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Abstract: To analyze the influence of liquid-nitrogen cooling on the damage and failure of high-
temperature granite, granite samples were heated to 150~600 ◦C for natural cooling and liquid-
nitrogen cooling treatment. Brazilian splitting tests were carried out as the samples returned to room
temperature, and basic tensile and energy evolution parameters were obtained. Acoustic emission
signal parameters during loading were recorded. The experimental results showed that the heating
process caused damage to the granite samples, and liquid-nitrogen cooling further increased the
degree of damage. Specifically, the ultrasonic velocity of liquid-nitrogen-cooled samples was lower
than that of naturally cooled samples at each heating temperature. With an increase in heating
temperature, the AE ring-down counts of liquid-nitrogen-cooled samples were higher than that of
naturally cooled samples. At the same heating temperature, the dissipated energy of naturally cooled
samples was greater than that of liquid-nitrogen-cooled samples. Liquid-nitrogen cooling could
effectively promote the propagation of microcracks inside high-temperature granite and result in a
reduction in the mechanical strength of granite, which could be conducive to the efficient fracture of
high-temperature rock during fracturing.

Keywords: high-temperature granite; hot dry rock; liquid-nitrogen cooling; damage

1. Introduction

Geothermal energy exists in the form of heat energy in the lava inside the Earth. Due to
its green, low-carbon, renewable, and recycled characteristics, it is a potentially clean source
of energy [1]. Due to the high density and low permeability of the dry hot rock (HDR)
reservoir, it is necessary to increase the permeability of the reservoir by manual stimulation
and improve the surface area of cracks as much as possible to facilitate heat recovery.
Therefore, the development of HDR resources consists of two important stages: reservoir
fracturing and geothermal exploitation [2]. The process of reservoir fracturing creates a
pathway to extract heat energy from a high-temperature rock mass with low permeability.
At present, the main way to fracture geothermal HDR resources is hydraulic fracturing.
Hydraulic fracturing uses fracturing fluid to crack reservoir rock by injecting high-pressure
fracturing fluid through the wellbore into deep reservoir rocks, producing artificial fractures.
However, there are some problems with traditional hydraulic fracturing, such as high
fracture-pressure formation, pore blockage caused by formation water sensitivity, and large
water consumption [3–5]. To solve these problems, researchers have proposed the technical
idea of waterless fracturing. Compared with conventional hydraulic fracturing, waterless
fracturing is not restricted by water resources, which not only increases the flowback
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rate of fracturing fluid and reduces the damage to high-temperature reservoirs caused by
fracturing fluid, but also reduces the water resource waste.

Liquid nitrogen, as a cryogenic liquid, can reach −196 ◦C under atmospheric pressure,
which has obvious advantages in deep thermal reservoirs. When liquid nitrogen is injected
into a reservoir, the tensile stress generated by contact with high-temperature rocks will
cause thermal cracks [6], forming a complex fracture network. Therefore, the research on
HDR reservoir fracturing using liquid nitrogen is expected to provide the theoretical basis
for the exploitation and utilization of HDR resources. As a fracturing fluid, liquid nitrogen
has been widely used in oil and gas engineering [7]. In the late 20th century, liquid nitrogen
was successfully applied to the Devonian shale reservoir with low permeability, which
greatly improved reservoir permeability and gas production. This method was further
applied to unconventional fracturing in the United States [8,9].

For liquid-nitrogen fracturing technology, the key is that the ultra-low-temperature
property of liquid nitrogen can effectively reduce the mechanical properties of rock, there-
fore improving the subsequent fracturing performance. McDaniel et al. [8] pointed out that
when liquid nitrogen is injected into high-temperature reservoirs, a strong thermal shock
is generated on the rock surface of the reservoir, inducing the generation and expansion
of fractures. Additionally, the freezing effect of fluids in the reservoir after contact with
liquid nitrogen also improved the permeability of the reservoir. Ren et al. [10] carried
out an experimental study on cryogenic shock on coal caused by liquid nitrogen, and the
results showed that the permeability of coal increased after cryogenic shock. To study the
influence of liquid-nitrogen cooling on the physical properties of coal, sandstone, and shale,
Cai et al. [11–14] compared the change law of the physical and mechanical parameters of
the same sample before and after liquid-nitrogen cooling with nuclear magnetic resonance
(NMR) and other technologies, and found that liquid-nitrogen cooling could cause freezing
damage to rock samples and produce thermal cracks. Liquid-nitrogen cooling induced
crack propagation inside the rock sample and the permeability of the treated rock sample
was enhanced. Cha et al. [15] conducted a feasibility investigation of cryogenic fracturing
for reservoir stimulation using a self-designed experimental device. The results showed
that the temperature gradient generated by liquid nitrogen could change the pore structure
inside the rock, resulting in many microcracks. Furthermore, the performance of liquid-
nitrogen fracturing under true triaxial confining pressure was studied, and it was found
that after liquid-nitrogen fracturing, the direction of the principal fracture did not necessar-
ily follow the direction of the principal stress [16,17]. Zhai et al. [18,19] proposed a method
for cracking coal using liquid-nitrogen cyclic injection and found that the increase in the
effective porosity and the total porosity of coal were positively correlated with freezing
time and freezing cycles. Yao et al. [20] demonstrated that the injection of low-temperature
and high-pressure fluid was beneficial to reservoir permeability. By numerical simulation,
Zhang et al. [21,22] calculated the distribution law of heat conduction and thermal stress in
HDR during the liquid-nitrogen jetting process. The results showed that the huge thermal
stress generated by a temperature gradient could reduce rock fracture pressure and gener-
ate thermal cracks. Yang et al. [23] conducted gas fracturing tests on granite treated with
liquid nitrogen and proved that liquid-nitrogen treatment had a significant influence on
the fracture pressure of rock samples. Wu et al. [24–26] tested the physical and mechanical
properties of granite at different heating temperatures after different cooling methods. They
found that cyclic liquid-nitrogen cooling treatment would aggravate the degree of damage
to granite. Hong et al. [27] indicated that cyclic liquid-nitrogen fracturing could further
reduce the breakdown pressure of high-temperature granite and create complex fractures.

To explore the fracturing effect of different fluids on high-temperature rock, it is nec-
essary to obtain the mechanical properties and failure characteristics of high-temperature
rock under external loads. Because high-temperature rocks with different temperatures
cannot be directly obtained under laboratory conditions, they are generally prepared by
heating normal-temperature rocks. In the heating process, the mineral components inside
the rock expand. In addition, when the hot rock is cooled, the mineral components of the
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hot rock undergo a process of shrinkage deformation, which will also affect the mechanical
properties of the rock. Therefore, to better analyze the influence of liquid-nitrogen cooling
on the deformation and failure of high-temperature granite, the granite was heated to
150–600 ◦C and treated with different cooling methods (liquid-nitrogen cooling and natural
cooling); then, relevant tests were carried out. The influence of liquid-nitrogen cooling on
mechanical parameters, deformation parameters, acoustic emission (AE) parameters, and
energy parameters of high-temperature granite was analyzed, and the corresponding me-
chanical mechanism was discussed. This research was expected to provide the theoretical
basis for the investigation of the mechanism of high-temperature granite failure induced
by high-pressure liquid nitrogen.

2. Materials and Methods
2.1. Sample Preparation

To study the influence of liquid nitrogen on the damage and failure characteristics
of HDR rocks, outcrop granite samples were collected from Shandong Province, China.
Granite is a typical igneous rock, with uniform mineral particles and coarse–medium
granular structure. It has a dense structure and hard texture. According to the require-
ments of the Brazilian splitting test, the granite samples were uniformly processed into
cylinders of 50 mm diameter and 25 mm height, as shown in Figure 1. Then, the end
surfaces were polished with a fine grinding wheel to ensure that flatness and parallelism
was within ±0.03 mm and ±0.05 mm, respectively. To reduce the influence of granite
heterogeneity on the experimental results, all samples were tested for density and ultra-
sonic velocity in advance. The samples with close density and ultrasonic velocity were
selected as the test objects.
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Figure 1. Test rock sample.

2.2. Test Equipment

In the process of this test, the physical and mechanical properties of granite at different
temperatures before and after natural cooling and liquid-nitrogen cooling were measured.
The physical parameter was mainly longitudinal wave velocity, and the measured mechan-
ical parameters included tensile strength, deformation parameters, AE parameters, etc. As
shown in Figure 2, the test equipment used included an NM-4A non-metallic ultrasonic
detection analyzer, a low-temperature liquid-nitrogen tank, an MXQ1700 Muffle furnace, a
CSS-88020 electronic universal test machine, a PCI-2 AE system, etc.
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As shown in Figure 3, the experimental operation and equipment performance were
as follows:

1. Ultrasonic test. The NM-4A non-metallic ultrasonic detector was used to acquire the
ultrasonic velocity of the high-temperature granite before and after natural cooling
and liquid-nitrogen cooling treatment. Each sample was measured three times, and
the average value was taken as the ultrasonic velocity. According to the variation of
ultrasonic velocity, the degree of damage to the granite can be preliminarily estimated.

2. Heating treatment. Because granite samples were prepared in a room-temperature
environment, high-temperature rock samples with different initial temperatures can-
not be directly obtained. Therefore, to carry out the related tests of high-temperature
granite, samples should be heated to a predetermined temperature first, and then
the effect of liquid-nitrogen cooling on the physical and mechanical properties can
be evaluated. The heating equipment used in the test process was the MXQ1700
Muffle furnace. The maximum heating temperature of the furnace was 1600 ◦C, which
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allowed adjustment to the heating rate according to the test requirements. The heating
rate used in this test was 4 ◦C/min.

3. Cooling treatment. The high-temperature granite was cooled in two ways: natu-
ral cooling and liquid-nitrogen cooling. For natural cooling, the high-temperature
granite was restored to normal temperature in air. For liquid-nitrogen cooling, the
high-temperature granite was submerged in a liquid-nitrogen tank for full cooling.
Because the natural cooling and liquid-nitrogen cooling treatments of granite samples
experienced the same heating process, the effect of liquid-nitrogen cooling on the
mechanical properties and failure characteristics of high-temperature granite could
be effectively evaluated by comparing the change trends of the related parameters
samples with the same heating temperature.

4. Brazilian splitting tests. The granite samples cooled naturally and with liquid
nitrogen were loaded into the CSS-88020 electronic universal test machine to obtain
the load–displacement curves and tensile strength. The experimental machine can
conduct mechanical tests of nonlinear materials, such as rock and concrete. The
maximum applied load was 100 KN and the displacement accuracy was 0.001 mm.
The loading rate was adjusted by the device’s system. The displacement loading
mode used in this work and the loading rate was 0.05 mm/min. During the loading
process, the load, displacement, and other parameters of samples were recorded in
real time.

5. AE test. In the process of rock deformation and failure, the release of strain energy
will produce AE signals. The real-time rupture characteristics of the rock can be
obtained by the acquisition, analysis, and processing of AE signals, which can provide
a basis for the subsequent analysis of mechanical properties. During the Brazilian
splitting tests, the PCI-2 AE monitoring system was used to synchronously record
the AE signals of the granite. The equipment is mainly composed of an AE probe,
8-channel PC-8 AE plate, preamplifier, waveform and filter module, energy module,
and acoustic transmission signal receiver and analysis module. The signal acquisition
frequency was 0.001–3 MHz and the maximum threshold value of the signal was
100 dB, to reduce the influence of environmental noise on the test results and ensure
enough AE signals were being collected. The AE threshold value set in this test was
40 dB, and the signal acquisition frequency was 0.14 MHz.

Processes 2023, 11, x FOR PEER REVIEW 5 of 28 
 

 

be effectively evaluated by comparing the change trends of the related parameters 

samples with the same heating temperature. 

4. Brazilian splitting tests. The granite samples cooled naturally and with liquid nitro-

gen were loaded into the CSS-88020 electronic universal test machine to obtain the 

load–displacement curves and tensile strength. The experimental machine can con-

duct mechanical tests of nonlinear materials, such as rock and concrete. The maxi-

mum applied load was 100 KN and the displacement accuracy was 0.001 mm. The 

loading rate was adjusted by the device’s system. The displacement loading mode 

used in this work and the loading rate was 0.05 mm/min. During the loading process, 

the load, displacement, and other parameters of samples were recorded in real time. 

5. AE test. In the process of rock deformation and failure, the release of strain energy 

will produce AE signals. The real-time rupture characteristics of the rock can be ob-

tained by the acquisition, analysis, and processing of AE signals, which can provide 

a basis for the subsequent analysis of mechanical properties. During the Brazilian 

splitting tests, the PCI-2 AE monitoring system was used to synchronously record the 

AE signals of the granite. The equipment is mainly composed of an AE probe, 8-

channel PC-8 AE plate, preamplifier, waveform and filter module, energy module, 

and acoustic transmission signal receiver and analysis module. The signal acquisition 

frequency was 0.001–3 MHz and the maximum threshold value of the signal was 100 

dB, to reduce the influence of environmental noise on the test results and ensure 

enough AE signals were being collected. The AE threshold value set in this test was 

40 dB, and the signal acquisition frequency was 0.14 MHz. 

 

Figure 3. Experimental items. 

2.3. Test Method 

Because high-temperature granite cannot be obtained directly, the initial samples 

were heated to prepare high-temperature granite samples with different initial tempera-

tures. When the samples were heated to the predetermined temperature, they were sub-

jected to natural cooling and liquid-nitrogen cooling treatments. All the heating and cool-

ing treatment processes are shown in Figure 4. In summary, the rock samples used in the 

test comprise the following two types: naturally cooled samples and liquid-nitrogen-

cooled samples. The naturally cooled samples were heated to the predetermined temper-

ature, and then naturally cooled to room temperature before the ultrasonic, Brazilian split-

ting, and AE tests. The samples went through two stages: heating and natural cooling. 

With respect to the liquid-nitrogen-cooled samples, the samples were heated to the pre-

determined temperature and then put into the liquid-nitrogen tank for 2 h. After the 

Figure 3. Experimental items.



Processes 2023, 11, 1818 6 of 27

2.3. Test Method

Because high-temperature granite cannot be obtained directly, the initial samples
were heated to prepare high-temperature granite samples with different initial temper-
atures. When the samples were heated to the predetermined temperature, they were
subjected to natural cooling and liquid-nitrogen cooling treatments. All the heating
and cooling treatment processes are shown in Figure 4. In summary, the rock sam-
ples used in the test comprise the following two types: naturally cooled samples and
liquid-nitrogen-cooled samples. The naturally cooled samples were heated to the pre-
determined temperature, and then naturally cooled to room temperature before the
ultrasonic, Brazilian splitting, and AE tests. The samples went through two stages:
heating and natural cooling. With respect to the liquid-nitrogen-cooled samples, the
samples were heated to the predetermined temperature and then put into the liquid-
nitrogen tank for 2 h. After the samples were removed from the liquid nitrogen and
returned to room temperature, the relevant tests were conducted. In this process, they
went through two stages: heating and liquid-nitrogen cooling. However, before the
follow-up tests, the samples taken from liquid nitrogen increased to room temperature in
air conditions, and the samples went through a heating stage from liquid-nitrogen tem-
perature to room temperature. Therefore, compared with the naturally cooled samples,
the liquid-nitrogen-cooled samples went through two heating stages.
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Figure 4. Schematic diagram of heating and cooling treatment process.

The heating process of granite was accompanied by water evaporation and mineral
deformation, which affected its mechanical properties. Therefore, to better evaluate the
influence of liquid-nitrogen cooling on the mechanical properties of high-temperature
granite, tests were, respectively, performed on naturally cooled and liquid-nitrogen-cooled
samples. Based on the measured parameters of these two types of samples, the influence
of liquid-nitrogen cooling on the damage and failure characteristics of high-temperature
granite was comprehensively evaluated.

In this work, five heating temperatures (including room temperature) and two cooling
treatments were designed. In total, 10 groups of tests were carried out. During the heating
process, the heating rate was kept below 5 ◦C/min to reduce the influence of the heating
process on the initial damage state of rock samples.

The prepared granite samples were numbered and grouped as shown in Table 1. The
naturally cooled and liquid-nitrogen-cooled samples were labeled as “heating temperature-
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A-number” and “heating temperature-L-number#”, respectively. The letters on the label
represented the cooling treatment (A—natural cooling; L—liquid-nitrogen cooling). The
“#” was just a symbol, it had no specific meaning. Before the formal experiments, the size
and weight of each granite sample was measured, and the initial ultrasonic velocities of
all samples were tested. Each sample was tested three times, and the average value was
taken as the initial ultrasonic velocity value. Ultrasonic and Brazilian splitting tests were
conducted on different cooling treatment samples. After the samples were slowly heated
to 150~600 ◦C, natural cooling and liquid-nitrogen cooling treatments were conducted,
respectively. Then, ultrasonic and Brazilian splitting tests were performed. The heating
rate during heating was less than 5 ◦C/min. The total heating and holding time was 10 h.

Table 1. Group grouping and treatment methods of rock samples.

Rock Sample Type Heating Temperature (◦C) Number Process Mode

Naturally cooled sample

25 25-A-1#, 25-A-2#

After heating to the target
temperature, cooled naturally to

room temperature

150 150-A-1#, 150-A-2#

300 300-A-1#, 300-A-2#

450 450-A-1#, 450-A-2#

600 600-A-1#, 600-A-2#

Liquid-nitrogen-cooled sample

25 25-L-1#, 25-L-2#

Return to normal temperature
after cooling with liquid nitrogen

150 150-L-1#, 150-L-2#

300 300-L-1#, 300-L-2#

450 450-L-1#, 450-L-2#

600 600-L-1#, 600-L-2#

3. Results
3.1. Change in Ultrasonic Velocity

Ultrasonic technology is an important means to detect rock damage, and the propaga-
tion speed of ultrasonic waves in solids, liquids, and gases is successive. Ultrasonic waves
propagate very fast in a rock matrix. When cracks are located in the propagation routine
of ultrasonic waves, ultrasonic velocity will decrease. Therefore, the ultrasonic velocity of
rock is closely related to the closing, opening, and expansion of primary fissures. In general,
when ultrasonic velocity drops, new fissures are created inside the rock. Ultrasonic waves
can be divided into transverse waves, longitudinal waves, torsion waves, ram waves, and
surface waves according to their propagation direction and the vibration of the particles
of the propagation medium. In these types of waves, the propagation mechanism of the
longitudinal wave is controlled by the volume of the medium, and it shows different
propagation velocities in solids, liquids, and gases. Based on this point, longitudinal waves
were chosen for the analysis of the influence of liquid nitrogen on high-temperature granite.

During the preparation of the high-temperature granite, a certain degree of damage
will be introduced into the sample during heating, which will lead to a change in physical
and mechanical properties. Therefore, to better analyze the cracking effects of the cooling
methods on high-temperature granite, the relevant parameters of liquid-nitrogen-cooled
and naturally cooled samples were compared, to evaluate the cryogenic cracking effect of
liquid-nitrogen. Ultrasonic waves are important for testing rock damage indirectly. The
propagation velocity of ultrasonic waves in a solid is higher than in air. Therefore, when
new cracking occurs in rock, ultrasonic velocity will decrease. Therefore, by comparing the
ultrasonic velocity of liquid-nitrogen-cooled samples with that of naturally cooled samples,
the further cracking effect of liquid-nitrogen cooling on high-temperature granite can be
effectively analyzed based on heating damage. For example, if the ultrasonic velocity of
a liquid-nitrogen-cooled sample is lower than that of a naturally cooled one at the same
heating temperature, the damage degree of high-temperature granite is proven to have
improved due to liquid-nitrogen cooling.
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To better evaluate the effect of different cooling methods on the damage state of high-
temperature granite, ultrasonic velocity was tested on the high-temperature granite with
natural cooling and liquid-nitrogen cooling, and the change rules were compared. As
shown in Figure 5, the ultrasonic velocity of both naturally cooled and liquid-nitrogen-
cooled samples showed a significant decreasing trend with the increase in heating tempera-
ture. Among them, the ultrasonic velocity of the liquid-nitrogen-cooled sample at the same
heating temperature was lower than that of the naturally cooled sample, which indicated
that the damage degree caused by liquid-nitrogen cooling to the high-temperature granite
was greater than that of natural cooling. Furthermore, liquid-nitrogen cooling can increase
the internal microcrack volume of high-temperature granite. Since the heating processes
of the naturally cooled and liquid-nitrogen-cooled samples were the same, the thermal
damage caused by the heating process was almost the same. However, for the liquid-
nitrogen-cooled samples, the cryogenic damage caused by liquid nitrogen was equivalent
to that caused by thermal damage, which further increased the internal damage to the
sample. Therefore, the ultrasonic velocity of the liquid-nitrogen-cooled sample was lower
than that of the naturally cooled sample at the same heating temperature.
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Figure 5. Characteristics of the ultrasonic velocity change caused by different cooling methods for
high-temperature granite.

3.2. Deformation and Strength Characteristics
3.2.1. Change Law of Tensile Strength

As shown in Figure 6, both naturally cooled and liquid-nitrogen-cooled samples
broke down along the center of the disc in the Brazilian splitting tests, and the cracking
direction was consistent with the loading direction. This is a typical tensile failure. To
better evaluate the effect of liquid-nitrogen cooling on rock tensile failure, a comparative
analysis of tensile strength was carried out. Tensile strength is an important parameter to
describe the ability of a rock to resist tension failure. During the Brazilian splitting tests
of the naturally cooled and liquid-nitrogen-cooled samples, tensile strength changed due
to the heating and cooling processes. By comparing the change characteristics of tensile
strength under different cooling methods at the same heating temperatures, the influence
of liquid nitrogen at low temperatures on the tensile strength of high-temperature granite
can be effectively evaluated.
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splitting tests: (a) naturally cooled sample 150-A-1#; (b) Liquid-nitrogen-cooled sample 150-L-1#.

After the Brazilian splitting test, the tensile strength values of the different samples
were calculated according to the size parameters and the peak load. The results are
shown in Figure 7. The tensile strength of granite was significantly affected by the heating
temperature. In particular, when the heating temperature exceeded 300 ◦C, the tensile
strength decreased significantly with the increase in temperature. For example, when the
heating temperature was below 300 ◦C, the tensile strength of the naturally cooled sample
was 13.18~14.12 MPa. However, when the heating temperature was above 450 ◦C, the
tensile strength of naturally cooled samples decreased to 3.36~8.78 MPa. This indicated
that, in the preparation of granite samples, heat treatment caused microcracks to form
inside the granite and led to the deterioration of mechanical properties. Therefore, the
influence of the heating process cannot be ignored when analyzing the influence of liquid-
nitrogen cooling on the mechanical strength of high-temperature granite. By comparing the
tensile strength of the naturally cooled sample with the liquid-nitrogen-cooled sample, the
tensile strength of the liquid-nitrogen-cooled sample was always lower at the same heating
temperature. This indicates that liquid-nitrogen cooling can aggravate the deterioration of
the mechanical properties of high-temperature granite. In the test, the tensile strength of
liquid-nitrogen-cooled rock samples was 5.96~26.40% lower than that of naturally cooled
samples. This was mainly because liquid-nitrogen cooling formed a greater temperature
gradient in the high-temperature granite, resulting in higher thermal stress and more
microcracks. In addition, with the increase of heating temperature, the tensile strength of
naturally cooled and liquid-nitrogen-cooled samples became increasingly closer in value,
indicating that the deterioration of liquid-nitrogen cooling on the mechanical strength
of high-temperature granite decreases with the increase in rock temperature, and the
deterioration of the mechanical strength of high-temperature granite is mainly affected by
the heating process.

3.2.2. Change in Splitting Modulus

The splitting modulus is an important parameter to evaluate rock deformation char-
acteristics during the tensile failure process, which reflects the ability of a rock to resist
compression deformation in the process of tensile failure. In general, the larger the splitting
modulus of the rock, the smaller the compression displacement of the rock during the
Brazilian splitting test. When the rock produces new fractures under the action of external
load or temperature, the number of microfissures in the rock increases. The stiffness of
the crack surface is less than that of the rock, which leads to a larger displacement of the
rock under the same load increment. As a result, the splitting modulus of rock decreases.



Processes 2023, 11, 1818 10 of 27

Therefore, in this work, splitting modulus was employed to evaluate the evolution of rock
mechanical properties under liquid-nitrogen cooling. There are three calculation meth-
ods [28]: (1) paste the strain gauge in the center of the disk sample to test the strain value
perpendicular to the loading direction; (2) Establish the relationship between the displace-
ment and the load perpendicular to the loading direction; (3) The load–displacement curve
in the Brazilian splitting test is transformed into a stress–strain curve. The load is divided
by the meridional area of the disk sample, and the displacement is divided by the diameter
of the sample. The shape of the transformed curve is completely consistent with that of the
load–displacement curve, and the slope of the straight-line section of the transformed curve
is the splitting modulus. In this work, the third method was chosen, and the calculated
results are shown in Figure 8.
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Figure 8 shows that with the increase in heating temperature, the splitting modulus
of the granite generally decreases after cooling, which indicates that the heating process
weakens the ability of the granite to resist elastic deformation. In this case, the large
deformation of the granite occurred at a lower load. For example, when the heating
temperature increased to 600 ◦C, the splitting modulus of the naturally cooled rock
sample was only 37.24% of the initial state. This shows that resistance to the deformation
of granite was greatly reduced during loading. For a heating temperature ranging from
25 to 600 ◦C, the splitting modulus of the liquid-nitrogen-cooled sample was generally
lower than that of the naturally cooled sample at the same heating temperature. In
particular, when the heating temperature exceeded 150 ◦C, the splitting modulus of the
liquid-nitrogen-cooled sample was 3.01~15.53% lower than that of the naturally cooled
sample at the same heating temperature. In addition, the difference between them also
increased with the increase in heating temperature. In conclusion, after liquid-nitrogen
cooling, not only is the tensile strength of high-temperature granite decreased, but also its
resistance to deformation is further decreased. This helps reduce the elastic deformation
of granite during loading and promotes the propagation of internal microcracks. The
liquid-nitrogen-cooled sample was directly cooled to the liquid-nitrogen temperature
from the heating temperature. Under the condition of heating, the sample was in a
state of expansion, and the higher the heating temperature, the greater the thermal
expansion of the rock sample. When the high-temperature sample was cooled in liquid
nitrogen, the rock sample changed from an expansion state to a shrinkage state, resulting
in greater shrinkage deformation and thermal stress. When the thermal stress in some
areas exceeded the yield strength of the rock sample, there was plastic deformation,
which made the rock sample more compact and more rigid. Therefore, in the subsequent
loading process, the elastic deformation of the rock samples treated by liquid-nitrogen
cooling was reduced to a certain extent.

3.2.3. Analysis of the Cooling Effect

To better characterize the influence of liquid nitrogen on the mechanical properties
of high-temperature granite, the cooling effect coefficient λ(T) at different heating temper-
atures must be defined. This coefficient represents the reduction of the relevant physical
property parameters of granite at different heating temperatures compared with the initial
state. The specific expression is as follows:

λ(T) = 1 − I(T)
I(25)

(1)

where I(T) is the physical property parameters of granite under different heating tempera-
tures, and I(25) is the physical property parameters in the initial state (i.e., the temperature
is 25 ◦C). The selected parameters comprise ultrasonic velocity, tensile strength, splitting
modulus, etc.

The relationships between the cooling effect coefficient and the heating temperature
of the liquid-nitrogen-cooled sample and the naturally cooled sample were calculated
according to Equation (1). As shown in Figure 9, the cooling effect coefficient of liquid-
nitrogen-cooled and naturally cooled samples increases as the heating temperature in-
creases. The cooling effect coefficients calculated based on ultrasonic velocity and tensile
strength are closely related to the cooling method. The cooling effect coefficient of the
liquid-nitrogen-cooled samples was greater than that of naturally cooled rock samples
at the same heating temperature, and the difference between the two rock samples first
increased and then decreased with the increase in heating temperature. This shows that
when the heating temperature exceeds a certain degree, the cooling effect of liquid nitrogen
on high-temperature granite begins to weaken, and the influence of damage caused by
heating on its mechanical properties plays a dominant role.
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3.3. Characteristics of the AE Parameters

As a natural material, rock contains many internal defects. Under the action of external
force or temperature load, these defects will continue to expand and nucleate, forming local
damage and resulting in the AE phenomenon. This phenomenon can be used to analyze
the damage characteristics and internal structure variation of rock in the loading process.
Therefore, it is necessary to acquire and analyze the corresponding AE signals in the loading
process, and then conduct damage assessment according to the characteristic parameters.
First, the monitored signals are preprocessed and converted into different AE characteristic
parameters. Then, statistical analysis is completed according to the variation rule of these
characteristic parameters. The AE phenomenon is closely related to the damage evolution
process inside the rock [29]. In this work, the ring-down count parameters in the loading
process of the rock were used for analysis. AE ring-down count refers to the number of
oscillations exceeding the threshold voltage, which is divided into the total number and the
count rate, mainly reflecting the frequency and intensity of AE signals. This can be used to
evaluate the activity of AE phenomena.

3.3.1. AE Parameters Characteristics for Granite Deformation and Failure

Figure 10 shows the typical AE ring-down count curve of heated granite in the process
of the Brazilian splitting test. Although the test process was short and the sample failed
rapidly, many AE signals were still detected during the deformation and failure process.
At the initial stage of loading, AE ring-down count points were very sparse, and the
cumulative ring-down count curve increased slowly with time. When the load increased to
a certain extent, AE ring-down count points became denser, and the cumulative ring-down
count curve increased abruptly. When the AE cumulative ring-down count curve increased
abruptly, the AE ring-down count increased steadily, and at this time, the cumulative
ring-down count-time curve was approximately a straight line. When the rock sample split,
the AE ring-down count curve spiked again, and many AE signals were detected over a
short time.
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To better analyze the effect of liquid-nitrogen cooling on the failure process of
high-temperature granite, the cumulative ring-down count ratios at different load-ratio
intervals were calculated. The cumulative ring-down count ratio shows the ratio of total
AE ring-down counts in each load interval to total AE ring-down counts in the failure
process. Taking 10% of the peak load as the range of variation, the statistical results of the
AE ring-down count ratio in the failure process of naturally cooled and liquid-nitrogen-
cooled samples were obtained. As shown in Figure 11, the AE signals monitored during
the test were mainly concentrated at the time of failure, i.e., in a load interval of 90~100%.
However, for high-temperature granite with different heating temperatures, the ring-
down count ratios were significantly affected by liquid-nitrogen cooling at different
load-ratio intervals. When the heating temperature was low, especially below 150 ◦C,
the AE activity of the naturally cooled samples was very low in the low load interval
(load level below 30~40%). For example, for samples with an initial temperature of 25 ◦C,
when the load ratio exceeded 30%, there was an obvious AE phenomenon in the naturally
cooled samples during loading. When the heating temperature was 150 ◦C, although the
cumulative ring-down count ratio of the naturally cooled rock sample in the low load
interval was higher than that of the naturally cooled sample with 25 ◦C, the AE activity
level remained at a low level. For example, at 0~10%, 10~20%, and 20~30% load intervals,
the cumulative AE ringing count ratios were only 1.04%, 4.58%, and 2.25%, respectively.
However, when samples that were heated to 25 ◦C and 150 ◦C were cooled using liquid
nitrogen, the AE activity of liquid-nitrogen-cooled samples at low load intervals was
significantly improved, and the AE ring-down count ratio reached a higher level even in
the load-ratio interval of 0~10%. For samples that were heated to 25 ◦C and 150 ◦C, the AE
ring-down count ratio of liquid-nitrogen-cooled samples in the 0~10% load-ratio interval
reached 18.06% and 23.72%, respectively, which is consistent with the AE ring-down
count ratio at the 70~80% load-ratio interval. It can be seen that liquid-nitrogen cooling
can significantly increase the damage degree of high-temperature granite, promote
the growth of microcracks, and make microcracks fully expand under low load levels
after liquid-nitrogen cooling. Therefore, many AE signals can be monitored. From a
mesoscopic perspective, the failure of rock is caused by local fracture zones formed
by the propagation and interaction of internal microcracks. Therefore, the greater the
number of microcracks in the rock, the easier it is for the microcracks to interact with
one another in the process of propagation. This makes it easier for the rock to enter
the stage of unstable crack propagation in the process of loading. According to the
ultrasonic test results, the number of internal microcracks in high-temperature granite
further increased after liquid-nitrogen cooling. This was equivalent to the initial degree
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of damage inflicted on the liquid-nitrogen-cooled sample before loading, suggesting that
the rock could enter the crack instability stage propagation at a low load level.
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(d) 450 ◦C; (e) 600 ◦C.
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With an increase in heating temperature, the ring-down count ratio of the naturally
cooled samples at a low load-ratio increases. In the initial loading stage (load ratio of less
than 10%), the AE signal in the granite sample was mainly produced by the closure of
microcracks. Because the granite was very dense and the number of microcracks was very
small, the AE signal of granite was less in the initial loading stage at room temperature.
Therefore, as shown in Figure 11a, when the load ratio was less than 10%, there was almost
no AE ringing signal detected in the naturally cooled sample at 25 ◦C. However, with the
continuous increase in heating temperature, the number of AE signals in the naturally
cooled samples increased steadily in the initial stage, which also indicates that the heating
process can indeed increase the number of microfissures in granite. As a result, there were
more microcracks closed in the naturally cooled samples at the initial loading stage, so the
ring-down count ratio increased accordingly. For example, when the load-ratio interval
was in the range of 0~10%, the ring-down count ratios of the naturally cooled samples
with 25 ◦C, 150 ◦C, 300 ◦C, 450 ◦C, and 600 ◦C heating temperatures were 0.31%, 0.94%,
5.29%, 7.88%, and 8.83%, respectively, indicating that the AE activity increased steadily
with the increase of heating temperature at the initial loading stage. This indicates that as
the temperature of high-temperature granite increases, the number and size of microcracks
in the sample increase, and this can generate AE signals at low loading levels. Due to
the enhanced AE activity during the loading process, the ring-down count ratios of the
naturally cooled samples near the failure decreased with the increase in temperature. For
example, when the heating temperature increased from 25 ◦C to 600 ◦C, the AE ring-down
count ratio of the naturally cooled samples in the load-ratio interval of 90~100% decreased
from 70.57% to 37.29%.

Compared with the naturally cooled samples, the ring-down count of the liquid-
nitrogen-cooled rock samples presented a more complex variation trend with the load
ratio. For example, when the heating temperature was low (below 300 ◦C), the liquid-
nitrogen cooling significantly increased the AE activity of high-temperature granite at
a low load ratio. Therefore, obvious AE activity was detected in liquid-nitrogen-cooled
samples at each load level stage, i.e., there was no obvious AE silence period observed
in liquid-nitrogen-cooled samples. In particular, when the load ratio was below 30%,
the ring-down count ratio of the liquid-nitrogen-cooled samples was higher than that
of the naturally cooled samples under the same load ratio. However, as the heating
temperature continued to rise (>300 ◦C), the ring-down count ratio of the liquid-nitrogen-
cooled sample at a low load-ratio interval began to decrease. For example, when the heating
temperature reached 450 ◦C and 600 ◦C, the ring-down count ratio of the liquid-nitrogen-
cooled sample was significantly higher than that of the naturally cooled sample, not only
in the range of the 0–10% load-ratio interval but also in the range of the 90~100% load-ratio
interval. This indicates that when the heating temperature reaches a certain level, the
proportion of AE signals detected in liquid-nitrogen-cooled samples decreases at a low
load level, while that detected at a high load level increases. This is mainly because the
AE phenomenon of rock materials in the loading process displays the Kaiser effect. When
the load level of the rock exceeds the previous maximum stress level, AE signals will be
detected again. Due to the extremely low temperature, when liquid nitrogen is used to
cool high-temperature granite, huge thermal stress inside the high-temperature granite
is generated. The thermal stress value even exceeds the stress value in the early loading
stage of the Brazilian splitting test. Thus, compared with the naturally cooled method,
liquid-nitrogen cooling can produce a stronger cooling impact effect in high-temperature
granite, making the high-temperature granite bear greater thermal stress before loading.
This could effectively increase the deterioration degree of the mechanical properties of
high-temperature granite. Consequently, the ultrasonic velocity and tensile strength of the
liquid-nitrogen-cooled sample are lower than that of the naturally cooled sample at the
same heating temperature.
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3.3.2. The Influence of Liquid-Nitrogen Cooling on the Failure of High-Temperature Granite

To further evaluate the effect of liquid-nitrogen cooling on the failure process of
high-temperature granite, the relationship between the normalized cumulative ring-down
count and the load ratio of naturally cooled and liquid-nitrogen-cooled samples during
the loading process was statistically analyzed. The normalized cumulative ring-down
count in this work is defined as the ratio of the cumulative AE ring-down count at the
corresponding load ratio to the total cumulative AE ring-down count at the peak load.
The statistical results are shown in Figure 12. As shown in this figure, the AE signals
of naturally cooled and liquid-nitrogen-cooled samples increased with the growth of the
load ratio. When the load ratio is less than 80%, the normalized ring-down count of the
naturally cooled sample increases slowly with the increase of the load ratio. When the
load ratio increases from 80% to 100%, the normalized ring-down count increases rapidly.
Taking a naturally cooled sample with 150 ◦C heating temperature as an example, when
the load ratio increased from 80% to 100%, the normalized cumulative ring-down count
increased from 0.27 to 1, indicating an increase of 270.37%. However, when the load ratio
increased from 40% to 80%, the normalized cumulative ring-down count increased from
0.10 to 0.27, presenting an increase of 170%. It can be seen that although the AE signals of
naturally cooled samples increased under a low load ratio due to heating treatment, AE
signals were still concentrated at the peak load stage, i.e., the propagation of microcracks
was mainly concentrated at the failure moment. In addition, for the same load ratio, the
normalized cumulative ring-down count of naturally cooled samples increased with the
increase in heating temperature. Taking the loading ratio of 40% as an example, when the
heating temperature increased from 25 ◦C to 600 ◦C, the normalized cumulative ring-down
count increased from 0.06 to 0.23, with an increase of 283.33%. This indicates that with
the increase in heating temperature, the propagation of microcracks inside the sample is
promoted, and it is easier to generate more AE signals at a low load ratio.
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For the liquid-nitrogen-cooled samples, the trend of normalized cumulative ring-down
count varied significantly with load ratio. For example, when the heating temperature
was 25 ◦C and 150 ◦C, the normalized cumulative ring-down count showed a steady
growth trend with the increase of the load ratio, and there was no sudden increase in
the normalized cumulative ring-down count near the peak load. Similarly, taking the
liquid-nitrogen-cooled sample with 150 ◦C heating temperature as an example, when the
load ratio increased from 80% to 100%, the normalized ring-down count increased from
0.75 to 1, with an increase of only 25%. This was much smaller than that of the naturally
cooled sample at the same heating temperature. When the load ratio increased from 40%
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to 80%, the normalized ring-down count increased from 0.42 to 0.75, with an increase of
78.57%, which was still smaller than that of the naturally cooled sample. It can be seen
that liquid-nitrogen cooling promoted the expansion of microcracks in high-temperature
granite at each loading stage. This helps improve the fracture uniformity of samples during
loading. However, at the same loading ratio, the normalized cumulative ring-down count
of the liquid-nitrogen-cooled samples increased first and then decreased with the increase
in the heating temperature. In particular, when the heating temperature exceeded 300 ◦C,
the AE signals of liquid-nitrogen-cooled samples showed a sudden increasing trend near
the peak load.

To further analyze the effect of liquid-nitrogen cooling on the failure process of
high-temperature granite, referring to the method proposed by Liu [30], the ratio of the
cumulative AE ring-down count within the range of the 80–100% load-ratio interval to
the cumulative AE ring-down count in the whole loading stage is defined as the peak
ring-down count ratio. This value can be used to characterize the severity of rock failure
at the peak loading stage. As shown in Figure 13, the peak ring-down count ratio of the
naturally cooled sample decreased as the heating temperature increased. For example,
when the heating temperature increased from 25 ◦C to 600 ◦C, the peak ring-down count
ratio decreased from 0.80 to 0.55, presenting a decrease of 31.25%. This indicates that
with the increase in heating temperature, the damage severity of the naturally cooled
sample at the peak load decreases. For the liquid-nitrogen-cooled sample, the peak
ring-down count ratio increases with the increase in heating temperature. For example,
when the heating temperature increased from 25 ◦C to 600 ◦C, the peak ring-down count
ratio increased by 125% from 0.28 to 0.63. This was mainly because, compared with
the natural cooling method, liquid-nitrogen cooling can generate greater thermal stress
inside the high-temperature granite, so the high-temperature granite is subjected to
greater thermal stress before loading. Under the influence of the AE Kaiser effect, the
level of AE signals generated in the liquid-nitrogen-cooled sample is low at a low load
ratio. Only when the load ratio reached a certain degree (exceeding the thermal stress
generated by liquid-nitrogen cooling), the expansion of microcracks in the sample can
produce obvious AE signals. This also indirectly proves that liquid-nitrogen cooling can
further increase the damage degree of high-temperature granite, leading to a further
reduction of mechanical properties.
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3.4. Characteristics of the Energy Evolution
3.4.1. Energy Evolution Mechanism during Rock Loading

The law of energy evolution is an important way of studying rock deformation and
failure characteristics and has been widely used in rock mechanics analysis and testing [31].
Compared with the traditional stress method, this method analyzes the deformation and
failure process of rock from the perspective of energy, which is closer to the essence of rock
failure [31]. Load displacement, as a description of a specific mechanical state, is only a
performance of a certain aspect of the thermodynamic state of rock, and cannot reflect the
essential physical characteristics of rock. According to the law of thermodynamics, energy
transformation is the essential characteristic of a material physical process, and the failure
of rock is an unstable phenomenon driven by energy. The dynamic failure of rock is the
result of a sharp release of elastic deformation energy accumulated when the strength limit
is reached. Therefore, the law of energy evolution in the process of rock deformation and
failure can be analyzed in detail, and the failure theory based on energy change can be
established. It is expected to truly reflect the failure law of rock and better serve relevant
engineering practices.

From the microscopic perspective, rock deformation and failure are the result of
internal damage evolution, which is caused by the continuous expansion of initial defects
such as microcracks. In the process of microcrack expansion, energy is absorbed to produce
new crack surfaces. This means that some of the work done to the rock by external forces
(i.e., the energy absorbed by the rock) is dissipated in the form of microcracks, and this
energy is called dissipated energy. In addition to dissipated energy, another part of the
energy absorbed by the rock is stored inside the rock in the form of elastic deformation,
which is called elastic energy. Xie et al. [32] pointed out that dissipated energy leads to the
continuous expansion of internal defects and the deterioration of the mechanical properties
of rock, and ultimately to the loss of rock strength, which is the essential property of rock
failure. For the same type of rock, the law of energy evolution is mainly affected by the
initial microcrack distribution in the rock. This is because the initial microcrack distribution
affects the energy dissipation process of the rock such that the energy dissipation law of
the rock presents different characteristics. This is also the basis for evaluating the damage
characteristics of rock according to energy evolution.

There is a lot of energy involved in the rock loading process, so it is impossible to
monitor every kind of energy during the experiment. In the analysis of rock deformation
and failure, elastic energy and dissipated energy are mainly studied. If the heat exchange
between the rock and the outside environment is ignored, the energy absorbed by the rock
can be regarded as the sum of elastic energy and dissipated energy according to the first
law of thermodynamics:

U = Ue + Ud (2)

where U is the work done on the rock by external forces, i.e., absorbed energy; Ue is the
elastic energy stored inside the rock; and Ud is the dissipated energy of the rock.

The calculation of elastic energy, dissipated energy, and absorbed energy can be made
according to the method provided in the literature [33].

3.4.2. The Influence Law of Liquid-Nitrogen Cooling on Energy Evolution

From the perspective of thermodynamics, microcrack propagation is a process of
energy consumption. In the Brazilian splitting test, the energy absorbed by the rock is
mainly from the work done to the rock by external forces. Part of this energy is stored in the
form of elastic energy, and the other part is mainly dissipated to promote the expansion of
microcracks. This can be seen from the load–displacement curve of the samples (Figure 14),
where both natural cooling and liquid-nitrogen cooling affected the load–displacement
curve of high-temperature granite, and the curve changed mainly in the form of peak load
decreasing with the growth of heating temperature. Among them, the peak load of the
liquid-nitrogen-cooled sample was smaller than that of the naturally cooled sample under
the same heating temperature. However, there was no obvious plastic deformation stage
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before the failure of both the naturally and liquid-nitrogen-cooled samples. This indicates
that the main form of energy dissipation is the generation of new damage. Therefore, the
damage state and failure characteristics of rock could be analyzed and evaluated according
to the law of energy evolution.
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• Effect on the elastic energy 

Figure 14. Load–displacement curves of naturally and liquid-nitrogen-cooled samples at different
heating temperatures: (a) naturally cooled sample; (b) liquid-nitrogen-cooled sample.

• Effect on the elastic energy

In the process of energy evolution, elastic energy is stored in the form of elastic strain,
so it is also called elastic strain energy, and its main role is to drive the rock to rupture [34].
The greater elastic energy during rock failure indicates that more elastic energy is required.
Generally, the elastic energy of rock at the peak load is regarded as the energy storage limit
of rock. The higher the energy storage limit of rock, the more complete the rock structure,
and the better the mechanical properties of rock.

As shown in Figure 15, elastic energy showed a nonlinear growth trend with the
increase in load ratio. At the beginning of loading, the growth rate of elastic energy was
relatively slow. As the load ratio increased, the elastic energy increased increasingly quickly.
When the heating temperature was lower than 450 ◦C, the elastic energy of the naturally
cooled sample was always higher than that of the liquid-nitrogen-cooled sample under
the same load ratio. This indicates that liquid-nitrogen cooling can further destroy the
structural integrity of rock and reduce the energy storage limit. When the high-temperature
granite (heating temperature ringing from ~25 to ~450 ◦C) was treated with liquid nitrogen,
the maximum elastic energy decreased by 22.27~39.88%. For example, when the load ratio
was 10%, the elastic energy of the naturally cooled sample was 22.45~39.18% higher than
that of the liquid-nitrogen-cooled sample. When the load ratio was 80%, this value was up
to 22.35~39.82%. It can be seen that the ability of high-temperature granite to store elastic
energy is weakened after liquid-nitrogen cooling. This also proves that liquid-nitrogen
cooling causes damage and cracking effects on high-temperature granite, which destroys
its microstructure and degrades its mechanical properties. When the heating temperature
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rises to 600 ◦C, due to the serious damage of granite in the heating process, the elastic
energy of the naturally cooled sample was very close to that of the liquid-nitrogen-cooled
sample. The difference between them was only 2.13–4.10%.
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• Effect on dissipated energy

In the loading process, the damage and plastic deformation of rock will cause energy
dissipation. Energy dissipation can degrade the mechanical properties of rock, resulting
in the reduction of cohesiveness between particles and the ability to resist damage. There-
fore, energy dissipation is an essential property of rock failure, reflecting the continuous
initiation, expansion, and interaction process of microcracks in rock [35]. The greater the
dissipated energy during rock failure, the more energy there is that needs to be dissipated,
which means that more microcracks need to be produced.

Figure 16 shows the relationship between dissipated energy and the load ratio of
different samples in the loading process. The dissipated energy first increases and then
decreases with the increase of the load ratio. For example, when the load ratio is low,
the dissipated energy increases slowly with the increase of the load ratio. This is because
the energy dissipation of the sample is mainly caused by the closure of microcracks at a
low load ratio. With the increase in load, the internal microcracks of granite slowly close,
causing the dissipated energy to decrease. At this time, the internal energy evolution of the
sample is mainly dominated by the accumulation of elastic energy. In addition, with the
increased heating temperature, the dissipated energy of the naturally and liquid-nitrogen-
cooled samples increases first and then decreases with the increase of heating temperature.
For example, when the heating temperature increases from 25 ◦C to 300 ◦C, the maximum
dissipated energy of the naturally cooled samples increased from 0.23 J to 0.30 J with an
increase of 30.43%; For the liquid-nitrogen-cooled samples, the maximum dissipated energy
increased from 0.19 J to 0.28 J, with an increase of 47.37%. When the heating temperature



Processes 2023, 11, 1818 21 of 27

increased from 300 ◦C to 600 ◦C, the maximum dissipation energy of the naturally cooled
sample decreased from 0.30 J to 0.15 J, with a decrease of 50%. However, for the liquid-
nitrogen-cooled samples, the maximum dissipated energy decreased from 0.28 J to 0.16 J.
This was mainly because when the heating temperature was low, natural cooling and
liquid-nitrogen cooling led to an increase in microcracks of the high-temperature granite,
and there was more energy that needed to be dissipated in the loading process of the rock
sample to promote the closure of these microcracks. When the heating temperature reached
a certain level, natural cooling and liquid-nitrogen cooling could significantly promote the
deterioration of the mechanical properties of high-temperature granite, resulting in the
reduction of the elastic modulus and other parameters. In this case, the granite samples
presented large deformation under a low load ratio, and the microcracks were easier to
close. As a result, the dissipated energy began to decrease with the continuous increase in
heating temperature.
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By comparing naturally cooled and liquid-nitrogen-cooled samples, it can be seen
that under the same heating temperature, the dissipated energy of the naturally cooled
samples was greater than that of the liquid-nitrogen-cooled samples. Compared with the
naturally cooled samples (heating temperature of 25~450 ◦C), the peak dissipated energy
of the liquid-nitrogen-cooled samples decreased by 15.72~34.41%. For example, when
the heating temperature was 25 ◦C, 150 ◦C, 300 ◦C, 450 ◦C, and 600 ◦C, the maximum
dissipated energy of the naturally cooled sample was 0.23 J, 0.25 J, 0.30 J, 0.26 J, and
0.15 J, respectively. In addition, the corresponding maximum dissipated energy of the
liquid-nitrogen-cooled sample was 0.19 J, 0.20 J, 0.27 J, 0.22 J, and 0.16 J, respectively. This
indicates that after liquid-nitrogen cooling, the energy dissipation of high-temperature
granite reduces when it ruptures. This also means that the sample can be destroyed when
fewer microcracks are additionally generated. It can be seen that liquid-nitrogen cooling
made the microcracks in the high-temperature granite expand, increasing the number
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of microcracks. Therefore, the number of newly generated microcracks and the energy
dissipated in the liquid-nitrogen-cooled samples during the failure was smaller than that
of the naturally cooled samples.

• Effect on the absorbed energy

Figure 17 shows the relationship between absorbed energy and the load ratio of the
naturally cooled and liquid-nitrogen-cooled samples. The variation law of the absorbed
energy with the load ratio is consistent with elastic energy. This is mainly because the elastic
energy is much greater than the dissipated energy in the loading process, and the granite
sample had no yield stage in the failure process. Therefore, elastic energy plays a major
role in the evolution of energy. In addition, at the same load ratio and heating temperature,
the absorbed energy of the liquid-nitrogen-cooled sample was less than that of naturally
cooled rock. In particular, when the high-temperature granite (heating temperature in the
range of 25~450 ◦C) was cooled with liquid nitrogen, the ultimate absorbed energy was
reduced by 22.74~37.66%. For example, at the peak load, the absorbed energies of the
liquid-nitrogen-cooled samples at 25 ◦C, 150 ◦C, 300 ◦C, 450 ◦C, and 600 ◦C were 4.82 J,
4.40 J, 4.60 J, 2.43 J, and 0.89 J, respectively. However, the absorbed energies of the naturally
cooled samples were 3.49 J, 3.40 J, 2.87 J, 1.67 J, and 0.91 J, respectively. This indicates
that the energy absorbed by high-temperature granite when a failure occurs is also greatly
reduced after liquid-nitrogen cooling, and the failure of the granite sample is caused by
less absorbed energy.
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• Effect on energy distribution

According to the above analysis, the energy absorbed by rocks has two main functions.
First, it is stored in the form of elastic energy, which is used to drive rock failure. Second, it
is dissipated in the form of new damage, which weakens the rock’s ability to resist failure.
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Therefore, it will be helpful to further understand the effect of liquid-nitrogen cooling on
high-temperature granite by analyzing the energy distribution law in the loading process.
Figure 18 shows the relationship between the energy proportions of naturally cooled and
liquid-nitrogen-cooled samples and the load ratio. In contrast to the conventional axial
compression test, the tensile strength of rock is far less than the compressive strength, and
the load of the rock in the Brazilian splitting test is usually at a low level. At low load levels,
rock does not easily produce elastic deformation. Because the stiffness of the crack is less
than that of the rock, some of the microcracks will close along the normal direction of the
crack surface. The closure of microcracks will consume energy. However, at a low load
level, the elastic deformation of the rock was low, and the energy absorbed was mainly
used for microcrack closure. Therefore, at the beginning of the Brazilian splitting test, the
proportion of dissipated energy of the rock sample was larger than that of elastic energy.
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As shown in Figure 18, the proportions of elastic energy and dissipated energy in the
loading process present changing trends with the increase in load ratio. The proportion of
elastic energy increased steadily with the growth of the load ratio, while the proportion
of dissipated energy decreased gradually. This indicates that, with the increase in load,
the energy absorbed by the naturally cooled and liquid-nitrogen-cooled samples is mainly
stored in the form of elastic energy, and dissipated energy is constantly reduced. The elastic
deformation was dominant during the entire loading stage, which is consistent with the
form of the load–displacement curve. Under the same load ratio, the proportion of elastic
energy of the liquid-nitrogen-cooled samples was smaller than that of the naturally cooled
samples, which indicates that the effect of liquid-nitrogen cooling helps to increase the
damage inflicted on high-temperature granite and promotes the expansion of microcracks.
Taking the 60% load ratio as an example, the elastic energy proportions of naturally cooled
samples heated at 25 ◦C, 150 ◦C, 300 ◦C, 450 ◦C, and 600 ◦C were 88.36%, 86.13%, 84.34%,
76.47%, and 65.45%, respectively. Meanwhile, the elastic energy proportions of the liquid-
nitrogen-cooled samples at the same heating temperature were 86.69%, 86.08%, 77.92%,
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71.98%, and 64.08%, respectively. In conclusion, at a 60% loading ratio, liquid nitrogen
cooling could further reduce the elastic energy proportion of the high-temperature granite
by 0.06–7.61%.

4. Discussion

As a natural porous medium, rock contains many initial defects such as microcracks
and micropores, which will significantly affect its physical and mechanical properties.
According to damage mechanics theory, the greater the proportion of internal defects in
rock, the higher the degree of damage. The essence of rock damage is the growth and
expansion of microcracks, but these are difficult to measure and evaluate directly using
experimental means. Macroscopically, rock damage is manifested as the deterioration of
mechanical properties [34]. Therefore, the damage characteristics of rock can be evaluated
by the change in its mechanical parameters.

The failure process of rock under external load is a process of initiation and continuous
expansion of microcracks until nucleation. Microcracks in rock will have an impact on the
failure characteristics of rock, i.e., on a macro level, rock damage can be characterized by
the mechanical parameters of rock [32]. When liquid-nitrogen cooling produces a cracking
effect on high-temperature granite, its mechanical parameters will change accordingly.
Figure 19 is a schematic diagram of the sliding crack model commonly used to describe
the crack penetration and nucleation theory of rock during loading [35]. The pre-existing
crack represents an already-existing microcrack in the rock. When the shear stress of the
pre-existing crack exceeds the friction force between crack surfaces, wing cracks will occur
near the tip. The propagation and penetration of microcracks in the rock under the action
of external forces are mainly caused by the continuous propagation of these wing cracks.
Under the action of external force, these wing cracks further extend, expand, and connect.
When the volume of wing cracks in the rock reaches a certain level, a local failure zone will
form, resulting in fracture failure. For example, in refracturing technology, new turning
fractures are produced at the tip of the original fractures, therefore increasing the volume
of reservoir stimulation [36]. The more pre-existing cracks there are, the fewer new cracks
will be required for rock failure, which means less energy will be consumed in the rock
failure process. This is also the reason the dissipated energy of the liquid-nitrogen-cooled
samples was less than that of the naturally cooled samples during the failure process.
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5. Conclusions

In this paper, Brazilian splitting tests were carried out on granite at different heating
temperatures and after different cooling treatments. The ultrasonic velocity, splitting
modulus, tensile strength, energy evolution, and AE signal parameters were analyzed, and
the following conclusions were obtained:

(1) The ultrasonic velocity of high-temperature granite samples after both natural cool-
ing and liquid-nitrogen cooling decreases with the increase in heating temperature.
At each heating temperature, the ultrasonic velocity of the liquid-nitrogen-cooled
samples was lower than that of the naturally cooled samples.

(2) Heating treatment can cause thermal damage to the granite sample and thus reduce
the tensile strength and splitting modulus of the granite. With the increase of heating
temperature, the tensile strength and splitting modulus decreased obviously. At the
same heating temperature, the tensile strength and splitting modulus of the liquid-
nitrogen-cooled sample were lower than those of the naturally cooled sample.

(3) When the heating temperature was lower than 150 ◦C, the naturally cooled sample
showed no obvious AE signals at low load levels. However, the ring-down counts
of the liquid-nitrogen-cooled samples at a low load level were similar to that of the
naturally cooled samples at a high load level. With the increase in heating temperature,
the ring-down counts of the liquid-nitrogen-cooled samples were significantly higher
than that of the naturally cooled samples.

(4) When the heating temperature was less than 450 ◦C, the elastic energy stored in the
liquid-nitrogen-cooled samples was lower than that stored in the naturally cooled
samples under the same load level. When the heating temperature reached 600 ◦C, the
elastic energy of the naturally cooled and liquid-nitrogen-cooled samples was close.

(5) With the increase in heating temperature, the dissipated energy of high-temperature
granite after both natural cooling and liquid-nitrogen cooling increases first and
then decreases. Under the same heating temperature, the dissipated energy of high-
temperature granite after natural cooling treatment was greater than that after liquid-
nitrogen cooling treatment. At the same load level and heating temperature, the
absorbed energy of the naturally cooled sample is greater than that of the liquid-
nitrogen-cooled sample.

(6) Overall, liquid-nitrogen cooling can bring significant thermal damage to high-
temperature granite. After liquid-nitrogen cooling, microcracks in high-temperature
granite increased and mechanical strength degraded. Consequently, microcracks
easily expanded and propagated under external force.
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