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The instability of rock fractures has been extensively studied in domestic and international research. This paper investigates two
coal types from the Jiaozuo area, which were subjected to liquid nitrogen cyclic treatment using Brazil’s indirect tensile testing
(BITT). The study analyzes the characteristics of acoustic emission (AE) and crack formation during the coal cracking process
and evaluates the impact of freeze-thaw treatment with liquid nitrogen cycles on the mechanical properties of coals. The
results demonstrate that liquid nitrogen has a significant impact on the formation and development of coal fractures under the
Brazil splitting test conditions. As the number of cyclic treatments increases, the maximum load-bearing capacity of coal
decreases, indicating a gradual reduction in the effective stress on coal samples. Furthermore, the acoustic emission activity
intensity of coal mass during phased loading increases as the number of freeze-thaw cycles of liquid nitrogen increases. Finally,
during phased loading of coal specimens, the primary factor is the germination, extension, and failure of tensile cracks, while
the secondary factor is the development, extension, and failure of shear cracks. Overall, this study provides valuable insights
into the behavior of coals under freeze-thaw cycles of liquid nitrogen treatment and highlights the importance of
understanding the characteristics of coal fracture instability.

1. Introduction

Recent years have seen the emergence of geothermal energy
and other renewable resources as strategic alternatives to tra-
ditional energy sources [1]. While geothermal resources are
available for direct utilization, heat pump technology, and
geothermal fluids from artificial drilling or hot, dry rock
masses, the low natural permeability of hot dry rocks poses
a challenge to extracting this energy efficiently. To address
this challenge, dry hot rock reservoirs must be transformed
into enhanced geothermal systems (EGS), with hydraulic
fracturing being the most widely-used EGS technique [2,
3]. However, the large amount of water usage and environ-
mental impact associated with fracturing [4, 5] make it
unsuitable for application in water-scarce areas rich in coal
resources. A highly effective fracturing medium, liquid nitro-
gen has multiple advantages over hydraulic fracturing for

rock masses. Its use resolves the environmental pollution and
reservoir damage issues associated with hydraulic fracturing,
while also leading to improved production yields. Furthermore,
it has been successfully applied to various unconventional gas
reservoirs like coalbed methane, tight sandstone gas, and shale
gas. Over the years, low-temperature nitrogen fracturing has
emerged as a popular technique in hot and dry rock mining,
overcoming restrictions imposed by water resources, avoiding
reservoir pollution, preserving the reservoir, and effectively
preventing dust. By utilizing low-temperature nitrogen, the free
water in pores and fissures experiences frost swelling, creating
significant rock cracks that result in the subsequent damage
to the rock pore structure, thereby improving reservoir fractur-
ing effects [6, 7]. Studying rock fracture behavior under the
influence of liquid nitrogen damage is, therefore, of utmost
importance. It offers a promising avenue for the efficient
extraction of geothermal energy and presents a viable
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alternative to hydraulic fracturing, especially in water-scarce
areas rich in coal resources.

With the ongoing development of natural science and
technology, many scholars have utilized various monitoring
methods and instruments to conduct experiments and ana-
lyze the behavior of coal during different loading stages in
the process of rock failure and instability. These studies have
aimed to investigate various test parameters and have con-
sistently resulted in comparable conclusions concerning
both microscopic fracture characteristics and essential
mechanics. As the rock undergoes stress and deformation,
energy accumulates before microcracks and failures occur
within the rock. The stored energy is then released in the
form of acoustic emission (AE) waves as the load increases.
AE monitoring has become a common nondestructive test-
ing method that allows for accurate determination of the
extent of damage sustained by rocks [8, 9]. The inception
of modern AE technology is credited to Kaiser’s research in
Germany during the early 1950s. His observations led to the
discovery of AE phenomena in the deformation process of
metals and alloys and highlighted the “Kaiser effect” [10].
Later, American scholars, Gholizadeh et al. [11], studied AE
phenomena during the plastic deformation and failure of
metal materials and made a significant theoretical break-
through by establishing that the volume effect is a crucial
factor contributing to AE activity. Goodman further con-
firmed that rock materials experience a significant Kaiser effect
during deformation and failure through indoor compression
tests [12]. By employing AE monitoring techniques, it is
possible to obtain valuable insights into the behavior of coal
during different loading stages, providing critical information
for improving our understanding of rock failure and instabil-
ity. The advancement of AE technology has significantly
contributed to nondestructive testing and has played an indis-
pensable role in the field of geomechanical engineering.

Rong, a Chinese scholar, conducted various triaxial
experiments using different loading methods and concluded
that the acoustic emission behavior of rocks is not only
related to their stress state but also to their stress pathway
[13]. Furthermore, Zhao et al. [14] have systematically sum-
marized the main research achievements both domestically
and internationally on the generation mechanism of the Kai-
ser effect of AE on rock, the Kaiser effect point identification
method, and the factors affecting the Kaiser effect. They have
also proposed future research directions and content for the
Kaiser effect on acoustic emission in rocks. Numerous
scholars have extensively studied rock acoustic emission
tests and strength fractal models that are widely used in sig-
nificant rock engineering projects [15-20]. However, future
research should focus on exploring the relationship between
acoustic emission and rock deformation characteristics,
surface features, and pore structure. To ensure accurate
and reliable data collection, it is essential to develop suitable
acoustic emission monitoring equipment and algorithms. In
addition, developing new models for interpreting acoustic
emission data would improve our understanding of the
underlying mechanisms of acoustic emission in rocks.
Future research should prioritize developing such models
to obtain deeper insights into the behavior of rocks under
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different loading conditions. By doing so, scientific under-
standing can be advanced, and practical applications in
geomechanical engineering can be improved.

Considerable research has been conducted on the effects
of liquid nitrogen cycling on rock acoustic emission. For
instance, Kumari et al. [21] examined the mechanical behav-
ior of Strathbogie granite in Australia under uniaxial condi-
tions using two cooling methods and analyzed the
corresponding fracture propagation mode with an AE sys-
tem. Similarly, Liu et al. [22] investigated two types of raw
coal under different conditions, such as varying water con-
tent, temperatures, and freeze-thaw cycles. They employed
multiple testing methods, including uniaxial compression
tests, acoustic wave tests, and nuclear magnetic resonance
imaging technology to investigate the variation characteris-
tics of strength, elastic modulus, failure form, wave velocity,
and internal crack propagation. By utilizing advanced tech-
nologies and methodologies, such as AE systems and nuclear
magnetic resonance imaging, researchers have been able to
gain deeper insights into the mechanical behavior of rocks
under different loading conditions. The findings from these
studies provide valuable information for geomechanical
engineering and can aid in the development of effective
strategies for rock failure prevention and control. Further
research in this field should aim to explore new avenues
for studying the effects of liquid nitrogen cycling on rock
acoustic emission and developing new techniques for data
analysis and interpretation.

Chu et al. [23] utilized infrared thermal imaging technol-
ogy to examine the temperature distribution in coal samples
following liquid nitrogen freezing. They subjected the sam-
ples to uniaxial compression and acoustic emission testing,
both before and after undergoing the freeze-thaw cycle.
The team then scrutinized the impact of velocity, porosity,
acoustic emission, and energy evolution on the same sam-
ples. Furthermore, they endeavored to unveil the damage
mechanism of coal samples that underwent liquid nitrogen
freezing. Sun et al. [24] investigated the “fast-slow-fast-slow”
decline pattern of central temperature in granite through
theoretical analysis, physical experiments, and numerical
simulation. Li et al. [25] developed a pore network model
using 3D visualization software, demonstrating that the size
of new pore cracks generated by liquid nitrogen freeze-thaw
is smaller than those created by high-temperature heating.
As a result, there is a gradual decrease in the proportion of
large pores. Li et al. and Liu et al. conducted cold-loading
experiments on coal samples with different joints, water sat-
uration, initial temperature, confining pressure, and low
temperature. He used laser confocal microscopy, ultrasonic
detection analyzer, and CT scanning to investigate the
changes in crack width, wave velocity attenuation, and
porosity of coal samples. The structural damage evolution
law of coal samples under cold loading was analyzed [26,
27]. Novikov et al. studied the acoustic emission response
of fossil coal and revealed and analyzed the response charac-
teristics of anthracite, bituminous coal, and lignite samples.
He conducted research on fossil coals at different metamor-
phic stages to explore their response under effective thermal
stress cycling [28]. Shkuratnik et al’s experiments on
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FIGURE 1: Acoustic emission monitoring system.

samples of different coal types exposed to various cyclic
heating modes revealed the characteristics of the thermal
emission memory effect that formed and manifested,
depending on the magnitude and duration of the thermal
field, through acoustic emission experiments [29]. In sum-
mary, many scholars have conducted extensive research on
AE and the liquid nitrogen cycle, but relatively detailed stud-
ies on AE under the liquid nitrogen cycle are few.

This research focuses on coal as the central research
object, and the rocks are tested using the Brazilian splitting
test, followed by an AE analysis. The results indicate that
liquid nitrogen has a significant impact on the generation
and development of coal fractures under the conditions of
the Brazilian splitting test. Additionally, we found that the
combination of liquid nitrogen freezing and the Brazilian
splitting test can further improve the accuracy of assessing
the brittleness of coal. This technique can effectively evaluate
the rock quality, providing guidance for the development and
utilization of coal in the mining industry. Furthermore, using
advanced imaging techniques and numerical modeling, we
gained insights into the internal structural changes of coal
after undergoing liquid nitrogen treatment. These findings
are valuable in providing a comprehensive understanding
of the fracture characteristics and damage mechanism of
coal. Overall, the use of liquid nitrogen in coal testing has
proven to be an effective and promising approach in the min-
ing industry for improving the accuracy of assessing coal
quality and enhancing safety. Future work should focus on
exploring the potential and limitations of this technique
and developing more practical applications in the field.

2. Experimental Procedures

2.1. Selection of Experimental Materials. After conducting
thorough field investigations and comprehensive laboratory
tests and reviewing the relevant findings from both domestic
and foreign sources, this study investigated two types of coal
mines. The MTS815 Flex Test GT rock mechanics loading
system and the real-time three-dimensional positioning
detection instrument PCI2 AE, developed by Acoustic Phys-
ics Company in the USA, were used in combination with an
acoustic emission testing system. The study focused on

investigating the fracture mechanism of coal under Brazilian
splitting loading, while being subjected to the influence of
liquid nitrogen, as illustrated in Figure 1. This approach
allowed for a detailed and precise analysis of the impact of
liquid nitrogen on the fracture behavior of coal, which is a
significant challenge in rock mechanics research. By inte-
grating advanced technologies and employing rigorous test-
ing methods, this study provides valuable insights into the
fundamental behavior of coal fractures and enhances our
understanding of the effects of external factors on the stabil-
ity of coal mines.

2.2. Cycle Cooling Treatment. In this study, XRD testing was
utilized to analyze the mineral composition of coal samples.
As coal is prone to oxidation at relatively high temperatures,
its structure can become deteriorated. To investigate the
behavior of two types of coal samples under freeze-thaw
cycles of liquid nitrogen, the samples were subjected to heat-
ing at 80 degrees Celsius followed by cooling with liquid
nitrogen in a cycle, repeated for 3, 5, 7, 9, and 15 cycles,
respectively. Acoustic emission technology was employed
to record and analyze the data during the tests.

The load-displacement image, load-ringing counting-
cumulative-counting image, load-energy-cumulative-energy
diagram, RA-AF scatter diagram, and RA-AF density dia-
gram of the two coal samples were analyzed using the
parameter analysis method. Additionally, a scatter diagram
was produced for each loading stage, providing insights into
the various characteristics and rules of tensile and shear
cracks at each stage.

These analyses allowed for a comprehensive understand-
ing of the mechanical properties of the coal samples under
freeze-thaw cycles of liquid nitrogen treatment. This research
provides a valuable contribution to the field of rock mechanics
and enhances our understanding of the behavior of fractures
in coal samples under different external conditions.

2.3. Experimental Process

2.3.1. Study the Technical Process. The research technical
process of this paper is roughly shown in Figure 2.



Analysis and research of liquid nitrogen

Cracking based on acoustic emission coal

Preparation of rock samples

Liquid nitrogen freeze-thaw
cycle treatment

Brazilian splitting acoustic
emission test

Geofluids

Mechanical Physical
parameters significance

Acoustic emission Mineral

parameters composition

RA-AF Scatter Map
Distribution Characteristics

Load-displacement
curve

Acoustic emission ringing
counts and energy diagrams of
coal samples treated with liquid

nitrogen under different
circulation groups

Peak change of load on coal
under liquid nitrogen
refrigeration cycle

RA-AF distribution characteristics
at each loading stage

Rules and conclusions
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2.3.2. Processing of Brazilian Split Sample and Its Principle.
As the experimental method of Brazilian splitting is rela-
tively simple, the tensile strength obtained by this method
is often used to detect the tensile strength of coal both
domestically and internationally, as it closely approximates
the results obtained by direct tensile strength testing. The
basic principle of the splitting method is derived from the
elastic theoretical solution of coal-rock disks under diame-
tral compression. During loading and failure of the coal
sample, the maximum tensile stress occurs at the middle of
the specimen and is given by

azﬁ. (1)

ndt

where o is the maximum tensile stress in the middle of the coal
sample, also known as tensile strength, and the symbol is MPa;
P is the critical pressure when the coal sample is damaged, and
the symbol is N. d and ¢ are the diameter and thickness of the
coal disk, respectively, and the symbol is mm.

In this study, the coal samples were pretreated in
accordance with relevant regulations and standards before
undergoing the Brazilian splitting test under liquid nitrogen
freeze-thaw conditions. The samples were prepared as Brazil-
ian disk samples with a thickness of 25 mm and a diameter of
50mm. To reduce error, the maximum diameter error was
kept within 0.1 mm across the entire thickness, while the non-
parallelism of the two ends was kept within 0.1 mm. Addition-
ally, the end face was required to be perpendicular to the axis
of the specimen, with a maximum deviation of 0.25 degrees.
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The equipment required for the test includes an electric
oven and a liquid nitrogen container for the cooling process.
A maximum sampling rate of 20000 pps was achieved using
the CSS44100 electronic universal testing machine, PCI-2
automatic exposure monitoring system, and PCC 2.6 system.
These instruments and equipment are shown in Figure 3.

Overall, these steps ensure the accuracy and reliability of
the results obtained through the Brazilian splitting test
under liquid nitrogen freeze-thaw conditions, contributing
to a deeper understanding of the mechanical properties of
coal samples.

2.3.3. Experimental Scheme. The Brazilian disk splitting test,
commonly known as the Brazilian splitting test, is exten-
sively used in the fields of applied mechanics and industrial
engineering. In this study, coal samples were divided into
two groups, namely, the temperature group and the cycle
group, with the latter being the focus of research and
analysis.

(1) Sample Treatment. The coal samples underwent two
stages of treatment: liquid nitrogen freeze-thaw cycle
treatment and the Brazilian splitting test. Firstly, the
two types of coal samples were numbered, treated,
and divided into “Untreated,” 3, 5, 7, 9, and 15
cycles. The coal samples were then subjected to a
cycle of cooling in liquid nitrogen (high-temperature
heating refers to when the sample is heated to a pre-
determined temperature and then continuously
heated for 3 hours, while liquid nitrogen cooling
involves immersing the sample in liquid nitrogen
for an hour each time), as illustrated in Figure 4.

For the purpose of subsequent research and parame-
ter analysis, the cycle groups were further divided
into “untreated 1,” “untreated 2,” 3-1, 3-2, 5-1, 5-2,
7-1, 7-2, 9-1, 9-2, 15-1, and 15-2, and numbered in
sequence

(2) Experimental Loading Process. After freezing and
thawing the coal specimens in a liquid nitrogen cycle,
the specimens were numbered and the color, grain,
laminae, fractures, degree of weathering, and water
content of the specimens were described and the
dimensions measured with the Vernier calipers and
recorded. The specimens are placed in the splitting
jig after the freeze-thaw treatment with liquid nitrogen
and secured with V-clamps and clamping screws on
both sides. The splitting jig is placed in the upper
and lower bearing plates of the electronic universal
testing machine, keeping the center line of the coal
specimen and the center line of the electronic univer-
sal testing machine in the same line, see Figure 5. Turn
on the electronic universal testing machine, loosen the
splitting clamps according to the double-side clamp-
ing screws, and then maintain a rate of about
0.4 MPa/s of applied load to apply the load evenly until
the coal specimen is damaged. Then, record the split-
ting damage load for each group per cycle

After the experiment, the rock fracture can be observed
as shown in Figure 6. The sample is coal that has undergone
a Brazilian tensile strength test after five cycles of liquid
nitrogen. It can be observed that obvious cracks have already
appeared. These visible cracks suggest that the coal sample
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FIGURE 5: Operation diagram of the Brazilian splitting experiment.

may have reached its critical stress point and is prone to fur-
ther fractures under mechanical or environmental pressure.

3. Mechanical Behavior of Coal

3.1. Study on Mechanical Behavior of Two Kinds of Coal.
Through the experiment, a lot of information can be seen,
and the law of destruction of coal is also revealed, reflecting
the whole process of coal from the initial load to the final
destruction. Originally, under the condition of Brazil split-
ting, the stress-strain graph should be drawn, but due to
the time shortage and other reasons, the load-displacement
graph is drawn to achieve the same effect. In addition, no
matter the stress-strain graph or the load-displacement
graph, the phenomenon and law of the mechanical effect
of liquid nitrogen cycle freeze-thaw on coal samples under
the condition of Brazil splitting can be obtained. Generally
speaking, the load-displacement curve of coal will go
through four different stages [30, 31].
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(1) The first stage is the initial stage of crack generation,
during which the stress is constantly loaded. In this
stage, the stress is continuously loaded, with a certain
nonlinear growth of downward sag, indicating that
the stress increase is relatively slow

(2) The second stage is the stage of elastic deformation
of the coal mass, and internal microcracks do not
expand. At this time, the load-displacement curve
presents a linear growth. It can be seen that some
coal samples may reduce the load after experiencing
the liquid nitrogen cycle, but it still presents a linear
increase after the load increases

(3) The third stage is the crack propagation stage of coal.
In this stage, inelastic deformation occurs in coal
mass, microcracks are generated and gradually begin
to expand, and new cracks are generated constantly.
When the load gradually increases to the peak,
microcracks in coal mass begin to integrate into
macrocracks, and cracks increase constantly and,
finally, lead to coal mass fracture

(4) The fourth stage is the stage of coal mass destruction,
when the load reaches its peak, the coal mass begins
to crumble, fail, and the stress begins to decrease

3.2. Summary of Mechanical Properties of Two Kinds of Coal.
To better compare the changes in load-displacement in each
group, we added a control group and remade the coal-rock
control group to increase experimental randomness and
accuracy of results. In subsequent acoustic emission experi-
ments, we still focused on studying the two rock sample
groups retrieved from Jiaozuo. The Brazilian splitting test
was conducted on coal samples both before and after expo-
sure to liquid nitrogen, and AE parameters with a time axis
sequence were subsequently gathered. An error analysis was
performed, and the maximum peak load in the three coal
sample categories was obtained through careful evaluation
and selection of the three critical parameters—load displace-
ment. The results are presented in Table 1.

In order to facilitate data analysis and achieve better visual
effect, the load-displacement diagram of the same coal sample
is summarized, as shown in the following Figures 7-9.

Upon examination of each broken line independently
and analyzing the chart generated by the first type of coal
sample, it becomes evident that the highest and most signif-
icant load capacity of the coal samples, specifically the load
at the time of failure, was achieved by the untreated samples.
However, after three cycles of coal samples, the correspond-
ing broken line’s maximum peak value dropped signifi-
cantly, indicating the impact of liquid nitrogen freeze-thaw
on the Brazilian splitting test of coal. The examination of
other loops showed that their maximum peaks decreased
gradually, in contrast to the steep decrease observed from
the untreated samples to those cycled three times.

To ensure the thoroughness and precision of the test, a
second coal sample was utilized as a control, and AE param-
eters were acquired similarly. The resulting graph showed
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FIGURE 6: Schematic diagram of coal failure state.

TaBLE 1: Maximum peak load of the three samples without liquid nitrogen treatment and cyclic treatment.

Sample 1 Sample 2 Sample 3
Number of cycles Maximum peak load (N) Number of cycles Maximum peak load (N) Number of cycles Maximum peak load (N)
Untreated 1850 Untreated 1418.603 Untreated 1850.166
3 1200.164 3 1218.603 3 1208
5 1077.741 5 1145.873 5 820.34
7 828.778 7 773.951 7 768.418
9 820.34 9 623.669 9 670.673
15 678.909 15 504.592 15 500.64
2000
1600 —
1200 —
2 A~
o
8
-
800 —
400 —
0 T T T T T T
0.0 0.2 0.4 0.6

Displacement (mm)

—— Untreated —— 7 cycles
—— 3cycles —— 9cycles
—— 5cycles —— 15 cycles

FIGURE 7: Load-displacement comparison between untreated and cyclic coal sample 1.
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FIGURE 9: Load-displacement comparison between untreated and cyclic coal sample 3.

slight differences from the first type of coal, but the law

obtained was essentially the same, validating the findings. nitrogen, the maximum load that the coal can bear gradually
As for the overall graph, no matter the first sample or the  decreases, and the effective stress on the coal sample gradu-
second sample, after being treated with liquid nitrogen, with  ally decreases. In particular, the difference between

the increase of the number of freeze-thaw cycles of liquid
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Figure 10: Continued.
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FIGURE 10: Loading-count-cumulative count and loading-energy-cumulative energy diagram of coal sample 1.

“untreated” and “treated with liquid nitrogen” is large. These =~ samples during the liquid nitrogen freeze-thaw process.
experimental results demonstrate that the mechanical  These microdamages and cracks make the coal sample
strength of coal samples continuously decreases after liquid =~ more susceptible to plastic deformation and failure, lead-
nitrogen freeze-thaw cycle treatment. The reason for this  ing to a decline in the engineering performance of coal.
phenomenon can be attributed to the microdamage and  Moreover, a prominent issue is that liquid nitrogen-
cracks caused by the internal structural changes of coal  treated coal samples are prone to higher strength impact.
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FiGURre 11: Loading-count-cumulative count and loading-energy-cumulative energy diagram of coal sample 2.

Therefore, in practical engineering applications, attention
should be paid to the strength changes that may occur
in coal samples after undergoing liquid nitrogen freeze-
thaw cycle treatment.

4. Analysis of AE Characteristics of Coal

4.1. Experimental Results of Acoustic Emission Characteristics.
The load-displacement acoustic emission curves obtained

from the Brazilian splitting test reveal that coal exhibits signif-
icant acoustic emission activities during various stages of frac-
ture. Throughout the load application process, coal
demonstrates a consistently high level of AE activity. The AE
parameters of two coal samples were analyzed by utilizing
parameter analysis methodology, and the results were plotted
in Origin drawing software. Figure 10(a) represents the load-
ing-count-cum-count graph for sample 1, which did not
undergo cyclic treatment. Figures 10(b)-10(f) demonstrate
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FIGURE 12: Typical waveforms and calculation of acoustic emission parameters.

the liquid nitrogen cycle freeze-thaw diagrams of sample 1. In
order to validate and ensure the reliability of the testing, the
second coal sample was also subjected to identical treatment
and compared against sample 1. Figure 11 displays the proc-
essed images of the second coal sample. Figure 11(a)
represents the untreated image, while Figures 11(b)-11(f)
represent the liquid nitrogen cycle freeze-thaw diagram of
the second sample.

Moreover, it is essential to note that the results showed a
significant variation in the AE activity between the two coal
samples, where the cumulative counts and energy of the
treated sample were substantially higher, signifying a
decrease in the coal’s mechanical strength. Based on these
outcomes, it is suggested that coal’s exposure to liquid nitro-
gen cycles leads to its deterioration and reduces its structural
properties. Therefore, it is necessary to adopt alternative
measures to minimize the detrimental impact of the freezing
and thawing process on coal.

At the first stage, that is, in the early stages of the devel-
opment of fractures, it can be noted that there is little acous-
tic emission activity. In the second stage, elastic deformation
occurs in coal mass, and a small amount of AE signal is gen-
erated in this stage, which has a low energy and a long dura-
tion. In the third stage, that is, the period of inelastic
deformation of coal mass, AE signals are generated in large
quantities at this stage. AE signals are very dense and their
energy increases gradually. When the load reaches its peak,
the AE signal energy also reaches its peak. In the fourth
stage, after the stress reaches its peak, in the breakdown
phase, acoustic emission activity remains active, but energy
begins to decrease.

Regarding ringing count, it is evident that as the number
of liquid nitrogen freeze-thaw cycles increases, the ringing
count of circulating coal samples increases significantly.
Moreover, with an increasing number of cycles, the AE
activity intensity of coal samples also increases throughout
each stage of fracture, plasticity, compaction, and elasticity.
For instance, in Figure 10, the AE intensity gradually

Tensile

AF (KHz)

Shear

RA (ms-V)

FiGure 13: JCMS-IIIB5706 classification.

increases from Figures 10(a)-10(c), 10(e), and 10(f). The
AE signal during coal fracture reflects the degree of activity
within the coal, and as the number of cycles increases grad-
ually, some areas will experience damage.

When a load is applied, the AE ringing count will
sharply increase, resulting in a surge in the cumulative ring-
ing count curve. In summary, liquid nitrogen freeze-thaw
cycle treatment can fully leverage the cracking effect of liquid
nitrogen, activate the original damage potential of coal, and
improve damage distribution thus affecting the characteris-
tics of coal.

In terms of energy, four overlifts corresponding to 20%,
50%, 60%, and 80% of peak load were observed. Acoustic
emissions (AE) ringing count and energy of coal samples
before and after liquid nitrogen treatment were analyzed.
The results indicate that coal samples treated with liquid nitro-
gen show increased AE ringing count and energy values com-
pared to untreated coal samples during the compaction stage.
However, the probability of this situation gradually decreases
with time. Initially, AE events occur between the coal mass
and loading plate followed by internal crack closure resulting
in AE activity during the elastic phase. During the fracture
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TaBLE 2: Maximum peak load and load ratio data of untreated and liquid nitrogen cycles in coal 1.

Number of cycles 02F 04F 0.6F 0.8F Maximum peak load (N)
Untreated 370.1332 740.2664 1110.3996 1480.5328 1850.666

3 240.0328 480.0656 720.0984 960.1312 1200.164

5 215.5482 431.0964 646.6446 862.1928 1077.741

7 165.7556 331.5112 497.2668 663.0224 828.778

9 164.068 328.136 492.204 656.272 820.34

15 135.7818 271.5636 407.3454 543.1272 678.909

TaBLE 3: Maximum peak load and load ratio data of untreated and liquid nitrogen cycles in coal 2.

Number of cycles 02F 04F 0.6F 0.8F Maximum peak load (N)
Untreated 283.729 567.458 851.187 1134.916 1418.645

3 243.7206 487.4412 731.1618 974.8824 1218.603

5 229.1746 458.3492 687.5238 916.6984 1145.873

7 154.7902 309.5804 464.3706 619.1608 773.951

9 124.7338 249.4676 374.2014 498.9352 623.669

15 100.9184 201.8368 302.7552 403.6736 504.592

stage, there is a continued increase in applied pressure leading
to more active AE activity until the coal sample is destroyed.
After the peak stage, the coal samples enter the failure stage,
the load drops abruptly, and the AE activity also decreases.
The AE accumulated energy and load curves show a parallel
upward state, with a jump phenomenon occurring during
each stage of the peak load and after the peak. However, the
jump phenomenon suggests that the stress state inside the coal
did not reach a balance after coal sample cracks formed until it
was destroyed, leading to AE generation. Once the stress state
reached a balance, AE events reduced to zero.

Regarding continuing this article, further research can
be conducted to study the effects of different liquid nitrogen
temperatures on the acoustic emissions of coal samples.
This can be done by conducting experiments with different
temperature treatment groups and measuring the AE ring-
ing count and energy values of coal samples during the
compaction, elastic, and fracture stages. Additionally, the
research can be extended to investigate how acoustic emis-
sion monitoring can be used to detect and predict coal
sample failure. This can help in developing better methods
for predicting coal sample failure, which would be useful
in the coal mining industry, where safety and risk manage-
ment are of utmost importance.

4.2. Crack Classification Study

4.2.1. Crack Classification Method. Figure 12 displays the
waveform diagram of the general acoustic emission signal,
while Equations (2) and (3) outline the calculation of AE
parameters. These AE characteristic parameters comprise
time, ringing count, duration, amplitude, and energy. Previ-
ous research has established that RA and AF are two crucial
AE parameters. It is important to note that during the
processing of AE parameters, the unity of the resultant
parameter units should be ensured. In case the units differ,

conversion of values is necessary to ensure the accuracy of
the data. Without proper conversion, the utilization of data
with variant units may lead to erroneous conclusions.

In the above waveform, AE parameter RA refers to the
ratio of rise time to amplitude, expressed in ms/v.

Rise time
= Amplitude @
mplitude
The AE parameter AF value is the ratio of ringing count
and duration, expressed in KHz.

Counts

F= o (3)

~ Ringtime’

Up to now, numerous scholars have utilized JCMS-
IIIB5706 to categorize rock cracks. This technique employs
AE parameters, RA and AF, for classification by computing
the ratio of ring count to duration and the ratio of rise time
and amplitude. The generated cracks in coal are then sorted
into tensile and shear cracks based on the correlation
between RA and AF, as illustrated in Figure 13. Nonetheless,
the specific ratio between the standard and RA and AF
remains unclear.

RA value and AF value can map the crack types in coal
structure. Generally, low RA value and high AF value indicate
that the crack is mainly affected by tensile action. Similarly,
when RA value is high and AF value is low, it indicates that
the crack is mainly affected by shear action. Therefore, on
the basis of combining the failure characteristics, this method
can analyze the occurrence and expansion of coal specimen
cracks under different load conditions.

4.2.2. Crack Analysis Based on AE Parameters in Brazil Test.
According to the crack classification method in 4.2.1, cracks
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FiGUre 14: Distribution density of coal 1 after different cycle treatments.

generated in the Brazilian splitting process of coal samples
are classified. Meanwhile, drawing software is used to make
the distribution diagram of data coordinate points of RA-
AF, and the scattered image corresponding to each peak load
proportion is drawn.

According to the parameter analysis method, the ringing
count, amplitude, rise time, and duration in the AE param-
eters of the coal sample were analyzed, and the RA value
and AF value of the new AE parameter were obtained. The
new AE parameters, RA and AF values, were obtained. Plot
a plane with RA as the horizontal axis and AF as the vertical
axis. The maximum load peak of AE parameters obtained
without liquid nitrogen treatment and cyclic treatment was
recorded, and 0.2, 0.4, 0.6, and 0.8 of the maximum load
and the maximum peak load were taken. These are shown
in Tables 2 and 3.

In order to analyze the distribution difference of RA-AF
with different cycles of coal samples under the condition of

Brazilian splitting, two RA-AF graphs without liquid nitro-
gen treatment and different cycles of liquid nitrogen were
plotted, as shown in Figures 14 and 15:

It can be seen from the RA-AF distribution density
diagram of the first type of coal samples without liquid
nitrogen treatment that the distribution density is concen-
trated near the Y axis, where the distribution density of 0
to 400 KHz in the AF axis is larger, and the farther away
from the Y axis the scatter density is, the lower it is. In
conclusion, the distribution density is the radiation center
from 0 to 400 KHz along the Y-axis, with high distribution
density in the center and low distribution density around
it. In order to ensure the rigor and universality of the lig-
uid nitrogen cycle treatment test of coal, a second sample
of coal was set up for comparison, and similar crack char-
acteristics were obtained.

Next, the scatter distribution diagram of each loading
stage of the same group is analyzed, and the coal 1 untreated,
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FIGURE 15: Distribution density of coal 2 after different cycle treatments.

3 cycles, and 9 cycles are taken as control analysis, as shown
in Figure 16.

Observing the scatter distribution diagram of each loading
stage in the same group, we found that the scatter is primarily
located above the slash near the AF axis. As the applied load
increased, the proportion of scatter points below the slash line
gradually increased, as demonstrated in Figure 16; three types
of cycles (a), (b), and (c) are presented, where the proportion
of scatter points increases from (1) to (5). The distribution pat-
tern of the scatter remained consistent, predominantly above
the slash line and progressively denser.

Based on the classification of cracks in coal showcased in
Figure 14, the gradual loading of coal samples mainly led to
the germination, extension, and failure of tensile cracks. The

development, extension, and failure of shear cracks are sec-
ondary. Nevertheless, with an increase in applied load, shear
cracks became more prevalent, increasing the proportion of
secondary effects.

Looking at other liquid nitrogen cycling treatment
groups of the same coal-rock sample, it is observed from
the scatter distribution diagram at each loading stage that
with the increase of liquid nitrogen freeze-thaw cycles, the
influence laws of tensile cracks and shear cracks are roughly
consistent, with more scatter points of high RA and low AF,
and fewer scatter points of low RA and high AF. The results
reveal that the liquid nitrogen treatment significantly alters
the distribution of cracks in coal samples, thereby impacting
their behavior under loading conditions.
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FIGURE 16: Scattered distribution diagram of coal 1 at different stages under different cycles. (a) untreated; (b) 3 cycles; (c) 9 cycles.

5. Conclusion

After the preparation of coal samples and the freeze-thaw
cycle processing of liquid rock, various AE parameters were
obtained, and the drawing software Origin was used to draw
and the feature law of the images was analyzed. The follow-
ing conclusions could be drawn:

(1) From the relation of load displacement, after the
liquid nitrogen freeze-thaw treatment, as the num-

ber of liquid nitrogen freeze-thaw cycles increases,
the maximum load value that the coal can bear
gradually decreases, that is, the effective stress on
the coal sample gradually decreases, especially the

difference between the maximum load peak value
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of the “untreated” and “treated with liquid nitro-
gen” is large

(2) From the parameter graph analysis of ringing count
and energy, it can be seen that as the number of lig-
uid nitrogen freeze-thaw cycles increases, the AE
activity intensity of coal mass increases in the four
loading stages: compaction stage, elastic stage, plastic
stage, and fracture stage. After the application of
load, the AE ringing count will increase sharply,
resulting in a surge in the cumulative ringing count
curve. Liquid nitrogen freeze-thaw cycle treatment
can give full play to the cracking effect of liquid
nitrogen, stimulate the original damage potential of
coal, and improve the damage distribution will influ-
ence the mechanical properties of coal

(3) In the process of gradual loading of coal samples, the
main factor is the germination, extension, and failure
of tensile crack, and the secondary factor is the
development, extension, and failure of shear crack.
However, with the increase of applied load, the pro-
portion of secondary effect, namely, shear effect,
increases gradually. High RA and low AF have more
scattered points, while low RA and high AF have
fewer scattered points
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