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Abstract: The deep burial disposal of nuclear waste and dry hot rock mining relates to the effects
of high temperatures on the physical and mechanical properties of granite. Previous studies have
shown that due to the anisotropy of mineral arrangements during granite formation, the physical
and mechanical properties of granite vary greatly with different temperatures. We conducted wave
velocity tests, optical mirror tests, and uniaxial and conventional triaxial compression tests on granite
in three orthogonal directions before and after high-temperature treatment. The main innovative
conclusions are as follows: (1) High temperatures can cause the density of thermal cracks in the
cross-section of granite, which varies with different sampling directions. Temperatures below 400 °C
increase the anisotropy of granite, and there are obvious advantages in the development direction.
(2) Under the same temperature conditions, granite samples taken parallel to the dominant direction
of cracks exhibit the best mechanical properties. (3) In uniaxial compression tests, granite samples
after high-temperature treatment are mostly subjected to tensile splitting failure. When the heating
temperature is higher than 400 °C, a large number of transgranular cracks are generated during
the thermal damage of granite at this temperature stage. Rock samples taken perpendicular to the
dominant direction of the crack can generate radial cracks near the main failure surface, while rock
samples taken parallel to the dominant direction of the crack can generate more axial cracks.

Keywords: granite; physical and mechanical properties; heat damage; anisotropy; microstructure

1. Introduction

In deep rock engineering, rocks often encounter high-temperature environments. For
example, during the development of geothermal energy, the ambient temperature of dry
hot rocks is above 200 °C [1,2]. In a deep burial disposal project involving high-level
radioactive nuclear waste, the decay of radioactive elements in nuclear waste releases
a large amount of heat, resulting in the surrounding rock being in a high-temperature
environment for a long time [3,4]. In the process of engineering construction and operation,
reconstruction after a building fire must also consider the impact of high temperatures
on rocks [5-7]. A high temperature will significantly reduce the physical and mechanical
properties of rocks, thus affecting engineering safety. Granite, a common magmatic rock,
has the characteristics of low permeability, low density, and high strength and is widely
used in buildings around the world. It is also the main reservoir rock for geothermal energy
and the surrounding rock of deep burial disposal sites for high-level radioactive waste.
Therefore, it is of great significance for engineering rock mechanics to study the physical

Appl. Sci. 2024, 14, 5585. https:/ /doi.org/10.3390/app14135585

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14135585
https://doi.org/10.3390/app14135585
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0001-7344-6378
https://doi.org/10.3390/app14135585
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14135585?type=check_update&version=1

Appl. Sci. 2024, 14, 5585

2 0f 23

and mechanical properties of granite after high-temperature treatment, such as in the deep
burial disposal of nuclear waste and dry hot rock mining.

A high temperature causes the thermal expansion of mineral particles inside rocks and
the extensive development of microcracks, leading to the loosening of the rock structure.
On a macroscopic level, it is manifested that the physical and mechanical properties of
rocks will deteriorate to varying degrees after different high-temperature treatment. In
recent years, scholars have conducted both domestic and international research on the
physical and mechanical properties of granite after high temperature treatment and have
achieved significant results. Morrow et al. [8] and Chaki et al. [9] measured the porosity
and permeability of granite after different temperature treatments, and the experimental
results show that the porosity and permeability of granite increase with an increasing
temperature. Additionally, the physical and mechanical properties of granite deteriorate.
Sun et al. [10] measured the quality of granite treated at different temperatures ranging from
room temperature to 800 °C and found that the quality of the rock sample decreased with
an increasing heating temperature, which was related to the loss of free and bound water
in the rock minerals. Yang et al. [11] reported that the density of granite decreases with an
increasing temperature, and the magnitude of the decrease increases with an increasing
heating temperature. Zhu et al. [12] found, through experiments, that the longitudinal
wave velocity of granite decreases with an increasing temperature, and the higher the
temperature is, the faster the decrease in the longitudinal wave velocity. Zhang et al. [13]
conducted a comprehensive review of previous research on the variation in granite wave
velocity after high-temperature treatment and divided the trend of the granite longitudinal
wave velocity with temperature into three stages: at room temperature (~150 °C), there
was no significant change in the longitudinal wave velocity; at 200-600 °C, the longitudinal
wave velocity rapidly decreased with an increasing temperature; and at a heat-treatment
temperature above 600 °C, the rate of decrease in the longitudinal wave velocity decreased.
F. E. HEUZE [14] systematically summarized the main research results on high-temperature
granite before 1983, compared the research results of different scholars through normal-
ization, obtained the variation law of the main mechanical indicators of granite with
temperature, and discussed future research directions. Liu et al. [15] studied the physical
and mechanical properties of granite after high-temperature treatment and found that the
compressive strength and elastic modulus of granite decreased with an increase in the
temperature. Compared with the static elastic modulus, the dynamic elastic modulus of
granite decreased faster. These authors believe that a high temperature has a greater impact
on the physical properties of granite than on its mechanical properties. Zhao et al. [16]
conducted Brazilian splitting tests on granite specimens with three different particle size
distributions after different temperature treatments and reported that as the particle size
and heterogeneity increased, the Brazilian tensile strength of untreated granite decreased.
Moreover, when the heating temperature was less than 300 °C, the tensile strength of gran-
ite specimens with different particle sizes increased, remained unchanged, and decreased.
When the temperature reached 400 °C, the temperature significantly decreased.

Through extensive literature research, numerous scholars have collected their research
results in the field of high-temperature granite, and data on thermal loss related to the phys-
ical and mechanical properties of granite have been extracted and organized. By extracting
and organizing these data, a series of physical and mechanical indicators, such as the wave
velocity, peak strength, and elastic modulus, of granite are summarized as functions of
temperature. To more intuitively demonstrate the impact of high temperatures on granite,
the data were normalized, as shown in Figures 1 and 2. According to previous reports,
the overall trends of the variations in the longitudinal wave velocity, uniaxial compressive
strength, and elastic modulus of granite with respect to temperature after exposure to high
temperatures are relatively similar, but the variation trends are slightly different. According
to previous reports, the overall trends of the variations in the longitudinal wave velocity,
uniaxial compressive strength, and elastic modulus of granite with respect to temperature
after exposure to high temperatures are relatively similar, but the variation trends are
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slightly different. According to Chen et al. [17], the longitudinal wave velocity of granite
does not change significantly when heated below 300 °C, while Ma et al.’s [18] experimental
results suggest that the longitudinal wave velocity of granite significantly decreases when
heated below 300 °C. In terms of the variation law of the uniaxial compressive strength,
there are more significant differences among the achievements of different scholars. At
heating temperatures below 200 °C, the uniaxial compressive strength shows three trends:
an increase with the temperature [19], almost no change [20,21], and a decrease [15,22,23].
When the heating temperature exceeds 400 °C, there is also a significant difference in the
rate of decrease in the uniaxial compressive strength with temperature. Alneasan [24]
studied the effects of temperature on the fracture characteristics of granite under three
loading modes and found that the fracture behavior is temperature-dependent and can
transition from brittle to ductile. Wang [25,26] conducted cyclic loading tests on granite and
used a specially designed acoustic emission testing system to monitor the thermal damage
evolution of rocks in real time during heating and cooling processes. He established a
thermal-damage-evolution model considering both heating and cooling processes. The
numerical calculation results are in good agreement with the experimental results.
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Figure 1. Normalized longitudinal wave velocity variation with different temperatures in previous
studies [2,10,12,17,18,27,28].
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Figure 2. The variation law of the normalized uniaxial compressive strength with different tempera-
tures in previous studies [15,19-23].
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According to previous reviews, it is generally believed that the differences in the
physical and mechanical properties of granite after exposure to high temperatures are due
to the geological characteristics of the granite, that is, the different mineral compositions.
However, this phenomenon also occurs when the mineral composition and content of
the granite samples selected in the experiment are similar. Therefore, we speculate that
anisotropy caused by different sampling directions is also an important influencing factor.
Moreover, most scholars have conducted research on the anisotropy of granite under room-
temperature conditions, with little consideration given to the effects of temperature on
granite anisotropy, and there is a lack of comprehensive research on granite anisotropy.

2. Sample Preparation and Testing Steps

The granite used in the experiment was taken from Jining, Shandong Province, and
had a gray-white color, was relatively fresh, and had a low degree of weathering. First,
the mineral composition and microstructure of the samples were analyzed under normal
temperature conditions to gain a preliminary understanding of the basic physical prop-
erties of the granite. An X-ray diffraction (XRD) analysis revealed that the main mineral
components of the granite were quartz (24.4%), plagioclase (39.8%), potassium feldspar
(30.6%), and biotite (5.2%).

To reduce errors and external influencing factors in the experiment, all the rock
samples used in this experiment were taken from the same granite block. According to the
International Society for Rock Mechanics Test Specification (ISRM 2007), all the samples
were @ A 50 x 100 mm cylinders. To study the anisotropy of the physical and mechanical
properties of granite, samples were taken along the three orthogonal directions of granite,
according to the sampling scheme in Figure 3. Seventy-two samples were processed in each
direction, totaling 216 granite samples. According to the wave speed test results, the three
directions are named in a descending order of the wave speed: the Z direction, X direction,
and Y direction.

Figure 3. Sampling method and granite samples.

The heating temperature (T) was set at a temperature gradient of 200 °C and was set
at 25 °C (room temperature), 200 °C, 400 °C, 600 °C, 800 °C, and 1000 °C. Uniaxial and
triaxial compression tests with confining pressures of 5 MPa, 10 MPa, and 15 MPa were
carried out on rock samples heated at different temperatures.

The instruments and equipment used in this experiment included electronic balances
(with an accuracy of 0.001 g), vernier calipers (with an accuracy of 0.02 mm), a polarizing
microscope (OLYMPUS BX53 comes from Beijing, China), an ultrasonic detector (Pundit-
PL200 PE, 250 kHz comes from Beijing, China), a high-temperature furnace (SG-XL1200
comes from Beijing, China, with maximum temperature of 1200 °C and an accuracy of
£3 °C), and a mechanical testing machine (HSW-1000B comes from Beijing, China).

The experimental procedure was as follows: The rock samples were placed in a well-
ventilated place at room temperature for 2 weeks to eliminate the influence of natural mois-
ture content. As shown in Figure 4, the rock samples were placed into a high-temperature
furnace according to temperature groups for heat treatment at a heating rate of 3 °C/min.
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After heating to the target temperature, the mixture was maintained at a constant temper-
ature for 2 h. After the power was turned off, the samples were cooled naturally in the
furnace to room temperature. Microscopic observation, wave velocity testing, and uniaxial
and triaxial compression tests were carried out on the rock samples after high-temperature
treatment, and the morphology of damaged samples was photographed.
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Figure 4. High-temperature furnace and rock sample heating process.

3. Test Results

The test results include the following: (1) changes in the appearance of the rock sample;
(2) changes in microscopic properties; (3) changes in transverse and longitudinal wave
velocities; (4) changes in the compressive strength and elastic modulus; (5) changes in
cohesion and the internal friction angle; (6) anisotropic changes; and (7) destruction.

3.1. Changes in the Appearances of the Rock Samples

The surface color, tapping sound, and roughness of the granite rock samples after
high-temperature treatment significantly changed compared to those of the untreated
samples. Figure 5 shows the apparent color changes in some of the granite samples after
being subjected to temperatures ranging from 20 °C to 1000 °C. The apparent color of the
granite changed significantly with an increasing temperature. At room temperature, the
granite grains appeared grayish white with a smooth surface. After heating at 200 °C, the
color slightly shifted to white, and the knocking sound was crisp, indicating a smooth
surface. After heating at 400 °C, the color changed to light flesh red with yellow spots,
the knocking sound became turbid compared to before, and the surface was smoother.
After heating at 600 °C, the overall color changed from gray to white, and the knocking
sound became obviously cloudy, resulting in a rough surface. After heating at 800 °C, the
white was lighter than that at 600 °C, and black substances appeared locally (which may
appear on the surface where dark minerals melt and precipitate). The knocking sound was
cloudy, the surface was rough, and the particles were difficult to erase. After heating at
1000 °C, the color of the granite became red compared with 800 °C, and the black material
disappeared. The knock was very cloudy, and the surface was very rough and could be
rubbed into particles.
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Figure 5. Comparison of granite appearance after different temperature treatments.

3.2. Changes in Microscopic Properties

As shown in Figure 6, the morphological changes in the mineral composition and
microcrack-development characteristics of the granite samples after high-temperature
treatment were observed using an optical microscope, and optical microscopic images
of the samples treated at different temperatures were obtained. For the convenience of
statistics and resolution, intergranular cracks are marked in red, intragranular cracks in the
quartz are marked in yellow, intragranular cracks in the feldspar are marked in green, and
intragranular cracks in the biotite are marked in orange. The rock was mainly composed of
plagioclase, potassium feldspar, quartz, biotite, and a small amount of opaque minerals. In
the original state, the contact edges between minerals in the rock were straight or smooth,
a small number of primary cracks were observed in the quartz and feldspar crystals, and
intergranular cracks were also rare. After heating at 200 °C, a small number of cracks could
be observed inside the plagioclase and quartz particles, and intergranular cracks were
distributed at the boundaries of the plagioclase and quartz. Compared with those in the
initial state, the morphology of each mineral did not change much, but some plagioclase
particles were slightly fragmented. At 400 °C, fragmentation occurred at the contact points
between various minerals in the rock, with a small number of cracks appearing inside
the potassium feldspar and many light brown microcracks appearing inside the quartz
particles. Compared with those of the samples at room temperature, the morphology of
each mineral did not change much, with biotite showing a slight reddish-brown color,
indicating oxidation and obvious fragmentation within each mineral. As the heating
temperature increased to 600 °C, the fragmentation phenomenon at the contact points
between minerals in the rock became more pronounced than that in the sample at 400 °C,
and the number of microcracks in the feldspar minerals significantly increased. Black mica
exhibits a more reddish-brown color and extensive oxidation. Due to the occurrence of
quartz at the 573 °C «—f3 phase transition, at high temperatures, (3) the volume of the
phase quartz particles increased and recovered after cooling to room temperature. () The
process of the expansion and contraction of quartz led to an increase in the number of
broken minerals at the boundaries of the quartz minerals, an increase in the crack width,
and an increase in the number of intergranular and intragranular cracks. After heating at
800 °C, the morphology of the various minerals changed significantly, with a large number
of intergranular and intragranular cracks appearing. The fragmentation phenomenon of
the internal and contact parts between minerals was more obvious. After high-temperature
treatment at 1000 °C, the surfaces of the potassium feldspar, plagioclase feldspar, and
quartz all became blurred, indicating strong weathering. Black mica became redder and
had a greater degree of oxidation than 800 °C, while the degree of fracture of black mica
was also greater. The various mineral components in the rock exhibited a large number of
intragranular cracks, which were interconnected. The width of the intergranular cracks
reached the maximum among all temperature levels.



Appl. Sci. 2024, 14, 5585

7 of 23

1000°C

Figure 6. Microscopic images of the microstructure of granite after different temperature treatments
under a polarizing microscope.

Figure 7 shows the optical microscopic images of granite samples treated at different
temperatures at the same ratio, which clearly reveal the development of cracks within
the rock. In the initial state, the granite had fewer primary cracks, and the surface of
the mineral particles was relatively smooth. When the temperature rose to 200 °C, the
granite underwent thermal damage, leading to an increase in internal cracks. However,
due to an increase in the mineral volume, the primary microcracks were close to a certain
extent, and their width significantly decreased. At 400 °C, the width of the intergranular
cracks significantly increased, and as the temperature increased, the cracks developed
and extended. Compared to those at lower temperatures, the lengths of large cracks also
increased, and the number of small cracks within the crystal increased. After heating
at a high temperature of 600 °C, there was a significant difference in the microstructure
of the granite under the light microscope compared to the morphology at temperatures
below 400 °C, with a large increase in microcracks. Wide intergranular cracks developed
and connected with each other, and broken particles appeared between the minerals. A
large number of microcracks within each mineral particle were derived and developed,
and transgranular cracks appeared for the first time. At 800 °C, the number of cracks
significantly increased, the width widened, and the length increased. The internal cracks



Appl. Sci. 2024, 14, 5585

8 of 23

in the rock sample were interconnected and formed a crack network. Moreover, the small
particles produced by the squeezing and crushing of minerals increased relative to those
produced by lower temperature treatments. As the processing temperature increased to
1000 °C, the internal cracks in the rock sample became very dense, and the cracks became
interconnected, forming a dense network of cracks. Mineral crystals were cut into small
particles by these cracks. The phenomenon of particle fragmentation between minerals and
within minerals was widely distributed, which can explain the significant decrease in the
macroscopic mechanical properties of granite at 1000 °C.

25°C 200°C

800°C 1000°C

Figure 7. Crack photographs of granite sample slices after different temperature treatments.

3.3. Changes in Longitudinal and Transverse Wave Velocities

The effects of temperature on the longitudinal and transverse wave velocities of granite
are shown in Figures 8 and 9, respectively. At temperatures ranging from 200 to 400 °C,
the longitudinal wave velocity approximately linearly decreased, and the rate of decrease
in the longitudinal wave velocity was significantly greater than that in the transverse
wave velocity. At 400 °C, the longitudinal wave velocity of granite decreased to 2738 m/s,
which was only 61% of that at room temperature. Although the transverse wave velocity
decreased with an increasing temperature, it could still reach 76% of that at 400 °C. At
600 °C, the longitudinal wave velocity continued to decrease rapidly, with the average
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longitudinal wave velocity dropping to 1312 m/s, which was only 29% of that at room
temperature. The transverse wave velocity decreased significantly faster than that at 400 °C,
dropping to 42% at room temperature. As the temperature continued to increase, the rate of
decrease in the wave velocity slowed. At 800 °C, the longitudinal wave velocity decreased
to 1009 m/s, and the transverse wave velocity decreased to 846 m/s. When the heating
temperature reached 1000 °C, the ultrasonic signal became extremely chaotic and unstable,
and the wave velocity could not be read anymore. There was a significant change in the
wave velocity of the granite before and after 400 °C, and 400 °C can be regarded as the
threshold temperature for thermal damage to the granite wave velocity.
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Figure 8. Temperature-dependent variation in the longitudinal wave velocity of granite in different
sampling directions.
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Figure 9. Variation in transverse wave velocity of granite with different temperatures in different
sampling directions.

The law of the variation in wave velocity with different temperatures in the three
orthogonal directions of granite can be summarized as follows: at room temperature, the
Z-direction wave velocity was the highest, and the Y-direction wave velocity was the lowest.
As the heating temperature increased, the longitudinal wave velocity of granite, in the
first three sampling directions before 400 °C, decreased rapidly, and the Z direction had a
faster deceleration rate, while the X direction and Y directions had a slower deceleration
rate. The difference in the longitudinal wave velocity of granite in the three directions
decreased rapidly, and the difference in the longitudinal wave velocity was the smallest
at 400 °C. For the shear wave velocity, at 200 °C, the reduction rate of granite in the three
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directions was basically the same and still significantly different. At 400 °C, the reduction
rate of the granite shear wave velocity in the X direction was significantly greater than
that in the other two directions, rapidly decreasing to the same level as the shear wave
velocity in the Y direction. When the temperature exceeded 400 °C, the variation patterns
of the longitudinal and transverse wave velocities of granite in the three directions were
basically the same. The wave velocities of granite in the X and Y directions tended to be
consistent and significantly lower than those of granite in the Z direction. When the heating
temperature reached 800 °C, the relationship between the longitudinal wave velocities
of granite in the three directions was the same as that for normal temperatures, but the
difference was not significant, while the transverse wave velocities of granite in the Z
direction were still significantly greater than those in the other two directions.

In summary, there was a significant difference in the influence of temperature on the
longitudinal and transverse wave velocities of granite. At the heating temperatures of
200-400 °C, the longitudinal wave velocity approximately linearly decreased, and the rate
of decrease in the longitudinal wave velocity was significantly greater than that in the
transverse wave velocity. At 600 °C, the longitudinal wave velocity continued to decrease
rapidly, while the transverse wave velocity decreased significantly faster than at 400 °C.
As the temperature continued to rise, the rate of the wave velocity decrease slowed down.
There was a significant change in the wave velocity of granite before and after 400 °C.

3.4. Changes in Uniaxial Compressive Strength and Elastic Modulus

Figure 10 illustrates the relationship between the uniaxial compressive strength of
granite and temperature variation. As shown in the Figure 10, the uniaxial compressive
strength of granite decreased with an increasing temperature, but the uniaxial compressive
strength of granite sampled in the different directions shows different trends: At room
temperature, the Z-direction granite had the highest strength, followed by the X-direction
granite, and the Y-direction granite had the lowest strength. As the temperature increased
from room temperature to 400 °C, the strength of the granite decreased. The difference in
the uniaxial compressive strength of granite in the three directions rapidly decreased within
this temperature range, and the strength of granite in the Z direction was slightly greater
than that in the X and Y directions. When the temperature increased to 600 °C, the strength
of granite in the three directions decreased rapidly, and the strength of granite in the Y
direction was relatively lower than that in the other two directions. As the temperature
continued to rise, after the high temperature increased to 800 °C and 1000 °C, the strength
differences in the three directions gradually disappeared and tended to be consistent.
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Figure 10. Temperature-dependent variation in the uniaxial compressive strength of granite under
different sampling directions.
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For samples obtained from different sampling directions, within the temperature
range of room temperature to 600 °C, the changes in the strength of granite in the X and Y
directions were relatively similar, both showing slight decreases in the uniaxial compressive
strength after being subjected to temperatures below 400 °C. At 400 °C, the strength in
the X and Y directions decreased by 12.62% and 13.32%, respectively, compared to that
in the room-temperature state. As the temperature rose to 600 °C, the strength in the X
and Y directions decreased by 31.89% and 33.57%, respectively, compared to that in the
room-temperature state. However, the variation trend of granite sampled in the Z direction
within this temperature range significantly differed. As the temperature increased, the
uniaxial compressive strength of granite in the Z direction approximately decreased linearly,
and the rate of decrease was much greater than that in the other two sampling directions.
At 600 °C, the uniaxial compressive strength of granite in the Z direction decreased by
45.38% compared to that at room temperature. When the heating temperature was higher
than 600 °C, the difference in the trend of the uniaxial compressive strength of granite in the
three sampling directions gradually decreased, and the rate of strength reduction slowed
down in the range of 600-800 °C. At 1000 °C, the strength of granite rapidly decayed to
the minimum value, and the uniaxial compressive strength of granite in the X, Y, and
Z directions decreased by 66.24%, 63.14%, and 75.08%, respectively, compared to that at
room temperature.

Figure 11 shows the relationship between the elastic modulus of granite and temper-
ature variation. The elastic modulus of granite in the X direction was 25.74 GPa at room
temperature, which slightly decreased before 400 °C and decreased to 23.14 GPa at 400 °C
for a decrease of 10.15% compared to room temperature. When the temperature was above
400 °C, the elastic modulus decreased almost linearly and dropped to 4.75 GPa at 1000 °C,
a decrease of 81.54% compared to room temperature. The elastic modulus of granite in
the Y direction at room temperature was 23.30 GPa, which was slightly lower than that in
the X direction. As the temperature increased, the rate of decrease in the elastic modulus
gradually accelerated. At 400 °C, the elastic modulus of granite in the Y direction was
20.03 GPa, which was 14.06% lower than that at room temperature. When the temperature
increased to 800 °C, the rate of decrease in the elastic modulus slowed down compared to
that at 600 °C. When the heating temperature exceeded 800 °C, the elastic modulus rapidly
decreased again. At 1000 °C, the elastic modulus of the granite decreased to 4.62 GPa,
which was 80.26% lower than that at room temperature. The elastic modulus of granite
in the Z direction at room temperature was 25.88 GPa, which was the maximum value in
the three sampling directions. As the temperature increased, the elastic modulus of the
granite increased slightly at 200 °C. Within the temperature range of 200-600 °C, the elastic
modulus decreased approximately linearly, with the fastest rate of decrease among the three
directions. Compared to those at room temperature, the reduction amplitudes at 400 °C
and 600 °C were 18.85% and 39.67%, respectively, which were significantly greater than
those in the other two directions. As the temperature continued to increase, the variation
in the elastic modulus with different temperatures was approximately in the Y direction.
At 1000 °C, the elastic modulus decreased to 4.16 GPa, a decrease of 83.94% compared to
room temperature.
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Figure 11. Temperature variation pattern of granite E in different sampling directions.

3.5. Changes in Cohesion and Internal Friction Angle

Cohesion and the internal friction angle are parameters of rock shear strength, where
the internal friction angle reflects the friction characteristics of a rock. The main influencing
factors include the material, mineral composition, porosity, etc., of the rock, while cohesion
is an indicator of the internal bonding strength of a rock and is related to the mineral
particle size, bonding composition, and bonding degree.

Figure 12 shows the variation trend of the internal friction angle of the rock samples in
the different sampling directions with an increasing temperature, as well as the normalized
internal friction angle with temperature variation. As shown in Figure 12, the internal
friction angle of the rock samples in all three directions showed an overall upwards trend
with an increasing temperature, indicating that a high temperature slightly increased the
internal friction angle of the granite. Under normal temperature conditions, the internal
friction angles of the granite in the three directions were arranged in descending order: Y
direction > X direction > Z direction. As the temperature increased to 800 °C, the internal
friction angle of the X-direction rock sample first increased, then decreased, and then
increased again, while the internal friction angle of the Y-direction rock sample first slightly
decreased. After 400 °C, the internal friction angle of the Z-direction rock sample increased
at a relatively rapid rate, and it approximately linearly increased until it slightly decreased
above 600 °C. When the temperature increased to 1000 °C, the internal friction angle of the
rock samples in the three directions decreased to different degrees, but the values were still
greater than those of the original state. Specifically, at 1000 °C, the feldspar melts formed a
smooth glaze surface, resulting in a decrease in the friction coefficient and a decrease in
friction between the mineral components. However, due to the high-temperature treatment,
a large number of cracks were generated, minerals were broken, and small mineral particles
filled the cracks. The friction characteristics of the particles were improved compared to
those in the initial state. Therefore, compared with that at 800 °C, the internal friction angle
at 1000 °C decreased but was still greater than that in the initial state.

Figure 13 shows the variation in cohesion with different temperatures in the rock
samples from the different sampling directions, as well as the trend in cohesion with an
increasing temperature after normalization. Although the cohesion of the rock samples
from all three sampling directions decreased overall with an increasing temperature, there
were differences in the variation patterns of the different temperature ranges. At 200 °C,
the cohesion of the rock samples in all three sampling directions showed a decreasing trend,
but the rate of decrease in the Y direction was significantly lower than that in the other two
sampling directions. At 400 °C, the cohesion of the rock samples in the X direction slightly
increased, while the cohesion of the rock samples in the other two directions continued
to decrease. The decrease in cohesion of the rock samples in the Z direction was much
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greater in this temperature range than in the other two directions. As the temperature
continued to increase, the cohesion of the rock samples in the three directions decreased
steadily, and the rates of decrease were relatively close. The effects of temperature on the
cohesion of the rock samples in the different sampling directions tended to be consistent.
The normalized results reveal that the cohesion of the Z-direction rock sample was more
sensitive to a high-temperature response than was that of the other two directions. As the
temperature increased, the decrease in cohesion of the Z-direction rock sample relative to
the initial state was significantly greater than that of the other two directions.
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Figure 12. Temperature-dependent variation in the internal friction angle of granite in different
sampling directions.
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Figure 13. The variation law of granite cohesion with different temperatures in different sampling
directions.

3.6. Anisotropic Variation

According to Formula (1), proposed by Birch et al. [29], the anisotropy indexes of rock
physical and mechanical properties are obtained.

(Smax = Smin)

Smean

R x 100% M
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Rg is the anisotropy of a certain physical and mechanical index of granite, Sy is the
maximum value of this index, S,,;,; is the minimum value of this index, and Sye;, is the
average physical and mechanical index of rock samples in all sampling directions.

Figure 14 illustrates the variation of the granite wave velocity anisotropy with different
temperatures. At a heating temperature of 200 °C, the granite’s anisotropy decreased. This
decrease in wave velocity was attributed to the removal of free water and weakly bound
water from primary fractures within the granite. On the other hand, an increase in the
temperature led to the expansion and mutual compression of mineral particles, which
could cause some cracks to be compressed or even disappear. This phenomenon was
random and irregular, resulting in a decrease in the anisotropy of the granite wave velocity
at 200 °C. As the heating temperature increased, the anisotropy of the two types of rocks
gradually increased. New microcracks were generated and propagated along the weakest
surface of the mineral crystals and might have also connected to form large cracks. At
400 °C, the anisotropy of the granite wave velocity increased. At 600 °C, the anisotropy
of the longitudinal wave velocity in the granite reached its maximum value, which was
significantly greater than that at room temperature. After heating above 800 °C, the
anisotropy of the longitudinal wave velocity in the granite decreased but was still greater
than that in the normal temperature state. It can be inferred that temperatures above 400 °C
can amplify the anisotropy of the longitudinal wave velocity in granite.
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Figure 14. The variation law of wave velocity anisotropy with different temperatures.

The trend of the peak deviatoric stress anisotropy with respect to temperature under
different confining pressure conditions is shown in Figure 15. Under uniaxial compression
conditions, the peak deviatoric stress anisotropy first increased and then decreased with
temperature. In the temperature range of 200~600 °C, the anisotropy of the peak deviatoric
stress increased compared to that at room temperature, indicating that within this tempera-
ture range, thermal damage within the granite leads to a more pronounced anisotropy of the
peak stress in the granite. When the heating temperature exceeded 600 °C, the anisotropy of
the peak deviatoric stress in the granite rapidly deteriorated, and the difference in the peak
deviatoric stress in each sampling direction decreased. As the confining pressure increased,
it could be observed that the confining pressure can significantly reduce the anisotropy
of the granite peak deviatoric stress. At various temperature levels, the anisotropy of the
granite did not change much compared to that at room temperature, indicating that under
the combined influence of a confining pressure and temperature, the peak deviatoric stress
of granite can still show a certain degree of anisotropy.
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Figure 15. Changes in peak stress anisotropy with different temperatures.

Figure 16 shows the variation in the anisotropy of the elastic modulus with different
temperatures. Under various confining pressure conditions, the anisotropy of the gran-
ite elastic modulus remained basically unchanged with different temperatures, and the
anisotropy of the elastic modulus first increased and then decreased with an increasing
temperature. The degree of anisotropy reached its maximum value at 400 °C, and as the
temperature continued to rise, the degree of anisotropy began to decrease. As the confining
pressure increased, the degree of anisotropy gradually decreased, indicating that a confin-
ing pressure can constrain the expression of anisotropy in the elastic modulus of granite.
Under uniaxial conditions and a confining pressure of 5 MPa, there was little difference
in the anisotropy of the elastic modulus between 200 °C and 400 °C. At the confining
pressures of 10 MPa and 15 MPa, the anisotropy of the elastic modulus increased at 400 °C,
compared to that at 200 °C. This phenomenon indicates that the confining pressure has a
slight enhancing effect on the anisotropy in the temperature range of 200~400 °C.
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Figure 16. Temperature-dependent variation in the anisotropy of the elastic modulus.
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3.7. Destructive Forms

The failure mode of granite is influenced by three factors: temperature, sampling
direction, and confining pressure. Figure 17 shows photos of the failure modes of the granite
in the three sampling directions under different temperatures and confining pressures. As
the temperature and confining pressure increased, in the same sampling direction, the
failure mode of the rock samples obviously changed from brittle failure to ductile failure.
The failure mode of the granite under uniaxial conditions was mostly tensile splitting
failure, while under triaxial compression conditions, the failure mode was shear failure.
Although the failure modes of the rock samples in the different sampling directions were
the same, there were certain differences in the morphology of the fracture surface.

X-Direction  25°C 200°C 400°C 600°C 800°C 1000°C Y-Direction 25°C 200°C 400°C 600°C 800°C 1000°C
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Figure 17. Failure morphology of granite in different sampling directions.

Under uniaxial compression conditions, the initial failure mode of the granite at room
temperature was typical axial splitting failure.

The rock sample in the X direction underwent tensile failure along the axial direc-
tion, with the failure surface penetrating through the rock sample and no further cracks
extending. As the heating temperature increased, the failure mode of the X-direction rock
sample remained unchanged from 200 °C to 600 °C, but a high temperature caused the
internal particles of the rock sample to become loose, and the number of local splitting
surfaces that developed along the axis increased. At the same time, directional cracks that
developed along the radial weak plane, observed in the photos of the rock samples heated
at 200-600 °C, could also form radial cracks along the weak plane when the sample was
damaged. When the heating temperature exceeded 600 °C, local shear failure was observed
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at the end of the granite in the X direction. Due to the relatively loose internal structure of
the rock sample, lateral bulging was more obvious.

At 200 °C, local cracks along the axial direction appeared near the main fracture
surface of the Y-direction rock sample, and there were horizontal cracks generated by the
directional development of the original cracks. At 400 °C, due to the friction between the
end face of the rock sample and the pressure plate, the failure mode exhibited a fractured
cone at the upper end and axial splitting failure at the lower end of the cone. When the
heating temperature was higher than 400 °C, the failure mode of rock samples in the Y
direction changed to a combination of shear failure and tensile fracture failure. With an
increasing heating temperature, additional small axial cracks were observed in the local
area, and the lateral bulging phenomenon became more obvious.

The Z-direction rock sample also exhibited tensile splitting failure through the rock
sample at heating temperatures of less than 400 °C. However, compared to those in the
other two sampling directions, more macroscopic cracks along the axial direction appeared
during the Z-direction rock sample failure, which was a manifestation of the directional
development of cracks caused by thermal damage at the macroscopic level. As the temper-
ature increased, local shear failure occurred in the Z direction of the rock samples at 600 °C
and 800 °C but was still dominated by splitting failure, with a large number of axial cracks
appearing. At 1000 °C, the failure mode of the rock samples in the Z direction completely
changed to shear failure.

Under triaxial compression conditions, the failure mode of the granite in the different
sampling directions was mainly shear failure, and the temperature and confining pressure
were the main factors affecting the failure mode. At room temperature, as the confining
pressure increased, the granite rock sample bore greater axial pressure, more cracks de-
veloped, and the failure surface morphology of the rock sample changed from simple to
complex. At 5 MPa, the granite usually had a relatively obvious shear failure surface only,
while at 10 MPa and 15 MPa, more derived cracks could be observed near the main failure
surface. At 200 °C and 400 °C, as the confining pressure increased, the width of the main
failure surface increased. This is because at this temperature stage, the cracks generated
by granite thermal damage were mainly intergranular cracks. The confining pressure
increased the frictional force between the mineral particles. When shear cracks appeared,
the influence of the mineral particles on other surrounding mineral particles increased,
leading to an increase in the crack width. When the heating temperature was higher than
400 °C, a large number of transgranular cracks were generated during the thermal damage
of the granite at this temperature stage. The strength of the mineral particles decreased
after experiencing a high temperature, and a large number of transgranular cracks were
connected under high shear stress, forming a macroscopic shear failure surface. The min-
eral particles broke into a powder form, and the shear surface was smoother and more
complete than that of the rock samples below 400 °C. As the confining pressure increased,
the constraint force on the mineral particles increased, and the degree of crack closure in
the rock sample increased. Therefore, at the same heating temperature, rock samples with
higher confining pressures are more complete when damaged. Usually, only one main
failure surface appears, and the development of local short cracks is significantly reduced.

4. Discussion

The relationships between the three sampling directions and the dominant develop-
ment direction of cracks were analyzed through crack quantification. The quantitative
statistical method for determining crack density refers to Gao et al. [30]. The specific steps
are as follows: (1) To present the cracks in the sample after heat treatment more clearly,
the cracks in the light microscopic images were extracted and reconstructed. (2) A circular
analysis area was selected from the microscopic crack map, a reasonable reference line
was used to determine the density, and the microscopic cracks were divided. (3) The
microcrack density of the thermally cracked rocks was quantified using the crack density
statistical method.
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In this article, we selected a circular analysis area with a diameter of 2.04 mm to
analyze the distribution characteristics of microcracks in the entire cross-section of the
sample as much as possible. According to the microscopic crack density statistical method,
we set 13 reference lines, numbered 1-13, with a spacing of 150, as shown in Figure 18 (um).
The length of each reference line is shown in Table 1.
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Figure 18. Schematic diagram of the reference line setting and statistical methods.

Table 1. Reference line length.

Reference Line
Number

1

2 3 4 5 6 7 8 9 10 11 12 13

Length/mm

0.83

1.31 1.60 1.79 1.93 2.02 2.04 2.04 1.98 1.88 1.71 1.45 1.11

The number of intersection points between each reference line and the microscopic
cracks were counted, and the points were divided by the length of each reference line to
obtain the density of microscopic cracks on each reference line. The calculation formula for
the microscopic crack density LMD is as follows:

LMD = % )

In this formula, N is the number of microcracks on the reference line that intersect
with the reference line, and L is the length of the reference line.

Using the vertical state of the reference line as the initial level, the line rotates clockwise,
and the nonuniformity of the distribution of microcracks at 0°, 30°, 60°, 90°, 120°, and 150°
is studied.

According to the above method, the crack distribution status of the rock samples from
the three sampling directions was analyzed after different temperature treatments, and
the average microcrack density of 13 reference lines was calculated at the 0°, 30°, 60°, 90°,
120°, and 150° reference line angles. When drawing, 30° is taken as the interval, and the
reference line angle range is 0° to 180°, which is mapped to the range of 180° to 360°. A
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polar coordinate graph of the reference line angle microscopic crack density was drawn, as
shown in Figure 18.

Figure 19 shows the distribution of the crack density on the granite cross-sections in
the three sampling directions under room-temperature conditions. The rock samples were
sampled along the X and Y directions. In the initial state, the distribution of primary cracks
on the cross-section of the rock sample was significantly greater in one direction than in
other directions. When turning from the angle with the lowest crack density to the angle
with the highest crack density, the crack density showed an increasing trend from small
to large; this also indicates that there was an advantageous direction of crack distribution
on the cross-section of the rock samples in the X and Y directions. However, there was no
obvious dominant distribution direction of the crack density on the cross-section of the rock
samples sampled along the Z direction, and when rotating from the direction of minimum
crack density to the direction of maximum crack density, the crack density did not follow
the law of numerical increase. The distribution of the crack density was relatively chaotic,
and no obvious trends were observed. Based on these findings, we can determine that the
Xand Y directions are perpendicular to the dominant crack development direction, while
the Z direction is parallel to the dominant crack development direction.
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Figure 19. Distributional pattern of cracks on the cross-section of rock samples in different sampling
directions at room temperature.

Figures 20 and 21 show the distributional patterns of cracks on the cross-sections of the
granite samples taken in the three sampling directions after heating at 400 °C and 800 °C,
respectively. At 400 °C, cracks in the cross-sections of the granite samples taken along the
X and Y directions developed extensively along the preferred direction, and the density
of cracks showed a monotonically increasing trend from small to large, indicating that
hot cracks are derived and developed along a certain direction at this temperature. After
heating to 800 °C, as a large number of microscopic cracks were generated, developed,
and penetrated, the dominant direction of crack development became unclear, and the
density of cracks in most directions was high. Thermal damage weakened the anisotropy
of the crack distribution in the X and Y directions of the rock samples. For the rock samples
sampled along the Z direction, as the heating temperature increased to 400 °C, the crack
density increased. However, the pattern of crack-density increase with respect to the
angle was relatively chaotic, with the highest crack density occurring in the 30° and 90°
directions and the lowest crack density occurring in the 0° and 120° directions. There was
no obvious pattern in the distribution of crack density. When the temperature increased to
600 °C and 800 °C, severe physical and chemical changes occurred inside the rock sample,
and a large number of microscopic cracks were generated and interconnected to form a
crack network. Therefore, the numerical value of the crack density changes relatively little
with the reference line angle at lower temperatures, and there is no obvious direction for
crack development.
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Figure 20. Distributional pattern of cracks on the cross-section of rock samples in different sampling
directions above 400 °C.
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Figure 21. Distributional pattern of cracks on the cross-section of rock samples in different sampling
directions above 800 °C.

Through the quantification of thermally induced microcracks and an analysis of the
anisotropy of microcrack distribution, it can be seen that the changes in the macroscopic
physical and mechanical properties of granite are closely related to the development of
microcracks. The strength and deformation characteristics of granite exhibit obvious
anisotropy, and the changes in the mechanical indicators of the rock samples with different
sampling directions and temperatures reflect the directional development of microcracks
at the macroscopic level. At room temperature, the rock samples parallel to the dominant
direction of crack development had the lowest crack density in the cross-section, thus
exhibiting the best mechanical properties. As the temperature increased to 400 °C, a
large number of thermal cracks generated inside the granite developed in the dominant
direction, leading to a significant increase in the anisotropy of the physical and mechanical
properties of the granite. Under uniaxial compression conditions, the rock samples taken
perpendicular to the dominant direction of the cracks produced radial cracks near the main
failure surface, while the rock samples taken parallel to the dominant direction of the cracks
produced more axial cracks. When the temperature increased to 800 °C and 1000 °C, due to
the extensive development and interconnected connection of thermal cracks, microcracks in
all directions were extensively developed, and the distribution of microcracks tended to be
uniform, which greatly weakened the anisotropy of the physical and mechanical properties
of the granite.

5. Conclusions

After subjecting granite samples to high-temperature treatment, a series of physical
and mechanical tests were conducted along various sampling directions. This study
focused on analyzing the impact of anisotropy on alterations in the physical and mechanical
properties of the samples. The findings lead to the following conclusions:
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(1) Temperature can cause significant changes in the appearance and morphology of
granite, with a color transition from gray-white to white. Temperatures above 800 °C
can cause granite to transform into flesh red. High temperatures above 400 °C can
amplify the anisotropy of longitudinal and transverse wave velocities in granite. A
temperature of 400 °C is the threshold temperature at which the physical properties
of granite change with temperature. Quartz undergoes a phase transition at 573 °C,
resulting in significant changes in mechanical properties between 400 °C and 600 °C
and a decrease in the peak strength and elastic model. Under the same temperature
conditions, granite sampled parallel to the dominant direction of cracks had the best
mechanical properties and was more sensitive to temperature.

(2) There are differences in the crack density on granite cross-sections in different sam-
pling directions. As the temperature increases, the difference in the crack density
increases. The development of thermal damage cracks in granite is advantageous.
High-temperature actions can cause a large number of mineral microcracks to develop
in granite. Temperatures below 400 °C increase the anisotropy of granite. After
exposure to higher temperatures, the cracks penetrate each other, the crack density
tends to be uniform, the anisotropy weakens, and the confining pressure constrains
the mineral particles and compact cracks. The confining pressure will constrain the
mineral particles and compact cracks, and anisotropy weakens with the increase in
the confining pressure.

(3) With an increasing temperature and confining pressure, the failure characteristics of
granite gradually transition from brittle to plastic failure. When subjected to uniaxial
compression, granite is mostly subjected to tensile splitting failure. Rock samples
taken perpendicular to the dominant direction of the crack can generate radial cracks
near the main failure surface, while rock samples taken parallel to the dominant
direction of the crack can generate more axial cracks. As the confining pressure
increases, the number of small cracks decreases, and the rock failure mode changes to
shear failure.
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