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Abstract: The upgrading of energy structure is an important issue that restricts the sustained and
rapid development of China's economy, among which the research and development of renewable
and clean energy is an important lever. At present, the clean energy with recoverable technology
and huge reserves is hot dry rock geothermal resources, but the key factor restricting its
commercial development is reservoir fracturing technology. The thermal crack mechanism of
granite studied in this paper is the foundation for the transformation of hot dry rock reservoirs. In
order to deeply study the thermal crack mechanism of rock, this paper conducted thermal cracking
experiments on granite at different temperatures and heating/cooling paths, and qualitative and
quantitative analysis was conducted on the crack initiation characteristics, propagation paths, and
crack network morphology of rock thermal crack under different test conditions. The thermal crack
mechanism was also analyzed from the perspectives of mineral petrology, fracture mechanics,
thermodynamics, and other aspects. The research results show that there are two obvious mutation
points in the study temperature range for samples with fast cooling paths (SF path: slow heating
and fast cooling; FF path: fast heating and fast cooling), around 200-300 ‘C and 600 C, respectively,
while for samples with slow cooling paths (SS path: slow heating and slow cooling; FS path: fast
heating and slow cooling), there is only one mutation point around 600 ‘C. The initiation positions
of thermal cracking under all temperature paths are relatively similar, with intergranular crack
located between particles at the edge of the sample or intercrystalline crack in the middle of feldspar
or quartz aggregates. The initiation temperature of SF and FF path specimens is relatively low
compared to SS and FS path specimens, and the number and size of cracks is small. The crack
network structure formed by the SF path is the most complex, with the largest crack ratio and
cumulative crack length; The crack network structure formed by the FF path is relatively complex,
with a larger main crack size but relatively fewer secondary cracks; The FS and SS paths do not form
a complex network with good connectivity. The process of thermal crack development can be
divided into three stages: the development of small cracks, the joint development of main cracks
and small cracks, and the connection of cracks into a network structure. The mechanism of thermal
crack propagation is that the expansion and thermal conductivity between different crystals are
different. The thermal stress caused by temperature gradient and the tension or shear stress caused
by the inconsistent deformation of crystals form stress concentration in weak areas such as particles
boundary, cleavage, and original cracks. Firstly, it causes some crystals with smaller strength or less
rounded shape to crack, and when the combined stress is large, the cracks will gradually expand
along the existing fine cracks. This also explains that the most main cracks of the SF and FF path
specimens mainly surround some large mineral aggregates or between particles. The results are the
foundation for sustainable development and can support key technological breakthroughs in hot
dry rock development.
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1. Introduction

After subjecting to high temperature, thermal cracks are likely to occur inside and outside the
rock, which can change the physical and mechanical properties of the rock and lead to some potential
disasters in hot dry rock development, geological storage of high radioactive nuclear waste and
underground coal gasification [1-5]. On the other hand, some deep underground projects such as the
development of oil, gas, and geothermal resources also require fracturing to create a certain volume
of complex fracture networks to increase the seepage of oil, gas, or heating media [6-8]. Therefore,
conducting research on the thermal crack mechanism of rocks has important theoretical significance
and engineering application value.

At present, the reported research on rock thermal crack mainly focuses on thermal damage
experiments, microscopic test of rocks under and after high temperatures, and numerical simulations
[9-13]. Theoretical research is rare [14-15]. The thermal damage experiment is mainly test the response
characteristics of rock structural damage in terms of physical and mechanical properties under high
temperature effect, such as the influence of high temperature on rock strength, density, permeability,
wave velocity, elastic modulus and other parameters [16-18]. The research results indicate that linear
expansion coefficient, Poisson's ratio, and peak strain increase with increasing temperature, while
permeability, compressive strength, wave velocity, and elastic modulus decrease with increasing
temperature. The temperature range of 300-500 °C is the temperature range where the change rate of
most parameters changes abruptly. There are few direct observation instruments for rock crack under
real-time conditions of high temperature and pressure, especially for temperatures above 200 °C [19].
The microscopic study of rock thermal crack mainly relies on advanced microscopic testing
equipment such as scanning electron microscope, optical microscope, nuclear magnetic resonance
instrument, CT scanner, etc [20-23]. Among them, scanning electron microscope and optical
microscope can directly qualitatively observe the crack degree; Nuclear magnetic resonance can
effectively study the total amount of cracks and the distribution of crack with different size; CT
scanning can quantitatively study the initiation and development process of cracks, but the testing
cost is high, and the testing accuracy is directly related to the sample size. The numerical simulation
research of rock thermal crack mainly focuses on the fracture deformation of rocks, studying the
distribution characteristics of stress and deformation fields around cracks [24-25]. This can provide a
basis for the mechanism of thermal crack, but it cannot be fully consistent with the actual fracture
situation. In addition, some scholars have established some simplified solid-thermal coupling
mathematical models to explore the temperature threshold of thermal crack and the conditions for
different crack propagation paths in theory [26-27]. Based on the above analysis, it can be seen that
there has been many research on rock thermal crack, but the main purpose of the research is to
provide mechanism analysis for the variation of macroscopic physical and mechanical properties.
The research on the initiation, propagation, influencing factors, and mechanism of thermal crack is
not comprehensive, and a large amount of research needs to be carried out. In addition, the
heating/cooling path also has a significant impact on rock thermal crack. Previous research has mostly
focused on thermal crack under specific paths [28-30], and it is necessary to supplement the
mechanisms of rock thermal crack under different heating/cooling paths.

In response to the above problems, this paper selected typical granite in deep strata as the
research object, conducted thermal crack tests at different temperatures and heating/cooling paths,
observed the initiation and propagation laws of thermal crack under different test conditions,
analyzed the structural characteristics of fracture network under different heating/cooling paths, and
finally revealed the mechanism of thermal crack development based on mineral petrology, fracture
mechanics, thermodynamics, and other perspectives. The research results can serve rock engineering
related to high-temperature environments such as hot dry rock development, underground coal
gasification, and geological storage of nuclear waste.


https://doi.org/10.20944/preprints202309.0381.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 September 2023 do0i:10.20944/preprints202309.0381.v1

2. Sample preparation and experimental methods

The granite samples were taken from Shandong Province, China, with average density of 2.68
g/cm3. The apparent colors are mainly white, flesh red, and black. According to the analysis of X-ray
diffraction (XRD) (Figure 1), the main mineral composition of the samples was quartz, albite, K-
feldspar and hornblende. Due to the majority of mineral particles with high crystallinity have sizes
between 1-5mm, it is determined that the test sample is medium grained granite. The test samples
were cut into cylinder samples with a diameter of 25 mm and a height of 20 mm. The height error
was controlled within 0.5 mm, and the diameter error was ensured to be less than 0.3 mm. The
samples were placed under a magnifying glass to check the cracks on their surfaces, which helped
select the test samples with no macroscopical crack.
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Figure 1. Analysis results of main mineral components of samples based on x-ray diffraction test.

Group the selected samples and first perform high-temperature treatment under different
temperature and heating/cooling path in an mf6000 high-temperature intelligent muffle furnace. A
total of 9 temperature levels and 4 heating/cooling paths were set for this test, as shown in Table 1.
Each test condition set two parallel samples.

Table 1. Summary of the four heating/cooling processes (heating treatments).

Test Heating Holding .
Target temperature . Cooling process
method process time
S5 slow heating (10 100 C. 200 - iﬁf’fﬁffﬁfﬂ
treatment C/min) Ty ol 800 C &
temperature)
SF  slow heating (10 100 C. 200 fast cooling (Putit into
. . . . 2h 20 C water to cool
treatment C/min) C. ...l 800 C
down)
1 li 1
FS  fastheating (30 100 C. 200 o (?(jlvl;o‘;r;i(zif)f;
treatment C/min) Ty ooenen. 800 C &
temperature)
FF  fastheating (30 100 C. 200 fast cooling (Put it into
o fs . . 2h 20 °C water to cool
treatment C/min) C. ..ooe. 800 'C
down)

After the sample undergoes high-temperature treatment, the apparent morphology of the
sample is photographed using a stereoscope and a digital camera. Then the microscopic and
macroscopic crack conditions of the sample surface can be obtained, and the initial temperature,
initiation site, propagation path, and complexity of the crack can be qualitatively analyzed. In order
to deeply analyze the thermal crack mechanism of rocks, crack image processing system (CIAS)
developed by Nanjing University is referenced to process crack information in images, which can
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quickly acquire various quantized geometric information of cracks and blocks from crack images,
including crack nodes, endpoints, crack numbers and statistical parameters such as single crack
length, total crack length, the average width of a single crack, the average width of all cracks, single
crack area, total crack area, crack rate, crack fractal dimension, single block area, block perimeter and
shape coefficient. The microscopic pictures can deeply analyze the mechanism of thermal crack of
rocks from the perspective of mineral Petrology. The test process is shown in Figure 2.
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Figure 2. Schematic diagram of testing equipment and process.

3. Experimental results and analysis

Based on the above experiments, the initiation characteristics, propagation patterns, and fracture
network morphology of granite samples subjected to different temperatures and temperature rise
and fall paths were obtained. The main experimental results are as follows.

3.1. Initiation characteristics of thermal crack

The macroscopic characteristics of the samples change continuously after high-temperature
treatments are shown in Figure 3.a, and the Figure 3.b shows the schematic diagram of the thermal
crack propagation process. From Figure 3, it can be seen that thermal cracking gradually occurs on
the surface of granite samples as the temperature increases, while the initiation temperature and
position of thermal cracks under different temperature paths are significant differences. The initiation
temperature of the samples under SS and FS paths is around 600 °C, while the initiation temperature
of the samples under FS and FF paths is around 300 °C and 200 °C, respectively. This indicates that
the heating rates of 10 °C/min and 30 °C/min used in the experiment have little effect on the thermal
cracking of granite, while the cooling rate (cooling in air at room temperature or cooling in 20 °C
water) have a greater impact on the thermal cracking of the sample.
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(a) The development process of thermal crack of rock surface with temperature
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(b) Schematic diagram of rock thermal crack propagation process

Figure 3. The macroscopic change of thermal cracks of the granite samples.

The initiation positions of thermal crack of granite samples are shown in Figure 4, and which
shows that the initiation positions of samples under different temperature paths are relatively similar
and can be basically divided into two categories: (1) Intergranular crack: located at the boundary
between mineral particles, such as the junction of small amphibole and quartz or feldspar (which are
often found at the edge of the sample); the junction between feldspar, quartz or amphibole aggregates
( which is mostly located in the middle of the sample); (2) Intercrystalline crack: located in the
feldspar or quartz aggregates, and it is found at both the edge and middle of the samples, but more
in the middle. The number of initiation thermal cracks in granite samples can be seen in Figure 3.b,
and which indicates that the temperature path has a significant impact on it. The two paths of rapid
cooling (SF and FF path) have lower initiation temperatures for thermal cracking of specimens, while
the number of initiation thermal cracks is very small. On the contrary, the slowly cooled (FS and SS
path) samples have a relatively high initiation temperature for thermal cracking, but there are
relatively more initiation thermal cracks. Among them, the FS path samples have the most initiation
thermal cracks. Although the threshold temperature for the thermal cracking of samples under SS
path is consistent with the FS path samples, the number of initiation thermal cracks is significantly
higher. Comparing the samples with four heating/cooling paths at the same temperature(such as 600
°C), found that although the samples with a slow cooling path has a higher number of initiation
thermal cracks, the finally number of thermal cracks is less than that of samples with a rapid cooling
path, and the heating/cooling paths with the highest to lowest number of thermal cracks are FF, SF,
FS, and SS path. This also indicates that a high temperature difference will cause greater thermal
stress inside the samples and make it easier to form stress concentration.
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Figure 4. The position of first thermal cracks under different heating/cooling paths.

3.2. Propagation process of thermal cracks with temperature

Not only do the initiation characteristics of thermal cracks in granite samples differ significantly
under different heating temperatures and heating/cooling paths, but also the propagation
characteristics of thermal cracks. Figure 3 qualitatively shows the propagation process of thermal
cracking, which indicates that the number of thermal cracks in the samples under four
heating/cooling paths gradually increases with the increase of the target temperature, but the growth
rate of the length, width, and quantity of cracks are significant differences. During the thermal
cracking process, it can be observed that 600 °C is a significant mutation threshold temperature. The
samples under SS and FS path did not undergo thermal cracking before 600 °C, and thermal cracking
gradually developed above 600 °C (as shown in Figure 3a). For the samples under SF and FF path,
although the thermal cracking occurs around 200 or 300 °C, the development below 600 °C are very
slow, and the thermal cracks are mostly small cracks that occur randomly. When the temperature
above 600 °C, the development rate of thermal cracking significantly increases, as shown in Figure
3a. It is worth noting that the heating/cooling paths of the samples with the growth rate from large
to small above 600 °C are SF, FF, FS and SS, respectively. This is because rock is a poor conductor of
heat, and the temperature difference in the cooling process is significantly greater than that in the
heating process. At the same time, the heating time in the SF path is longer than that in the FF path,
resulting in a longer heating time for the SF sample and a faster rate of thermal cracking during the
rapid cooling process.

On the basis of the above qualitative analysis, the crack ratio, total crack length, and average
crack width during the thermal cracking process were quantitatively processed using CIAS software,
as shown in Figure 5, and the calculation formula for the above three parameters are shown in Eq.

1), (2)and (3).

v:%xum% (1)

L=>1 )
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. L
Where, V g the crack ratio; SC the area of thermal cracks, mm? S is the area of sample, mm?

is the cumulative length of thermal cracks, mm; Li is the length of the i-th thermal crack, mm; W

is the average width of the thermal cracks, mm; W is the length of the i-th thermal crack, mm.
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Figure 5. Quantitative process of thermal cracking in granite samples under high temperature.

The crack ratio can comprehensively reflect the development rate of thermal fracture in granite
samples, and the total length and average width of thermal cracks can reflect the characteristics of
crack development at different stages during the progressive process of thermal cracking. Due to the
interconnectivity of thermal cracks during the develop process, the number of thermal cracks in the
analysis process is relatively complex, and the changes in the number of thermal cracks are not
directly analyzed. Figure 5 shows the variation curve of the crack ratio of the samples with heating
temperature, which indicating that the heating/cooling path has a significant impact on the degree of
thermal cracking. The crack ratio values of the samples under 800 °C and four heating/cooling paths
vary greatly, and with the order from large to small being SF, FF, FS and SS path, respectively. The
difference between the maximum and minimum values is about 8.5 times. From the perspective of
change rate, there is a basically identical inflection point near 600 °C for the four curves. Before the
inflection point, the crack ratio growth rate of the SF and FF path samples is very slow, while the
crack ratio data of the SS and FS path samples is not extracted; After the inflection point, the rate of
change in the crack ratio of the SF and FF path samples is significantly accelerated, and the crack ratio
of the SS and FS path samples begins to slowly increase. In which, the samples under SF and FF paths
has the fastest change rate, the samples under SS path has the smallest rate of change, and the sample
under FS path has a moderate change rate.

Comparing the curves in Figure 5.a and Figure 5.b, it can be seen that the change of cumulative
length of thermal cracks is similar to that of the crack ratio. By comprehensive analysis of Figure 5,
the characteristics of thermal fracturing development within different temperature ranges can be
obtained. For the samples under SS path, thermal cracking began to be observed at 600 °C, and the
average width of cracks decreased between 600 and 700 °C, while it slightly increased between 700
and 800 °C. The crack ratio and number of cracks slowly increased between 600 and 800 °C. This
indicating that the thermal cracking developed between 600 and 700 °C is a thin crack with a very
small width, and the original crack width increased after 700 °C. For the samples under FS path, the
crack ratio, cumulative length and average width of thermal cracks all show an approximate linear
increase above 600 °C, indicating that the width of the most of subsequent developed thermal cracks
is larger than the initial cracks, and the size of existing cracks is gradually increasing. The average
width curves of the SF and FF path samples are also very similar, with little change below 600 °C and
arapid increase above 600 °C. This indicates that the thermal cracks developed in the samples of these
two heating/cooling paths below 600 °C are mainly small cracks, while larger thermal cracks
gradually develop above 600 °C. In order to gain a clearer understanding of the thermal cracking
characteristics under different temperature effects, the distribution of the length of thermal cracks
with different widths in the cumulative length at different temperatures was calculated, and the
results as shown in Figure 6. Note that the samples of SS and FS paths did not exhibit thermal cracks
with a width greater than 0.075mm before 600 °C, and only developed thermal cracks with a width
between 0.075 and 0.1mm at 800 °C. The width of thermal cracks developed in the samples under FF
path is less than 0.075mm below 400 °C,and a small number of thermal cracks with a width between
0.075 and 0.01lmm were developed at 500 °C. At 700 °C, thermal cracks with a width between 0.1 and
0.3mm were developed. Only a small number of thermal cracks with a width greater than 0.3mm
were developed at 800 °C. For specimens under SF paths, the order and pattern of thermal cracks
with different width are basically consistent with the samples under FF paths, but cracks with widths
between 0.1 and 0.3mm occur at relatively low temperatures, and the length of thermal cracks with
larger widths accounts for a larger proportion at the same temperature.

do0i:10.20944/preprints202309.0381.v1
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Figure 6. The length distribution of thermal cracks with various width.

3.3. Apparent morphological characteristics

Under different temperatures and heating/cooling paths, granite samples exhibit varying
degrees of thermal cracking, resulting in different apparent morphological characteristics. At the
same temperature, the most complex apparent thermal crack network is the SF path, followed by FF,
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FS, and SS path. The apparent morphology of granite samples subjected to 800 °C under four different
heating/cooling paths is shown in Figure 7, which shows that the apparent morphology of the rock
samples under SS and FS paths did not undergo significant changes, and the length and width of the
developed thermal cracks were smaller, with a few cracks interconnected. Among them, the number,
length, and width of cracks in the FS path specimen are slightly larger than those in the SS path
specimen. The apparent morphology of the samples under SF and FF paths has undergone significant
changes, with not only a large number of developed thermal cracks, but also a significant increase in
crack length and width compared to the samples under SS and FS paths. It is worth noting that under
these two heating/cooling paths, the surface of the samples forms a complex network of connected
thermal cracks, and several thermal cracks with larger lengths and widths form a framework of the
crack network, which can named the main crack. There are some secondary thermal cracks with
relatively small length and width developed between the main cracks, which make them
interconnected. In addition, the complex network of thermal cracks cuts the sample, causing some
smaller fragments to fall and form small pits, which disrupts the integrity of the sample morphology.

(d) FF path

Figure 7. The apparent morphological characteristics of granite samples after experiencing 800 with
different heating/cooling paths.

Through the analysis of the surface morphology characteristics of the samples, it was found that
the heating/cooling path has a significant impact on the complexity of the thermal crack network. For
example, rapid heating/cooling path can form some larger cracks, but there are relatively fewer
secondary cracks between the main thermal cracks; Slow heating and rapid cooling can form a very
complex network of cracks, with many secondary cracks developing between the main cracks, which
is beneficial for the desorption and migration of gas resources in the rock mass. Slower cooling path
can slight increase the permeability of rock, and have little impact on the physical and mechanical
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properties. This has reference significance for the controllable fracturing of reservoirs in deep
geothermal development and shale gas development.

4. Discussion

Thermal crack is the basic phenomenon of rock thermal damage and an important factor
affecting rock physical and mechanical properties [18]. At present, the common understanding of the
mechanism of rock thermal crack is that the difference in thermal expansion coefficients and
deformation properties of different minerals causes thermal stress, and when the thermal stress
exceeds the strength of minerals or mineral aggregates, thermal crack occurs[18, 28]. Furthermore,
the physical and chemical reactions such as rock dehydration, dehydroxylation, and mineral
decomposition under high temperature can lead to the concentration of thermal stress at the defect
site, exacerbating the development and expansion of thermal crack [21, 31].

Previous studies have shown that the main mineral components (such as quartz, feldspar,
pyroxene, and mica) in granite do not change within 800 °C [18, 31]. However, there are small changes
in the phase transitions and valence states of some minerals during heating process. The mineral
phase transition is mainly reversible between a-quartz and (-quartz around 573 °C. Although this
phase transition does not cause changes in mineral composition, it can cause severe volume
expansion, leading to rapid development of thermal crack. The change in the valence state of some
mineral elements mainly causes a change in the apparent color of the sample. Figure 8 shows the
transformation of mineral color under different temperatures and heating/cooling paths. Below 500
°C, the temperature and heating/cooling path have little effect on the color of the sample; Between
500 and 600 °C, many positions of feldspar and quartz gradually turn flesh red, and some positions
near cracks turn white; At 700 to 800 °C, many positions of the SF and FF path samples gradually turn
white, while the SS and FS path samples have relatively few positions that turn white. According to
research and analysis, the Fe2* often contained in feldspar and quartz, which is easily oxidized to Fe3*
at high temperature [31, 32], resulting in the sample turning red in color. After thermal crack of the
rock, the development of cracks leads to the appearance of the rock turning white, which confirms
why the observed white distribution is basically consistent with the distribution of cracks. Therefore,
the color of the sample turning red is an allochromatic color, and turning white is a false color.
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Based on the above analysis, it can be concluded that the thermal fracture of granite samples
under different temperatures and temperature rise and fall paths is mainly caused by thermal stress.
Thermal fracture is the result of the interaction between thermal stress and rock strength. The
magnitude of thermal stress is mainly affected by temperature difference, while the ability of rocks
to resist damage is mainly related to hardness and shape. The magnitude of temperature difference
is mainly related to the target temperature, heating/cooling rate, and the thermal conductivity of
minerals. At the same target temperature, the larger the heating/cooling rate, the smaller the thermal
conductivity of the mineral, which is more conducive to the formation of a large temperature
difference. The ability of mineral crystals to resist damage is not only related to their strength, but
also significantly influenced by their geometric shape. The higher the hardness, the smoother and
more rounded the shape, and the less likely it is to be damaged. For the studied granite samples, the
thermal conductivity of quartz is the highest among the main mineral components,around
7.6w/(m'K); while the difference between feldspar and hornblende is not significant, ranging from
2.2 to 3.0w/(m-K). The thermal expansion coefficient of quartz is also the largest, about 16x10-6 °C-,
and there is also not much difference between feldspar and hornblende,range 4x10-6 °C-! to 7x10-6
°C-l. From the hardness perspective, the Mohs hardness of quartz is 7, feldspar is generally 6, and the
hornblende is between 5 and 6. From the perspective of mineral morphology, hornblende aggregates
are the smallest, mostly in block or nearly circular shapes, scattered in the sample; The aggregate of
feldspar is the largest, mostly in the form of blocks or polygons, and has 2 sets of complete cleavage;
Quartz finally crystallizes during the crystallization process and fills between other minerals or
mineral aggregates, mainly in the form of blocks and narrow slits. Based on the above understanding
of the main minerals in the sample, the mechanism of rock thermal crack can be revealed. The initial
thermal cracks are generally located between the mineral particles at the edge of the sample or within
the aggregate of feldspar and quartz inside the sample (as shown in Figure 9). During the
heating/cooling process, the temperature gradient at the edge of the sample is relatively large. Due
to the different thermal expansion and thermal conductivity between particles, the thermal stress
generated by temperature gradient and stress caused by the mismatch deformation of crystal are
superimposed, leading to thermal cracks between particles at the edge of the sample. The
intercrystalline cracks in the quartz inside the sample mainly develop in the quartz crastal with the
slit shape. Although the hardness of quartz is relatively high, the shape of the slit makes it easy for
both ends of the quartz aggregate to be subjected to greater stress, resulting in certain tensile or shear
cracks in the middle. The intercrystalline cracks in the feldspar inside the sample mainly develop at
the cleavage position, mainly because the cleavage position is more prone to stress concentration and
is also the weakest point of mineral particles. As the temperature increases, the main thermal cracks
in the final crack network of SF and FF path samples mainly develop between feldspar aggregates or
at the boundaries between feldspar and other mineral aggregates, while secondary thermal cracks
are located in quartz or hornblende aggregates and intersect with the main thermal cracks at a large
angle (Figure 9). Below 600 °C, the main cracks mainly expanded and some discrete small cracks
appeared. After 600 °C, the cracks gradually connected and gradually formed a multi-level crack
network interwoven together. This is consistent with the test results that more transgranular cracks
were observed above 600 °C. For samples under SS and FS paths, the connectivity of the thermal
cracks is not strong, and large cracks are mainly developed in the middle of mineral aggregates or at
the junction of different particle aggregates, and it is rare for small aggregates of amphibole particles
to penetrate. This is due to the low thermal stress caused by the slow heating/cooling rate, which is
not enough to cause the generated cracks to expand significantly and connect with each other, nor
can they crack regular shaped hornblende blocks. This also verifies that during the temperature
increase process, if the thermal expansion coefficient of the embedded particles is greater than that of
the matrix, radial cracks will occur within the matrix; If the thermal expansion coefficient of
embedded particles is less than that of the matrix, circumferential cracks will occur within the matrix.

The above research on the mechanism of rock thermal crack focuses on the two-dimensional
crack of the sample surface. By comparing the crack ratio of the research results with the porosity
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under different temperature effects in the literature (Chaki et al., 2007; Chen et al., 2017; Griffiths et
al., 2017), it was found that the trend of crack ratio and porosity with temperature is very similar (as
shown in Figure 10a), with a same mutation cluster region between 400 and 600 °C. This indicates
that the research results can reflect the three-dimensional fracture law of the sample to a certain extent
to a certain extent. The thermal crack of rock also has certain response characteristics in macroscopic
physical and mechanical properties. Previous studies have shown that P-wave velocity is a physical
parameter that can better reflect thermal damage and is easy to obtain. The crack ratio during the
thermal crack process in this study was compared to the changes in P-wave velocity of similar
samples from published literature [33-35], and it was found that the interval where the P-wave
velocity decreased faster is basically consistent with the interval where the thermal crack developed
faster. Therefore, the development process of thermal cracking can be monitored through P-wave
velocity. The above research can provide support for engineering monitoring technology.
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Figure 10. Relationship between crack ratio, porosity and P-wave velocity with increasing
temperature [32-35].

5. Conclusions

In order to understand the thermal crack characteristics of granite that has gone through various
heating/cooling processes. The surface thermal crack rate, thermal crack length, thermal crack width,
thermal crack type and thermal crack characteristics of granite undergone four types of thermal
treatments whose target temperatures ranged between 20-800 °C were studied. By comparing the
previous studies on porosity and P-wave velocity of thermally damaged granite, the relationships
between surface thermal crack rate and porosity and surface thermal crack rate and P-wave velocity
were studied. The main findings are as follows.
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1. The cooling rate of this experiment has a more significant impact on the thermal fracture of the
sample than the heating rate. The rapidly cooled sample undergoes thermal cracking at around
200-300 °C, while the slowly cooled sample undergoes thermal cracking at around 600 °C. The
distribution pattern of initiation positions of thermal crack in samples with different
temperature paths is basically consistent, mostly located at the junction of mineral particles or
irregular shapes of larger mineral aggregates. There are relatively more cracks located at the
edge of the sample, and the width and length of the initiation cracks are relatively small.

2.  The crack network generated by the sample with a fast cooling path at the highest test
temperature is relatively complex, while the cracks of the sample with a slow cooling path are
not interconnected into a network. The crack network structure of the SF path specimen is the
most complex, but the size of the main crack is not as large as that of the FF path specimen, and
the number of secondary cracks is more than that of the FF path specimen.

3. The thermal conductivity and thermal expansion of different mineral particles are different,
leading to temperature gradients and inconsistent deformation between particles, resulting in
thermal stress, tensile stress, or shear stress. They are concentrated at the boundaries of mineral
aggregates, cleavage or original defects. When the total stress reaches a certain level, the main
crack of thermal crack network is formed at the edges of mineral aggregates, in the middle of
crystals, or between mineral particles. After the main thermal crack develops to a certain extent,
smaller secondary thermal cracks will gradually develop between them, and the intersection
angle between the secondary cracks and the main crack is generally larger.
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