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Liquid nitrogen fracturing and hot dry rock geothermal development are both
emerging technologies in the field of energy. However, during the extraction of
geothermal energy, it can cause the evolution of geological fractures, leading to the
diffusion of groundwater and pollutants, thereby causing environmental pollution
issues. Currently, geothermal energy has become a focal point in the global
development of renewable energy. However, traditional hydraulic fracturing
methods used in harnessing geothermal resources suffer from limitations such as
limited fracture creation, uncertain initiation points, and environmental pollution. In
contrast, liquid nitrogen has emerged as a promising reservoir stimulation technique,
exhibiting significant effects on rock fracturing. In this study, we conducted three-
point bending tests on granite samples subjected to liquid nitrogen treatment at
temperatures of 300°C, with varying numbers of cooling cycles. Changes in
fundamental mechanical parameters were analyzed. Additionally, through acoustic
emission monitoring, we studied the variations in characteristic parameters of
acoustic emissions under different cooling cycle conditions. Furthermore, based
on the theory of energy evolution, we analyzed the energy evolution process during
sample failure under different cooling cycle conditions. Using a compact scanning
electron microscope, we observed changes in the microstructure of granite and
analyzed the influence of cooling treatment on its surface characteristics and failure
modes, thereby revealing the thermal damage process of granite. Moreover, by
employing a non-metallic ultrasonic testing analyzer, we scanned the fracture
surface morphology of granite and investigated the variations in fracture surface
morphology features and surface roughness parameters caused by cooling
treatment. The results indicate that liquid nitrogen cooling treatment can more
effectively reduce the mechanical properties of rocks, and this effect is further
enhanced at high temperatures. Under the condition of 300°C, after undergoing
different cycles of liquid nitrogen cooling, granite will exhibit a more diverse
macroscopic and microscopic structural failure characteristics, consistent with the
expected formation of fluid flow channels in high-temperature rock formations.
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1 Introduction

Liquid nitrogen fracturing technology is an emerging technique
for extracting geothermal hot dry rock resources, which can
significantly improve the fracture structure of high-temperature
formations and enhance the efficiency of geothermal energy
extraction. However, Liquid nitrogen fracturing technology may
have some significant impacts on the ecological environment.
Firstly, the preparation of liquid nitrogen and the construction of
geothermal reservoirs require a large amount of water resources,
which could potentially damage water supply systems and
ecosystems in certain areas. Secondly, the used wastewater and
waste materials may contain certain chemicals or heavy metals,
posing a certain threat to water sources and ecosystems. Thirdly,
geothermal energy extraction through Liquid nitrogen fracturing
technology can cause surface changes, which may have a significant
impact on local topography, vegetation, animal habitats, and
ecosystem stability. Therefore, it is important to be mindful of
environmental protection and minimize potential impacts on local
ecosystems during the process of energy extraction. Understanding
the specific degradation effects of Liquid nitrogen fracturing
technology on hot dry rock reservoirs is crucial prior to engaging
in geothermal energy extraction and environmental protection.

Energy is a fundamental driver of sustainable development and
societal progress, intricately intertwined with national security and
the overall well-being of a society. Throughout history, energy
revolutions have propelled industrial advancements and shaped the
global landscape (Wang et al., 2020). Amidst the escalating challenges
of environmental pollution, climate change, and the depletion of fossil
fuel reserves, there is a growing sense of urgency to prioritize the
development and utilization of clean, renewable energy sources
(Batchelor, 1985; Li et al, 2019; Chen et al., 2022; Kang et al,
2023). Geothermal energy, a noteworthy non-fossil fuel source,
offers diverse applications along with its inherent cleanliness and
recyclability. Its vast reserves position geothermal energy as a vital
alternative for future societal development. Geothermal resources
encompass hydrothermal and enhanced geothermal systems (EGS),
classified based on extraction conditions and origins (Climo et al.,
2016). Hydrothermal resources currently dominate global geothermal
utilization, accounting for approximately 10% of identified reserves.
Conversely, EGS represents an emerging strategic energy source, with
the potential to drive global energy growth. Acting as a reservoir for
geothermal energy within the Earth’s interior, EGS epitomizes a
widely distributed, abundant, and environmentally friendly
geothermal resource. Typically comprised of granite, granodiorite,
and biotite granite, EGS reservoir rocks exemplify common
compositions (Lu and Wang, 2015). EGS geothermal resources
primarily refer to economically viable, shallow-depth, high-
temperature rock bodies with low permeability. The energy
contained within EGS reservoirs at depths of 3-10 kilometers is
much greater than that of global fossil fuels (Xu et al.,, 2012). The
effective development of EGS resources holds significant implications
for global energy restructuring, combating climate change, and
bolstering air quality control (Ma et al., 2020). However, the
challenges lie in the low porosity, low permeability, compactness,
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and substantial burial depth of high-temperature EGS resources,
making extraction difficult. To establish effective hydraulic
connections, enhance heat transfer efficiency, and surmount these
obstacles, the U.S proposed the concept of EGS. EGS entails the
construction of geothermal reservoirs using artificial methods and
comprises two subsystems. The first subsystem centers around
developing and constructing underground heat reservoirs, achieved
by enhancing reservoir permeability through various stimulation
techniques. This allows for the creation of artificial reservoirs
within low-porosity, low-permeability, high-temperature rock
formations. The injection of cold water into the reservoirs via
injection wells facilitates heat extraction, subsequently enabling the
extraction of hot water or steam to the surface through production
wells. The second subsystem involves utilizing the extracted
geothermal water for on-surface power generation and heating
systems. High-temperature water is a crucial resource for electricity
generation, with the cooled water subsequently being recycled back
into the underground reservoir (Wang and Li, 2008). This technology
maximizes the utilization of deep geothermal resources distributed
worldwide, offering substantial competitive advantages in terms of
environmental impact, climate suitability, and economic viability.
Creating effective fluid pathways within EGS reservoirs poses
a significant challenge. Reservoir stimulation techniques, such
as hydraulic fracturing, thermal stimulation, and chemical
stimulation, are commonly employed (Guo et al., 2020). Among
these techniques, hydraulic fracturing currently stands as the most
widely utilized and efficient method for reservoir modification (Xu
et al, 2015; Xue et al, 2023a). Through hydraulic fracturing,
fractures are generated, providing essential flow channels for fluid
heat transfer. However, practical engineering often yields a single
large fracture, which fails to meet the desired requirements of
sufficient heat exchange area in EGS projects. Additionally,
traditional hydraulic fracturing techniques entail uncertainties in
fracture initiation, environmental pollution, and the risk of induced
seismic events (Chen et al., 2019). At the same time, the chemical
additives used in hydraulic fracturing techniques and chemical
stimulation methods may contaminate groundwater and cause
environmental pollution. In light of the drawbacks associated
with traditional reservoir stimulation technologies, it is imperative
to propose a new reservoir fracturing technique. Liquid nitrogen, as
an innovative waterless fracturing technique, holds promise for EGS
development (Huang and Meng, 2018). When dry rock contacts
liquid nitrogen as the fracturing fluid, considerable thermal stress
arises due to the substantial temperature difference between the two
(Zhang S. et al., 2018). Consequently, numerous thermally induced
cracks emerge in the reservoir, facilitating the establishment of a
fracture network in EGS reservoirs. Liquid nitrogen undergoes a
phase transition to gas under high temperatures, which further
increases the extent of fracturing in reservoir rocks. Nitrogen gas
itself is colorless and odorless, belonging to inert gases, and does not
cause pollution to the environment. Against this engineering
backdrop, exploring the cooling treatment of high-temperature
rocks using liquid nitrogen serves as a vital foundation for the
application of waterless fracturing in oil and gas extraction,
geothermal resource development, and deep rock mechanics
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studies (Wang et al., 2023; Xue et al., 2023b). Furthermore, this
study’s sequence of experiments and numerical calculations
elucidates the potential application of nitrogen-induced fracturing
in EGS development, offering guidance and technical parameters
for nitrogen-induced fracturing in geothermal development.

The liquid nitrogen fracturing technology has not been applied
in actual engineering of hot dry rock reservoirs yet. Scholars both
domestically and internationally have conducted extensive research
on the feasibility and mechanism of this technology. Cai et al.
(2015) summarized the mechanism and key technologies of rock
fracturing using liquid nitrogen. They pointed out that liquid
nitrogen fracturing has advantages such as high efficiency and
effective extraction of reservoir heat energy. Cai et al. (2016b) and
Memon et al. (2020) conducted a series of mechanical experiments
to research the mechanical characteristics and surface changes of
rock under liquid nitrogen cooling. They analyzed the mechanism
and influencing factors of rock fracturing induced by liquid
nitrogen. Furthermore, the potential application of liquid nitrogen
fracturing technology in petroleum engineering and shale gas
development was explored, alongside the proposition of utilizing
liquid nitrogen jet fracturing as a technique to enhance reservoir
production. Through numerical simulation and experimental
verification, the findings demonstrated that liquid nitrogen jet
fracturing has obvious advantages compared to conventional
liquid nitrogen fracturing techniques. Li et al. (2016) proposed a
new liquid nitrogen gasification fracturing technology for low-
permeability oil and gas reservoirs. Zhang et al. (2015) conducted
laser microcosmic observation experiments and found that the
cooling of coal by liquid nitrogen can cause thermal stress and
stress concentration, resulting in the generation and expansion of
microcracks within the original samples. Grundmann et al. (1998)
conducted experiments on shale fracturing with liquid nitrogen,
and their findings displayed that compared to traditional extraction
methods, liquid nitrogen fracturing can increase gas production rate
by up to 8%. Coetzee et al. (2014) discovered that fracturing with
liquid nitrogen is capable of encouraging the development and
expansion of rock fractures. According to McDaniel et al. (1997),
when liquid nitrogen is introduced into coalbed gas reservoirs, it
produces thermal shock, which causes physical changes in the
fracture surfaces, impeding the closure of hydraulic fractures and
thermally induced fractures.

Stephen (2013), in an article introducing waterless fracturing,
demonstrated through experiments the influence of thermal impact
on rocks during liquid nitrogen fracturing. Cha et al. (2014) found
that when liquid nitrogen gets into interaction with rocks, a
temperature gradient is formed on the surface, causing internal
micro-damage to the rocks. When liquid nitrogen gets into
interaction with the adjacent medium near the borehole, a cold
impact is generated, causing severe contraction of the rock
framework, resulting in fracture and the generation of numerous
microcracks. Finnie et al. (1979) studied the fracture propagation
pattern of rocks after liquid nitrogen treatment by injecting liquid
nitrogen into the center of cubic rock samples and provided an
analytical solution for the elastic body in a semi-infinite space under
cooling conditions.
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The process of developing enhanced geothermal reservoirs with
the aid of liquid nitrogen fracturing technology differs from other
reservoir modification methods. When exposed to high-
temperature rock, liquid nitrogen generates significant thermal
stress on the reservoir surface, resulting in the formation of
numerous thermal-induced cracks and intricate fracture
networks. These fractures facilitate the expansion of heat transfer
surfaces, aligning with our development objectives.

Several studies have demonstrated that different cooling
techniques exert notable influences on the mechanical characteristics
of granite and shale. For instance, natural cooling and water cooling
alter the mechanical performance of granite, with water cooling
treatments being detrimental to its mechanical properties.
Furthermore, liquid nitrogen cooling induces considerable damage
to the mechanical characteristics of both granite and shale, leading to a
reduction in peak stress, elastic modulus, longitudinal wave velocity,
and other key mechanical characteristics (Wang et al., 2013; Cai et al.,
2016a; Huang et al., 2016; Liang et al., 2018; Wu et al,, 2018; Liu
et al., 2023).

In addition, the thermal stresses caused by rapid temperature
changes significantly affect rock integrity, resulting in diverse
variations in the mechanical parameters of different rock types
during thermal cycling processes. Coarse-grained heterogeneous
rocks tend to exhibit crack propagation, whereas fine-grained
homogeneous rocks tend to experience crack closure (Hall, 1999;
Kim et al.,, 2014; Zhang F. et al., 2018).

Based on the aforementioned investigations, the impacts of
various thermal cycling frequencies on rock mechanics, acoustic
emission characteristics, and energy evolution patterns can be
studied through three-point bending tests and acoustic emission
monitoring systems. These research endeavors contribute to a
comprehensive comprehension of how rock’s physical and
mechanical qualities change during liquid nitrogen-assisted
enhanced geothermal reservoir development, providing scientific
foundations for engineering practices.

2 Experimental materials
and procedures

2.1 Experimental materials

Based on statistics from internationally representative
Enhanced Geothermal Systems (EGS) projects, the predominant
lithology of EGS reservoir rocks both domestically and
internationally is usually granite (igneous rock) or metamorphic
rock. Therefore, in this study, granite is chosen as the focus of
research. The granite samples used in the experiment exhibit
lithological consistency with the rocks found in underground
storage reservoirs of liquefied natural gas (LNG), thus making
them suitable as load-bearing rock layers for large-scale LNG
storage facilities. Following the guidelines outlined by the
International Society for Rock Mechanics (ISRM) (Hardy, 1981),
the specimens are prepared as semi-circular disk-shaped samples
with a diameter (D) of 76 mm, radius (R) of 38 mm, thickness (B) of
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30 mm, and an initial crack length (a) of 14 mm. To ensure
uniformity, meticulous care is taken to polish the surfaces of the
specimens, resulting in a smooth and even finish. Granite as shown
in Figure 1.

2.2 Experimental equipment

As shown in Figure 2, a variety of instruments and equipment
were used in the experiment, including a heating chamber, liquid
nitrogen tank, vernier caliper, electronic scale, rock mechanics testing
machine (capable of applying loads perpendicular to the sample
surface), non-metallic ultrasonic testing and analysis instrument, and
a three-point bending fixture. These devices were utilized for different
experimental objectives to ensure the accuracy of the experiment.

2.3 The experimental scheme

To conduct the experiment, the selected rock samples were
categorized into multiple groups and assigned numerical labels
based on the number of cycles: 3, 5, 7, 9, 15, and 20. Initially, each
sample was subjected to a controlled heating process inside a
calibrated heating chamber, gradually reaching a target temperature
of 300°C. After reaching the target temperature, the specimen is kept
at a constant temperature in the heating chamber for 3 hours. This
ensured uniform thermal conditions throughout the samples,
guaranteeing consistent heating across both their internal and
external regions. Following the completion of the thermal
treatment, the samples were swiftly extracted from the heating
chamber and rapidly immersed in a liquid nitrogen tank for an
hour-long cooling period. Careful attention was paid to prevent
overflowing of the liquid nitrogen, considering the vigorous boiling
that ensues when immersing high-temperature rocks. Once the
cooling process was finalized, the samples were placed back into

10.3389/fevo.2023.1249617

the same controlled environment for subsequent three-point bending
experiments. The experiment utilizes the CSS-44100 Testing
Machine. To ensure the accuracy and reliability of the experiment,
we set up multiple parallel samples for each cycle.

The specimen was securely affixed to the three-point bending
fixture, ensuring compatibility between its size, shape, and fracture
behavior with the adjusted lower support rollers and upper loading
head. During the three-point bending experiment, displacement
control is employed, with a loading rate set at 0.lmm/min. Adjacent
to this setup, a high-speed camera was strategically positioned to
meticulously record the temporal evolution of the specimen’s
response to the loading conditions, diligently transmitting the
acquired data to a dedicated computer system. Consequently, a
comprehensive load-displacement curve was meticulously
constructed, while purpose-built image analysis software enabled
an intricate examination of the surface displacement and strain
fields exhibited by the specimen. By meticulously analyzing the
displacement of the loading head, the applied load, and the unique
deformation characteristics observed near the crack tip area, we
were able to accurately calculate the fracture toughness and crack
propagation velocity inherent to the rock material.

3 Mechanical behavior of granite

The load-displacement curve serves as an invaluable tool to
elucidate the intricate deformation and failure mechanisms intrinsic
to the bending process of granite specimens. Figure 3 shows a classic
load-displacement curve of samples. Typically, this curve manifests
itself through three distinctive phases: the elastic stage, the elastic-
plastic stage, and the failure stage. By referring to the initial
dataset, which has not undergone any treatments, we can gain
insightful observations.

During the elastic stage (AB), granite demonstrates a linear
relationship between its deformation and the applied load,

FIGURE 1
Granite sample.
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FIGURE 2

Experimental equipment: (A) Electronic scale; (B) Non-metallic ultrasonic monitoring analyzer; (C) Liquid nitrogen tank; (D) Heating box.

meticulously abiding by Hooke’s Law. Within this stage, the
deformation encountered by the granite sample proves to be
entirely recoverable, restoring the specimen to its original
configuration upon unloading.

As the applied load progressively intensifies, the elastic-plastic
stage (BC) commences, whereby the deformation no longer mirrors
the applied load in a linear fashion, prompting the characteristic
curve to deviate from its linear trajectory. Intriguingly, this stage
showcases a combination of both elastic and plastic deformation
within the granite sample, thereby instigating the creation of intricate

Load|
4000 -

C
3000 |- //
3 2000 - /
3
// ))}/
1000 - s
B
A
0 1 1
0.0 0.1 0.2
Displacement (mm)
FIGURE 3

Load-displacement curve.
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networks of microcracks and voids. Importantly, it is crucial to note
that the plastic deformation encountered by the granite specimen
proves to be inherently irreversible, inescapably leaving a discernible
degree of residual deformation upon unloading.

Ultimately, as the load surpasses a critical threshold, the failure
stage (post C) ensues, heralding a profound deviation from the
previously established linear relationship between load and
deformation. Indeed, within this stage, the granite specimen
experiences a rapid progression in microcrack propagation and
void connectivity, invariably resulting in a precipitous decline in
both strength and stiffness.

To investigate the impact of the number of cycles at a constant
temperature on the load-displacement curve of granite, we
conducted a comparative analysis of the curves presented in
Figure 4. Herein, we derive the following observations. In the
elastic stage, the load-displacement curve manifests a gentler
slope with the number of treatments rises, signifying a decrease in
the elastic modulus of granite. However, the resulting variations
were found to be inconspicuous. During the elastic-plastic
deformation stage, the length and slope of this phase exhibit a
pattern of initial ascent followed by subsequent descent, reaching an
extremal point after 20 cycles. This intriguing trend suggests that
granite’s yield strength and plastic deformation capability
experience progressive augmentation before diminishing returns
set in as the number of cycles escalates, attaining their zenith after
20 cycles. In the failure stage, the maximum load displays a
comparable pattern of progression before reaching a turning
point at 20 cycles. This phenomenon illuminates the fact that
granite’s compressive strength and failure capacity undergo an
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FIGURE 4

Load displacement curve under different cycles.

analogous progression, culminating in their peak performance after
20 cycles. Furthermore, computational analyses corroborate these
findings by documenting an analogous evolution in fracture
toughness. Collectively, these observations furnish indisputable
evidence that varying the number of cycles under constant
temperature conditions yields a weakening impact on the
mechanical characteristics of rocks, concurrently reaching an
optimal state approximately after 20 cycles.

Fracture toughness analysis is conducted next. Fracture
toughness is a significant physical-mechanical parameter of rocks
and an important indicator in rock fracture mechanics. Three-point
bending experiments are frequently employed to ascertain the
fracture toughness, which serves as a measure of a rock’s
resistance to both crack initiation and propagation. It is a crucial
measure in rock fracturing processes and requires careful attention.
Therefore, studying the variation pattern of fracture toughness in
granite under the influence of liquid nitrogen can provide
valuable insights.

Figure 5 shows the Fracture toughness of samples under different
cycles. In this study, the fracture toughness of granite was initially
calculated to be 1.95 MPa-m'? without any treatment involving
liquid nitrogen. After several liquid nitrogen treatments, the Fracture
toughness of granite continuously decreased to 0.70 MPa - m*2, It is
obvious that the cracking resistance of granite tends to weaken after
liquid nitrogen circulation. This could be attributed to changes in
microstructures and stress distribution within the granite caused by
the liquid nitrogen cycling, resulting in nonlinear variations in
fracture toughness. Therefore, it is essential to consider the number
of liquid nitrogen cycles during practical engineering construction to
achieve optimal results.

Through observation and analysis, it is evident that the
untreated granite, serving as the control group, reached a peak
load of 7742.1 N and a maximum displacement of 0.35 mm. The
fracture toughness value determined at this specific point was K=
1.95 MPa-m'2. After 3 cycles, the peak load increased to 5052.0 N,
with a maximum displacement of 0.33mm, resulting in a fracture
toughness of K=1.27 Mpa-m"/2. In the case of 5 cycles, the peak load
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FIGURE 5
Fracture toughness of samples under different cycles.

reached 4630.2 N, with a maximum displacement of 0.35 mm,
yielding a fracture toughness of K=1.16 Mpa-m'/%. For 7 cycles, the
peak load reached 3946.2 N, with a maximum displacement of
0.23 mm, leading to a fracture toughness value of K=0.99 Mpa-m"%
As for 9 cycles, the peak load reached 3206.4 N, with a maximum
displacement of 0.21 mm, resulting in a fracture toughness of
K=0.81 Mpa-m'?. With 15 cycles, the peak load reached
2780.7 N, while the maximum displacement was 0.33 mm,
leading to a fracture toughness value of K=0.70 Mpa-m'’?. Finally,
after 20 cycles, the peak load reached 2670.0 N, with a maximum
displacement of 0.38 mm, resulting in a fracture toughness of
K=0.67 Mpa-m".

By comparing Figures 4, 5, a distinct correlation can be
observed between the variations in peak load and fracture
toughness. First, regardless of the number of cycles, the load-
displacement curve exhibits initial steady and gradual growth,
followed by rapid ascent to the peak before sharply declining
upon granite failure. This is a characteristic failure behavior of
granite under three-point bending experimental conditions. From
the comparison chart, it can be observed that, under the condition
of 300°C, as the number of treatments rises, the maximum peak
load shows a decreasing trend. This suggests that the mechanical
properties of rocks weaken with an increase in the number of cycles.
This could be attributed to the complex physical and chemical
processes, such as the generation of microcracks and stress
relaxation within the granite, resulting from thermal cycling,
leading to nonlinear changes in its mechanical properties.

Figure 6 is the variation trend of load at the peak point of granite
under different cycles. Based on Figure 6, it can be seen that, it can be
seen that the mechanical properties of granite gradually exhibit a
weakening trend with an increasing number of cycles. Firstly,
analyzing the relationship between maximum load and cycle
number, the average curve of maximum load for both sets of
samples shows a downward trend. This suggests that granite
undergoes an weakener in its mechanical properties after liquid
nitrogen treatment. Excessive cycles of liquid nitrogen treatment
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Trend chart of peak load variation

noticeably weaken the mechanical properties of granite, and the
more cycles performed, the more pronounced the weakening
characteristics. This may be attributed to factors such as thermal
stress and thermal shock generated within the granite after liquid
nitrogen treatment, affecting its compressive strength and
fracture toughness.

Additionally, an examination of the relationship between
maximum displacement and cycle number reveals a same pattern.
Figure 7 is the variation trend of displacement at the peak point of
granite under different cycles. With an increasing number of cycles,
the maximum displacement resulting from three-point bending
displays an initial decrease followed by an increase. Moreover, as the
number of cycles increases, the weakening characteristics become
more pronounced. This phenomenon may be attributed to factors
such as thermal expansion and contraction within the granite after
liquid nitrogen treatment, resulting in changes in internal strain and
displacement and thus affecting the plastic deformation capacity
and fracture toughness of the granite. The variation pattern of load
displacement at the peak point may be caused by the combined
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FIGURE 7
Trend chart of maximum displacement variation.
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effect of liquid nitrogen effect and the mechanical properties of
granite itself.

4 Analysis of acoustic emission
characteristics of granite

4.1 Introduction of acoustic
emission experiment

Materials, when subjected to external forces and temperature
fluctuations, undergo deformation or fracture due to stress
variations at structural defects. During this process, the material
rapidly releases energy, generating a transient elastic wave and
emitting sound. This phenomenon is known as acoustic emission
(Grosse et al., 2021).

By analyzing the collected acoustic emission signals in
experiments, the damage status of rocks during the loading process
can be understood. The acoustic wave signals are precisely processed,
and then damage assessment is conducted based on the variation
patterns of characteristic parameters (Grosse et al., 2021). Parameter
analysis is the most commonly used signal processing method. In this
experiment, ring count and energy count are adopted as indicators
for single-parameter analysis.

4.2 Acoustic emission characteristics of
granite deformation and failure

To acquire acoustic emission data from high-temperature
granite during the three-point bending process, a real-time
acoustic emission acquisition system was employed. This system
facilitated the collection of signals emitted by the granite as it
underwent failure under different cycle numbers at a constant
temperature. Figure 8 shows the acoustic emission ringing counts
of granite under different cyclic conditions.

Upon analyzing the initial dataset, a clear correlation between
the three stages of failure in the three-point bending process and the
fluctuation in acoustic emission ring count was observed, as
depicted in the Figure 8. During the initial elastic stage of granite
loading, the damage is minimal, resulting in a low ring count rate
and stable signals. The cumulative ring count curve exhibits slow
and nearly horizontal growth. In this stage, the acoustic emission
signals mainly arise from the closure of pre-existing cracks within
the rock specimen and the sliding friction between rock particles. In
the elasto-plastic deformation stage, the ring count signals remain
inactive. However, compared to the elastic stage, events in this stage
exhibit larger amplitudes, and the cumulative ring count gradually
increases with an increasing slope in the curve. This is because
granite, during this stage, achieves its optimal load-bearing state
through the dislocation slip of microcracks and subtle adjustments
in structure. Consequently, new microcracks and pores are
generated within the granite, leading to an increase in acoustic
emission signals.

During the stage of unstable crack propagation, which is close to
the failure stage, as the loading continues, there is a sudden increase
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FIGURE 8

Ringing counts of granite under different cycle conditions:(A) untreated; (B) 3 cycles; (C) 5 cycles; (D) 7 cycles; (E) 9 cycles; (F) 15 cycles; (G) 20 cycles

in the ring count, and the signals become active with the appearance
of multiple sharp peaks. The cumulative ring count exhibits a rapid
and concave-shaped growth, with both the magnitude of change and
the slope of the curve increasing quickly. In this stage, the rock begins
to fracture, leading to the generation, propagation, and connection of
a large number of microcracks, forming macroscopic fractures. In
this stage, the acoustic emission signals’ distinctive parameters exhibit
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a significant association with the level of rock failure, thereby offering
valuable insights into the mechanisms and progression of rock failure.

During the stage of failure, the ring count signal exhibits a rapid
increase, showing distinct bursts and pulsations. The cumulative ring
count curve displays a steep increasing trend, corresponding to the
peaks on the load-displacement curve. This phenomenon can be
attributed to the extensive fracturing and fragmentation experienced
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by granite during this particular stage, leading to the substantial
release of acoustic energy. Furthermore, during the failure stage, the
ring count increases rapidly, reaching its peak at the moment when
the curve descends, and the magnitude of the increase in the
cumulative ring count is the greatest at this point. This indicates
that the rock experiences large-scale fracturing and fragmentation,
releasing tremendous acoustic energy. After the rock sample
completely loses its load-bearing capacity and fails, the ring count
rapidly decreases to zero as the stress within the rock mass is released.
This finding suggests that no additional cracks or damages are
generated within the rock during this stage, leading to the absence
of further acoustic emission signals.

The analysis of the cumulative ring count and cycle number in
Figure 9 reveals significant effects of liquid nitrogen on the granite.
The trend displays a discernable pattern of initial decrease followed
by subsequent increase, reaching its peak between 5 to 7 cycles. This
indicates that the development of cracks and damages within the
granite initially intensifies and then diminishes as the cycle number
increases, with a peak occurrence between 5 and 7 cycles. The
cumulative ring count of the liquid nitrogen-cooled granite exhibits
a consistent trend that aligns closely with the load-displacement
curve. Additionally, these signals can reflect the process and
mechanisms of granite failure.

Figure 10 shows the acoustic emission energy counts of granite
under different cyclic conditions. As depicted in the Figure 10, the
variations in energy counting follow a similar pattern to that of ring
counting, allowing for analysis across three distinct stages. During the
stage of compression and densification of granite fissures, internal
microcracks and pores gradually undergo closure due to pressure,
resulting in low energy counting signals. The magnitudes of these
signals are typically in the single digits, and the cumulative energy
counting curve remains relatively unchanged with an almost horizontal
slope. This suggests that, during this stage, the acoustic emission signals
in granite mainly arise from the closure of pre-existing cracks and
friction between particles, with minimal energy release. During the
elastic-plastic stage, it is observed that the energy counting amplitude
experiences a marginal increase while maintaining a relatively low level.

Cumulative ring count (x10°)
S
1

0 T T T T T

Number of cycles

FIGURE 9
The relationship between the cumulative ringing count and the
number of cycles.
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Towards the end of this stage, the cumulative energy counting curve
begins a gradual ascent. This indicates that new microcracks and pores
are being generated in the granite, leading to an increase in energy
release, albeit still at a relatively low level.

During the stage of crack propagation, which is close to the
point of failure, there is an increase in energy counting. The
cumulative energy counting curve exhibits distinct abrupt points
of rapid increase, with the cumulative values rising swiftly. At this
stage, the rock begins to fracture, and a lot of microcracks generate,
propagate, and connect to form macroscopic fissures. The
magnitude of acoustic emission energy counting is mostly affected
by two elements: the frequency of instantaneous acoustic emission
events and the amount of strain energy released by the rock during
the formation of microcracks. Therefore, it may be concluded that
the granite has strong mineral particle connection before the
cooling process. The bonds between some mineral particles,
however, are broken after undergoing cryogenic cooling treatment
due to thermal stress. As a result, there is an increased propensity
for relatively stable microcracks to merge, which eventually results
in unstable crack propagation and failure. This process is
characterized by the release of a substantial amount of acoustic
energy within the rock, resulting in a pronounced escalation in both
energy counting and cumulative energy counting.

During the stage of failure, when the load-displacement curve
undergoes a sudden decrease, the energy counting reaches a peak of
magnitudes in the tens of thousands, and the cumulative energy
counting exhibits the greatest variation at this point. This indicates
that the rock undergoes extensive fracture and fragmentation
during this stage, releasing tremendous acoustic energy. The rock
specimen completely loses its bearing capacity, resulting in a
macroscopic failure surface. It suggests that the rock no longer
generates new cracks and damage during this stage, and the acoustic
emission signals cease to occur. In this stage, the characteristic
parameters of the acoustic emission signals exhibit a strong
correlation with the rock’s failure strength, offering valuable
insights into the magnitude and pattern of rock failure.

Analyzing the connection between the cumulative energy
counting and the number of cycles in Figure 11, it is evident that
the liquid nitrogen cooling treatment has an important impact on
the cumulative energy counting of granite, exhibiting a trend of
initial decrease followed by increase, with the maximum value
reached between the 5th and 7th cycles. The cumulative energy
counting exhibits an initial decrease followed by a subsequent
increase as the number of cycles rises. This observation suggests
that the release of internally generated acoustic energy in the granite
follows a similar pattern, with the peak occurring between the 5th
and 7th cycles. The cumulative energy counting of the granite, as
influenced by the liquid nitrogen cooling treatment, exhibits a
coherent trend that aligns closely with the load-displacement curve.

4.3 Classification of AE cracks
Firstly, the RA and AF values were calculated using data collected

by sensors in acoustic emission experiments. Subsequently, a density
plot was generated to analyze the differences in AF-RA distribution
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FIGURE 10

Energy counts of granite under different cycle conditions: (A) untreated; (B) 3 cycles; (C) 5 cycles; (D) 7 cycles; (E) 9 cycles; (F) 15 cycles; (G) 20 cycles

for different experimental conditions. We selected two sets of
experimental results. To begin with, the analysis of the first dataset
reveals the density plot of AF-RA data for granite obtained from the
acoustic emission experiment, as illustrated in Figure 12. The analysis
demonstrates that granite exhibits a wide range of AF values,
predominantly falling between 0-400 kHz. This indicates that the
acoustic emission signals of granite encompass various frequency
components, reflecting the complexity of its internal structure and
composition. Moreover, the majority of AE signals in granite possess

Frontiers in Ecology and Evolution

10

low RA values, primarily below 40 us/V. Furthermore, it is
noteworthy that most of the high-density data points lie above the
diagonal line, which signifies tensile failure in the rock, while data
points below the diagonal line indicate shear failure. This observation
implies that the main failure mechanism observed in the acoustic
emission experiment for granite is predominantly tensile failure
rather than shear failure.

Lajtai (1969) proposed that in direct shear tests, jointed rock
masses exhibit three primary modes of failure: shear failure, tensile
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The relationship between cumulative energy count and cycle times.

failure, and compressive failure. Additionally, other relevant
research has suggested that shear cracks constitute a significant
proportion of microcracks formed during compressive tests
(compressive failure) and dominate the fracture process. Drawing
upon these prior findings and the acoustic emission characteristics
observed in our study, it becomes apparent that during three-point
bending tests, the rock experiences the formation of tensile cracks,
shear cracks, and mixed-mode cracks, with tensile cracks being the
predominant type of microcrack. Consequently, failure or flexural
failure in such tests occurs primarily under a tensile-dominated
state. These results highlight the distinct stress conditions and
failure modes exhibited by rocks in three-point bending tests
compared to direct shear tests and compressive tests.

Subsequently, the analysis of the second set of data yielded
results that were largely consistent with those of the first set. Here,
we provide a brief analysis: The density plot of AF-RA data for the
granite obtained from the acoustic emission tests is presented in
Figure 13. The analysis reveals that the AF values of the granite
exhibit a wide distribution range, primarily between 0 and 400 kHz.
Most of the AE signals recorded from the granite correspond to low
RA values, predominantly below 40 pus/V. Furthermore, data points
with medium to high density are predominantly located above the
diagonal line, which indicates tensile failure, while those below the
line reflect shear failure in the rock. These findings corroborate the
outcomes derived from the initial dataset, suggesting that the three-
point bending tests induce the development of various types of
cracks in the granite, including tensile cracks, shear cracks, and
mixed-mode cracks. Among them, tensile cracks emerge as the
predominant form of microcrack. Consequently, the failure or
flexural failure observed is primarily driven by tensile forces.

A three-point bending test on granite was conducted in this
work to explore its fracture process using acoustic emission (AE)
technology. A density plot of AE signals, specifically the Amplitude/
Risetime ratio (RA) and average frequency (AF), was generated to
analyze the variations in these parameters. The average frequency
AF is the ringing count/duration. The experimental findings are
as follows:
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The average frequency (AF) of the granite exhibits a wide
distribution range, primarily between 0 and 400 kHz, indicating
that the AE signals of the granite consist of multiple frequency
components. On the other hand, the amplitude/risetime ratio (RA)
of the granite shows a narrow distribution range, mainly between 0
and 10. This implies that the AE signals in the granite are
predominantly generated and propagated by the formation and
extension of microcracks, rather than by the formation and
propagation of macroscopic fissures.

The AF-RA density plot of the granite can be divided into three
distinct regions, corresponding to different failure modes: tensile
failure, shear failure, and mixed mode failure. The region associated
with tensile failure is located in the lower left corner of the density
plot, characterized by low RA and low AF signals. This indicates
that tensile failure generates low-frequency and low-amplitude AE
signals. On the other hand, the density plot reveals that the region
linked to shear failure is situated in the upper right corner,
distinguished by elevated RA and AF signals. This suggests that
shear failure produces high-frequency and high-amplitude AE
signals. The mixed mode failure region is situated in the middle
part of the density plot, displaying moderate RA and moderate AF
signals. This implies that mixed mode failure generates AE signals
with intermediate frequencies and amplitudes.

And the AF-RA density plot of the granite is directly connected
to its mechanical properties and can reflect the failure strength and
mode of the granite. Generally, when tensile failure dominates in
the granite, it exhibits lower strength, and the AE signals are
concentrated in the lower left corner of the density plot.
Conversely, when shear failure predominates in the granite, it
demonstrates higher strength, and the AE signals concentrate in
the upper right corner of the density plot. When the granite
experiences mixed mode failure, its strength falls between the two
aforementioned modes, and the AE signals are distributed in the
middle part of the density plot.

5 Ultrasonic testing of granite

Porosity and longitudinal wave velocity are important physical
parameters for evaluating the degree of internal structural damage
in rocks. Ultrasonic detection experiments were carried out to test
and analyze the pore structure of high-temperature granite under
different cooling conditions. The experimental procedure employed
a non-metallic ultrasonic testing and analysis instrument to
transmit and receive ultrasonic signals through high-temperature
granite samples. The non-metallic ultrasonic testing and analysis
instrument was equipped with two sensor probes, capable of
measuring parameters such as amplitude (dB), frequency (kHz),
Ultrasonic Time (us), and velocity (km/s). During testing, the two
sensor probes were handheld, aligned with the specimen surface,
and positioned in an inverted manner. Each specimen was subjected
to three repetitions, and the average longitudinal wave velocity was
calculated after excluding any outliers. The experimental results
indicated a significant decrease in the longitudinal wave velocity of
the cooled high-temperature granite, indicating changes in the
internal pore structure of the rock.
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After being subjected to liquid nitrogen cooling, high-
temperature granite experiences significant changes in its internal
pore structure and thermodynamic parameters. The application of
thermal stress during the cooling process surpasses the tensile
strength of the rock, leading to the initiation of new cracks and
the propagation of existing ones. Consequently, damaged regions
are formed within the rock. In order to investigate the patterns of
pore structure changes in cooled high-temperature granite and the
varying effects of different cooling methods on rock damage,
ultrasonic longitudinal wave velocities were measured using a
non-metallic ultrasonic testing and analysis instrument at various
stages before and after heating.
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A comparison of the fluctuations in longitudinal wave velocity
of granite specimens before and after different cycles of high-
temperature treatment and liquid nitrogen cooling is given in
Figure 14. Prior to the high-temperature cycles and liquid
nitrogen cooling, there was little difference in the longitudinal
wave velocity among the granite specimens. This was because we
initially selected samples with similar wave velocities for the study
using ultrasonic straight-through method, aiming to minimize the
dispersion and heterogeneity among the specimens. The wave
velocity of each specimen was immediately measured using
ultrasonic straight-through method after being heated to 300°C in
each cycle, and then compared with the results before the high-
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temperature cycles. After the cycles, a slight decrease in the
longitudinal wave velocity was observed for each granite
specimen. This is primarily attributed to the evaporation of free
water in the internal pores of granite when it is heated, leading to an
increase in porosity and a decrease in density.

The variation trend of longitudinal wave velocity for each
granite specimen under different cycle numbers can be observed
from Figure 14. Prior to the 7th cycle, the decay rate of longitudinal
wave velocity for each granite specimen in both groups was
relatively slow and slightly increased with increasing heating
temperature and cooling rate. However, after the 7th cycle, a
sharp decline in longitudinal wave velocity was evident for each
granite specimen in both groups, with a significant increase
observed as the heating temperature and cooling rate increased.
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This indicates that high-temperature granite undergoes significant
physical changes and structural damage after being treated with
liquid nitrogen cooling, transitioning from its original dense and
brittle state to a loose and fragile state with increased ductility.
Additionally, the thermal stress and strain induced by high-
temperature and rapid cooling lead the generation of numerous
defects within the granite and the enlargement of existing cracks
and pore sizes.

6 Conclusion

The main purpose of this study is to investigate the mechanical
behavior and damage effects of granite under the influence of liquid
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nitrogen. Firstly, the mechanical properties of the rock are explored
through three-point bending tests with varying numbers of cycles.
Secondly, the acoustic emission characteristics and energy evolution
of the granite samples are studied using an acoustic emission
monitoring system. The fracture mode of the granite is analyzed
using AF-RA acoustic emission cloud mapping. Finally, the changes
in internal fractures and pores of the granite are quantitatively
analyzed using a non-metallic ultrasonic detector. The main
conclusions are as follows:

(1) The load-displacement curve of granite can generally be
separated into three sections. In the elastic stage, under the
same temperature conditions, the more cycles there are, the
slower the upward trend of the curve and the less significant
the variations. In the elastoplastic deformation stage, the
length and slope of the stage show different results
influenced by the number of cycles. In the failure stage,
the trend of the maximum load-bearing capacity of granite
exhibits a similar pattern to the aforementioned stages.
From the analysis of mechanical data, it can be observed
that the peak strength of granite tends to decrease with an
increasing number of liquid nitrogen cooling cycles. This
indicates that different cycle numbers have a certain impact
on weakening the mechanical performance of the rock at
the same temperature.

(2) By analyzing the evolution pattern of acoustic emission (AE)
signals in granite, we can identify several characteristics. In
the initial compaction stage, the damage effect is weak, and
the signal amplitude is low. In the elastic stage, the
cumulative ring-down counts show a slow increasing trend,
with significant increments and growth rates. In the
elastoplastic stage, frequent AE events occur and multiple
peak points appear, resulting in a rapid rise of the cumulative
count curve that takes on a concave shape. In the failure
stage, both types of signals experience sharp growth, with the
maximum increment of the cumulative count curve reached.
In tension or tension-dominant fractures, the AF-RA data
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distribution primarily falls within a rectangle along the long
side of AF and the short side of RA. Conversely, in shear or
shear-dominant fractures, the AF-RA data distribution
mainly falls within a rectangle along the long side of RA
and the short side of AF.

(3) Through ultrasonic testing experiments conducted on granite,
it has been discovered that the longitudinal wave velocity of
granite changes during the process of rock fracture, reflecting
the microstructure and crack propagation inside the rock.
As the number of cycles grows, the longitudinal wave velocity
and splitting tensile strength of granite specimens gradually
decrease, showing a decreasing trend. This indicates
a reduction in the elastic modulus of granite and an
intensification of damage. These observations imply
significant alterations to the internal pore structure of the
rock, potentially culminating in the generation or extension of
cracks. Consequently, porosity increases while density
decreases.
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