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Liquid nitrogen (LN;)-assisted fracturing has emerged as a promising technique to enhance the pro-
ductivity of hot dry rock (HDR) geothermal reservoirs. To elucidate the progressive mechanical degra-
dation and fracture mechanisms of granite under cyclic thermal shocks, this study integrates ultrasonic
testing, acoustic emission (AE) monitoring, three-dimensional profilometry, and uniaxial compression
testing. Damage evolution was assessed through velocity attenuation, waveform distortion, and AE
characteristics, while microcrack propagation and fracture morphology were analyzed using scanning
electron microscopy and surface topography reconstruction. The degradation process exhibits a distinct
cycle-dependent transition, evolving from tensile microcrack initiation during early cycles to shear-
dominated failure during prolonged cycling. In Phase I (1-3 cycles), initial thermal stresses induce
axial tensile microcracks, leading to sharp decreases in P-wave velocity (53.45 %) and amplitude
(40.55 %). Frequency analysis reveals a narrowing and convergence of secondary bands, whereas the
fracture surfaces exhibit low undulation, dominated by tensile failure. In Phase II (3-20 cycles), shear-
dominated damage progressively develops, as cyclic cooling enhances crack connectivity. AE activity
intensifies sharply, correlating with macroscopic shear crack networks. Fracture surfaces evolve toward
step-like morphologies, with roughness parameters increasing by up to 277.43 %, indicative of com-
posite tensile-shear failure. Cyclic LN, cooling significantly lowers crack initiation stress and fracture
energy, while promoting crack density and surface roughness. These findings provide critical insights
into the mechanisms of LN;-induced fracture enhancement, highlighting its potential to optimize HDR
reservoir stimulation strategies.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

renewable energy is urgently needed. In this context, geothermal
energy from hot dry rock (HDR) has gained increasing global

The world today faces two major challenges: growing energy
demand and escalating environmental pollution. To ensure sus-
tainable economic development, transitioning from fossil fuels to
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attention due to its abundant reserves, clean nature, and renew-
able characteristics, positioning it as a critical strategic alternative
to fossil fuels (Asai et al., 2022; Hamd-Allah and Al-Ameri, 2023;
Wang et al., 2025; Zhu et al., 2025).

HDR reservoirs are typically found at depths of 5-6 km, within
high-temperature rock formations (150 °C-650 °C). These forma-
tions mainly consist of low-permeability crystalline rocks, such as
granite (Breede et al., 2013). The development of these reservoirs
relies on Enhanced Geothermal Systems, a process that includes:
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(1) the establishment of injection and production well networks
using directional drilling technology; (2) the construction of
fracture networks through thermal stimulation, chemical stimu-
lation, or hydraulic fracturing; and (3) the injection of low-
temperature fluids for circulation to extract thermal energy (Hu
et al.,, 2022). However, the high strength, low porosity, and low
fracture toughness of granite result in poor frackability (Lu, 2018).
Thus, developing complex fracture networks within geothermal
reservoirs to enhance thermal conductivity remains a critical
challenge. While hydraulic fracturing, as the current mainstream
method, can modify reservoirs, it presents several drawbacks: high
fracturing pressures are required in hard formations, with sub-
stantial water consumption per well, and issues such as waste-
water treatment and excessive water resource consumption
persist.

Liquid nitrogen (LN;) fracturing is a novel, waterless technique.
It creates a fracture flow network through the dual effects of ultra-
low temperature phase change (boiling point at —196.56 °C) and
thermal stress. At the laboratory scale, triaxial tests by Qu et al.
(2022) and Hong et al. (2022) revealed that, compared to tradi-
tional hydraulic fracturing, LN, fracturing reduced the initiation
pressure by 12.4 %-51.5 %, increased fracture tortuosity by 5.9 %,
and formed a multi-branch fracture network. Cha et al. (2021)
performed visual experiments using transparent core cylinder
samples to observe crack initiation and propagation. They found
that horizontal fractures predominated during LN, fracturing, and
the fracture network became more three-dimensional and com-
plex. These experimental results demonstrate the significant po-
tential of LN fracturing technology for enhancing the modification
of HDR reservoirs, offering new possibilities for improving HDR
development efficiency.

Numerous laboratory studies have been conducted to examine
the fracture and damage effects of LN, on high-temperature HDR
reservoirs. Research findings indicate that during the use of LN,-
assisted fracturing in HDR, factors such as rock temperature, LN,
cooling rate, and the number of cooling cycles are closely associ-
ated with the resulting thermal damage. For instance, Shao et al.
(2022) investigated granite heated to four distinct temperature
gradients, followed by LN,-cooling tests. Their results revealed
that surface roughness increases with rising heating temperatures.
Below 200 °C, crack resistance slightly improves, whereas above
200 °C, fracture toughness shows a negative correlation with
heating temperature. Wang et al. (2024) observed a similar trend.
They demonstrated that crack resistance responds in stages to
temperature changes, with 200 °C being a critical threshold.
Conversely, Ge et al. (2021) suggested that under rapid LN, cooling
conditions, 400 °C acts as the pivotal temperature threshold,
beyond which significant changes occur in the physical, mechan-
ical, and fracture characteristics of granite. When temperatures
exceed 400 °C, heat-induced internal damage in granite worsens,
enhancing its plastic behavior and substantially reducing fracture
toughness. Mahesar et al. (2020) used scanning electron micro-
scopy (SEM) to analyze the impact of LN, cooling on the pore
structure of sandstone. Their findings revealed that after 90 min of
cooling, crack width and connectivity increased significantly, with
a 58 % rise in porosity and a 74 % reduction in the nanoindentation
modulus. Additionally, the LN; cooling rate plays a critical role in
the degradation of granite's mechanical properties. Wu et al.
(2019), Sha et al. (2020), and Li et al. (2020) performed compre-
hensive comparisons of thermal damage in rocks at high temper-
atures, investigating various cooling methods, including air, water,
and LN, cooling. These studies consistently showed that LN,
cooling causes the most severe degradation in physical and me-
chanical properties, compared to air and water cooling. The ther-
mal shock effects become more pronounced as rock temperatures
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rise. Furthermore, a single cooling cycle often has limited thermal
damage and does not significantly enhance rock fracturing effi-
ciency. Therefore, cyclic cooling is commonly employed to lower
the rock’s fracture initiation pressure and increase fracturing vol-
ume. Rong et al. (2021) performed 24 cycles of LN, cooling on
granite and found that increasing the number of cycles led to a
continuous degradation in physical and mechanical properties,
including reductions in wave velocity, porosity, and strength.
However, after 12 cycles, the extent of damage stabilized. Simi-
larly, Ge and Sun (2018) studied the acoustic emission (AE)
behavior of granite under LN, cyclic cooling. They observed that
the cooling process increased microcrack density, leading to
reduced granite strength.

LN, cooling significantly enhances pore structure connectivity,
accelerates thermal crack development, and reduces the me-
chanical strength of rocks. Ultrasonic testing is a non-destructive
method commonly used to characterize rock damage. The princi-
ple behind this technique is that as ultrasonic waves propagate
through the pores and fractures within the rock, attenuation oc-
curs, which reflects the degree of damage (Sun et al., 2022; Al-
Ameri and Hamd-Allah, 2023). Fan et al. (2022) measured the P-
wave velocity of granite following thermal shock and found a
negative correlation between P-wave velocity and both heating
temperature and thermal shock. Wanniarachchi et al. (2017) tested
the P- and S-wave velocities of various rocks, assessing the me-
chanical properties of different rock types. While ultrasonic testing
provides valuable information regarding rock damage, research in
this area remains limited. Most studies on LN>-induced damage in
high-temperature HDR focus on P- and V-wave velocities. Fewer
studies examine transmitted waveforms, amplitudes, and domi-
nant frequencies. Therefore, utilizing ultrasonic testing to further
explore the damage and fracture characteristics within HDR is
crucial for advancing the development of LN, fracturing
technology.

It is noteworthy that, although numerous studies have inves-
tigated the effects of low-temperature LN,-induced thermal shock
on high-temperature reservoir rocks, detailed research on the
fracture morphology and failure behavior of reservoir rocks re-
mains lacking. At present, the relationship between the number of
LN, cooling cycles and fracture connectivity is still unclear, and
systematic studies on the underlying damage effects and mecha-
nisms are scarce. It has been confirmed that LN; cooling cycles
contribute to enhancing the connectivity of reservoir fractures
(Yin et al., 2019; Su et al., 2022). As an important indicator for
evaluating the artificial fracturing of thermal reservoirs, the frac-
ture behavior and fracture morphology of HDR are closely related
to the productivity efficiency of geothermal reservoirs. Therefore,
it is essential to investigate the impact of LN, cooling cycles on
fracture enhancement within geothermal reservoirs.

To explore the fracture morphology and failure behavior of
rocks under cyclic heating and LN; cooling conditions, this study
quantitatively assesses the promoting effect of LN, cooling cycles
on crack propagation and the changes in fracture surface rough-
ness. The study employs ultrasonic testing technology to
comprehensively analyze the damage response of granite during
the LN, cooling process from multiple perspectives, including
wave velocity, waveform, amplitude, and frequency. Through
uniaxial compression tests and AE monitoring, the extension of
microcracks and fracture behavior of granite under different LN,
cycle counts are analyzed. Finally, using microscopy, 3D profil-
ometry, and SEM, the internal structural damage and three-
dimensional fracture morphology at different LN, cycle counts
are observed and compared. These findings further reveal the
significant role of LN, cooling cycles in reducing the cracking
pressure of granite and enhancing fracture connectivity. The
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results are of great significance for evaluating the frackability of
reservoir rocks under various LN; cycle conditions.

2. Materials preparation and methods
2.1. Preparation of samples

Granite samples for the experiments were collected from
Xuzhou, Jiangsu Province, China (Fig. 1). The samples are light gray
and classified as coarse-grained granite. All samples were extrac-
ted from the same rock specimen. They were shaped into standard
cylindrical specimens measuring 100 mm in height and 50 mm in
diameter. The preparation followed the standards set by the In-
ternational Society for Rock Mechanics and Rock Engineering
(ISRM). To control the impact of heterogeneity on the experi-
mental outcomes, rock samples with similar mass and wave ve-
locity were selected for testing.

2.2. Experimental equipment and testing procedures

The study subjected granite samples to repeated cycles of high-
temperature heating followed by rapid cooling with LN,. Subse-
quent analyses included structural damage characterization, uni-
axial compression testing, and fracture morphology examination.
The experimental setup and testing procedure are shown in Fig. 2.

Initially, the granite samples were heated in an oven to a target
temperature of 300 °C, with a controlled temperature increase of
5 °C/min. To ensure uniform internal and external heating, the
samples were maintained at 300 °C for 3 h. After reaching the
desired temperature, the samples were promptly transferred to an
LN, tank (—196 °C) for rapid cooling, where they were held for 1 h.
Each heating and LN,-cooling sequence constituted one complete
cycle. The experimental design incorporated eight different cycle
counts: 0 cycle, 1 cycle, 3 cycles, 5 cycles, 7 cycles, 9 cycles, 15
cycles, and 20 cycles, to systematically evaluate the effects of
repeated thermal stress on the granite samples.

After heat treatment, the granite samples were assessed for
structural damage. Ultrasonic testing was used to evaluate the
extent of internal damage within the rock (Sang et al., 2020).
Specifically, an NM-4A non-metallic ultrasonic flaw detector was
employed to examine the internal structure, while surface struc-
tural changes were observed using a high-resolution microscope
with a resolution of up to 1.1 pm. The source parameters for the
ultrasonic system include a sampling period of 0.4 ps, an emission
voltage of 500 V, and a sampling length of 512 samples.

Fig. 1. Granite sample.
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Additionally, the mass loss of the granite samples was
measured using an electronic balance before and after the cyclic
treatment to evaluate material degradation. Uniaxial compression
tests were subsequently conducted using the TAWD-2000 system
under displacement control, with a loading speed of 0.1 mm/min.
This system has a maximum axial load capacity of 2000 kN and a
load measurement accuracy of +1 % of the indicated value. During
the compression tests, AE monitoring was carried out using the
PCI-2 AE system to track the formation and development of in-
ternal cracks. The AE system was configured with a pre-amplifier
gain of 40 dB and a fixed threshold of 35 dB.

Upon completion of the uniaxial compression tests, the frac-
tured specimens were collected for detailed fracture morphology
analysis. The fracture surfaces were scanned using a VR-5000 series
3D profilometer, which offers resolutions up to 160 x and zoom
capabilities ranging from 1 x to 4 x . For this analysis, a magnifi-
cation of 12 x was utilized to capture detailed images of the fracture
surfaces. The scanning procedure included: (1) Position Adjust-
ment: The specimen was placed on a rotating platform and
adjusted to ensure the fracture surface remained horizontal. (2)
Reference Plane Setup: A reference plane was established, and
magnification was adjusted for precise measurements. (3) Auto-
focus: The autofocus function was activated for clarity before
measurements. (4) Result Saving: The results were saved for sub-
sequent analysis of fracture morphology and surface roughness.

3. Test results
3.1. Apparent structural changes and mass loss of granite

Fig. 3 presents the results of microscopic observations of the
structural changes on the granite surface after multiple cycles of
LN; cooling. X-ray diffraction (XRD) analysis and the color contrast
of mineral grains effectively identify the different mineral com-
positions in the granite samples. After multiple heating and LN,
cooling treatments, the microstructure of the granite remained
largely unchanged, with no visible macroscopic cracks observed.
However, as the thermal cycles progressed, the white texture be-
tween the mineral particles gradually appeared, indicating a
reduction in the cementation strength between the grains. This
phenomenon is consistent with the findings of Wang et al. (2024).
Furthermore, detailed observations by Rong et al. (2021) using a
high-definition camera revealed significant structural damage to
the granite surface after LN, cycling. After 15 cycles, as shown in
Fig. 3g and h, the white texture became denser and more pro-
found, indicating that the cycling treatment exacerbated the
thermal damage to the granite. The temperature gradient is the
primary factor responsible for granite damage. During the
quenching of high-temperature granite with LN, rapid heat ex-
change between the LN, and the hot granite generates intense
thermal shock within the rock (Hou et al., 2021). The repeated
cycles significantly degrade the physical and mechanical proper-
ties of the granite.

Fig. 4 shows the trend of mass change in granite with different
thermal cycles. As the frequency of high-temperature heating and
LN,-cooling cycles rises, the percentage of mass loss of the granite
gradually increases, though the rate of mass loss diminishes over
time. The main factor contributing to this phenomenon is the
dehydration of rock minerals and the detachment of fine mineral
particles (Hu et al., 2018). At ambient temperature, granite main-
tains its natural state, containing a certain amount of free and
bound water. As high-temperature heating progresses, moisture
gradually evaporates, leading to a decrease in mass. Previous
studies have shown that the moisture in rock minerals undergoes
different dehydration reactions at various temperature ranges,
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AE system

Fig. 2. Experimental procedure diagram.

particularly when the temperature exceeds 100 °C, causing water
molecules to escape from the mineral pores (Sun et al., 2015;
Zhang et al., 2016). Repeated heating cycles intensify the dehy-
dration of mineral particles, resulting in a continuous reduction in
the mass of the granite specimens. After 20 cycles, the sample
mass decreased by 0.36 %, showing a small reduction. Following
multiple cycles, the mass loss tends to stabilize.

3.2. Evolution of ultrasonic properties of granite at different
heating cycle counts

Ultrasonic testing, a widely used non-destructive method in
rock mechanics, is employed to evaluate internal damage in rock
cores (Li et al., 2023). When ultrasonic waves propagate through
fractured rock, they refract at pores and cracks. The superposition
of reflected and transmitted waves alters the velocity and wave-
form of the received signal. By analyzing changes in wave velocity
and waveform characteristics, ultrasonic testing effectively reveals
the development of pores and cracks within granite samples (Chen
et al., 2017).

Fig. 5 presents the ultrasonic time-domain spectra of granite
samples subjected to different thermal cycles. To eliminate biases
caused by sample density differences and to better capture the
changes induced by thermal cycling, this experiment compares the
waveform variations (including amplitude and frequency) at
different cycle counts with the waveforms of the corresponding
intact rock samples. The waveform of the untreated sample is
highly regular, characterized by stable amplitude and consistent
periods, indicating an intact internal structure in the absence of
thermal or mechanical stress. However, as the number of high-
temperature heating and LN;-cooling cycles increases, the regu-
larity and integrity of the waveform gradually deteriorate,
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accompanied by significant fluctuations in amplitude. Specifically,
reductions in the amplitude of the initial wave (3 cycles), central
wave (5 cycles, 7 cycles, and 15 cycles), and trailing waves (1 cycle,
5 cycles, and 9 cycles) are observed. These variations suggest that
the cumulative thermal damage to the granite intensifies with an
increasing number of cycles, progressively compromising the
integrity of the internal structure. Notably, after 5 cycles, the
waveform becomes severely distorted, with a marked decrease in
amplitude. Repeated high-temperature heating and LN;-cooling
induce a greater number and larger area of microcracks within the
granite. This extensive microcracking amplifies the diffraction and
scattering of sound waves, resulting in significant alterations to
both the waveform and amplitude.

By analyzing the changes in the ultrasonic waveform, the de-
gree of damage to the core can be assessed to some extent; how-
ever, the frequency characteristics of the signal cannot be directly
observed. The frequency reflects the absorption and filtering
characteristics of granite towards ultrasonic waves. During the
propagation of the waves through the core, the presence of frac-
tures and pores causes attenuation and frequency drift. Thus,
transforming the signal from the time domain to the frequency
domain makes it easier to analyze signal characteristics like fre-
quency and amplitude. Fourier transform, a widely used compu-
tational method, effectively transforms the time-domain
ultrasonic signals into their frequency-domain counterparts. The
Discrete Fourier Transform (DFT) is represented by the following
formula (Sun et al., 2021):

N-1 n
Xe=> xne 2N k=0,1,--N-1
n=0

(1)
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.
20 cycles

Fig. 3. Surface structure of granite under different thermal cycles.

where X, is the n-point DFT result for the sequence x;; 2Ky is the
N-th complex root of unity; and i is the imaginary unit. Let k be the
sampling location, where the sampling location is 0,1,- - - ,\N— 1.
The Fast Fourier Transform is a highly efficient algorithm used to
compute the DFT, allowing the transition of the ultrasonic signal
from the time domain spectrum into the frequency domain
spectrum.

In ultrasonic-based internal defect detection of rock materials,
the formation of microcracks significantly alters the wave speed,
amplitude, and frequency characteristics of the sound waves.
Specifically, the propagation speed of ultrasound in the rock

Journal of Rock Mechanics and Geotechnical Engineering 18 (2026) 3447-3470

medium is directly related to the material's density and elastic
modulus. When microcracks form inside the rock, the defect areas
experience a local decrease in wave speed due to structural loos-
ening or elastic degradation. Amplitude attenuation reflects the
size and shape of the defects. The reflection and scattering effects
of microcracks on the sound waves lead to energy dissipation in
the transmitted wave, manifested as a significant reduction in
amplitude at the receiving end. Frequency response reveals the
scale of the defects, with small-scale cracks causing the scattering
of ultrasound waves, leading to faster energy attenuation of the
high-frequency components. The acoustic response of microcracks
exhibits a clear frequency dependence, with changes in the
number and scale of microcracks often leading to frequency
attenuation and shifts. By comprehensively analyzing the varia-
tions in these parameters, both quantitative and qualitative as-
sessments of the microcracks can be achieved.

Fig. 6 presents the ultrasonic frequency spectrum of granite
under different thermal cycles. It can be observed that the ultra-
sonic frequency spectrum mainly consists of a primary frequency
peak and several secondary frequency peaks. In the initial state,
the primary frequency of granite is approximately 48.92 kHz, with
the highest corresponding amplitude intensity, fluctuating be-
tween 68.94 dB and 60.74 dB, with an average value of 64.68 dB.
The secondary frequencies fluctuate within the range of
0-100 kHz. As the number of high-temperature heating and LN;-
cooling cycles increases, the amplitude of the primary frequency
gradually decreases, and the bandwidth increases, while the
amplitude and bandwidth of the secondary frequencies decrease
accordingly. These changes indicate an increase in the structural
damage of the granite. The increase in the primary frequency
bandwidth indicates the expansion of large-scale cracks, while the
narrowing and eventual convergence of the secondary frequency
bandwidth to the primary frequency range suggest that with
repeated LN»-cooling cycles, microcracks gradually connect with
the main cracks (Wanniarachchi et al., 2017). Notably, the overall
decrease in frequency amplitude indicates the formation of more
discontinuous, small-scale microcracks inside the granite. The
increased discontinuity and number of thermally induced cracks
lead to the differentiation of ultrasonic frequencies, attenuation of
the primary frequency peak, and dispersion of energy. Therefore,
compared to a single cycle, the more cycles performed, the more
pronounced the LN, fracturing effect.

Wave velocity and amplitude are among the most intuitive and
crucial physical parameters in ultrasonic analysis, as they directly
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reflect the amount of structural damage present in the granite. The
ultrasonic tests measured the changes in wave velocity and
amplitude of each sample before and after the cycles, as shown in
Fig. 7. Both P-wave velocity and amplitude exhibit significant re-
ductions with the rise in cycle count. Following a single thermal
cycle of heating at high temperature and LN»-cooling, the P-wave
velocity decreased by 39.08 %, representing the maximum reduc-
tion observed. During the thermal treatment process, the tem-
perature differential between 300 °C and —196 °C induced thermal
cracking in the granite. The formation of thermal fractures
compromised the structural integrity of the sample, resulting in
ultrasonic energy attenuation as the waves passed through the
cracks, thereby reducing the P-wave velocity. With the rise in cycle
count, both P-wave velocity and amplitude continued to decrease,
although the rate of decline gradually slowed, following an initial
rapid decrease, followed by a more gradual reduction. This phe-
nomenon can be attributed to the cyclic stimulation by LN;, which
fully activated the damage potential of the granite. With the rise in
cycle count, the propagation of thermally induced cracks slowed
down. The cyclic exposure to LN, exacerbates this degradation.
However, after a certain number of cycles, the P-wave velocity and
amplitude reach a stable state, and the internal defects in the
granite no longer show significant growth.

3.3. Mechanical property changes in granite with varying thermal
cycles

As illustrated in Fig. 8, granite samples exhibit varying stress-
strain characteristics after exposure to different thermal cycles.
These variations can be attributed to two primary factors: (1) With
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an increase in the number of cycles, the peak load of the granite
decreases gradually, accompanied by a corresponding increase in
axial strain. (2) Before reaching the peak, the non-linear defor-
mation characteristics of the stress-strain curve become more
pronounced. In the post-peak phase, the continuity of the curve is
significantly prolonged, displaying a distinctive “multi-peak”
morphology. These findings provide further evidence of the
detrimental effects of thermal heating and LN,-cooling cycles on
the internal microstructure of granite, resulting in notable changes
to its mechanical properties. The damage to the granite intensifies
progressively with an increasing number of cycles, as more pores
and microcracks develop. Under external loading, greater axial
displacement is required to close these fractures, leading to an
extended compaction phase and a pronounced non-linear increase
in stress. Additionally, the post-peak phase becomes significantly
longer, exhibiting ductile behavior closely associated with the
density of thermal cracks in the samples (Ge and Sun, 2018). As
axial stress increases, thermal cracks connect with newly formed
microcracks, complicating the crack propagation pathways. The
cold shock induced by LN, cycling not only reduces the fracture
initiation stress of the granite but also amplifies the extent of
fracturing, thereby enhancing the fracturability of high-
temperature granite.

Granite's ability to withstand uniaxial compression and its
associated elastic modulus are critical mechanical properties that
influence the generation and propagation of cracks during frac-
turing with LNj. Fig. 9 illustrates the changes in granite's
compressive strength and elasticity with different thermal cycles.
Both uniaxial compressive strength and elastic modulus exhibit a
nonlinear reduction with the increasing repetition of high-
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temperature heating and LN;-cooling cycles. This reduction is
primarily attributed to the stimulating effects of LN; cycling on the
granite's framework structure. Due to thermal stresses, the granite
accumulates progressive damage, leading to an increase in internal

porosity. This rise in porosity weakens the granite's resistance to
deformation and failure, thereby reducing its effective load-
bearing capacity. In the first three cycles, the uniaxial compres-
sive strength and elastic modulus showed significant reductions of
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thermal cycles.

28.89 % and 21.96 %, respectively. Over the subsequent 17 cycles,
these two parameters decreased further by 20.4 % and 27.17 %,
respectively. This indicates that the mechanical properties of
granite degrade most significantly during the initial cycles. As the
cycle count increases, the deteriorative effects caused by LN;
thermal shocks become progressively less pronounced. This trend
aligns with the changes observed in wave velocity and amplitude.

3.4. Energy evolution during fracture propagation

The deformation and failure of granite are fundamentally
energy-driven processes. Throughout the fracture and failure
mechanism, these processes are typically accompanied by the
absorption, accumulation, dissipation, and release of energy (Chen
et al., 2019). The energy imparted to the system reflects the energy
required to fracture granite. Therefore, analyzing the evolution of
energy during fracture is crucial for elucidating the damage and
fracture mechanisms induced by LN,. This analysis is essential for
enhancing rock-breaking efficiency in practical engineering ap-
plications and improving the exploitation efficiency of HDR
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resources.

Under external loading, the structure of granite undergoes
damage, with stress at defect sites experiencing sudden changes,
leading to the localized release of stress. Therefore, analyzing the
damage and fracture characteristics of granite from an energy
perspective provides a clearer and more accurate representation of
its fracturing behavior. According to the first law of thermody-
namics, the strain energy of rocks in uniaxial compression tests
can be classified into two categories: A type of strain energy is the
elastic deformation energy that can be stored in the rock and
recovered reversibly, whereas another form includes the energy
associated with surface damage and the plastic deformation
required for crack growth, which are irreversible. Based on the
definitions of energy input density and elastic energy density, the
energy calculation formula is given by

U= /giaidei 2)
0

Ue — / ides 3)
0

ud =U-Ue (4)

where U represents the total energy, U denotes the elastic po-
tential energy, Uy refers to the dissipative energy, o;(i=1,2,3)
represents the different principal stresses, ¢;(i=1,2,3) corre-
sponds to the different principal strains, and & (i= 1,2, 3) signifies
the different elastic principal strains.

Fig. 10 illustrates a schematic representation of the energy
components during rock failure. In this figure, E denotes the elastic
modulus in the elastic region of the stress-strain curve under
applied load, E, represents the elastic modulus during unloading,
eP corresponds to the plastic strain, and ¢ refers to the elastic
strain. Taking the peak stress, op, as an example, the area enclosed
by OPB represents the total energy UP absorbed by the rock at the
peak stress point; the area enclosed by OAP corresponds to the
dissipative energy Ud]J at the peak stress; and the area enclosed by

ABP represents the elastic potential energy U? at the peak stress.
The total energy U absorbed by the rock during loading can be
calculated by integrating the area under the stress-strain curve

o
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Fig. 10. Schematic diagram of the energy components during rock failure.
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and above the coordinate axes, as given by Eq. (2). Simultaneously,
the accumulated elastic potential energy U. of the rock can be
computed by determining the area of the triangle OAP. Therefore,
Eq. (3) can be further transformed into Eq. (5). The specific
expression for calculating the elastic potential energy U, of the
rock is as follows:

e

1
Uez/ oidef =

0

where the elastic modulus E, of the unloading curve during the
rock calculation process can be approximately substituted by the
elastic modulus E of the loading curve.

The energy curves for granite, subjected to various heating and
LN;-cooling cycles, are illustrated in Fig. 11. As observed from the
figure, during the initial compaction and elastic phases, the total
energy absorption curve of granite exhibits a concave upward and
nonlinear evolution, which parallels the elastic energy curve.
During this phase, a portion of the absorbed energy is used to
compact the initial pores and fissures in the granite, while the rest
is transformed into elastic energy stored in the rock specimen. The
total energy curve increases alongside the elastic strain energy
curve, indicating that the granite is undergoing energy accumu-
lation and energy hardening. As the cracks within the granite
propagate, the material enters the nonlinear evolution phase,
during which the rate of increase in dissipated energy accelerates.
The total energy curve starts to deviate from the elastic energy
curve. In this stage, most of the absorbed energy is primarily
involved in the formation, growth, and merging of new cracks
within the material. As the stress in the granite nears its peak, the
accumulated elastic energy slowly approaches its maximum
storage capacity. Once the peak is reached, accompanied by
macroscopic fracture of the granite, the stress rapidly decreases,
while the elastic energy curve follows the same evolution trend as
the stress-strain curve. At this point, the accumulated elastic en-
ergy is released instantaneously, leading to a rapid increase in
dissipated energy. Although granite continues to absorb energy
during this phase, the absorbed energy is primarily dissipated in
the form of dissipative energy.

An analysis of the energy evolution curves for granite exposed
to varying heating and LN;-cooling cycle counts reveals that as the
number of cycles increases, the upward concave features of both
the total energy curve and the elastic energy curve become more
pronounced. This suggests a rise in the initial damage to the
granite and a prolongation of the compaction phase. Due to the
simultaneous impact of high-temperature heating and LN,-cool-
ing, the cyclic thermal stresses cause further development of the
initial microscopic damage within the rock (such as pores and
cracks), and lead to the formation of numerous new microstruc-
tural damages. Additionally, starting from the third cycle, both the
stress and elastic energy curves of the granite exhibit a charac-
teristic multi-stage drop after the peak. This behavior results from
the continuous release of accumulated energy, which induces
fractures within the rock. Each fracture causes fluctuations in the
elastic energy peak and leads to the establishment of a new stress
equilibrium. When the accumulated energy reaches the structural
limit, the granite undergoes final fracture. These phenomena
indicate that LN»-cooling induces irreversible damage to granite,
increasing the number of initial cracks. As the loading process
progresses, the tips of these microcracks further propagate,
forming wing cracks that eventually coalesce into weakened re-
gions. This significantly reduces the granite's load-bearing capac-
ity and intensifies its fracture severity.

Fig. 12 depicts the energy evolution patterns at the peak points
of granite subjected to various heating and LN,-cooling cycles.

1

5 (5)

Ofe —

2Ey
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With the rise in cycle count, both the total energy density and
elastic energy density show a decreasing trend. This indicates that
after multiple cycles, the energy accumulated in the granite di-
minishes gradually, leading to a significant reduction in its resis-
tance to deformation and failure. In addition to the thermal
cracking induced during the heating process, the extreme tem-
perature gradient during LN,-cooling further damages the granite,
leading to a marked alteration in its fracture behavior. Notably, the
reduction in elastic energy density is most significant between one
and three cycles, reaching 27.6 %. Similarly, the greatest decrease in
total energy density occurs between the untreated (0 cycle) and
one-cycle samples, amounting to 28.76 %. This suggests that dur-
ing the first three heating-LN;-cooling cycles, the physical and
mechanical properties of granite experience a notable deteriora-
tion. However, with an increasing number of cycles, the damage to
the granite does not continue to rise indefinitely; rather, it stabi-
lizes and evolves more slowly.

3.5. Changes in fracture modes

When materials deform and fail due to internal defects under
external energy, the resulting elastic waves are referred to as AE.
As a non-destructive testing technique, AE plays a crucial role in
monitoring rock fracture behavior during mechanical testing
(Mansurov, 1994). The macroscopic failure of granite typically
originates from the formation of microcracks. By analyzing the AE
signals produced during the fracturing and failure of granite, the
scale and patterns of these microcracks can be determined.

Fig. 13 shows the physical meaning of the AE characteristic
parameters. Cracks in materials are typically categorized into two
main types: shear cracks and tensile cracks. By analyzing the rise
angle (RA) and average frequency (AF) of the AE parameters, the
cracking mechanisms of rocks during the instability and failure
process can be identified. Typically, it is understood that tensile
crack propagation leads to the generation of longitudinal waves
with reduced RA values and increased AF values, whereas shear
crack propagation results in shear waves with increased RA values
and decreased AF values (Zheng et al., 2023).

Fig. 14 shows the AE event counts and cumulative counts of
granite under different thermal cycles. After various cycles of high-
temperature heating and LN, cooling, significant changes occur in
both the mechanical and AE characteristics of the granite. For the
untreated samples and the one-cycle samples, the AE activity is
more prominent during the pre-peak stage, with the cumulative
AE counts showing a stepped increase. Each sudden spike in the
cumulative AE counts corresponds to a fluctuation in the stress
curve. After three cycles, the AE activity of granite primarily con-
centrates on the post-peak stage. Not only does the AE event count
increase, but their duration also extends. The cumulative AE
counts experience significant growth mainly during the post-peak
stage, especially after 5 cycles, 9 cycles, and 20 cycles. These
differentiated phenomena indicate that the number of cycles
significantly influences the internal structure and mechanical
properties of the granite. At low cycle numbers (0 cycle and 1
cycle), the damage within the granite is minimal, and the rock
exhibits brittle characteristics. Brittle failure is more likely to occur
during the pre-peak stage, corresponding to sudden fluctuations in
the stress curve and spikes in AE counts. In the post-peak stage, a
single main crack often forms, leading to rapid failure. As the
number of LN, cooling cycles increases, the initial microcracks in
the granite increase, and the compaction phase is extended
(shown by a smooth, concave stress curve), thereby enhancing the
toughness of the granite. During the post-peak stage, microcracks
interconnect and form macroscopic cracks, resulting in stress
release and structural failure, ultimately leading to multi-stage
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fractures. At this point, AE activity becomes frequent, and the
cumulative counts increase rapidly. The results of the study show
that after multiple LN, cooling cycles, not only is the crack initia-
tion pressure of the granite reduced, but the formation of a com-
plex fracture network is also facilitated.

Fig. 15 illustrates granite's AF-RA data distribution with
different thermal cycles, with the blue region representing the
high-density area of AE data. The variation in the high-density
region with respect to cycle number reflects the growth and
pattern of microcrack propagation in the granite. It can be
observed that with an increasing number of high-temperature
heating and LN»-cooling cycles, the high-density region gradu-
ally changes from an initial “I” shape to a “b” shape. A large tem-
perature contrast between high-temperature heating and LN-
cooling results in the formation of thermal gradients within the
granite, causing mineral particles to undergo compressive defor-
mation due to uneven heating, which subsequently leads to ther-
mal cracking. Under loading, the extent and propagation rate of
microcracks increase with the presence of larger initial defects.
Notably, in addition to the increase in the number of AE signals, the
characteristics of these signals shift from “high AF - low RA” to
“high RA - low AF”. This indicates that granite with more severe
thermal damage exhibits a greater number of shear microcracks
under loading, which is associated with the initial damage density
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induced by thermal stress. As more high-temperature heating and
LN>-cooling cycles are applied, the initial damage grows markedly.
Under axial stress, the damaged regions are more prone to un-
stable crack propagation, resulting in a higher occurrence of shear
microcracks.

Furthermore, the crack patterns during the fracture process of
granite can be quantified based on the specific ratio between AF
and RA. According to previous studies (Du et al., 2020), in this
study, the equation AF = 110RA + 60 defines the boundary be-
tween tensile and shear cracks. As shown in Fig. 16, the ratio of
tensile cracks to shear cracks in granite specimens changes with
the number of heating and LN,-cooling cycles. In the cycle range
from O to 20, the percentages of tensile cracks are as follows:
55.9 %, 52.1 %, 34.7 %, 29.7 %, 281 %, 26 %, 25 %, and 16.1 %,
respectively. The results indicate that, starting from the third cycle,
there are more tensile cracks than shear cracks, suggesting a shift
in the fracture mode of granite. At low cycle numbers (0 and 1), the
damage caused by LN, cold shock is limited, and the induced
microcracks primarily propagate along the internal matrix sur-
faces, with intergranular cracks being predominant. This leads to
tensile fracture as the primary failure mode in granite. At high
cycle numbers (3-20), the cumulative damage caused by LN, cold
cycling results in a considerable decrease in the strength of min-
eral grains and their bonding forces. This leads to the simultaneous
development of transgranular and intergranular cracks, which
shifts the dominant fracture mode of granite to shear failure
(Wang et al., 2016).

Furthermore, the increase in the proportion of shear cracks
corroborates the evolution of the AE event count. The LN; cooling
cycle induces the formation of more micro-cracks inside the
granite. Under external loading, these micro-cracks connect,
creating weak planes within the granite. As the load continues to
increase, these weak planes are the first to fail, leading to a drop in
stress and a surge in AE events. At this point, the granite has not
fully failed; internal stress within the granite is redistributed (e.g.
through granular crushing, frictional sliding), and it still retains
some compressive strength. As external loading continues, the
granite undergoes multi-stage fractures, ultimately leading to
failure. Throughout this process, the AE event count remains
highly active, and the increase in the proportion of shear cracks
also indicates that the fracture mode becomes more complex.

Figs. 17-19 show the AF-RA data distribution of granite at
different stages under 3 cycles, 5 cycles, and 9 cycles, respectively.
Based on the total stress curve of granite, its failure process can be
divided into five stages: I: Compaction stage, II: Elastic stage, III:
Crack stable propagation stage, IV: Crack unstable propagation
stage, and V: Post-peak stage. As shown in Fig. 17a, 18a and 19a,
during the compaction and elastic stages (stages I and II), the AF
and RA curves remain relatively stable. During these stages, the
initial cracks in the granite close, the granite remains in a low-
stress state, and fewer microcracks are generated, mostly in the
form of tensile cracks. As the loading time increases, the AF and RA
curves begin to fluctuate. Overall, AF shows a downward trend,
while RA shows an upward trend, with the ratio between the two
increasing over time. This indicates that with increasing external
load, internal cracks start to initiate and propagate, and the
number of shear microcracks increases. Particularly during the
crack propagation stages (IIl and IV) and the post-peak stage (V),
the AF and RA curves experience significant fluctuations, with both
tensile and shear cracks developing concurrently.

Notably, each drop in the stress curve corresponds to a sharp
decrease in the AF curve and a surge in the RA curve. This suggests
that the cracks that ultimately lead to granite failure are pre-
dominantly shear cracks. By comparing the AF-RA data distribu-
tion at different stages, it is also observed that the AE data extends
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Fig. 14. AE event counts and cumulative counts of granite under different thermal cycles.
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towards the RA axis. This indicates that both shear and tensile
cracks increase during the failure process, with shear cracks
growing at a higher rate. Additionally, by comparing the AF-RA
data distribution for different cycles, it is found that granite sub-
jected to more LN;-cooling cycles generates a higher proportion of
shear cracks during the crack propagation and post-peak stages.
The high-temperature heating and LN»-cooling cycles cause
damage to the granite's microstructure (such as crystal defects and
microcrack distribution), making the fracture path more complex
and more prone to shear failure.

The crack morphology of rocks directly reflects their fracture
characteristics and the extent of damage. During the experiment,
granite fractures along multiple fracture surfaces. This study
selected the primary fracture surface (the one through which the
main crack propagates) for morphological measurements, as it has
the largest area, most accurately represents the overall fracture
behavior, and provides the most reliable data for analyzing surface
roughness and fracture mechanisms. Fig. 20 depicts the macro-
scopic fracture patterns of granite specimens after undergoing
different thermal cycles. As shown in Fig. 20a, granite primarily
exhibits three fracture modes under uniaxial compression: tensile
failure, single-shear plane failure, and X-type conjugate shear
failure. Notably, when initial fractures are present within the
granite, complex fracture modes, such as Y-type failure and multi-
fracture failure, can also occur. As shown in Fig. 20b, after O cycle
and 1 cycle of processing, the fracture mode of granite is pre-
dominantly tensile failure. Under axial compression, the induced
lateral tensile stresses exceed the granite's ultimate tensile
strength, causing the fracture to propagate along the axial direc-
tion, with multiple tensile cracks visible on the surface parallel to
the axis. Starting from the third cycle, the primary fracture plane of
the granite undergoes a significant transition to an inclined shear
crack. This indicates that, from the third cycle onward, the fracture
mode of the granite shifts from axial tensile failure to a single
shear failure along an inclined plane. This experimental result is
consistent with the classification of AF-RA in the AE data. With an
increase in the number of high-temperature heating and LN-
cooling impact cycles, the number, depth, and tortuosity of
macroscopic cracks in granite further increase. Both primary and
secondary fractures develop concurrently, resulting in a complex
fracture morphology. This indicates that the structural damage
caused by LN, affects the propagation direction of the fracture
path. After multiple cycles of treatment, LN, induced a larger
number of more complex microcracks. The complexity of these
microcracks promoted the development of more intricate shear
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fracture paths within the sample. Under applied loading, these
complex microcracks rapidly propagate, ultimately resulting in a
shift in the macroscopic fracture morphology of the granite.

3.6. Analysis of fracture morphology and surface roughness

The morphological characteristics of granite fracture surfaces
are essential for studying rock deformation and failure. The extent
of damage to granite is influenced by the number of heating and
LN,-cooling cycles, and the fracture surfaces formed after rock
failure exhibit distinct differences. The morphological features of
the fracture surfaces allow for a qualitative analysis of crack
propagation and fracture modes, indirectly reflecting the degree of
damage to the rock's microstructure.

Fig. 21 presents three-dimensional cross-sectional images of
granite fracture surfaces under different thermal cycles. After
0 cycle and 1 cycle, the internal damage to the granite is relatively
minor, with fewer microcracks and no significant surface un-
dulations. Starting with the sample subjected to 3 cycles, larger
valleys and peaks become evident, and the fracture surface ex-
hibits more pronounced undulations. As the cycle count increases,
extensive undulations appear in the diagonal regions of the frac-
ture surface, displaying typical shear failure characteristics. This
results from the combined effects of high-temperature heating
and LN;-cooling on the granite. Under these conditions, pre-
existing microcracks expand irregularly while new microcracks
continue to nucleate. The interaction between the growth of
existing and newly formed cracks creates weak zones, progres-
sively reducing the rock's load-bearing capacity.

As axial pressure increases, microcracks gradually connect and
propagate, leading to the formation of interconnected weak zones.
These weak areas fail first, after which macroscopic failure cracks
extend into other weak regions. This process ultimately results in
the development of characteristic shear failure features. Moreover,
with an increasing number of cycles, the step-like features on the
fracture surface become more pronounced. This further indicates
that, compared to a single LN,-cooling cycle, repeated cooling
cycles are more likely to induce the formation of large-scale,
complex crack networks. The development of these crack net-
works increases the contact area between the heat exchange
medium and the reservoir rock, which is critical for improving the
efficiency of geothermal energy extraction.

Roughness and complexity are key attributes for characterizing
fracture surface morphology. By selecting appropriate feature
parameters based on the measurement of fracture surfaces, the
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roughness and complexity of rock fracture planes can be effec-
tively quantified. Common feature parameters include: (1) arith-
metic mean height S,, defined as the average vertical distance of all
points in the surface area to the reference plane; (2) root mean
square height Sq, representing the standard deviation of the ver-
tical distances between the surface points and the reference plane;
(3) maximum height S, which refers to the total height difference
between the highest peak and the lowest valley within the surface
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area; and (4) fractal dimension Dg, calculated using the box-
counting method (Wanniarachchi et al,, 2017; Su et al., 2022).
The specific calculation formulas for the feature parameters are as
follows (Jia et al., 2018):

1
Sa= [ 120y)ldxay

(6)
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Fig. 18. Distribution of AF-RA data at different stages of granite under 5 cycles: (a) Total stress diagram; (b) Stage I; (c) Stage II; (d) Stage III; (e) Stage IV; and (f) Stage V.

(7

(8)

S;=Sp+Sy

where A represents the area of the surface region; (x,y) denotes
the coordinates (both horizontal and vertical) of the points within
the surface area; z(x,y) is the height function corresponding to the

3462

coordinates of each point; S, denotes the maximum peak height;
and Sy denotes the maximum valley depth.

Fig. 22 illustrates the evolution of the roughness feature pa-
rameters of the granite fracture surface with different thermal
cycles. It can be observed that the trends of change for the four
feature parameters, arithmetic mean height S, root mean square
height Sq, maximum height S;, and fractal dimension Dg are
consistent, all of which increase with the number of heating and
LN,-cooling cycles. After 20 cycles, the maximum increases in the
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four feature parameters were 277.43 %, 226.16 %, 202.68 %, and
4.03 %, respectively. The increase in these feature parameters in-
dicates that the roughness of the rock fracture surface also
increased accordingly. By comparing the four feature parameters,
it can be observed that the increases in arithmetic mean height S,
and root mean square height Sq are similar across different cycling
iterations, with significant increases occurring at the 3 cycles and 9
cycles. In contrast, the growth rates of maximum height S, and
fractal dimension Dr remain relatively stable across all cycles.
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After the number of cycles exceeds 9, the growth rate of the four
feature parameters S,, Sz, Sq, and D significantly slows down, and
the rate of increase becomes notably smaller. The results of the
study indicate that when LN; is used to assist in fracturing high-
temperature granite, the cooling effect of LN, makes the fracture
surface morphology more complex. However, this complexity and
roughness do not increase indefinitely with the number of LN,
treatments. Therefore, simply increasing the number of LN;-
cooling cycles to enhance geothermal energy production from the
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Fig. 20. Macroscopic fracture modes of granite under different thermal cycles. (a) Schematic diagram of fracture; and (b) Photographs of actual fracture.

reservoir is not a feasible approach.

4. Discussion

4.1. The association between P-wave velocity, mechanical behavior,
and surface roughness

The research highlights that both physical parameters and
mechanical properties effectively reflect the impact of thermal
exposure, including high-temperature heating and LN»-cooling, on
granite degradation. Among these, P-wave velocity is particularly
sensitive to microstructural damage and serves as a reliable indi-
cator of changes in granite porosity. Key mechanical parameters,
such as uniaxial compressive strength and the elastic modulus,
reveal significant alterations in the macroscopic mechanical
behavior of granite, directly resulting from microstructural
changes. Additionally, roughness parameters provide a quantita-
tive measure of the modifications in the fracture surface
morphology of granite following thermal treatment and me-
chanical testing. Building on these findings, the current study ex-
plores the relationship between P-wave velocity, mechanical
parameters, and surface roughness, aiming to establish a
comprehensive understanding of how thermal and mechanical
processes influence granite's structural and mechanical integrity.

As shown in Fig. 23, P-wave velocity and mechanical parame-
ters are interrelated. The results indicate a strong linear correlation
between granite's P-wave velocity, uniaxial compressive strength,
and elastic modulus. With an increase in uniaxial compressive
strength and elastic modulus, granite's P-wave velocity also in-
creases, showing a positive correlation. Moreover, numerous
studies have shown that changes in the mechanical behavior of
granite after thermal exposure can be reliably monitored through
P-wave velocity (Sharma and Singh, 2008; Pappalardo, 2015; Lii
et al., 2017; Jamshidi et al., 2018).

As shown in Fig. 24, P-wave velocity and roughness parameters
are interrelated. The study reveals a nonlinear inverse correlation
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between P-wave velocity and roughness parameters; as the
roughness increases, granite's P-wave velocity decreases. Notably,
during the 0 to 3 cycles, P-wave velocity decreases sharply as the
roughness parameters increase. However, from 3 cycles to 20 cy-
cles, this decline becomes slower. This phenomenon further
highlights that granite's physical and mechanical characteristics
are significantly influenced by high-temperature heating and LN;-
cooling cycles. Under low cycle conditions, the pore structure of
granite deteriorates notably, as evidenced by an increase in
microcrack formation. With a higher number of cycles, the gen-
eration of new cracks diminishes, and the connectivity between
cracks strengthens. Consequently, under high-cycle conditions, P-
wave velocity stabilizes, while roughness continues to increase,
which enhances the fracturability of high-temperature reservoir
rocks.

4.2. Assessment of thermal shock damage

The repeated high-temperature heating treatment followed by
LN,-cooling caused substantial thermal shock damage to the
granite specimens. In fact, the alterations in the granite's physical
and mechanical characteristics serve as indicators of the extent of
this thermal shock damage. To evaluate the degree of thermal
damage in granite, we calculated three damage indicators based
on P-wave velocity, uniaxial compressive strength, and elastic
modulus. Thermal damage in granite can be defined as
In

Dy=1-7

(9)

where Dy represents the degree of damage to the granite following
N cycles of high-temperature heating and LN;-cooling, while I
and Iy correspond to the physical and mechanical characteristics
of the granite following 0 and N cycles, respectively. The results of
thermal damage analysis based on various mechanical properties
are shown in Fig. 25. The damage results, denoted as Dy, Dg, and
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Fig. 21. Three-dimensional cross-sectional images of granite fracture surfaces at different thermal cycles.

Dycs, calculated from P-wave velocity, elastic modulus, and uni-
axial compressive strength, respectively, all show the same trend:
The extent of granite damage grows based on the count of high-
temperature heating and LN;-cooling cycles. However, the dam-
age values derived from different physical and mechanical pa-
rameters vary, with the value based on P-wave velocity being
notably higher.

The amount of the energy intake of the granite samples is
primarily utilized for crack initiation and propagation. Granite
sustains different extents of thermal damage as a result of heating
and LN,-cooling cycles, which subsequently affects the energy
required for fracture failure. Consequently, a relationship exists
between the energy absorbed by granite under external loading
and its thermal damage. Fig. 26 shows the relationship between
absorbed energy and thermal damage values under different cy-
cles. The thermal damage values, calculated using various me-
chanical parameters, exhibit a strong linear correlation with the

absorbed energy of granite. As thermal damage increases, the
energy required for fracture decreases. Among the parameters, Dy
and Dycs show the strongest correlation is with the absorbed
energy, R? > 0.8. After high-temperature heating and LN;-cooling,
the granite matrix exhibits a degradation in its physical and me-
chanical properties, leading to a decrease in its ability to store
elastic energy. Consequently, compared to untreated samples,
specimens with higher thermal damage values require less energy
to reach the damage threshold. Additionally, the energy required
for the propagation of microcracks is significantly lower than that
for their initiation (Xi et al., 2023). With more cycles, the number
of microcracks grows, causing a further increase in the thermal
damage value. Under external loading, microcracks propagate and
coalesce with relatively low energy, forming a network of cracks,
which ultimately leads to the fracture failure of granite.

Fig. 27 shows the evolution of granite mechanical parameters
with different cycle numbers. The study indicates that as the
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Fig. 23. Correlation between P-wave velocity and mechanical properties.

number of LN, cooling cycles increases, the mechanical properties
of granite gradually deteriorate. To establish the relationship be-
tween various parameters (such as compressive strength, elastic
modulus, P-wave velocity, and amplitude) and cycle numbers, we
performed regression analysis using polynomial, power, and
exponential function models. Table 1 presents the regression

results of different mathematical models. The results show that
the exponential function model has a higher correlation coefficient
(R? > 0.86) and better describes the trend of mechanical param-
eters with respect to cycle numbers. Therefore, the empirical
regression of mechanical parameters with cycle numbers can be
expressed by the following equation:
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y=ae /b 4 ¢ (10)
where y represents the value of the mechanical parameter (such as
compressive strength, elastic modulus, P-wave velocity, and
amplitude), x represents the number of cycles, and a, b, and c are
the fitting coefficients.
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Fig. 26. Relationship between energy absorption and thermal damage value of
granite.

4.3. Mechanism of thermal damage

The mechanical behavior of granite at the macroscopic scale is
fundamentally governed by changes in its microstructure. In fact,
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Table 1
Regression results of different mathematical models.

Parameters Polynomial model

Power model Exponential model

Compressive strength
Elastic modulus
P-wave velocity
Amplitude

y = 56.07-2.63x + 0.08x, R? = 0.81
y = 12.12-0.50x + 0.01x R*> = 0.84
y = 3.14-0.29x + 0.01x2, R? = 0.73

y = 57.74-5.03x + 0.17x%, R? = 0.85

y =49.85x %11 R? = 0.84
y=1127x"%13 R = 0.68
y =2.35x"%19 R = 0.97

y = 46.46x %23 R? = 0.89

y = 23.71e%383) | 3569, R? — 0.86
y = 6.76eX1143) | 545 R2 — 0.89
y = 2.36e(-¥/196) 4 1,56, R? — 0.98

y = 23.98e(*315) | 3957 R? — 0.91

the microstructural damage of granite results from the interplay of
multiple factors. Fig. 28 illustrates the damage mechanisms of
granite during the thermal cycling involving high-temperature
heating and LN»-cooling. In the process of heating, differential
thermal expansion of the different mineral phases in granite
serves as the primary driver of microstructural damage (Hu et al.,
2021). When granite is subjected to high temperatures, adjacent
mineral phases undergo thermal expansion as the temperature
increases. However, as a result of the minerals' differing thermal
expansion coefficients, this results in misaligned deformation
between the mineral grains, generating thermal stresses. Once
these thermal stresses exceed the bonding strength between the
grains, thermal cracks propagate along the grain boundaries. As
the primary constituent of granite, quartz—characterized by its

Initial
structure

Fracture
network

relatively large and variable expansion coefficient—contributes
significantly to the development of thermal cracks (Kranz, 1983). It
has been observed that at 573 °C, quartz transforms from a-quartz
to p-quartz (Glover et al., 1995). When quartz is raised in tem-
perature from ambient levels to 600 °C, its volume can increase by
4.6 %, whereas other minerals, such as feldspar, experience only a
1 %-2 % volume increase. As a result, the varying thermal expan-
sion between mineral grains at elevated temperatures helps drive
the propagation of microcracks (Simmons and Cooper, 1978).

Additionally, when the thermally treated granite samples come
into contact with LN, the substantial temperature gradient be-
tween the two will induce intense thermal exchange. During this
process, secondary thermal stresses are generated within the
granite, as shown in Eq. (11) (Zhu et al., 2019).

Heating
expansion

Fig. 28. Damage mechanisms of granite during heating and LN,-cooling cycles.
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where o;; represents the secondary thermal stress, o;; is the ther-
mal expansion coefficient, E; denotes the modulus of elasticity, v;;
is the Poisson's ratio, ¢; stands for the strain, and ATj; is the tem-
perature gradient.

As shown in Fig. 28, during the rapid cooling of granite with
LN,, transient thermal stresses manifest as tensile stresses on the
rock surface. Usually, the compressive strength of granite exceeds
its tensile strength. Consequently, microcracks induced by tensile
stresses, under LN»-cooling, are the primary contributors to the
deterioration of granite's mechanical properties. It is crucial to
highlight that the decline in granite's physico-mechanical prop-
erties following multiple cycles of high-temperature heating and
LN,-cooling does not follow a linear pattern. This indicates that the
magnitude of thermal stresses generated in each cycle varies,
indicating a correlation between the induced secondary thermal
stresses and the number of cycles. At low cycle counts, the uneven
deformation of mineral grains leads to the initiation of micro-
cracks, with some intergranular cracks propagating along the
mineral boundaries. As the number of cycles continues to rise, the
cracks formed during the initial cycles alleviate localized stress
concentrations, thus minimizing the creation of new microcracks.
Therefore, the mechanical properties of the granite no longer
exhibit a significant decline. However, the secondary thermal
stresses induced by multiple cycles further exacerbate the stress
concentration at the crack tips, promoting the propagation and
coalescence of pores and fractures, thereby significantly enhancing
the fracturability of the granite.

5. Conclusions

This research involved conducting physical-mechanical tests
and analyzing the surface morphology of granite after exposure to
cycles of high-temperature heating and LN;-cooling. The ultra-
sonic properties, fracture behavior, and crack evolution of the
granite were investigated. The formation mechanisms and evolu-
tionary characteristics of macro- and micro-cracks in granite un-
der different cycle counts were analyzed. Additionally, the damage
mechanisms and fracturability of high-temperature granite
treated with LN cycles were explored. The key conclusions are as
follows:

(1) High-temperature heating and LN,-cooling cycles induce
significant structural damage to granite. The number of cy-
cles correlates with a marked decrease in P-wave velocity,
amplitude, compressive strength, elastic modulus, and
fracture energy. Additionally, the regularity and integrity of
the ultrasonic waveforms are diminished, with a reduction
in the initial, central, and tail wave amplitudes. The P-wave
velocity and amplitude decrease by 53.45 % and 40.55 %,
respectively. The bandwidth of the secondary frequency
band decreases and gradually converges to the main fre-
quency band, while the width of the main frequency band
increases. The repeated high-temperature heating and LN;-
cooling cycles cause an increase in the quantity and size of
microcracks, leading to greater diffraction and scattering of
acoustic waves.

(2) The cyclic treatment alters the fracture morphology of the
granite. Before the third cycle, the proportion of tensile
microcracks exceeds that of shear microcracks. On a
macroscopic scale, the fracture morphology of the granite
develops along the axial direction, resulting in tensile cracks
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that are parallel to the axis. After 3 cycles, shear microcracks
become dominant, and the primary fracture surface of the
granite is characterized by oblique shear cracks. As the
number of cycles increased, there was a corresponding rise
in the quantity, depth, and tortuosity of the macroscopic
cracks. Both shear and tensile cracks develop simulta-
neously, resulting in a complex fracture pattern.

(3) There is a positive correlation between the roughness pa-
rameters of granite and the number of cycles. After 20 cy-
cles, the maximum increases in four roughness
characteristic parameters of S,, Sq, Sz, and Dy are 277.43 %,
226.16 %, 202.68 %, and 4.03 %, respectively. The combined
effect of high-temperature heating and LN,-cooling leads to
significant changes in the fracture surface. During the high-
temperature heating, the granite expands and becomes
more brittle, while the subsequent rapid cooling with LN;
causes thermal shock, inducing micro-fractures and
increasing surface roughness. As the cycles progress, the
fracture surface develops pronounced undulations, with
stepped features becoming increasingly noticeable.
Compared to a single cooling cycle, repeated LN»-cooling is
more likely to induce the formation of a large-scale and
complex crack network.

(4) The LN, cycling treatment consists of two stages. From 0 to 3
cycles, the high-temperature heating and LNj-cooling
generate numerous thermally-induced cracks, which
rapidly deteriorate the mechanical properties of granite and
reduce the fracture initiation pressure. Between 3 cycles and
20 cycles, the number of newly formed cracks gradually
decreases, and the mechanical properties deteriorate at a
slower rate. The cycling cooling treatment increases the
crack propagation paths, enhances the connectivity be-
tween cracks, and improves the fracturability of granite,
which is beneficial for geothermal energy extraction.
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