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Abstract: Deep geothermal energy is a renewable and environmentally friendly resource, and the
hot dry rock in a geothermal reservoir is subjected to thermal cycling treatment. Thermal cycling
treatment can cause thermal stresses in the rock matrix and result in thermal cracking, which
significantly influence the physical and mechanical properties of a rock. To investigate the influence
of thermal cycling treatment on the microcrack propagation and mechanical behavior of a granite
rock, a series of physical and mechanical tests were performed on nontreated and treated granite
samples. The testing results show that the mass, density, and P-wave velocity of granite decrease
with heating temperature and cycling time increase, while the volume of the samples increases
significantly. The UCS and elastic modulus of the granite declined from 178.65 MPa and 20.09 GPa
to 24.58 MPa and 3.81 GPa after treatment at 500 ◦C for 30 thermal cycling times, respectively. The
degradation trends of the UCS and the elastic modulus of the granite can be characterized by the
heating temperature and the thermal cycling times. High temperature and frequent thermal cycling
treatment can induce microcrack propagation within the granite, which causes the failure of the
samples and leads a transformation of granite from brittleness to ductility.

Keywords: deep geothermal energy; thermal cycling treatment; uniaxial compression strength; crack
propagation; failure mode

1. Introduction

Renewable and reliable resources, such as deep geothermal and nuclear energy [1,2],
have attracted a large amount of concern for their clean, financial, and environmentally
friendly advantages over traditional fossil energy sources, such as gas, oil, and coal [3–5].
Generally, hot dry rock (HDR) geothermal energy, at a more than 2 km depth and with
more than 180 ◦C, has a large reserve and wide distribution and presents a potential
exploitation capability [6–8]. During the construction of deep wells to form an artificial
reservoir, a large amount of cold drilling fluid will contact HDR directly [9]. Meanwhile,
in the extraction process, water or another appropriate fluid with low temperature is
injected and circulated through the HDR and eventually pumped back with a production
temperature of 150 to 380 ◦C to a power station on the surface to produce electricity [10,11].
Therefore, the HDR will experience a series of frequent temperature changes during the
exploitation of geothermal energy [12]. Frequent thermal cycling treatment can induce
thermal gradient and thermal cracking in the HDR, which exhibits a significantly different
physical property and mechanical behaviors compared with those under the original
state [13–17]. Furthermore, the engineering stability of the artificial reservoir is highly
influenced by the thermal cycling treatment.
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So far, plenty of studies have been conducted to investigate the influence of thermal
cycling treatment on the physical and mechanical properties of rocks. Yuan et al. [18]
experimentally investigated the temperature change and acoustic emission characteristics
of granite during the heating and air-cooling processes. The authors reported that the
cumulative acoustic emission count during the air-cooling process is significantly smaller
than that during the heating process, which indicates that the heating treatment can pro-
duce more serious damage to the rocks than the air-cooling treatment. Elgiarib et al. [19]
conducted a series of physical and mechanical experiments on granodiorite rock to in-
vestigate the influence of high-temperature treatment. The authors suggested that the
thermal damage threshold of the testing rock is 400 ◦C, and the mechanical response
of the granodiorite rock induced by the temperature shifts from a stable to an unstable
state. Qian et al. [20] performed conventional triaxial compression tests on granite rock
after high-temperature heating and water quenching cycling treatment and found that
the longitudinal wave velocity and bulk density of the granite rocks present a negative
correlation with the heating temperature and water quenching cycling times. When heated
before the thermal threshold (450 ◦C), the peak strength of the granite rock decreased
linearly, and the peak axial strain exhibited an exponential increasing trend. Zhao et al. [21]
experimentally investigated the mechanical properties and energy characteristic of granite
rock induced by high temperature and increasing amplitude cyclic loading treatment. The
authors suggested that the granite rocks show an evident observation of rock hardening
characteristic after being subjected to high temperature and cyclic loads, and the energy
evolution of granite rocks reverses from a nonlinear to a linear feature with increasing
temperature. Sun et al. [22] conducted conventional tensile strength tests on diorite rocks
subjected to different heating–cooling cycles at different temperatures. The authors re-
ported that when heated at 400 ◦C, granite rock experiences a serious damage induced
by the loss of combined water and thermal tensile stresses. Vagnon et al. [23] conducted
a series of laboratory tests on marble rocks subjected to thermal cycles to evaluate the
variation of the physical and mechanical properties of rocks. The authors suggested that
the degradation of the physical and mechanical properties of rocks is mainly due to the
increase in crack density and porosity and proposed a damage parameter to quantify the
degradation of mechanical properties. Wu et al. [24] experimentally studied the effect of
cyclic heating and liquid nitrogen cooling on the physical and mechanical properties of
granite rocks and developed an improved deterioration model to describe the integrity
loss of granite during cycles. Villarraga et al. [25] researched the effect of thermal cycles
on the mechanical response of limestone rocks and found that the accumulation of strains,
P-wave velocity, and uniaxial compression strength decrease with thermal cycle increase,
while no noticeable change in porosity are observed. Rong et al. [26] carried out research in
the evaluation of the physical and mechanical behaviors of rocks in the process of thermal
cycling at a high temperature. The authors reported that the P-wave velocity, characteristic
stress, and elastic modulus decrease when the thermal cycle times increase. Meanwhile,
more fragments are observed in rocks subjected to more thermal cycles, and the integrity is
lower than that treated with fewer thermal cycles.

When subjected to thermal cycling treatment, rocks will create thermally induced mi-
crocracks due to the generation of the thermal gradient, which is induced by the expansion
or contraction of individual particles in contact with other particles reaching the tensile or
shear strength of the rock [27,28]. The propagation of the microcracks influences the physi-
cal properties and mechanical behavior of rocks significantly. However, the mechanism
contributes to microcrack behaviors, and the physical–mechanical properties of rocks may
not be sufficiently illustrated. In this research, the influence of thermal cycling treatment,
at different heating temperatures for various thermal cycling times, on microcrack propa-
gation and the mechanical behavior of granite rock is experimentally investigated. Before
the thermal cycling treatment, a series of basic physical properties (i.e., mass, volume,
and P-wave velocity) of granite samples were measured, and the mineral composition
of the testing granite rock was obtained by using X-ray diffraction (XRD). After a muffle



Processes 2022, 10, 1551 3 of 16

furnace applied the thermal cycling treatment on the granite samples, the aforementioned
physical properties of the granite samples were measured again. Then, a scanning electron
microscope (SEM) was used to analyze the microcrack propagation of the granite rock
induced by the thermal cycling treatment. Finally, the mechanical performance and failure
mode of the treated granite rock were investigated by using a rigid servo-controlled triaxial
compression test system.

2. Experimental Material and Methodology
2.1. Specimen Preparation

The specimens used in this research are granite, which is a typical igneous rock
formed in the magmatism process. A granite block was mined from Hubei Province,
China. Following the specification recommended by the International Society for Rock
Mechanics (ISRM), the cylindrical granite specimens were cored with 50 mm diameter and
100 mm height from an identical block to minimize the scatter of the testing results [29,30].
Meanwhile, sample ends were carefully ground and polished by a grinding machine until
the deviation ranges of the flatness and roughness were less than 0.5 mm and 0.05 mm,
respectively. Prior the thermal treatment, all the specimens were heated at 45 ◦C for 48 h in
a dry oven and cooled to room temperature naturally to eliminate the influence of moisture.
Subsequently, the mineralogical compositions of the granite were determined by X-ray
diffraction (XRD) analysis, which indicated that the granite mainly consists of 40.6% quartz,
26.1% albite, 15.5% microcline, and 13.2% muscovite, as shown in Figure 1.

Figure 1. Mineralogical feature of granite: (a) XRD patterns; (b) proportion of the minerals.

2.2. Physical Property Tests

Three basic physical tests, which were mass measurement, volume determination,
and P-wave velocity tests, were conducted on all the cylindrical samples before and after
thermal cycling treatments for comparison. The specimen volumes were calculated from
the recorded values by a conventional caliper. A balance with a capability of weighing
to an accuracy of 0.01 g was utilized to capture the mass of the specimen. The density
was obtained from the ratio of the specimen mass to the specimen volume. Moreover,
the P-wave velocity tests were taken along the sample axis using an ultrasonic measure
instrument. Some Vaseline was daubed between the transducers and the sample surface to
provide a good acoustic coupling, and a small load of about 6 N was applied to improve
the contact and reproducibility. Additionally, granite specimens with a P-wave velocity
significantly deviating from the average value were excluded to reduce the influence of the
discreteness of the rock samples on the testing results.
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2.3. Microcrack Observation

Scanning electron microscope (SEM) technology was utilized to investigate the micro-
crack propagation within the samples subjected to the thermal cycling treatment. After
thermal cycling treatment, thin sections with a thickness of approximately 30 mm were
made, from which SEM images were obtained to observe the development of the microc-
racks by using an SU8020 SEM system. In addition, the SEM system used in this research
operated at a 24 kV accelerating voltage in a high-vacuum mode. Meanwhile, thin sections
of thermal-cycling-treated granite samples were coated with gold to ensure that microcracks
can be observed directly and conveniently by SEM.

2.4. Thermal Cycling Procedure

Thermal cycling treatments were administered to the granite samples according to the
following procedure.

• The dry samples were heated in a muffle furnace from room temperature (23 ◦C) to
the predefined temperature, which varied from 100 to 500 ◦C, at intervals of 100 ◦C.
The heating rate was controlled at 2 ◦C to avoid potential temperature gradients
and thermal shock within the sample. In addition, after reaching the target tempera-
ture, the samples were held isothermally in the furnace for more than 2 h to ensure
temperature uniformity.

• The heated samples were taken out of the furnace and exposed naturally to the open
atmosphere until reaching room temperature. This cooling treatment allowed the
samples to cool with a gentle cooling rate. At this point, one thermal cycling treatment
was complete.

• Four levels of thermal cycles (i.e., 1, 10, 20, and 30) were set in this study to investigate
the influence of thermal cycling times on the microcrack propagation and mechan-
ical behaviors of granite rock. Subsequently, the aforementioned physical property
tests and SEM were conducted on the granite samples after each of the five thermal
cycles finished.

2.5. Mechanical Property Tests

Conventional UCS tests were performed by an MTS-4000 rigid servo-controlled triaxial
compression test system with a loading capacity of 2200 KN (as shown in Figure 2f). The
compression test system could make real-time recording of the axial displacement. The
samples subjected to different thermal cycling treatments were deformed to failure at a
displacement control rate of 0.2 mm/min.

Figure 2 illustrates the complete testing scheme and the instruments used in this study.
To avoid discreteness of test results as much as possible, all the thermal treatment and
mechanical tests of the granite in each scenario were repeated three times, and the test
results in the study were expressed as a mean value.
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Figure 2. Experimental procedures and equipment: (a) mass measurement, (b) dimension determina-
tion, (c) P-wave instrument, (d) heating furnace, (e) SEM devices, and (f) UCS test system.

3. Results
3.1. Mass, Volume, and Bulk Density

Table 1 lists the mass, volume, and bulk density of the granite samples induced by the
predeterminated thermal cycling treatment. To illustrate the variation trends intuitively and
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clearly, the deviation values of the mass, volume, and density of the granite were carefully
calculated and are shown in Figure 3. It was easily observed that the mass and density of
the granites decrease with the treated temperature and cycling times increase, while the
volume of the samples increases. Additionally, the maximum mass reduction of granite is
about 0.28% when treated by 30 thermal cycling times at 500 ◦C, while the mass reduction
of granite is only 0.13% when treated by 1 thermal cycling time at 100 ◦C. The main reason
for the mass reduction of granite during thermal treatment is water evaporation. Minerals
in the rock present various water evaporation reactions at different temperature intervals.
Generally, when the heating temperature is approximately 100 ◦C, the bound water could
evaporate from the surface of the sample and the pores between the minerals in the granite
rock. Moreover, when the heating temperature reaches 400 ◦C, the crystal water could
escape from the constraint of the mineral lattice. Therefore, after being frequently treated
by high temperature, the mass of the granite rock could significantly decrease.

The volume of the rock is a convenient and intuitive index to assess its compactness.
As shown in Figure 3b,d, after being heated at 500 ◦C for 30 cycling times, the granite rock
expands from 199.63 to 204.64 cm3 in average volume, and the increase rate of the volume
is approximately 2.51%. Furthermore, the minerals within the granite rock could expand
in the thermal cycling treatment process, while the different minerals could expand in
different rates when subjected to the same thermal treatment. The nonuniform expansions
between different minerals could result in microcracks in the granite rock. The details of
microcrack propagation will be investigated in the following section.

Density is one of the most commonly used indicators of rock, which is influenced by
the mass and volume of the samples. Figure 3c,d shows that the density of the granite
rock decreases with the heating temperature and treatment time increase. Specifically, after
being heated at 500 ◦C for 30 cycling times, the density of the granite rock decreases from
2.639 to 2.568 g/cm3 in average density, and the decrease rate of the density is about 2.71%.

Additionally, before the thermal cycling treatment, all the samples were fully dried,
which means that free water was avoided in the granite rock. Therefore, the escaping water
induced by the thermal cycling treatment are bound water and structural water, whose
masses are relatively small. As a result, the density variation of the granite rock subjected
to the thermal cycling treatment is mostly and significantly influenced by the changes
of volume.
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Table 1. Mass, volume, and bulk density of granites induced by thermal cycling treatment.

T/◦C

1 Cycle 10 Cycles 20 Cycles 30 Cycles

Mass (g) Volume (cm−3) Density
(g·cm−3) Mass (g) Volume (cm−3) Density

(g·cm−3) Mass (g) Volume (cm−3) Density
(g·cm−3) Mass (g) Volume (cm−3) Density

(g·cm−3)

Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After Before After

100
522.79 522.66 198.40 197.60 2.635 2.625 502.81 502.66 191.04 189.84 2.632 2.622 478.76 478.61 181.76 180.26 2.634 2.624 505.75 505.52 190.63 188.83 2.653 2.643
528.94 528.80 199.45 198.65 2.652 2.642 487.65 487.50 183.81 182.61 2.653 2.643 507.56 507.40 191.39 189.89 2.652 2.642 485.75 485.53 185.76 183.96 2.615 2.605
522.12 521.99 196.80 196.00 2.653 2.643 509.14 509.00 193.44 192.24 2.632 2.622 516.75 516.54 195.89 194.39 2.638 2.628 505.78 505.54 192.02 190.22 2.634 2.624

200
516.57 516.40 195.52 194.72 2.642 2.632 512.57 512.32 193.57 192.37 2.648 2.638 504.67 504.36 190.23 188.73 2.653 2.643 504.31 503.90 195.17 193.37 2.584 2.574
524.81 524.64 199.78 198.98 2.627 2.617 508.34 508.10 190.18 188.98 2.673 2.663 515.13 514.81 197.22 195.72 2.612 2.602 506.43 506.00 192.19 190.39 2.635 2.625
525.46 525.28 198.36 197.56 2.649 2.639 515.78 515.52 195.22 194.02 2.642 2.632 497.56 497.24 190.78 189.28 2.608 2.598 511.24 510.83 195.35 193.55 2.617 2.607

300
533.15 532.81 201.72 200.92 2.643 2.633 489.45 489.07 184.98 183.78 2.646 2.636 506.75 506.27 191.37 189.87 2.648 2.638 489.46 488.85 188.62 186.82 2.595 2.585
534.91 534.56 201.70 200.90 2.652 2.642 508.12 507.72 193.86 192.66 2.621 2.611 513.46 512.97 193.18 191.68 2.658 2.648 506.34 505.69 196.56 194.76 2.576 2.566
521.59 521.26 197.80 197.00 2.637 2.627 488.15 487.76 183.65 182.45 2.658 2.648 522.46 521.97 198.13 196.63 2.637 2.627 485.72 485.14 188.04 186.24 2.583 2.573

400
514.19 513.62 195.96 195.16 2.624 2.614 508.67 508.07 192.82 191.62 2.638 2.628 525.79 525.12 199.01 197.51 2.642 2.632 505.69 504.96 191.40 189.60 2.642 2.632
498.64 498.14 190.76 189.96 2.614 2.604 509.13 508.57 195.14 193.94 2.609 2.599 525.67 525.03 199.34 197.84 2.637 2.627 507.15 506.41 192.54 190.74 2.634 2.624
507.54 506.94 192.69 191.89 2.634 2.624 498.46 497.89 187.11 185.91 2.664 2.654 499.73 499.08 189.87 188.37 2.632 2.622 517.68 516.92 196.24 194.44 2.638 2.628

500
516.19 515.49 194.94 194.14 2.648 2.638 526.48 525.69 200.87 199.67 2.621 2.611 515.78 514.95 196.04 194.54 2.631 2.621 528.76 527.33 199.01 197.21 2.657 2.647
523.81 523.08 197.59 196.79 2.651 2.641 515.67 514.96 196.37 195.17 2.626 2.616 518.76 517.92 196.65 195.15 2.638 2.628 523.76 522.36 198.54 196.74 2.638 2.628
495.49 494.87 187.33 186.53 2.645 2.635 523.45 522.62 198.43 197.23 2.638 2.628 524.67 523.75 201.10 199.60 2.609 2.599 528.34 526.84 201.35 199.55 2.624 2.614



Processes 2022, 10, 1551 8 of 16

Figure 3. Variation trend of (a,b) mass, (c,d) volume, and (e,f) density of granite induced by thermal
cycling treatment.

3.2. Ultrasonic Wave Propagation

An ultrasonic wave test, especially the P-wave velocity test, is a frequently used
method to assess the structural integrity of a rock. Figure 4 illustrates the deterioration
rates of the P-wave velocity of the granite rock subjected to thermal cycling treatment, and
the detailed measurement data of the P-wave velocity are listed in Table 2. Based on the
results of the ultrasonic wave test before thermal cycling treatment, the average P-wave
velocity of the original standard granite samples is 4109 m/s, which indicates that the
granite samples used in this research are intact in the natural state. Generally, when the
heating temperature and thermal cycling treatment times increase, the P-wave velocity
of the granite samples decreases monotonically, which implies that plenty of microcracks
generated in the granite rock are induced by high temperature and frequent treatment
times. Specifically, the P-wave velocity of the granite rock significantly decreases from
3972 to 1453 m/s on average after being heated at 500 ◦C for 30 times, and the average rate
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of decrease in P-wave velocity is 63.42%. The decreases in P-wave velocity in the granite
rock are mainly attributed to the generation of microcracks during the thermal cycling
treatment. Therefore, the P-wave velocity test can be used to characterize thermal cracks
generated in the rocks and quantify the overall damage degree.

Figure 4. Ultrasonic wave propagation induced by thermal cycling treatment: (a) velocity of P-wave;
(b) damage index based on P-wave.

Table 2. Testing results of ultrasonic wave velocity induced by microwave irradiation.

T (◦C)
1 Cycle 10 Cycles 20 Cycles 30 Cycles

Before After Before After Before After Before After

100
4245 4021 4023 3852 4168 3749 4059 3459
4159 4046 3939 3817 3997 3679 4025 3419
4114 4043 4022 3839 3965 3694 4158 3398

200
4013 3713 4129 3622 3939 3484 4059 3249
4196 3606 4164 3620 4067 3398 3982 3158
4184 3678 4200 3691 3962 3492 4059 3219

300
4250 3323 4140 3038 4021 2816 3918 2594
4168 3268 4230 2958 4046 2794 3941 2518
4057 3254 4156 3084 4043 2749 4068 2467

400
4144 2705 4073 2259 4068.00 2059 4169 1867
4100 2859 4032 2302 4169.00 2067 4067 1891
3958 2702 4004 2327 3984.00 2097 4108 1759

500
4076 2497 4049 2231 4089.00 2019 3987 1495
4118 2348 4061 2196 4187.00 2067 3915 1467
3929 2318 3944 2147 4169.00 1976 4016 1397

3.3. Stress–Strain Curves

Figure 5 shows the complete stress–strain curves of the granite rock subjected to
thermal cycling treatment. It is easily observed that the natural granite rocks present a
significant brittleness behavior with a sharp postpeak softening response at small axial
strains. Generally, the complete stress–strain curve of all granite samples subjected to
thermal cycling treatment can be divided into four stages: closure stage, liner elastic stage,
yield stage, and postpeak stage. It can be easily observed that the stress–strain curves
of all the granite rocks present a concave-upward shape from initial loading, which is
mainly due to the closure of the natural microcracks. Meanwhile, the initial nonlinear
deformation stage becomes more and more evident with the heating temperature and
treatment time increase. The main reason for the reaction are the massive thermal cracks
generated induced by thermal cycling treatment. Then, as the load is continuously applied,
the samples are deformed elastically, which means that the stress increases approximately
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linearly with increasing strain. Specifically, the slopes of the stress–strain curves of the
granite rocks decrease gradually with the heating temperature and treatment time increase.
After thermal cycling treatment, the yield stage of the granite rock is lengthened, and the
stress–strain curves turn smoothly. When the load exceeds the bearing capacity of the
granite rock, the stress–strain curves collapse immediately.

Figure 5. Stress–strain curve of granite subjected to thermal treatment: (a) 1 cycle, (b) 10 cycles,
(c) 20 cycles, (d) 30 cycles.

3.4. UCS and Elastic Modules

UCS and elastic modules are two of the best parameters for assessing the mechanical
property of rocks. The calculated results of the granite rocks after thermal cycling treatment
are listed in Table 3. It is clearly and intuitively obtained that the UCS and the elastic
modules of the granite rock both decrease with the heating temperature and treatment
time increase. Furthermore, Figure 6a,b shows the variation feature of the UCS and elastic
modules of the granite rock induced by thermal cycling treatment. In addition, based on
the regression analysis, the UCS and elastic modules can be characterized by the heating
temperature and the cycling times as follows:

σ = −0.244x − 1.668y + 191.902 (1)

E = −0.271x − 0.022y + 21.531 (2)
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where σ, E, x, and y are UCS, elastic modules, heating temperature, and thermal times,
respectively. Meanwhile, the fitting factors of the UCS and the elastic modules are 0.983
and 0.969, respectively.

Table 3. Testing results of UCS and elastic modules.

T
(◦C)

1 Cycle 10 Cycles 20 Cycles 30 Cycles

σ

(MPa)
E

(GPa)
σ

(MPa)
E

(GPa)
σ

(MPa)
E

(GPa)
σ

(MPa)
E

(GPa)

100 166.64 19.16 142.88 16.54 134.35 13.58 112.07 10.61
200 148.73 17.77 120.35 14.68 109.08 11.59 93.74 8.31
300 124.71 15.32 104.45 13.54 81.69 9.43 75.89 6.87
400 95.69 11.42 80.58 10.91 66.15 7.49 42.56 4.29
500 61.11 8.94 48.14 7.09 28.38 5.49 24.58 3.81

Figure 6. Variation of (a) UCS and (b) elastic modules with temperature and cycling times.

4. Discussion
4.1. Microcrack Propagation

Figure 7 shows SEM images of the granite rocks induced by the thermal cycling
treatment. Intergranular cracks that exist between the particle boundaries and transgranular
cracks, which are generated within the mineral particles, can be observed, and the patterns
of the microcracks are signed by arrows in the figure. It can be easily obtained that the
particles of the granite rock are smooth and arrayed closely. Furthermore, the granular
borders of the quartz and albite became clearer, and merely intergranular cracks were
produced in the samples when the granite rock was subjected to a 100 ◦C temperature for
10 thermal cycling times. Compared with that treated at a low temperature (below 200 ◦C),
the density of the intergranular cracks grows gradually, and transgranular cracks occur
within the quartz, albite, and microcline particles in the granite rock when the treating
temperature is higher than 300 ◦C. After being treated at 400 ◦C, the transgranular cracks
develop from the boundary of the granite to the center and attract each other to form
microcrack networks. The reaction illustrates that the thermal cycling treatment can induce
not only intergranular cracks but also transgranular cracks in the granite rock. Specifically,
when the granite rock is treated at 500 ◦C for 30 thermal cycling times, a microcrack network
consists of several intergranular cracks, and transgranular cracks are formed to induce
microdamage and mechanical performance degradation, which could lead to the failure of
the samples. Generally, the intergranular cracks and transgranular cracks within the granite
rock that were subjected to high temperature and frequent thermal cycling treatment were
abundant in quantity and evidenced in shape. It indicates that the granite rock subjected
to higher temperature and more frequent thermal cycling treatment were more prone to
degradation and damage, which can be explained by the fact that the temperature gradient
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and thermal shock were more intense under higher temperature and more frequent thermal
cycling treatment condition.

Figure 7. SEM images of granite induced by thermal cycling treatment. Note: In the SEM images, IGC
and TGC are intergranular cracks and transgranular cracks within the granite samples, respectively.

4.2. Failure Mode

The macrofracture of rocks is mainly due to the expansion and propagation of internal
microcracks. Thermal cycling treatment of the granite rock influences the morphology
of the microcracks and results in various macrofracture networks and different types of
failure modes. Figure 8 presents the macrofractures and geological sketches of the granite
samples subjected to thermal cycling treatment. In general, the granite rock is a typically
brittle material and presents a multiple axial splitting tensile failure mode under UCS tests.
However, when the granite rock is subjected to thermal cycling treatment, the density of the
macrofractures gradually grows, and the failure mode is transformed from axial splitting
to shear failure, which indicates that the granite rock experienced a tendency to transition
from brittleness to ductility. This transition is highly influenced by the mineral composition
and heterogeneity of the granite rock. In addition, the integrity of the granite samples
treated over 300 ◦C is significantly lower than that of samples subjected to temperatures
below 200 ◦C, and it can be easily observed that shear failure occurs when the samples are
treated at 400 ◦C. Furthermore, when the granite rock is treated at 500 ◦C for 30 cycling
times, several typical double “Y” dominant macrofractures can be observed in the samples,
and the failure mode completely transforms to shear failure. Moreover, the failure surface
is significantly irregular, and the drop is basically powdery, which indicates that the granite
rock is seriously damaged by thermal cycling treatment.
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Figure 8. Cont.
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Figure 8. Failure mode and geological sketches of granite (left and right images are original failure
pictures and geological sketch pictures, respectively).

5. Conclusions

In this study, a series of physical and mechanical tests were performed on granite sam-
ples to investigate the microcrack propagation and mechanical behaviors of granite rocks
induced by thermal cycling treatment. Research results yielded the following conclusions:

(1) The mass, volume, and P-wave velocity of the granite rock subjected to thermal cycling
treatment are significantly influenced by the treated temperature and thermal cycling
times. When the granite rocks are subjected to higher temperature and more frequent
thermal cycling treatment, the mass, density, and P-wave velocity of the samples
decrease more seriously, while the volume of the samples increases significantly.

(2) The mechanical property of the granite rocks is highly influenced by thermal cycling
treatment. The UCS and elastic modulus of the granite samples both present a negative
relationship with the treated temperature and thermal cycling times. The UCS and
elastic modulus of the granite declined from 178.65 MPa and 20.09 GPa to 24.58 MPa
and 3.81 GPa after being treated at 500 ◦C for 30 thermal cycling times, respectively.
Additionally, the UCS and elastic modulus of the granite samples subjected to thermal
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cycling treatment can be characterized by the heating temperature and the thermal
cycling times.

(3) Both intergranular cracks and transgranular cracks can be observed in the granite
rock after thermal cycling treatment by SEM. Moreover, transgranular cracks can
be produced in the granite rock by high temperature and frequent thermal cycling
treatment. The temperature gradient and thermal shock induced by thermal cycling
treatment are the main reason for the microcrack propagation within the samples and
the degradation of the mechanical performance of the granite rocks.

(4) Thermal cycling treatment can significantly influence the macrofracture network in
the samples and the failure mode of the granite rocks under uniaxial compression
loads. After the granite rocks are subjected to high temperature and frequent thermal
cycling treatment, the density of the macrofracture network grows gradually, and
the failure mode of the granite samples is transformed from axial splitting to shear
failure. In addition, the property of the granite rocks can be reversed from brittleness
to ductility.
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