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Abstract Cooling shock can be considered a poten-
tial method of causing the high-temperature rocks to
crack and achieve the most efficient exploitation and
utilization of geo-thermal energy in the future. How-
ever, it is important to accurately recognize the thermal
cracking effect and the corresponding typical charac-
teristics of cooling shock. Therefore, in this study, we
conducted a systematic experiment on the effects of
cooling shocks with different temperature gradients on
the cracking of high-temperature granite. The granite
samples were heated to 150, 350, 550, and 750 °C,
and then injected with three kinds of refrigerants of
20, 0 and — 20 °C into the granite boreholes. Further-
more, the cracking characteristics of granite were com-
pared by means of optical microscope. According to
the experimental analysis, several conclusions could
be obtained: (1) Compared with natural cooling con-
ditions, cooling shocks of 20, 0, and — 20 °C resulted
in no evident open cracks on the granite at 150 and
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350 °C; however, the distribution of the micro-crack
networks became denser with a decrease in the refrig-
erant temperature. (2) For the high-temperature granite
samples at 550 and 750 °C, the effect of the cooling
shock was significant, and localized open cracks could
be observed; however, several differences were evident
in the effect of granite cracking under different combi-
nations of cooling shocks and high temperatures. For
granite with the same temperature gradient, with the
decrease in the refrigerant temperature, the number of
inter-granular and trans-granular cracks increased, and
the cooling shock enhanced the cracking effect. (3) The
main factor of granite cracking was the anisotropy of
the mineral particles affected by the temperature differ-
ence, in which a large amount of quartz was contained
in the granite, and the effect of repeated phase transfor-
mation near 573 °C was remarkable. Moreover, with the
temperature difference between the refrigerant and the
heated samples increasing, the generated tensile forces
in the outer edge of samples would increase rapidly,
causing amounts of trans-granular cracks and leading
to the denser micro-crack networks. This work can pro-
vide an experimental reference for understanding the
effect of cooling shock on mechanical properties and
cracking of high-temperature rocks.

Keywords High-temperature granite - Cooling shock -
Temperature gradient - Cracking - Mineral particles
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1 Introduction

Cooling shock is a common phenomenon in rock engi-
neering under high temperature. In the exploitation of
geothermal energy reservoirs, as well as the modes
of utilizing geothermal energy, a common method
of cooling water injection and hot water extraction
is used to gain the geo-thermal resource. During the
heat exchange period, cooling shock would occur and
cause numerous openings in the high-temperature sur-
rounding rock of the reservoir due to the cooling
water injection. These newly produced fractures would
greatly affect the extraction process of resources (Dip-
ippo 2016; Kamali and Ghassemi 2018; Kumari et al.
2018a,b; Wang et al. 2019b), and reduce the mechan-
ical properties of bedrock. It is a significant challenge
for the further development and utilization of geother-
mal engineering (Guo et al. 2018; O’Sullivan et al.
2001; Rong et al. 2018). Meanwhile, cooling shock
can enhance the cracking rate and increase the heat-
exchange speed, which can be regarded as a potential
approach to improve the extraction efficiency for the
exploitation of geothermal energy reservoirs. Further-
more, some related engineering fields, such as water-
spray firefighting in long tunnels and deep-mine cool-
ing by ice-blocks would also be susceptible to similar
cooling shocks (Botte and Caspeele 2017; Belayachi
et al. 2019). Therefore, it is necessary to explore the
effects of cooling shock on the high-temperature rock
and the corresponding thermal cracking characteristics.

It is necessary to understand the mechanical proper-
ties of high temperature rock before the depth cognition
of the rock thermal cracking phenomenon. As a matter
of fact, inrecent years, various scholars have carried out
a substantial number of laboratory tests on the physical
properties of rocks under the high temperature condi-
tion. Ersoy et al. (2017) studied the effect of thermal
damage on the strength of volcanic rocks, indicating
that the strength gradually decreased with an increas-
ing temperature, and a predictive model was used as a
function for determining the thermal damage intensity
of the rock. Wang et al. (2013) studied the effect of ther-
mal damage on the physical properties of granite. It was
found that the permeability of heat-treated samples was
four to five orders of magnitude larger than that of intact
samples. Zhao (2015) analyzed the problem of thermal-
induced micro-cracks reducing the mechanical strength
of granite from a microscopic perspective. Studies of
high-temperature rock demonstrated that thermal dam-
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age gradually accumulated inside the rock owing to
high temperatures, eventually leading to a reduction in
or even failure of the physical and mechanical proper-
ties of the rock (Arafijo et al. 1997; Freire-Lista et al.
2016; Jin et al. 2019; Peng et al. 2018). Meanwhile, the
issue that thermal fracturing of high temperature rock
caused by cooling shock has gradually attracted the
attention of some relevant scholars. For instance, Isaka
et al. (2018) investigated the rapid cooling treatment
of granite in water at different temperatures, and they
demonstrated that the thermal degradation under rapid
cooling was substantially higher than that under slow
cooling. Zhang et al. (2018a) analyzed the changes in
the physical parameters of granite following heating
and rapid cooling. Wu et al. (2019a) has studied the
tensile mechanical properties of granite after heating
and rapid cooling. It was found that the P-wave veloc-
ity of the cooling sample decreased the most, while the
tensile strength was the lowest. Based on a study of
cooling by means of water, it was found that the cool-
ing method aggravated the weakening of the physical
and mechanical properties of high-temperature rock
(Han et al. 2019; Hosseini 2017). Furthermore, sev-
eral scholars have adopted liquid nitrogen to exert a
severe cooling method on rocks directly, which also
indicated that the physical and mechanical properties
of rocks were significantly reduced after cooling shock
(Caietal. 2014, 2015; Gaoetal. 2018; Wuetal. 2019b;
Wu 2018; Zhang et al. 2018b).

However, the present concerns of these above-
mentioned studies mainly focused on the effects on
the mechanical properties of high-temperature rocks
by different refrigerants. Few investigations have been
conducted on the effect of the same refrigerant on the
cooling shock cracking considering different temper-
ature gradients. Therefore, in this study, the different
cooling shock effects on granite with different temper-
atures were investigated to demonstrate the differences
in the cracking caused by different cooling shocks, and
the granite damage under temperature shock was ana-
lyzed from a microscope perspective. This study will
provide a basic experimental reference for understand-
ing the effect of cooling shock on mechanical properties
and cracking of high-temperature rocks.
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Table 1 Mineral composition and related parameters of granite

Material ~ Proportion (%)  Thermal con-  Coefficient
ductivity of linear
(W(mK)~h expansion
( 1076 °C— 1 )
Quartz 394 7.65 11
Feldspar  53.8 2.33 6
Mica 6.8 1.89

2 Experimental preparation and procedure
2.1 Experimental preparation

The samples used in this experiment were granite
with uniform granularity, which were obtained from
the same rock stratum in Ganzi, Sichuan Province. In
the Triassic, Jurassic, Cretaceous and Cenozoic, the
magma in Ganzi Prefecture was active, forming a series
of intrusive magmatic rock bodies, mostly granite. 85%
of the geothermal spots are basically distributed along
the periphery of the magmatic rock body or exposed
inside, the thermal storage temperature exceeds 200°
(267m), the measured steam temperature of the hot
pit reaches 150°. The geothermal resources in Ganzi
are characterized by abundant reserves, many bene-
ficial elements, high temperature, shallow burial, etc.
However, the dense and complex rock formations have
brought challenges to the exploitation of geothermal
resources. According to X-ray diffraction analysis, the
main mineral components were quartz, feldspar, and
mica.

The detailed parameters are displayed in Table 1.
The granite was processed into a smooth cube with a
side length of 100 mm and drilled in the center of the
cube with a rock drilling sampler. The drilling depth
was 80 mm and the diameter were 30 mm (The stan-
dard for Test and Evaluation of Concrete Compression
Strength GB50107-2010. National Standard of P.R.C).
The refrigerant used an easily accessible calcium chlo-
ride solution (with stable physical properties and low
freezing points up to —55 °C), and used the DW-40
type low temperature test box produced by Xinxing
Test Instrument Company to reduce the solution to 20
°C, 0 °C, —20 °C, respectively. The adjustable test
temperature range was =40 °C, with an accuracy of
4 2%. The instrument for heating the granite was the
BLMT-1200 °C high-temperature energy-saving box

furnace, produced by the BLMT Company. The maxi-
mum temperature of this muffle furnace can reach 1200
°C, while the error precision is within 2 °C. Moreover,
a heating time and constant temperature can be set. To
avoid an excessive temperature error in actual opera-
tion and understand the temperature state of granite,
the AS900B non-contact infrared thermometer pro-
duced by the Xima Instrument Company was used
for auxiliary verification. Its measuring temperature
ranges from — 50 °C to 900 °C, with an accuracy of
+2%. The Super-eyes BO11 portable electron micro-
scope produced by the Super-eye Technology Com-
pany was used to observe the changes in the granite
cracks during the later stage. The maximum multiple
of the Super-eyes BO11 portable electron microscope
canidentify objects of 14 microns. In addition, Particles
Cracks Analysis System (PCAS) fracture analysis soft-
ware (Liu et al. 2013) is used. Users can automatically
segment fracture image after simple operation, com-
plete fracture network recognition and binary parame-
ters of output image, and realize accurate quantitative
analysis of fractures.

2.2 Experimental procedure

This experiment focused on the cracking effects of
refrigerants on granite with different temperature gra-
dients. The experimental process is illustrated in Fig. 1.
Firstly, for the treatment of granite samples, the gran-
ite was heated from room temperature (20 °C) to
four target temperature by the BLMT-1200 °C high-
temperature muffle furnace, namely 150 °C, 350, 550,
and 750 °C. Because the heating rate was excessive,
cracks in the rock interior would occur to varying
degrees. Therefore, the heating rate of the muffle fur-
nace was controlled at 5 °C/min to reach the target tem-
perature (Mallet et al. 2013; OugierSimonin et al. 2011;
Zuo et al. 2007). For the treatment of the refrigerant
solution, calcium chloride solution exhibits effective
fluidity at — 20 °C and does not condensate. Therefore,
the calcium chloride solution was cooled to three target
temperature using the DW-40 cryogenic test chamber,
namely 20 °C, 0 °C, and — 20 °C. After reaching the
target temperature, the entire solution could reach the
target temperature for 8 h. Then, the heated granite
sample was quickly and carefully removed with tongs
and injected into the central drill hole with the pre-
pared calcium chloride solution to fill the drill hole.
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The granite samples, with the same temperature gra-
dient, were subjected to three cooling shock tests each
time. Moreover, a group of heated granite was sub-
jected to natural cooling (“natural cooling” means the
cooling of high-temperature rocks in a muffle furnace
that is disconnected from the power supply) as a con-
trol group. Without rapid cooling shock treatment, four
repeated cooling shock tests of the granite with dif-
ferent temperature were carried out, and a group of
naturally cooled granite was used as a control group
each time. Test sample numbers are shown in Table 2.
Finally, when the granite was cooled to the indoor tem-
perature, the cracks on the outer surface of each group
of granite were observed by connecting the Super-eyes
BO11 electron microscope to a computer.

3 Experimental results and analysis
3.1 Apparent cracking of granite

Following the cooling shock, the surface of each group
of high-temperature granite cracked to varying degrees.
Although the cracking degree of the natural cooling
group as a control group increased with the increase
in the granite temperature, compared to the cracking
degree of the granite cooling shock groups with the
same temperature gradient, the rapid cooling shock
enhanced the thermal damage cracking effect, which is
consistent with the experimental results of Yang et al.
(2017) and Shao et al. (2014). However, the differences
in the cooling shocks on the granite cracking were not
evident between the 150 °C and 350 °C groups. With
the increase in the granite temperature, the differences
between the 550 °C and 750 °C groups increased sig-
nificantly, and the phenomena of powder debris and
particle spalling appeared on the sample surfaces. To
demonstrate the effect of the cooling shock on the gran-
ite cracking, we used particle and crack image recog-
nition and analysis system to process crack images,
the main function of the software is to automatically
identify particles, pores and fracture images, geometric
quantification and statistical analysis (Liu et al. 2011).
In addition, to eliminate the influence of the color of
the granite minerals on the image recognition, we uni-
formly sprayed a thin layer of whitewash paint onto the
granite surface, to demonstrate the fracturing effects
better. The fracturing of granite at different tempera-
tures is displayed in Table 3.
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In Table 3, the black surface of the granite represents
the cracks and voids. From the comparison of the sur-
face cracking effects in Table 3, it can be observed that
the cooling shock had a very poor cracking effect on
the 150 °C group, so there was no significant difference
among the groups. With the increase in the rock temper-
ature, the differentiation of the cooling shock exhibited
evident differences, particularly in the 550 and 750 °C
groups. The cracking effect of the cooling shock in the
—20 °C group was superior to that in the 0 °C group.
The cracking effect of the cooling shock in the 0 °C
group was superior to that in the 20 °C group, which
was mainly manifested in the cracking area, morphol-
ogy, and exfoliation of the mineral particles. The data in
Fig. 2 indicate the area ratio of the cracks and voids to
the total surface, as identified by the software (the area
value of the central hole was deducted). Therefore, the
effect of the cooling shock cracking can be observed
more intuitively from Fig. 2. With the increase in the
granite temperature, the differences in the effects of
the cooling shock cracking caused by different tem-
perature gradients was more significant, and the crack-
ing effect was also significantly improved owing to the
decrease in the cooling shock temperature. Moreover,
with the increase in the cooling shock strength, long
cracks appeared on the edge of the hole in addition to
the cracks on the surrounding boundary. This indicates
that the increased cooling shock resulted in a pene-
trating crack connecting the outer edge of the granite
surface to the hole.

3.2 Microscopic analysis of crack propagation in
granite

Following the high temperature and cooling shock
treatment, the granite was cooled to room temperature,
and the Super-eyes electron microscopy was used to
observe the surface cracking of the rock sample. In
this study, the crack growth characteristics around and
at the boundary of the hole were observed, the crack
direction was tracked and spliced, and the general law
of the cooling shock cracking was analyzed. No evi-
dent cracks were observed on the surfaces of the rock
samples at approximately 150 to 350 °C after quench-
ing with refrigerants at the three temperatures, while
the mineral particles at 150 °C remained essentially
unchanged following the Super-eyes observation, and
micro-cracks appeared between certain mineral parti-
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Table 2 The test number of granite sample

Granite

Refrigerant 150 °C 350 °C 550 °C 750 °C
Natural cooling HI150N H350N H550N H750N
20°C H150C20 H350C20 H550C20 H750C20
0°C H150C0 H350C0 H550C0 H750C0
—-20°C H150C-20 H350C-20 H550C-20 H750C-20

Table 3 Comparison of samples surface cracking effects under different cooling shocks

Temperat . . . .
Natural cooling Cooling shock 20 °C Cooling shock 0 °C Cooling shock -20 °C

ure

150 °C ' ‘

350°C

550 °C

750 °C
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cles at 350 °C. With an increase in the temperature to
550 and 750 °C, the cold quenching cracking effect of
the three temperatures was remarkable. According to
the test results, the cooling shock cracking effect of the
rock formation at 150 and 350 °C was evidently infe-
rior to that of the rock formation at 550 and 750 °C. In
this study, 150 and 350 °C were classified as the low
fracture group, while 550 and 750 °C were classified
as the high fracture group.

Because the heating temperature of the granite in the
150 °C and 350 °C groups was not very high, follow-
ing the cooling shock of the three temperature gradi-
ents, the cracking conditions of the appearance surfaces
could not be observed with the naked eye, so the gran-
ite surface condition was observed by the Super-eyes
electron microscope. It can be observed from Fig. 3
that, compared to the natural cooling group, the dif-
ferent cooling shocks did not cause cracking of the
granite in the 150 °C group. The difference caused by
the cooling shock was not exhibited in the granite of
the 150 °C group. Up to the temperature threshold of
granite cracking, the thermal shock generated was not
sufficient to cause the granite to crack. When the tem-
perature increased to 350 °C, followed by a cooling
shock, compared to the natural cooling group, it can
be observed from the partial enlargement that, after
the different cooling shocks, different degrees of fine
cracks appeared on the granite surface, and mineral
powder appeared in the cooling shock —20 °C group.
One reason that these micro-cracks were produced is
because the interior of the rock sample contained ini-
tial micropores and original micro-cracks. Moreover,
following the high temperature and cooling shock, the
mineral particles were deformed. Owing to the incon-
sistency of the thermal conductivity and linear expan-
sion coefficient of the mineral particles (see Table 1 for
the thermal parameters of the mineral components), the
particles would exhibit differences after being heated
and cooled (Chen et al. 2018; Shen et al. 2018b; Thiru-
malai and Demou 1974). During the quenching pro-
cess, with the sudden injection of the refrigerant, the
rock instantaneously underwent extremely high tem-
perature changes, and the generated thermal stress
destroyed the weakest matrix portion between the con-
nected mineral particles, thereby causing cracks and
partial particle peeling between the mineral particles.
Under the action of these two aspects, cracks appeared
on the granite surface. Furthermore, as a result of the
increased temperature difference, the variation caused

by the cooling shock began to become more promi-
nent. As the temperature continued to increase, when
the granite was heated to 550 and 750 °C, different
types of water inside the rock gradually vaporized and
escaped, the mineral composition underwent a phase
change and melting reaction, cracks occurred inside,
and the surface debris was separated. The cooling shock
effect intensified the thermal cracking, and the effects
of the different cooling shock cracking were also evi-
dent. Cracking of the granite surface could be observed
with the naked eye. The photographs of the granite
cracking exhibit substandard results, owing to poor
light, pixels, and partial small cracks. The surface crack
pattern was traced by an electron microscope, and the
sketch was used for the reduction. The granite crack
appearance is presented in Table 4.

From the crack diagram in Table 4, for the granite
with the same temperature gradient, with the decrease
in the refrigerant temperature, the cracking effect on
the granite was enhanced. Moreover, the crack propa-
gation was extended, additional cracks appeared, and
cracking was exhibited along the granite axis. Accord-
ing to the theoretical analysis of the shortest distance
of the plastic zone of the composite crack fracture, this
energy consumption was the lowest. Moreover, cracks
in the cooling shock group appeared from the holes
compared to the natural cooling group, and the crack
shape became complicated. This indicates that the ther-
mal stress generated by the cooling shock caused more
serious damage to the granite, and the varying crack
shapes also demonstrated the difference in the cracking
effects of the different cooling shocks. The crack mor-
phology was observed by electron microscopy, and the
crack propagation is presented in Fig. 4a—d. The mech-
anism of the rock rupture process can be divided into
three successive stages: the ultra-microscopic stage,
in which the generation of germination cracks occurs
in the entire sample body and the distances between
atoms are equivalent; the micro stage, where the crack
is equivalent to the structural unit and the defects are
formed in the same manner; and the macroscopic stage,
in which the crack exceeds an order of magnitude of the
structural unit and the micro-cracks merge and develop
into a main crack. Fig. 4a—d illustrate the macroscopic
stage of the granite fracture, with cracking between the
mineral particles. It can be observed from the figure that
the crack near the outer boundary was wider, and gradu-
ally narrowed in the hole direction. Moreover, the frac-
tures of the 550 °C granite group generally extended
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Fig. 3 Comparison of cooling shock effects of granite at 150 and 350 °C

Table 4 Crack characteristics on high-temperature granite surface at 550° and 750° after different cooling shocks

Temperatu . . . .
Natural cooling Cooling shock 20 °C Cooling shock 0 °C Cooling shock -20 °C
re
N N P S N
550 °C L ) L ) " ) \
N4 N4 N ) N/
H550N H350C20) Ha30C0| H550C-20
e TN N VR 77N
750 °C () L) L) \
N N N N
HT50N H750C20] HT5000) H750C-20
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around the mineral particles, resulting in more circum-
ferential cracks. Owing to the huge thermal shock at
the surface of the granite group at 750 °C, the circum-
ferential cracks further expanded and penetrated along
the grain boundary, eventually forming radial cracks.
Furthermore, in the process of the main crack propa-
gation, additional microcrack branches appeared with
discrete random distributions, which is associated with
the non-uniform microstructures of rocks (Shen et al.
18a; Zhang et al. 2019). Certain mineral particles have
higher strength, such as biotite, while some have lower
strength, such as quartz. Therefore, under the action of
thermal stress, the quartz with a low strength first broke
and formed a trans-granular crack. Under the signifi-
cant thermal shock, some of the black mica also demon-
strated the occurrence of trans-granular cracks, and
as the cooling shock temperature decreased, the ther-
mal stress increased, and the number of trans-granular
cracks also increased, resulting in the rock matrix dam-
age being more serious and being destroyed along the
ring direction of the particles. When the thermal expan-
sion coefficient of the matrix is smaller than that of the
embedded particles, the matrix and particles are in a
stretched state and compressed state, respectively, and
the matrix is finally destroyed in the form of radial
cracks. When the thermal expansion coefficient of the
matrix is larger than that of the embedded particles, the
matrix and particles are in the compressive and tensile
stress states, respectively, and the matrix is eventually
destroyed in the mode of circumferential cracks (Tang
et al. 2016).

4 Discussion

The ultimate macroscopic damage of the rock is closely
related to its internal microstructure and external load.
It undergoes a series of evolution processes, such as
microcrack initiation, development, and nucleation. In
this experiment, the granite experienced two stages of
heat and cold. During this process, the granite min-
erals changed and the development of cracks appeared
macroscopically owing to changes in the internal struc-
ture. The analysis of the specific mechanism of the
granite crack development can be carried out in terms
of the following two aspects.

4.1 Difference analysis of test results

There are some differences between the experimental
results of this paper and those of relevant scholars. For
example, no cracks are found on the surface of granite
at 150 °C, which is consistent with the experimental
results of Chen et al. (2017). The microscopic images
of granite after different heat treatments are obtained by
SEM, and it is found that almost no thermally induced
cracks are observed in the samples below 300 °C. How-
ever, some scholars have found that cracks will occur
in granite below 150 °C, even when heated to 70 °C
(Richter and Simmons 1974; Lin 2002). Because of the
mineral complexity of granite, the temperature thresh-
old of granite cracking is random and only of statistical
significance. In addition, during the natural cooling of
granite at 750 °C, there are more micro-crack branches
on the surface, showing a discrete random distribution,
and a surface cracking area ratio of 15.08%. However,
in the study of 700 °C granite natural cooling by Wang
Wang et al. 2013, the porosity of the hot cracking spec-
imen is about 3%, but there is no large-scale crack pen-
etration. Compared with the results of this paper, the
degree of crack development is smaller, the rock failure
degree is lower, and there are no annular cracks in our
test. This is due to the fact that the content of quartz
with lower strength in granite is 37.9%, which is much
higher than 25.8% of Westerly granite, while the con-
tent of mica with higher mineral particle strength is
only 6.3% lower than 13% of Westerly granite, which
results in different cracking differences. Granite is a
crystalline rock composed of quartz, feldspar, mica and
other minerals. The difference of thermal expansion of
each component leads to thermal fracture, and its com-
position, particle size and cementation degree lead to
complex changes in physical properties. When the tem-
perature increases and the local thermal stress is suffi-
cient to meet the necessary conditions for crack forma-
tion, thermal fracture occurs. Therefore, for heteroge-
neous rocks, thermal fracture is random, and the critical
temperature of thermal fracture should also be a range.
Even the same kind of rock will have thermal frac-
tures in different situations due to the inconsistency of
thermal expansion between its cementation conditions,
between different particles, between the same parti-
cles, between particles and cements, between cements.
These thermal cracks may also occur at the beginning
of heating, but the quantity and energy are small.

@ Springer



162 Y. Shen et al.

Partial enlarged view

Crack growth diagram

Crack growth diagram

H550C-20]

Crack growth diagram

A [ 11750020

Fig. 4 Cracking extension features of granite samples under different cooling shocks
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(d)

Start Crack growth diagram

Fig. 4 continued

4.2 Analysis of cracking mechanism of cooling shock
granite

As the natural granite itself exhibited original defects
in the internal structure, when the granite experienced
high temperatures, the original micro-cracks developed
further and the defects were accelerated to generate
thermal cracks, resulting in an irreversible microstruc-
ture. The cooling shock also exacerbated this thermal
damage. Moreover, the cooling shock effect caused the
temperature of the granite outer surface to decrease
sharply and the mineral particles to shrink drastically.
Although the granite as a whole tended to be in a state
of thermal equilibrium owing to heat conduction, the
internal temperature of the granite remained high. The
thermal stress generated by the temperature difference
caused tensile stress on the outer surface of the gran-
ite and compressive stress inside (OugierSimonin et al.
2011). When these two stresses exceeded the thermal
stress limit of the granite internal structure, new micro-
cracks were generated in the sample, and as the refriger-
ant temperature decreased, the temperature stress gen-
erated increased, causing the width and density of the
cracks in the granite to increase. Moreover, the devel-
opment of micro-cracks caused the refrigerant to pene-
trate further, and the cooling shock again expanded the
cracking degree, causing additional thermal cracking.

When high-temperature granite is cooled, the min-
eral particles shrink sharply, and tensile tangential

stress is formed on the rock surface. When the thermal
stress exceeds the thermal stress limit of the structure
itself, new micro-cracks are generated in the sample.
Because of the different crystalline structure of each
mineral component, the thermal stress limit threshold
is also different; therefore, the cracking morphology
is also different. After the granite is subjected to dif-
ferent cooling shocks, the thermal stress is different,
which has become one of the main factors for the differ-
ence inrock cracking (Kumari etal. 2018a,b).However,
because the thermal stress caused by the tempera-
ture difference between the granite and cooling shock
was small, the difference in the cooling shock effect
between the 150 °C and 350 °C groups was not evident.
Moreover, with the increase in the granite temperature,
along with the attached water of the internal structure
of the granite, the combined water and crystal water
decomposed, vaporized, and escaped, and a portion of
the mineral physical and chemical reaction occurred
(Sun et al. 2016); for example ankerite, pyrite, and
kaolinite, among others (as shown by Eqs. 1-4), caus-
ing changes in the internal structure of the rock (Just
and Kontny 2011). Following the cooling shock, the
mineral recrystallized, causing the micropores in the
rock to increase further. As the granite temperature and
the cooling shock increased, defects gradually accu-
mulated on the surface and interior of the rock sample.
The micropores in the rock gradually extended, gath-
ered, and formed connections. Furthermore, although
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there were no visible cracks on the surface, the internal
structure of the granite changed.

Al O3 - 28i0; - 2H,0 — AL Oj - 2Si05 - %Hzo + %HQO (D
Al, O3 - 2Si0; - %HZO — AlO3 - 2Si0, + %HZO )
KAL(SO4)2(0H)g — K +3A1PT +2503~ +60H™  (3)
2Fe304 + %oz — 3Fe;03 “4)

According to the analysis of the granite mineral par-
ticles, owing to the anisotropy of the mineral par-
ticles themselves, the thermal expansion coefficients
of the crystals differed. After the granite experi-
enced high temperatures, the mineral particles were
deformed to varying degrees (Mahabadi et al. 2014;
Peng et al. 2017), and after suffering from a strong
cooling shock effect, the granite mineral particles once
again deformed with inconsistency, thereby increasing
the rock cracking degree and resulting in the formation
of new fissures and further development of the original
fissures. In addition to these factors, an uneven ther-
mal expansion coefficient and thermal gradient of the
minerals, as well as a non-uniform increase over each
mineral component threshold temperature and thermal
damage, could also occur (Wang et al. 1989). However,
the anisotropic thermal expansion of different miner-
als has been identified as a main mechanism of thermal
cracking (Fredrich and Wong 1986). Moreover, in the
stage of approximately 550 to 750 °C, the phase tran-
sition of quartz occurred, which is also an important
factor causing thermal cracking. Therefore, the perfor-
mance of the cracking with different cooling shocks in
the 550 and 750 °C groups exhibited significant differ-
ences. As granite contains more quartz, the quartz will
change from the o phase to 8 phase when heated at
573 °C (Glover 1995). The transformation process of
the quartz crystal structure is illustrated in Fig. 5. This
transformation process increases the quartz volume. At
approximately 8% (Smalley and Markovi¢ 2019; Sun
et al. 2013), the generation of microfractures and the
expansion of aggregation lead to a further increase in
the internal defects of granite, and gaps and connections
gradually develop. When subjected to cooling shock,
as aresult of the cooling effect, quartz will change from
the B phase to o phase. However, in the actual trans-
formation process, owing to the internal blocking force
generated when the lattice structure is deformed, part
of the structural deformation is retained when changing
back to the original & phase state (Sun et al. 2005; Zhao
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et al. 2006). Moreover, the surface energy of quartz
becomes very low at the time of two-phase transitions,
and cracks are easily generated. Therefore, as the cool-
ing shock temperature was decreased, greater thermal
stress was generated and the more severe damage was
caused to the mineral particles such as quartz, thereby
further increasing the micro-cracks.

4.3 Analysis of cooling shock effect of morphological
differences characterizing granite crack
mechanisms

After experiencing the initiation, development, exten-
sion, and through-connection of micro-cracks, amacro-
scopic crack is finally formed (Collin and Rowcliffe
2002; Peng et al. 2019). Nasseri used optical meth-
ods to show, in detail, the changes of grain boundary
and grain boundary crack density with temperature in
granite (Nasseri et al. 2009), which provided a basis
for the formation and development of internal cracks
in granite. From the perspective of mineral energy,
this paper analyzes when the high-temperature gran-
ite encountered a sudden cooling shock, the thermal
stress generated by the significant temperature gradi-
ent first tore the weakly connected matrix (rock bridge)
between the mineral particles, and progressed along
the mineral particles to form inter-granular fracture,
as illustrated in Fig. 6a. The formation and decom-
position of mineral crystals are related to the lattice
energy. The order in which the minerals are crystal-
lized from the dissociation dispersion system should
follow the order in which the lattice energy is reduced.
The location of microcracks is related to the type of
minerals, and microcracks at grain boundaries usually
occuring between minerals with lower lattice energy.
It can be observed from Table 5 that the feldspar and
quartz lattice energy was lower and the black mica
lattice energy was higher. When a large temperature
difference produces a thermal stress greater than the
cementation force between mineral particles, inter-
granular cracks are generated, and propagate along
weaker grains. With a further reduction in the cooling
shock temperature, when the mineral particles could
not withstand this thermal stress, the low lattice energy
quartz and feldspar particles were first broken, followed
by the high lattice energy of the crystal biotite frac-
turing, and the connections and combinations of the
cracks gradually developed into a trans-granular crack,
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o

Bond angle of a phase

Fig. 5 Transition process of quartz-a to quartz-f (573°)

as indicated in Fig. 6b. Furthermore, cracks develop-
ing during the expansion of the local stress concen-
tration phenomenon is very significant. In particular,
a stress concentration is formed in the tip region of
the crack. During the process of rapid expansion, when
the crack encounters the particle interface or mineral
particles with higher lattice energy, it will change the
advancement direction, and then develop along the lon-
gitudinal and lateral directions, changing from one-
dimensional line damage to two-dimensional surface
damage, thereby forming a large microcrack damage
area (Wang et al. 2019a, 2018; Zhao et al. 2019).
The original grain, crystal plane, microcrack, joint, and
discontinuous and other structures led to an uneven
local stress distribution, which increased the speed of
the local defect formation, causing the distribution of
uneven micro-cracks. Micro-cracks that were diffusely
distributed in the damaged area continuously gathered
and merged, and finally formed macroscopic cracks.

5 Conclusions

In this experiment, granite samples with different tem-
peratures were subjected to different cooling shock
effects, and the cracking effects and crack morpholo-
gies were compared from a mesoscopic point of view,
which highlighted the differences owing to the varying
temperature gradients. Moreover, the cracking mecha-
nism caused by the cooling shock was analyzed. The
main conclusions are as follows:

(1) There is no significant difference in the macro-
scopic cracking effects of granite at 350 °C and below
with different cooling shocks. With the increase in the

Heating

Temperature threshold (573°C)

Cooling

Bond angle of B phase

granite temperature, when the temperature is higher
than 550 °C, the thermal damage of granite increases
owing to the anisotropy of the mineral particles and
repeated phase transformation of quartz, while the cool-
ing shock effect enhances the cracking. Moreover, the
difference in the cracking caused by different tempera-
ture gradients gradually becomes evident, and with the
decrease in the cooling shock temperature, the granite
cracks that appear on the macroscopic scale are more
significant.

(2) At a granite temperature of 350 °C and below,
under different cooling shocks, the matrix (“rock
bridge”) between the grains first ruptures. The crack
propagates along the grain and the crack development is
mainly dominated by inter-granular cracks, accompa-
nied by a uniform distribution of network micro-cracks.
At a granite temperature of 550 °C and above, under
different cooling shocks, as the cooling shock temper-
ature decreases, the resulting tensile force increases,
which is sufficient to destroy the lattice energy of the
mineral particles, and these sequentially break in the
order of lattice strength. The number of trans-granular
cracks increases continuously, and the number of net-
work micro-cracks also becomes denser.

(3) The experimental results demonstrate that dif-
ferent cooling methods have a significant influence on
rock cracking. A lower refrigerant temperature results
in a higher granite temperature, and with a greater tem-
perature difference between the two, additional cracks
appear in the granite, and the cracks propagate and
extend more fully. Therefore, temperature shock can
be used as an effective means of rock breaking, and it
can appropriately increase the temperature difference
to improve the efficiency of breaking hard rock. It can

@ Springer
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Matrix (rock bridge) . .
Intergranular crack T Expansion Expansion
Expansion Expansion
Mineral crystal Transgranular crack

Fig. 6 The generalized model for two cracking characteristics of granite sample. a Inter-granular crack. b Trans-granular crack

Table 5 Lattice energy of several common minerals

Mineral particles Peridot Pyroxene

Amphibole Black mica Feldspar Quartz

Lattice energy (kcal/g) 4.2 4.1

3.8 3. 2.4 2.6

be applied in engineering fields such as the establish-
ment of geothermal reservoirs, oil drilling, and tunnel
fire assessment.
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