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Abstract: Rock burst, an important kind of geological disaster, often occurs in underground con-
struction. Rock burst risk assessment, as an important part of engineering risk assessment, cannot
be ignored. Liquid nitrogen fracturing is a new technology used in the geological, oil, and gas
industries to enhance productivity. It involves injecting liquid nitrogen into reservoir rocks to induce
fractures and increase permeability, effectively reducing rock burst occurrences and facilitating the
flow of oil or gas toward the wellbore. The research on rock burst risk assessment technology is
the basis of reducing rock burst geological disasters, which has important theoretical and practi-
cal significance. This article examines the temperature treatment of two types of rocks at 25 °C,
100 °C, 200 °C, 300 °C, and 400 °C, followed by immersion in a liquid nitrogen tank. The temperature
difference between the liquid nitrogen and the rocks may trigger rock bursting. The research focused
on analyzing various characteristics of rock samples when exposed to liquid nitrogen. This included
studying the stress—strain curve, elastic modulus, strength, cross-section analysis, wave velocity, and
other relevant aspects. Under the influence of high temperature and a liquid nitrogen jet, the wave
velocity of rocks often changes. The structural characteristics and possible hidden dangers of rocks
can be understood more comprehensively through section scanning analysis. The stress—strain curve
describes the deformation and failure behavior of rocks under different stress levels, which can help
to evaluate their stability and structural performance. The investigation specifically focused on the
behavior of rocks subjected to high temperatures and liquid nitrogen. By analyzing the stress—strain
curves, researchers were able to identify the precursors and deformation processes that occur before
significant deformation or failure. These findings have implications for the mechanical properties
and stability of the rocks.
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1. Introduction

Rock burst is an important geological hazard that often occurs during underground
construction [1-3]. At the same time, geothermal resources are being vigorously developed.
Geothermal resources are widely distributed in sedimentary basins, volcanic areas, hy-
drothermal areas, geothermal systems, and other areas around the world, and are regarded
as a clean, efficient, and reliable source of energy. Compared with other heating meth-
ods, geothermal heating has the advantages of environmental protection, stability, being
economical, and having significant energy-saving effects. China has enormous potential
for deep geothermal energy resources, so exploring the use of deep geothermal energy
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is of great significance [4-6]. In the future, the development of geothermal energy will
tend to develop and utilize deep geothermal energy and high-temperature magma energy
and gradually focus on the comprehensive utilization of geothermal heating, refrigeration,
hot springs, and bathhouses [7-10]. Therefore, the safety of underground engineering
should be given special attention. Currently, engineering cases have shown that rock burst
accidents can affect the normal operation and basic life and property safety of construction
projects [11-15]. Therefore, rock burst risk assessment, as an important component of
engineering risk assessment, can no longer be ignored, and the research on rock burst risk
assessment technology has important theoretical and engineering practical significance.
Liquid nitrogen, as a new means of stimulating rocks, may induce rock bursts. When
rocks come into contact with liquid nitrogen, in addition to the pressure of the liquid
itself, the temperature difference between the two can generate considerable temperature
stress, causing thermally induced cracks on the surface of the rocks, which can induce rock
bursts [16-19]. Currently, assessing the rock burst risk of rocks typically involves a combi-
nation of laboratory and field tests. Certainly, numerical simulation methods play a crucial
role in assessing the rock burst risk of rocks. These methods offer several advantages in
accurately predicting parameters, such as stress, deformation, temperature, and moisture in
rocks, which are essential for evaluating the potential for rock bursts. This study evaluates
and analyses the rock burst risk of rocks under the action of liquid nitrogen, grading safety
risks according to the damage mechanism of liquid nitrogen to rocks, the probability of
rock burst occurrence, and the level of loss. By combining appropriate risk management
methods and regulations with the use of liquid nitrogen, a comprehensive approach to
managing rock burst risk can be achieved. Liquid nitrogen injection is a technique that
involves the controlled injection of liquid nitrogen into rock masses to mitigate the risk of
rock bursts.

The criteria and classification methods in rock burst research are important tools for
assessing the rock burst hazard of rocks. By monitoring and analyzing the deformation
and stress state of rocks, early signs of rock bursts can be detected. Rock burst prevention
and control are crucial aspects of rock burst research [20-26]. Liquid nitrogen, as a low-
temperature treatment method, can be used for modification and freezing treatment of
rocks [27-32]. Research has indicated that the mechanical properties of rocks can be notice-
ably diminished through the application of liquid nitrogen freezing, and the sensitivity to
this freezing method varies depending on the water content and rock type. Particularly,
saturated rocks are more significantly affected. The thermal shock effect of liquid nitrogen
can cause shrinkage deformation and reduced pore volume in dry rocks [33,34]. When
liquid nitrogen infiltrates the pores and fractures of rocks and forms ice crystals, the expan-
sion of water during the freezing process can generate stress within the rocks, leading to
damage and fracture at weakly bonded mineral particle interfaces and potentially causing
fractures through propagation. In summary, liquid nitrogen has potential applications
in rock burst research. However, specific rock burst risk assessment and liquid nitrogen
freezing treatments need to consider factors, such as different rock types and water con-
tents, and laboratory and field tests are necessary to validate the results. Scientifically
reasonable evaluation and decision-making based on relevant regulations and standards
are also required for the safe use of liquid nitrogen and the development of rock burst
prevention and control measures.

Currently, rock bursts cause huge damage to engineering projects, with strong de-
structive force and limited prevention and control methods. At the same time, there are
also imperfections in the risk assessment system. To address this issue, investigations have
been carried out on the development of a risk assessment system for rock bursts, including
the following main aspects: data obtained through uniaxial compression tests, acoustic
emission tests, ultrasonic detection tests, and rock sample section scanning can provide
relevant information on rock bursts. These data can reveal the mechanical properties of
rocks, stress concentration areas, crack propagation, and the interaction between rocks and
liquid nitrogen. At the same time, the results of acoustic waves and section scanning can
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show the internal situation and changes in rocks. During the experimental process, the
experimental plan is optimized, and improvement measures are proposed according to
the actual situation. The aim of these research efforts is to enhance the dependability and
precision of the findings [35]. Finally, through the processing and analysis of experimental
data, the performance of rocks under the action of high-temperature liquid nitrogen can be
deeply studied, providing an important reference for optimizing high-temperature liquid
nitrogen fracturing technology, evaluating rock stability, and guiding the development of
geothermal resources. These research results are of great significance for improving the
rock burst risk assessment system, improving rock burst prevention and control methods,
and enhancing engineering safety.

2. Experimental Equipment and Experimental Process
2.1. Experimental Materials

The studied granite is a common reservoir rock type in the EGS and is taken from
Xuzhou, Jiangsu. It is coarse-grained and uniform, with a distinctive light brown color.
According to the recommendations of ISRM, standard cylindrical specimens should be
prepared from a single rock block to maintain the uniformity of the specimens.

2.2. Experimental Methods and Equipment

The main equipment used in this experiment includes the domestically produced
TAWD-2000 elector-hydraulic servo rock mechanics testing system (Changchun Chaoyang
Testing Instrument Co., Ltd., Changchun, China) for uniaxial compression experiments.
This system can perform various tests, such as uniaxial, triaxle, direct shear, and creep on
rocks, and can calculate various mechanical parameters of rocks. As depicted in Figure 1a,
the system comprises three main components: an axial loading system, a computer control
system, and a confining pressure loading system. The axial ultimate load capacity of the
system is 2000 kN, the confining pressure range spans from 0 to 80 MPa, and the frame
stiffness is 500 tf/mm. The axial displacement measurement range is 0-100 mm with an
accuracy of +0.5%, and the circumferential displacement measurement range is 0-5 mm
with an error of +0.3%. The control modes mainly include stress control, strain control,
and displacement control, with seamless switching between different control modes. This
system can provide a maximum pressure peak of 20 kN and offers high control precision.
Pre-stressing is not required during the testing process, and it can automatically reset
the contact force and displacement, enabling the acquisition of precise load displacement
curves. Additionally, there is a liquid nitrogen tank for cooling rock samples, as shown in
Figure 1b; a PIC-2 acoustic emission control and acquisition system for monitoring acoustic
emission signals, with a frequency monitoring range of 1 kHz to 3 MHz, as shown in
Figure 1c; an NM-4A non-metallic ultrasonic detection instrument for analyzing internal
defects in granite samples, as depicted in Figure 1d; and a VR-5000 three-dimensional
surface profiler for analyzing the fracture surface morphology characteristics of granite
specimens, as shown in Figure 1le.



Water 2024, 16, 516 40f 20

— 1y 1

i
al

(a) TAWD-2000 Rock loading testing machine (b) Liquid nitrogen tank (c) Acoustic Emission Detector

(d) Non-metallic ultrasonic testing analyzer (e) VR5000 Three-dimensional profile detector
Figure 1. Experimental apparatus.

2.3. Protocol and Procedure

Divide the samples into untreated at 25 °C and 25 °C + LNj, heating to 100 °C + LNy,
heating to 200 °C + LNjy, heating to 300 °C + LN, and heating to 400 °C + LNy. There
will be two samples for each condition labeled as follows: 25-1 untreated, 25-2 untreated,
25-1, 25-2,100-1, 100-2, 200-1, 200-2, 300-1, 300-2, 400-1, and 400-2. The granite sample
is shown in Figure 2. High-temperature heating refers to heating the sample to the set
temperature and then continuing to heat for 3 h to ensure that the inside and outside of
the rock sample reach the set temperature. The high temperature will be set at 300 °C, and
no heating will be performed for the room temperature group. Liquid nitrogen cooling
refers to completely immersing the heated rock sample in a liquid nitrogen container for
three hours. At the same time, the rock heated after will be placed in the liquid nitrogen
container, and the rock sample will boil with the liquid nitrogen, so the liquid nitrogen
should not be filled too full. After the cooling is completed, the next step of the experiment
will be conducted.

Figure 2. Granite specimens.
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3. Uniaxial Compression Test and Rock Burst Tendency Determination
3.1. Mechanical Properties Curve
3.1.1. Stress-Strain Curve

The stress—strain curve is a fundamental tool used to comprehend the mechanical
response of rocks when subjected to external forces. It provides valuable insights into the
strength characteristics, deformation behavior, and stability evaluation of rock in various
environmental conditions. One key aspect revealed by the stress—strain curve is the strength
characteristics of the rock. By analyzing this curve, we can determine important parameters
such as the maximum bearing capacity, plastic deformation characteristics, and failure
mode of the rock. This information is crucial for engineering designs involving rock masses,
as it helps ensure structural stability and safety. Moreover, the stress—strain curve also sheds
light on the deformation behavior of rock. It captures the elastic deformation and plastic
deformation of the rock, offering insights into the underlying deformation mechanisms and
characteristics. Understanding these behaviors is essential for predicting and managing
the response of rock formations to external loads, such as those induced by mining or civil
engineering activities.

Absolutely, the stress—strain curve is crucial for evaluating the stability and seismic
performance of rock. By analyzing this curve, researchers and engineers can assess the
potential for rock mass instability, identify critical failure points, and design appropriate
mitigation measures. This information is particularly valuable in geotechnical engineering
projects, where accurate stability evaluations are essential for ensuring the integrity and
safety of structures built on or within rock formations. Figure 3 shows the stress—strain
curves at different temperatures under uniaxial compression. In the specific case of gran-
ite, the stress—strain curve exhibits four distinct phases: the compaction phase, elastic
deformation phase, plastic deformation phase, and ultimate failure phase. During the
compaction phase, the physical and mechanical characteristics of the rock deteriorate due
to the presence of microscopic structures like pores, cracks, and joints. As the applied load
progressively rises, the rock transitions into the elastic deformation phase, where it exhibits
linear elastic properties with minimal changes in its microstructure.
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Figure 3. Stress—strain curves at different temperatures under uniaxial compression.
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Upon further loading, the rock enters the yielding stage characterized by stable crack
extension. During this stage, the rate of crack extension exceeds the closure rate, lead-
ing to a gradual decrease in strength. Finally, in the failure stage, cracks propagate and
intensify until the loading stress reaches its peak strength. At this point, the specimen
experiences instantaneous splitting or bursting failure, resulting in a sharp decrease in
axial stress. It is worth noting that the stress—strain curve of rock can be influenced by
various factors, such as temperature and cooling methods. Under compressive load-
ing, micro-pores and cracks tend to close. However, the specific characteristics of the
stress—strain curve may vary depending on the thermal conditions and cooling techniques
employed. Understanding these variations is crucial for accurately predicting and manag-
ing the mechanical behavior of rock in different environmental contexts. In conclusion, the
stress—strain curve of rock provides a wealth of information regarding its strength charac-
teristics, deformation behavior, and stability evaluation. By comprehensively analyzing
this curve and considering the influence of external factors, engineers and researchers can
make informed decisions when designing structures and managing rock formations in
diverse geotechnical projects.

The use of liquid nitrogen treatment on rock samples has been observed to affect
their mechanical behavior, particularly during the compaction, elastic, and failure stages.
Treated samples exhibit distinct characteristics compared to untreated ones, indicating the
influence of this cooling technique on the rock’s response to external forces. During the
compaction stage, it has been noted that rock samples treated with liquid nitrogen display
a faster strain increase rate and non-linear growth. This phenomenon can be attributed to
the presence of increased internal cracks caused by the liquid nitrogen treatment. These
cracks make the sample more susceptible to plastic deformation under stress, leading to
the observed non-linear behavior. The enhanced crack density may result from the thermal
shock induced by the rapid cooling process.

Interestingly, when examining the relationship between the compaction stage curve
and heating temperature in the same rock samples treated with liquid nitrogen, no appar-
ent linear relationship is observed. This suggests that the heating temperature has little
influence on the behavior of the rock during this stage. Other considerations, such as the
chemical and physical characteristics of the samples and the cooling treatment temperature,
might play a more significant role in determining their compaction behavior. Moving to
the elastic stage, it has been observed that the slope of the stress—strain curve for samples
treated with liquid nitrogen decreases with increasing temperature. This indicates that
the treatment weakens the load-bearing capacity of the rock, particularly at higher cooling
temperatures. The cooling process might induce structural changes in the rock, affecting its
ability to withstand stress. Further studies are needed to fully understand the underlying
mechanisms responsible for this temperature-dependent behavior. In the failure stage,
the ductility of rock samples treated with liquid nitrogen shows some enhancement. This
could be attributed to the treatment’s ability to suppress crack propagation within the
rock. By effectively controlling the growth and extension of cracks, the toughness of the
rock is increased, resulting in improved ductility. This finding suggests that liquid nitro-
gen treatment might have potential applications in enhancing the fracture resistance of
rock materials.

In summary, liquid nitrogen treatment has been observed to exert a significant influ-
ence on the compaction and elastic stages of rock samples. The treatment affects the strain
increase rate, non-linear growth, load-bearing capacity, and ductility of the rock. However,
its impact on the failure stage appears to be relatively smaller. Further research is required
to fully elucidate the specific influencing factors, including the chemical and physical
characteristics of the samples and the cooling treatment temperature. Understanding these
effects will contribute to the development of more accurate models and predictive tools for
assessing the behavior of rock subjected to different cooling techniques.
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3.1.2. Elastic Modulus and Compressive Strength

Furthermore, the findings depicted in Figure 4 also demonstrate that the application of
liquid nitrogen treatment significantly affects the compressive strength of rock specimens
at different heating temperatures. The observed fluctuations in compressive strength
suggest that the cooling treatment affects the internal structure and composition of the
rock, leading to changes in its mechanical properties. Specifically, for samples treated with
liquid nitrogen, a decrease in compressive strength is observed at 100 °C and 200 °C, which
suggests a reduction in the load-bearing capacity of the rock. This could be attributed to
the thermal shock induced by the cooling process, which might cause microcracks or other
defects within the rock. As the temperature increases to 300 °C, there is a certain degree of
increase in compressive strength. This suggests that the cooling treatment could induce
a rearrangement of the crystal structure or enhance the interparticle bonding, resulting
in an improvement in the rock’s resistance to failure. Interestingly, at 400 °C, there is a
further increase in compressive strength, which may indicate the presence of a critical
point or threshold temperature; beyond this point, the mechanical properties of the rock
undergo significant alterations. This observation highlights the importance of considering
the specific cooling treatment conditions when evaluating the impact of liquid nitrogen
treatment on the compressive strength of rock samples.
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Figure 4. Evolution trend of compressive strength with temperature.

Overall, these findings suggest that liquid nitrogen treatment can induce significant
changes in the compressive strength of rock samples, particularly at different heating
temperatures. The observed fluctuations and sudden changes in rate could be attributed
to the complex interactions between the cooling treatment and the internal structure of
the rock. Additional research is required to comprehensively comprehend the underlying
mechanisms accountable for these effects and to devise more effective methodologies to
enhance the mechanical properties of rocks exposed to various cooling techniques.

In Figure 5, it is evident that as the treatment temperature increases, the elastic modulus
of the rock generally shows a non-linear decreasing trend, except for group 1, where there
is a slight increase in elastic modulus at 200 °C and a sharp change in elastic modulus after
the temperature rises to 200 °C. Both samples exhibit this trend, with the elastic modulus
of group 1 decreasing from 60.15 MPa to 42.22 MPa and the elastic modulus of group 2
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decreasing from 43.98 MPa to 25.82 MPa. This indicates that the greater the temperature
difference during liquid nitrogen treatment, the greater the change in elastic modulus,
indicating that temperature affects the ability of liquid nitrogen to resist rock failure, which
is basically an increasing trend.
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Figure 5. Evolution trend of modulus of elasticity with temperature.

3.2. Determination of Rock Burst Propensity

In this section, based on the previously acquired data, an investigation into the prone-
ness of granite rock to rock bursts is conducted. The elastic strain energy index is utilized
to assess the susceptibility of the temperature granite to rock bursts. The susceptibility
to rock bursts is determined by the ratio W of the elastic strain energy stored within the
rock to the dissipated strain energy. Based on the computed outcomes, the proneness of
the rock-to-rock bursts can be classified into four levels: no proneness, weak proneness,
moderate proneness, and strong proneness. These four levels serve as criteria for rock burst
assessment. This study focuses on the rock burst proneness of granite specimens subjected
to different numbers of liquid nitrogen treatments during the process of deformation and
failure of the rock mass. The calculation formula for W is as follows:

Ue

W= s )
where U, denotes the elastic strain energy and Uy represents the dissipated strain en-
ergy. The calculation approach involves integrating the area under the curve prior to
the peak load to determine the elastic strain energy and integrating the area under the
curve following the peak load to determine the dissipated strain energy. The trends of
elastic strain energy and dissipative strain energy with temperature variations are shown in
Figures 6 and 7.
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According to the relevant classification criteria for rock burst proneness, this section
categorizes rock burst proneness into four levels: when the W value of the rock is greater
than or equal to 5, it can be classified as having a strong rock burst proneness; when the W
value is between 3.5 and 5, it can be classified as having a moderate rock burst proneness;
when the W value is between 2 and 3.5, it can be classified as having a weak rock burst
proneness; and when the W value is less than 2, it can be classified as having no rock burst
proneness, according to the classification criteria. The trend of rockburst propensity with
changes in temperature is shown in Figure 8.

Group 1
104 - Group 2

Rockburst proneness

Ll

Untreated 25 °C + LN, 100 °C + LN, 200 °C + LN, 300 °C + LN, 400 °C + LN,
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Figure 8. The variation of rock burst tendency with temperature.
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The higher rock burst proneness observed in rock samples treated with liquid nitrogen
is likely due to the increased internal cracking caused by the cooling process. The presence
of these cracks makes the rock more susceptible to fragmentation and failure under stress,
leading to a higher likelihood of rock burst occurrence. This effect is further exacerbated
at higher temperatures, where the thermal shock induced by the cooling treatment can
cause more severe internal damage to the rock. These findings emphasize the significance
of assessing the potential risks associated with rock burst incidents when using liquid
nitrogen treatment in the mining and construction industries. It is crucial to conduct
accurate assessments of the mechanical characteristics of rocks subjected to different cooling
techniques and to develop effective strategies for mitigating the risk of rock burst. In
addition, it may be necessary to consider alternative cooling methods that can achieve
the desired effects without significantly increasing the risk of rock burst. Overall, while
liquid nitrogen treatment has been shown to induce significant changes in the mechanical
properties of rock samples, its use must be carefully evaluated to minimize potential
safety hazards. Further research is necessary to gain a complete understanding of the
underlying mechanisms responsible for the observed effects and to develop more effective
strategies for enhancing the performance and safety of rock materials subjected to different
cooling techniques.

4. Ultrasonic Speed Experiment
4.1. The Principle of Ultrasonic Experimental Detection

When it comes to rock mechanics parameters in engineering practice, ultrasonic waves
become crucial. The velocity of ultrasonic waves propagating in rock masses depends
on various parameters, such as porosity and the type of propagation medium. While the
propagation velocity of ultrasonic waves differs in various media, in rock masses with
developed fractures, scattering and waveform changes of ultrasonic waves occur due to
the presence of cracks. Ultrasonic waves can be classified into several types based on the
direction of wave propagation and the vibration direction of particles in the propagation
medium. These types include longitudinal waves, shear waves, Lamb waves, and torsional
waves. Each type of wave exhibits unique characteristics and is used for specific applica-
tions in ultrasonic testing and measurements. Among them, longitudinal waves primarily
rely on changes in the volume of the propagation medium to induce pressure changes and
propagate. In experiments, the measurement target is often the velocity of ultrasonic waves
in granite. Through extensive experimental research, a more comprehensive understanding
and mastery of the internal physical characteristics of rocks can be achieved.

4.2. Ultrasonic Testing and Analysis of Experimental Results

All rock samples in the experiment were subjected to three wave velocity tests, and the
average wave velocity at two temperatures was calculated based on the results obtained,
as shown in Figure 9.

[ ]Group1
5 [ |Group2

Wave velocity (km/s)

0 T T T
Untreated 25 °C + LN, 100 °C + LN, 200 °C + LN, 300 °C + LN, 400 °C + LN,

Thermal treatment

Figure 9. The variation of average wave velocity with temperature.
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In the graph, it can be seen that under the same temperature conditions, the rock
samples treated with liquid nitrogen have a smaller wave speed than those without liquid
nitrogen treatment. Moreover, under the condition of liquid nitrogen cooling treatment,
as the treatment temperature increases, the average wave speed tends to decrease, and
there is a decreasing trend in which the wave speed becomes faster as the temperature
rises. When waves propagate in rocks, they need to pass through the matrix and pores or
cracks. The propagation speed in the matrix is much higher than that in the pores or cracks.
This indicates that liquid nitrogen treatment will cause freezing damage to rocks, change
their strength and ability to resist damage, and increase their cracks, leading to a decrease
in wave speed. Different temperatures when all samples are treated with liquid nitrogen
can also lead to changes in wave speed. This indicates that as the temperature gets higher,
more cracks and larger pores will form inside the rock, and the wave speed will become
slower. It can also be seen that the greater the temperature difference during liquid nitrogen
treatment, the more obvious the decrease in wave speed. This phenomenon indicates
that that high-temperature marble, after undergoing liquid nitrogen cooling treatment,
undergoes a transformation from a dense and hard brittle structure to a loose and ductile
structure. Additionally, this treatment leads to an increase in the number of internal defects
and the size of cracks and pores within the marble.

4.2.1. Ultrasonic Time Domain Spectroscopy

The ultrasonic time domain spectrum of rocks is a technique that can naturally reveal
the acoustic characteristics of various structures and defects in materials. Its principle
is based on the phenomenon of reflection, refraction, and scattering of sound waves as
they propagate through different materials at different speeds, thus obtaining the acoustic
information of the internal structure of the material. During the process of ultrasonic testing,
the ultrasonic wave emitted by the sensor interacts with various structures and defects in
the sample while passing through it. Interactions such as multiple reflections, refractions,
scatterings, and interference occur when an ultrasonic wave propagates through a sample.
These interactions can result in a portion of the wave energy being transmitted back to the
sensor. The signal received by the sensor represents the ultrasonic time domain spectrum
of the rock.

The ultrasonic time domain spectrum of rocks is a collection of signals composed of
the acoustic characteristics of various internal structures and defects, usually presented as
pulse reflection signals distributed over a certain period of time in the time domain. Each
reflection signal corresponds to the reflection of the ultrasonic wave at the corresponding
structure of the sample. Because different structures and defects have different acoustic
characteristics, the amplitude, intensity, delay, and other properties of each reflection signal
vary. By analyzing the ultrasonic time domain spectrum of rocks, the reflection, refraction,
attenuation, and other information of the signal can be comprehensively utilized to identify
the location, size, shape, structure, and other features of the rock structure and defects.

Figure 10 shows the ultrasound time domain characteristics. By comparing Figure 10a—d,
it can be observed that the ultrasound time domain spectra of the rock samples, which were not
treated with liquid nitrogen and subjected to the same temperature, exhibited minimal changes.
The reflection images of the ultrasound waves remained uniform, with no significant variations.
The dwell time when the amplitude reached its peak was relatively consistent, and the intervals
between each reflection form were also relatively uniform.
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However, for the rock samples that underwent liquid nitrogen cooling treatment under
room temperature conditions, the initial part of the waveform image resembled that of the
untreated rock samples. But as time progressed, particularly around 150 ps, the images
underwent drastic changes. This phenomenon was observed in both group 1 and group 2.
During this time period, the amplitude of the ultrasound wave decreased, the slope of the
reflection wave steepened, the dwell time in the peak amplitude region shortened, and the
edges of the images became sharper. The amplitude decayed non-linearly to 50 dB. This
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indicates that the internal fractures and voids of the rock underwent changes due to the
liquid nitrogen treatment, resulting in variations in the size of the internal rock structure.
These changes primarily occurred in the middle section of the rock.

Figure 10 reveals that the images at 100 °C and 200 °C are unstable. The entire process
image of these two images became sharper, and the peak amplitude changes were irregular,
with unstable slope changes and high degrees of non-linearity. Only a few images had
a peak value of 125 dB. This indicates that the internal structure of the rock is chaotic
at temperatures between 100 °C and 200 °C, and the level of damage inside the rock is
inconsistent. In contrast, the images between 300 °C and 400 °C become more stable
compared to the samples treated with liquid nitrogen as stable nonlinearity, slope, and
peak dwell time increases. This suggests that the degree of internal damage to the rock
samples tends to be consistent when subjected to different temperature differences.

Compared with untreated rock samples at 25 °C, the peak value did not change, but
the dwell time decreased, indicating that temperature differences and liquid nitrogen both
affect the internal structure of the rock.

4.2.2. Ultrasonic Spectrum

The frequency domain spectrum of ultrasound refers to the representation of ultra-
sound signals in the frequency domain, which is typically obtained using spectrum analysis
methods. Spectrum analysis involves decomposing a signal into different frequency com-
ponents to obtain its representation in the frequency domain. The spectrum of ultrasound
signals in the frequency domain typically displays the intensity and frequency distribution
of ultrasound in different frequency ranges. Utilizing ultrasound frequency domain spec-
trum analysis can assist in detecting defects and material characteristics within objects. As
shown in Figure 11, different temperature ranges correspond to different frequency ranges.
For example, in material testing, by examining the reflected waves of ultrasound at differ-
ent frequencies, defects and material properties within the material can be detected. By
employing the principles of Fourier transform and programming in MATLAB R2023b, the
ultrasound time domain signal of a rock sample can be processed to obtain the frequency
domain signal, enabling signal analysis in the frequency domain.

1004 — l:l Group 1
[ |Group2

80 4 ]

Range (dB)
3
!

204

=
=3 S
1

T T T
Untreated 25 °C + LN, 100 °C + LN, 200 °C + LN,300 °C + LN, 400 °C + LN,

Thermal treatment

Figure 11. Master frequency amplitude.

Comparing the graphs in Figure 12, it is observed that the main frequencies all occur
around 12.5 kHz, exhibiting multiple sharp peaks and waveforms, reflecting a narrow
pass band and narrow bandwidth corresponding to the superimposed signals. The low-
frequency components of the initial wave are relatively minimal. When compared with
samples treated with liquid nitrogen, it is noted that there is no significant deviation
in the main frequency. However, a change in the sharpness of the small peaks around
25 kHz is observed. After 50 kHz, there is almost no discernible signal. Upon comparison
within the samples, it is found that the processed signal in group 1 has a maximum
amplitude of 65 dB, while the unprocessed sample has a maximum amplitude of 100 dB. In
group 2, the unprocessed and processed samples have maximum amplitudes of 85 dB and
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35 dB, respectively. The comparison within both samples shows a decrease in the maximum

amplitude, indicating that liquid nitrogen affects the internal structure of the rock, leading
to signal attenuation.
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Figure 12. Ultrasonic frequency domain diagram.
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It is observed that the ultrasonic frequency spectrum of the treatment of rock samples
with liquid nitrogen can induce changes in their properties as a result of the extreme
temperature. The same characteristic is seen in the main frequency, which remains around
12.5 kHz and does not deviate with increasing temperature. It can be seen that the image
in group 1 has only one main frequency peak, with other small peaks not being very
prominent. As the temperature increases from 25 °C to 400 °C, the maximum peak value of
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the main frequency in group 1 changes to 65 dB, 75 dB, 35 dB, 90 dB, and 65 dB, respectively,
showing different degrees of variation. In group 2, not only is there a main frequency peak
at 12.5 kHz, but there is also a small peak at 25 kHz. The maximum peak value of the
main frequency changes with temperature from 25 °C to 400 °C as follows: 80 dB, 40 dB,
65 dB, 65 dB, and 90 dB. In particular, in group 2, the images of the rock samples with the
smallest main frequency peak values at 200 °C and 300 °C show small peaks that tend to
be flat, indicating that changes in temperature gradient also have significant effects on the
transmission of signals within the rock samples.

5. Cross-Sectional Scanning
5.1. Principle and Purpose of Cross-Sectional Scanning

Scanning of rock fracture surfaces is a commonly used high-precision detection tool in
the field of rocks. Its purpose is to study and analyze the microstructure, rock composition,
mineral combination, rock deformation, and metamorphism of rock samples (including
actual sampling and artificially prepared samples) by scanning and analyzing the fracture
surface of the samples. The significance lies in revealing the structural characteristics of
rocks. The scanning of rock fracture surfaces can intuitively observe the microstructure of
rocks, such as crystal morphology, grain size, and crystal face orientation, thus revealing
the structural characteristics of rocks. It can also analyze the composition and metamorphic
degree of rocks by observing characteristics such as particles, mineral combinations, and
deformation degree, providing an important basis for the study and exploration of rocks. It
can be used to study the mechanical properties of rocks, such as water content, hardness,
and disintegration, as well as tensile, compressive, and shear resistance.

5.2. Study on the Characteristics of Granite Sections

As shown in Figure 13, it is a scanned image of the rock cross-section. The irregularity
and complexity of the shape of the image section can be analyzed using MATLAB software
to process the image section and apply geometric theory. In this paper, the box counting
method is a mathematical technique used to calculate the surface fractal dimension of an
object. The principle of the box counting method involves dividing an image of size M x N
into smaller k x k sub-blocks. The grayscale value at position (x,y) in the image is denoted
as f(x,y), and the total number of grayscale levels is L. The image can be viewed as a surface
grayscale set (x,y,f(x,y)) of a three-dimensional object. The XY plane forms a k x k grid, and
the Z-axis represents the grayscale values of the pixels within each grid. Each grid contains
several boxes, and the height of each box is as follows:

h = (L—1) x k/min(M,N) )

ny=(i,j)=1-m+1 )

(b) 25 °C-Untreated-1

Figure 13. Cont.
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Figure 13. Sample sections at different temperatures.

The total number of boxes covering the entire area is denoted as N,

Nr = Zl”]’nr(l’,j) (4)
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(d) 200 °C-Untreated-1

Iny=-2.845Inx+11.996
R*=0.9925
D=2.845

Based on the given information, the fractal dimension D can be calculated as follows:

(5)

Then, calculate the linear regression of the point pairs {log(1/r), log(N;)}. The final
figure is shown in Figure 14.

I
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Figure 14. The fitting results of Inx and Iny for the corresponding three-dimensional cross-sections of
the granite before and after treatment.

Figure 15 shows the box dimension, roughness, and height difference of the cracked
surface of granite after high-temperature liquid nitrogen treatment. According to the data
in Figure 15, it can be concluded that liquid nitrogen treatment has an impact on the
morphological characteristics of the specimens, leading to increased internal cracks and
decreased pore width. More specifically, the fractal dimension of the samples increases
after liquid nitrogen treatment, indicating that the surface morphology becomes more
complex. In contrast, the samples treated with liquid nitrogen exhibit more irregular and
rough features. Further observation in Figure 15a reveals that as the temperature increases,
the fractal dimension of both Sample 1 and Sample 2 gradually increases. The evolution
of characteristic parameters in Figure 15b,c shows a positive correlation between fractal
dimension and roughness and height difference. This implies that liquid nitrogen treatment
leads to a more uneven and rugged fracture surface, resulting in an increased contact
area between the crack network and the matrix. It indicates liquid nitrogen treatment can
improve the distribution of damage in granite and increase the extent of damage in the rock
mass. In addition, the complexity of granite fractures is enhanced, forming a more intricate
crack network. This phenomenon improves gas exchange efficiency and has a positive effect
on the processing and utilization of granite. It should be noted that increasing temperature
differences will accelerate the growth rate of the fractal dimension. In other words, as the
temperature difference increases, the impact of liquid nitrogen treatment on the fracture
surface morphology of the rock mass will become more significant. Furthermore, when
external forces act on the fracture surface, additional damage can influence the propagation
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Box dimension (um)

of cracks. This increases the complexity of the fracture surface and enhances the randomness
of the sample. It is worth mentioning that this is consistent with the previously mentioned
ultrasonic measurement results, emphasizing the significant impact of liquid nitrogen
treatment on the surface properties of the rock mass.
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Figure 15. Evolution patterns of characteristic parameters of the fracture surface.

6. Conclusions

@

@)

®)

In this study, a comparative analysis was conducted on rock specimens subjected
to liquid nitrogen treatment and untreated specimens using uniaxial compression
experiments to investigate their mechanical properties. The results revealed distinct
differences in the stress—strain behavior between the treated and untreated samples
during the compaction stage. Specifically, the stress—strain curve of the treated sam-
ples exhibited a faster growth rate and higher hardness compared to the untreated
samples. Furthermore, the compressive strength of the specimens exhibited a greater
variation with temperature, with a more pronounced change as the temperature
increased. Additionally, the elastic modulus of the samples generally exhibited a de-
creasing trend with temperature, and the rate of change intensified with temperature
differences. Moreover, the failure characteristics of the rock specimens subjected to lig-
uid nitrogen treatment shifted from brittle failure to ductile failure. This indicates that
the mechanical properties of the rock samples underwent adaptive changes as a result
of the liquid nitrogen treatment, potentially attributed to significant alterations in the
sample’s structure and porosity. Additionally, significant changes in the deformation
characteristics of the rock samples during the compression process were observed
after the liquid nitrogen treatment. The treatment increased the porosity within
the rock, leading to the development of microcracks and fractures, and enhanced
the susceptibility to rock burst induction, thereby increasing the likelihood of rock
burst occurrence.

It was observed that the wave velocity of rock samples decreased significantly with
increasing temperature, resulting in a relative decrease compared to the original
samples. The ultrasonic time domain spectrum indicated that as the temperature
rose, the waveform became chaotic, and the duration of the highest value decreased,
accompanied by sharper peaks. However, after reaching 300 °C and 400 °C, the
waveform smoothed out again. In the ultrasonic frequency domain spectrum, the
amplitude of the main frequency changed with temperature, and the sharpness of the
wave peaks varied as well. These findings suggest that the signal propagation path
within the rock was altered, implying significant changes in the internal structure of
the rock due to the influence of liquid nitrogen.

Cross-sectional scanning of the rock revealed that the use of liquid nitrogen treat-
ment resulted in a more uniform block size distribution in the rock samples, greatly
enhancing their ability to undergo volume fracturing. Simultaneously, as the tem-
perature increased, the fracture surface morphology evolved faster, increasing the
adsorption and desorption capacity of gas within the cubic rock matrices. Liquid
nitrogen treatment also amplified the number of microcracks and led to phenomena
such as fragmentation and spalling under external forces. The cross-sectional anal-
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ysis of rock scanning is consistent with the findings derived from the experiments
mentioned above.
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