tested by an ultrasonic detector for wave velocities; and the specimens
with stable and similar wave velocities were selected and put into the electric blast drying
oven and dried at 100 ◦C for more than 24 h. The dry mass of the specimens was recorded
when the change of mass per hour did not exceed 0.2%. After drying, the specimens
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were treated with vacuum pumping, and when the quality of the specimens was basically
unchanged, drying was considered to be completed. The quality change curve of partially
filled specimens is shown in Figure 1.
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tained at room temperature to undergo natural thawing for 2 h. This freeze–thaw opera-
tion was then repeated, that is, each specimen was subjected to two liquid nitrogen freeze–
thaw treatments. Finally, the pretreatment-completed specimens were placed in a triaxial 
pressure chamber after the graphical measurement of selected parameters in order to start 
the experiment; the experimental system is shown in Figure 2. 

 

Figure 1. Specimen saturation curve.

After the water-filled specimens were naturally dried at room temperature to the
preset moisture content values (3%, 6%, 9%), the specimens were subjected to liquid
nitrogen freeze–thaw treatments. The coal samples with different moisture content values
were loaded into insulated containers with liquid nitrogen, soaked for 10 min, and then
maintained at room temperature to undergo natural thawing for 2 h. This freeze–thaw
operation was then repeated, that is, each specimen was subjected to two liquid nitrogen
freeze–thaw treatments. Finally, the pretreatment-completed specimens were placed in a
triaxial pressure chamber after the graphical measurement of selected parameters in order
to start the experiment; the experimental system is shown in Figure 2.
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Figure 2. Experimental system diagram.

2.2. Experimental Protocol

In order to study the mechanical and seepage characteristics of coal seam gas extraction
under different pretreatment conditions, a triaxial servo–fluid–solid coupling test system
with full surface deformation measurement technology was used to carry out the loading
test of liquid nitrogen on the mechanical properties and seepage of coal rock with different
water content values; the test loading path is shown in Figure 3, the blue column in the
figure is the stage of restoring the original stress of the coal rock, and the pink column is the
loading stage after restoring the original stress of the coal rock. The working face coal depth
of Wangzhuang coal mine 9101 (known as the Wangzhuang Coal Mine of Shanxi Lu’an
Environmental Protection Energy Development Company Limited, located in Luzhou
District, Changzhi, China) is about 420 m; the actual measurement of its maximum main
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stress is 9.83 MPa, the angle with the horizontal direction is less than 7◦, the vertical main
stress is 8.30 MPa, and the horizontal and vertical stress ratio is 1.18. The coal samples
used in the experiment were taken from the working face of Wangzhuang coal mine 9105,
which has a coal seam depth of about 400 m. The ground stress of the 9105 working face
was designed with reference to the actual measured values of the horizontal and vertical
ground stress of the 9101 working face; the ratio of the horizontal to vertical stress of the
9101 working face is 1.18, so the simplified measure of vertical and horizontal ground stress
of the 9105 working face is 9 MPa.
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Figure 3. Schematic diagram of the experimental path.

Two sets of comparative experiments were conducted: one for conventional triaxial
loading of coal samples with different moisture content values without liquid nitrogen
freeze–thaw, and the other for conventional triaxial loading of coal samples with different
moisture content values after two cycles of liquid nitrogen freeze–thaw.

The highest moisture content of the coal samples was 8.94% after being filled with
water via vacuum pump in order to investigate the effect of liquid nitrogen on the me-
chanics and percolation law of coal seams with different moisture content values. The
experimental coal samples were designed to have moisture content values of 0%, 3%,
6%, and 9%. However, due to the uncontrolled nature of natural air drying, the actual
experimental moisture content values of the coal samples had small deviations from the
preset experimental values, but for the convenience of comparative analysis, the analysis
was performed according to the preset moisture content values in the subsequent analysis
of the experimental results. The specimen base parameters are shown in Table 1.

Table 1. Basic coal sample parameters.

Coal Sample
Number

Water
Content (%)

Freeze–Thaw
Times

Wave Speed
(µs)

Original
Quality (g)

Quality after
Treatment (g)

Height
(mm)

Diameter
(mm)

AJ-1 0 2 1.58 229.31 228.56 101.42 48.24
AC-2 3.05 2 1.54 228.84 235.82 100.11 49.82
AC-3 6.13 2 1.59 231.55 245.74 100.18 50.59
AC-1 8.94 2 1.53 227.03 247.33 99.82 50.11
F-2 0 0 1.77 233.42 233.42 100.09 51.04

AI-2 2.95 0 1.75 234.47 241.39 101.17 50.95
AK-3 6.01 0 1.72 233.98 248.04 99.98 50.91
AJ-3 8.89 0 1.74 232.91 253.62 100.38 49.32

2.3. Image Measurement Principal Analysis

Traditionally, strain gauges are applied to coal rock specimens or extensometers are
used to measure the degree of deformation of the specimen during loading, while the
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specimen body strain cannot be measured directly. The body strain is commonly calculated
by the following formula:

εv = εnb
v + εb

v +
α

K0
p (1)

where εv is the body strain; εnb
v is the non-laminated body strain; εb

v is the laminated body
strain; α is the effective stress factor; K0 is the bulk modulus of coal in MPa; p is the pore
pressure in MPa.

Parameters εnb
v and εb

v are calculated as follows:

εnb
v =

1
E//1

[σ//1 − v(σ//1 + σ⊥)] +
1

E//2
[σ//2 − v(σ//2 + σ⊥)] + (1− f )

1
Enb
⊥
[σ//⊥ − v(σ//1 + σ//2)] (2)

εb
v =

f
3

[
1− exp

(
− σ⊥

Eb
⊥

)]
(3)

where E//1, E//2 are the parallel laminated modulus of elasticity in MPa; Enb
⊥ , Eb

⊥ are the
non-laminated equivalent modulus of elasticity and laminated equivalent modulus of
elasticity of vertical laminations, respectively, in MPa; σ//1, σ//2 are the parallel laminar
stress in MPa; σ⊥ is the vertical laminar stress in MPa; v is Poisson’s ratio; f is the laminar
coefficient.

To calculate the body strain using axial and radial strains, the following equation
is used:

εv = ε1 + 2ε3 (4)

where ε1 is the specimen axial strain in %; ε3 is the specimen radial strain in %.
Equations (1) and (4) are used to calculate the volumetric strain of the specimen

during the loading process with the help of conventional measured strains or stresses
derived from the calculation, which cannot directly measure the volume change of the
specimen during the loading process in real time. The digital image processing technology
used in this experiment is a non-contact, non-interference deformation measurement
technique for the specimen, which can reflect the local and overall deformation of the
specimen simultaneously and improve the accuracy of the strain values of the axis, diameter,
and body.

3. Mechanical Experimental Results and Analysis

The triaxial mechanical property curves of the specimens under different treatments
are shown in Figure 4. Figure 4a shows the conventional triaxial loading curve of coal
samples with different moisture content values without liquid nitrogen freeze–thawing,
and Figure 4b shows the conventional triaxial loading curve of coal samples with different
moisture content values after two cycles of freeze–thawing by liquid nitrogen. Among
them, ε1, ε3, εv are the axial, radial, and bulk stress–strain curves, respectively.

The mechanical parameters of the specimens under the two groups of comparison
experiments are shown in Figure 5. Under the condition of freeze–thaw treatment without
liquid nitrogen, the peak strength and elastic modulus of coal samples showed nonlinear
decreasing trends, and Poisson’s ratio and axial peak strain showed nonlinear increasing
trends with the increase in water content. The higher the water content, the more obvious
the lubrication and weakening effect, resulting in the decrease in strength and modulus
of elasticity with the increase in water content, and the increase in Poisson’s ratio and
axial peak strain with the increase in water content. For example, the decrease in peak
strength values of 0–3%, 3–6%, and 6–9% of water content values were 4.83%, 5.53%, and
12.96%, respectively, and the decrease in peak strength values of 6–9% of water content
were 2.66 times those between 0 and 3%.
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Figure 4. Triaxial mechanical properties of specimens with different treatments. (a) Coal samples with
different moisture content values without liquid nitrogen freeze–thaw treatment. (b) Freeze–thaw
treatment of coal samples with different moisture content values by liquid nitrogen.

After two freeze–thaw treatments with liquid nitrogen, the peak strength and axial
peak strain of coal samples showed nonlinear decreasing trends, the modulus of elasticity
showed an increasing and then decreasing trend, and Poisson’s ratio showed an increasing
trend with the increase in water content. After liquid nitrogen was injected into the coal
seam, the pore water in the primary pore fissures of the coal rock froze, and the low boiling
point liquid nitrogen sublimated, both of which produced expansions in volume, and
different particles of the coal rock body had different sensitivities to low temperature. The
higher the water content, the more intense the water freezing and expansion, and the
more significant the destruction of the coal rock structure, resulting in the decrease in coal
rock strength with the increase in water content, and the increase in Poisson’s ratio with
the increase in water content; due to the destruction of the coal rock structure caused by
liquid nitrogen, the number of pores and fissures that could be assigned after the melting
of water freezing in unit volume increased, i.e., the free water in the original pores and
fissures decreased, which showed that its lubricating effect in the discontinuous boundary
surface was weakened. Therefore, the axial peak strain decreased with the increase in
water content.
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Compared with the non-freeze–thawed coal samples, the internal structural damage of
coal rock was obvious after two cycles of freeze–thawing by liquid nitrogen, which showed
that the peak strength of liquid nitrogen freeze–thawed coal samples was smaller than that
of non-freeze–thawed coal samples, and Poisson’s ratio was larger than that of non-freeze–
thawed coal samples with the same water content values. The peak strength values of the
non-freeze–thawed coal samples were 44.46 MPa, 42.31 MPa, 39.37 MPa, and 34.83 MPa
at 0%, 3%, 6%, and 9% water content values, respectively, and the peak strength values
of the coal samples after freeze–thawing with liquid nitrogen were 38.03 MPa, 36.41 MPa,
35.58 MPa, and 30.76 MPa, respectively, with decreases of 14.35%, 13.94%, and 10.98%,
respectively. In combination with the significant increases in Poisson’s ratio between freeze–
thawed and non-frozen coal samples with 6% and 9% of water content compared with 0%
and 3% of water content, it is clear that the lateral deformation capacity of coal rock was
significantly enhanced after freeze–thawing using liquid nitrogen with high water content
values, i.e., the internal structural damage of coal rock was more obvious. The elastic
modulus was smaller than that of non-freeze–thawed coal samples at low water content
values and larger than that of non-freeze–thawed coal samples at high water content.
The axial peak strain was larger than that of non-freeze–thawed coal samples with low
water content values and smaller than that of frozen–thawed coal samples with high water
content values. The reason for the analysis is that the experimental perimeter pressure was
9 MPa, the perimeter pressure was larger, and the binding force on the ring of the specimen
was strong. Then, the axial force at the time of crushing of the required axial loading was
larger, and when the specimen with high water content values encountered larger axial
forces, the lubricating effect of water on the boundary of discontinuous surfaces was more
significant, such as fissures and joints of the coal body, i.e., less stress was required to
produce unit elastic deformation, thus showing that the elastic modulus was larger than
that of non-freeze–thawed coal samples with high water content values.



Processes 2023, 11, 1822 8 of 18

4. Analysis of the Strain Field and Damage Characteristics of Coal Samples at
Different Stages of Loading
4.1. Strain Field Analysis of Specimen Bodies with Different Moisture Content Values

A high-pressure triaxial meter uses non-contact digital image processing technology
to record the deformation of the specimen based on changes in the position of 192 corner
points in six rows and eight columns of 48 squares within the selected frame diagram
wrapped around the periphery of the specimen, which has high measurement accuracy
and large information processing capacity and can continuously measure the full surface
deformation of the specimen and the local point strain fields, such as radial strain, axial
strain, shear strain, and body strain over time, overcoming the inaccuracy of deformation
measurement by conventional strain gauges or using extensometers [17–22]. To further
investigate the damage mechanism of liquid nitrogen freeze–thaw and moisture content on
the coal samples during loading, the body strain fields of the four stages of compression,
namely, density, flexibility, yield, and sabotage, during loading were plotted, as shown
in Figures 6 and 7, where stress concentrations occurred in the specimens during load-
ing under both liquid nitrogen freeze–thaw and non-freeze–thaw conditions, The part
circled by red and yellow dashed lines represents the stress concentration phenomenon
during the stressing process of coal rock and the damage of the specimen along the stress
concentration point.
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Figure 7. Four-stage body strain field of freeze–thaw coal samples with different water content values.

Under the condition of freeze–thaw treatment without liquid nitrogen, the body strain
of the specimens without water showed local stress concentration in the compressive stage,
the flexural and yielding stages inherited the stress concentration of the evolving body
strain in the compressive stage, and the specimens in the damage stage broke through
the stress concentration along the compressive stage. After the specimens acquired water,
the overall fluctuation of the body strain in the compressive stage and the stress concen-
tration phenomenon increased significantly, the elastic yielding stage inherited the stress
concentration and fluctuation of the evolving body strain in the compressive stage, and
the specimen in the damage stage broke along the maximum stress concentration point
in the compressive stage. With the increase in water content, the overall trend of strain
fluctuation and concentration in the three stages of compression, flexibility, and yielding
was weakened, but the local stress concentration phenomenon was more obvious. In the
yielding stage, for example, the maximum value of the body strain–stress concentration at
3% water content was −2% (negative strain value represents compression of the specimen,
positive represents expansion of the specimen), and the overall fluctuation value was about
−0.4% at 6% and 9% water content, the maximum value of body strain. When the moisture
content was 6% and 9%, the maximum value of strain–stress concentration was −12% and
30%, respectively, and the overall fluctuation value was −1% and −3%, respectively.

After freeze–thaw treatment with liquid nitrogen, the specimens showed local stress
concentrations in the compressive stage, and the elastic and yielding stages inherited the
stress concentrations of evolving body strain in the compressive stage. The specimens in the
damage stage broke through the stress concentrations along the compressive stage, and the
stress concentrations in the 0%, 3%, and 6% damage stages were all inherited extensions of
the stress concentrations in the compressive stage, except for the new stress concentrations
in the 9% moisture content damage stage.
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Compared with the non-freeze–thawed coal samples, the strain fluctuations and
concentrations in the stages of compression, flexibility, yielding, and destruction of coal
rocks after freeze–thawing with liquid nitrogen showed an overall weakening trend, but
the local stress concentrations were more obvious. For example, under the condition of 6%
water content, the non-freeze–thawed coal samples had about five stress concentrations
in each stage of loading, but after freeze–thawing with liquid nitrogen, there was only
one stress concentration in each stage of loading, but the peak body strain at the stress
concentration point was much higher than the corresponding stage of non-freeze–thawed
coal samples. The peak body strain at the stress concentration point was much higher than
the body strain value at the corresponding stage of the non-freeze–thawed coal sample. The
reason for the analysis is that after the non-freeze–thawed coal rock was treated with water,
the water entered the internal pores and fissures of the coal rock to produce lubrication in
the joint fault surface, resulting in the stress concentration at the end points of the fissures
in the loading process, as shown in Figure 8a. After the freeze–thaw treatment of the
water-bearing coal sample with liquid nitrogen, the primary fissures were extended, new
fissures were created, and the intersection of the primary and new fissures formed a fissure
network. The coal rock structure inside the fissure network was more seriously damaged
than the coal rock structure around the other fissures, and the stress concentration was
generated at the intersection of the fissures with the largest number of branches in the
fissure network when subjected to an external load. The concentration phenomenon was
much more obvious than that at the end points of the old and new fissures, which showed
that the local stress concentration phenomenon was significantly enhanced at each stage
after freezing and thawing by liquid nitrogen, resulting in a weakening trend of the overall
strain fluctuation and concentration phenomenon, as shown in Figure 8b.
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4.2. Analysis of Damage Characteristics of Coal Samples

The coal samples after destruction under triaxial loading are shown in Table 2. The coal
samples without liquid nitrogen freeze–thawing mainly showed single shear damage [23–25],
and the destruction fissures were dominated by inclined fissures with small openness
(except for the moisture content of 0%); the higher the moisture content, the larger the
fissure inclination. Under the condition of 0% water content, the damage cracks were
mainly 74◦ inclined with larger openness, accompanied by one inclined crack with a larger
inclination angle and smaller openness. Under the conditions of 3% and 6% water content,
the damage cracks were mainly inclined cracks concentrated in the lower position of the
middle of the specimen, and the number of frontal cracks reached five and six, respectively,
and the angle of cracks increased gradually with the increase in water content from 65◦ at
3% water content to 65◦ at 6% water content. The angle increased to 78◦ when the water
content was 6%. With 9% water content, the damage fissures were mainly close to the test
piece of inclined fissures. The number of frontal fissures decreased to four, but the fissure
angle still showed a growing trend, with the main fissure dip angle of 80◦.
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Table 2. Crushed coal sample statistics.

Moisture Content
0%

Moisture Content
3%

Moisture Content
6%

Moisture Content
9%

Liquid Nitrogen Freeze-Thaw 0 Times

AJ-1
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The damage fissures of liquid nitrogen freeze–thaw coal samples under the condition
of no water content were similar to the damage fissures of 3%, 6%, and 9% of the coal
samples without liquid nitrogen freeze–thawing, which were also mainly inclined fissures
with small openness, but the damaged specimens were a combination of blocks and powder.
The damage fissures were mainly inclined fissures with large openness under the conjugate
damage of 3% and 6% of water content. The damage fissures were mainly inclined fissures
and circumferential fissures with large openness under the tension shear damage of 9%
of water content, and there were more circumferential fissures, among which there were
three circumferential fissures with large openness and two circumferential fissures with
small openness.

It can be seen that after the coal samples were treated with water and liquid nitrogen
freeze–thawing under conventional triaxial loading, all the specimens showed shear dam-
age except for the coal samples with 9% water content and liquid nitrogen freeze–thawing,
which showed tension shear damage. The higher the water content was, the more the
aqueous solution filled in the small joints and faults parallel to the axial direction, and the
greater the chance of specimen slippage along the axial load parallel to the axial force when
loaded under the same circumferential pressure. The fracture angle increased gradually
with the increase in water content. After the freeze–thawing treatment of water-bearing
coal samples with liquid nitrogen, the primary fracture extension and the new fracture
generation formed a fracture network. The structural damage of coal rock in the fracture
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network was much higher than that of coal rock around other primary new fractures,
and the stress concentration was generated in the fracture network when subjected to
external loads and caused the specimen to be damaged along the stress concentration. The
number of tilted fractures after damage was much smaller than that of non-freeze–thawed
coal samples.

5. Analysis of Seepage Flow Patterns before and after Freezing and Thawing of Coal
with Different Moisture Content Values in Liquid Nitrogen
5.1. Analysis of Permeability before and after Freeze–Thaw

A coal body is a porous medium material, and the large amount of gases generated
during the biomass coal formation process that cannot escape to the atmosphere form
voids of different sizes inside the coal. The decimal classification of pore size proposed
by BHODB classifies pores into micropores (diameter < 10 nm), transition pores (diameter
10–100 nm), mesopores (diameter 100–1000 nm), and macropores (diameter > 1000 nm),
with micropores and transition pores, also called adsorption pores, serving as the main
storage space. Mesopores and macropores serve as the main flow paths for fluids and
are called percolation pores [26–29], and the flow of fluids through these pore fractures is
referred to as percolation. In order to recover the original stress state of the coal sample, the
experiment was started by increasing the surrounding pressure to 9 MPa at a radial loading
rate of 0.02 MPa/s and then adding 1 MPa of high-purity nitrogen; the axial loading test
was started after the gas flow was stabilized.

As seen in Figure 9, the permeability of the non-freeze–thawed coal sample decreased
linearly with the increase in water content from 0.68 × 10–3 µm2 at 0% water content to
0.03 × 10–3 µm2 at 9% water content. With a decrease of 95.59%, the coal sample was
basically full of water at 9% water content, and the internal pores and fissures were
completely filled with water solution, and there was no channel for gas circulation.
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Figure 9. Initial permeability of coal samples at different water content values. 
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The permeability of the freeze–thawed coal samples showed a non-linear growth
trend with the increase in water content, and the higher the water content, the faster the
permeability growth rate. For example, the increase in permeability between 0 and 3%
water content was 43.88%, the increase in permeability between 6 and 9% water content was
152.12%, and the increase in permeability between 6 and 9% water content was 3.47 times
that between 0 and 3% water content. When liquid nitrogen at a temperature of −195.8 ◦C
was injected into the coal seam, the expansion force generated far exceeded the strength of
the coal rock, so the higher the water content, the more the location and expansion force
of the expansion generated by the freezing and thawing of liquid nitrogen inside the coal
sample, the more serious the damage to the internal structure of the coal rock, and thus the
greater the permeability.

5.2. Analysis of Fracture Evolution of Freeze–Thaw Coal Samples

The effect of freeze–thaw fracturing of water-bearing coal rocks by liquid nitrogen is
significant, mainly relying on the expansion force generated by the phase change of water
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freezing and the volume expansion of low boiling point liquid nitrogen sublimation to
fracture coal rock (for the sake of space, this paper focuses on the phase change of water
freezing to fracture coal rock). Because the density of liquid water is 1 g/cm3 and that of ice
is about 0.9 g/cm3, after solidification into ice, the mass remains the same but the density
decreases, so the volume should be increased to 10/9 of the original (about 1.11 times).

The higher the water content of fractures in coal rocks, the more obvious the volume
increase after freezing by liquid nitrogen, as shown in Figure 10. When fissures without
water inside the coal rock are frozen by liquid nitrogen and then thawed, there is no
water solution inside the fissures to freeze and expand, and the fissures have no obvious
expansion. When fissures with low water content inside the coal rock are frozen by liquid
nitrogen and thawed, the fissures that have some areas of water solution accumulation
expand, and the fissures with areas of water solution dispersion have no obvious expansion.
When the fissures with high water content inside the coal rock are frozen by liquid nitrogen
and thawed, the fissures expand as a whole.
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Figure 10. Freeze–thaw fracture evolution of liquid nitrogen in different water-bearing coal seams.

Underground coal rocks are mostly water-bearing coal rocks due to underground wa-
ter endowment. When the adsorbed free water in the pore fissures of coal rocks encounters
low-temperature liquid nitrogen, the expansion force generated by the volume increase
is much larger than the linkage force between the ice and coal matrix, and the original
coal pore fissures expand. When Winkler [30] performed low-temperature fracturing of
water-bearing coal rocks, he found that the expansion forces generated by pore water
freezing at −5 ◦C, −10 ◦C, and −22 ◦C were 61 MPa, 113 MPa, and 211.5 MPa, respectively,
which were much greater than the linkage forces between the ice and the coal matrix.
With the increase in water content, the expansion and addition of fissures in coal samples
after freeze–thawing with liquid nitrogen increased significantly, as shown in Figure 11.
The maximum opening of fissures on the end face of the original non-freeze–thawed coal
sample was 0.143 mm at 0% water content, and the maximum opening of fissures was
0.161 mm after two cycles of freeze–thawing with liquid nitrogen, with an increase of
0.018 mm or 12.59%. At 9% water content, the maximum opening of fissures on the end face
of the original non-freeze–thawed coal sample was 0.014 mm, with an increase of 0.269 mm
or 1921.43%. Therefore, the higher the water content, the more obvious the pore fissure
expansion phenomenon is after freezing and thawing with liquid nitrogen, and therefore
the greater the permeability is.
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6. Discussion

Most of the existing studies on low-temperature fracturing of coal bodies by liquid
nitrogen have investigated the freezing time and cyclic freezing of coal bodies by liquid
nitrogen, i.e., they mainly focus on the “freezing” aspect, but few studies have investigated
the ablation time of coal bodies after freezing by liquid nitrogen, i.e., they lack the “melting”
aspect [31–41]. Jia Peng [42] tested the elastic modulus and hardness of coal samples frozen
by liquid nitrogen using the nanoindentation technique and concluded that the elastic
modulus and hardness of coal samples increased after freezing by liquid nitrogen. Peng
concluded that the reason was that the water in the pores and fissures of coal samples
changed from liquid to solid after freezing, which supported the pores and fissures and
thus increased the hardness.



Processes 2023, 11, 1822 15 of 18

In this paper, the freeze–thaw time of liquid nitrogen on media was 10 min of liquid
nitrogen immersion and then natural thawing at room temperature for 2 h, which is
consistent with most of the above-mentioned scholars’ research. The coal rock strength was
reduced after freeze–thawing of liquid nitrogen, but the actual downhole coal seam liquid
nitrogen penetration needs to take into account the extraction plan, that is, to consider how
long the gas extraction volume rises significantly after liquid nitrogen penetration, and
to plan the extraction attainment time according to the gas extraction volume to arrange
the subsequent production plan. Therefore, in follow-up research of liquid nitrogen low-
temperature fracturing coal bodies, it is necessary to explore the perfect “melting” link,
i.e., to study the effect of melting time on coal mechanics and seepage characteristics after
the coal body is frozen by liquid nitrogen, to explore the effect of slow melting at room
temperature and rapid melting by microwave radiation heat injection on the coal rock
structure. The goal is to find a new method to achieve a rapid permeability increase in
low-permeability coal rocks downhole.

7. Conclusions

As the global economy continues to develop rapidly, the need for various energy
sources is increasing, and some conventional energy sources are no longer able to meet the
growing needs of people. Therefore, this paper is designed to use liquid nitrogen cycle
freeze–thaw to increase the permeability of coal rocks, through liquid nitrogen freeze–thaw
pretreatment, and compare and analyze the effect of liquid nitrogen on the mechanics and
seepage of coal rocks with different water content, in order to explore new methods of
developing unconventional resources such as coalbed methane and shale gas, which will
be of great importance to the sustainable development of global energy, and the following
conclusions are mainly drawn:

(1) Freeze–thawing of liquid nitrogen has a significant effect on the mechanical properties
of water-bearing coal rocks. Under the treatment of freeze–thawing without liquid
nitrogen, the peak strength and modulus of elasticity of coal samples showed a
nonlinear decreasing trend. Poisson’s ratio and axial peak strain showed nonlinear
increasing trends with the increase in water content; after the treatment of freeze–
thawing with liquid nitrogen, the peak strength and axial peak strain of coal samples
showed a nonlinear decreasing trend, the modulus of elasticity showed an increasing
trend and then a decreasing trend, and Poisson’s ratio showed an increasing trend
with the increase in water content. Compared with the non-freeze–thawed coal
samples, the internal structural damage of coal rock after freeze–thawing by liquid
nitrogen was obvious, which showed that the peak strength of liquid nitrogen freeze–
thawed coal samples was smaller than that of non-freeze–thawed coal samples, and
Poisson’s ratio was larger than that of non-freeze–thawed coal samples at the same
water content;

(2) The local stress concentration of water-bearing coal rocks is significantly enhanced
at each stage after the freeze–thawing of liquid nitrogen. Compared with the non-
freeze–thawed coal samples, the strain fluctuations and concentrations in the stages of
compression, flexibility, yielding, and damage of coal rocks after freeze–thawing with
liquid nitrogen showed an overall weakening trend, but the local stress concentrations
were more obvious. After the water-bearing coal sample was treated with liquid
nitrogen freeze–thawing, the primary fracture extension and new fracture generation
formed a fracture network, and the coal rock structure within the fracture network
was more severely damaged than the coal rock structure around other fractures. The
stress concentration was generated at the intersection point with the largest number
of fracture branches in the fracture network when subjected to external load, and
it was much more obvious than the stress concentration at the end point of new–
old fractures, which led to the local stress concentration in each stage of coal rock
after liquid nitrogen freeze–thaw. The stress concentration at each stage after freeze–
thawing by liquid nitrogen was significantly enhanced;
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(3) The coal samples under conventional triaxial loading were mainly damaged by shear
strain after freeze–thaw treatment with water and liquid nitrogen. The coal samples
without liquid nitrogen freeze–thawing mainly showed single shear damage, and
the damage fissures were mainly inclined fissures with small openings; the damage
fissures of the coal samples with liquid nitrogen freeze–thawing were mainly inclined
fissures with small openings, and the damaged specimens were a combination of
blocks and powder; the coal samples with 3% and 6% water content values showed
conjugate damage, and the damage fissures were mainly inclined fissures with large
openings; the coal samples with 9% water content showed tension shear damage, and
the damage fissures were mainly inclined fissures and circumferential fissures with
large openings. Inclined fissures and circumferential fissures with large openings
were the main ones;

(4) The effect of liquid nitrogen freezing and thawing on the fracturing and permeability
of water-bearing coal rocks is remarkable. With the increase in water content, the
permeability of non-freeze–thawed coal samples showed a linear decreasing trend,
and the permeability of coal samples was 0.03 × 10−3 µm2 when the water content
reached 9%, and there was basically no channel for gas circulation inside the coal
samples; the permeability of frozen–thawed coal samples showed a non-linear in-
creasing trend, and the higher the water content under the action of expansion force,
the faster the permeability growth rate, and the permeability of coal samples could
reach 6.30 × 10−3 µm2 at 9% water content.
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