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Abstract: Rock mass is frequently subjected to rapid cooling in geothermal reservoir during water
injection and reinjection. In this paper, to understand the effects of cooling treatments on heated
granite, heat conduction tests, magnetic resonance imaging tests and numerical investigations were
carried out to evaluate variations of thermal damage. The test results reveal that the heat flux and the
heat transfer coefficient increases to a maximum within a few seconds and then gradually decreases.
The maximum heat transfer coefficient of the samples treated with the initial temperature of 500,
400, 300, 200 and 100 ◦C is 2.3, 2.15, 1.9, 1.22 and 1.86 W·m−2K−1, respectively. The edge area with
drastic temperature changes is accompanied by the densely distributed microcracks; in contrast,
the internal cracks of the specimen with gentle temperature are relatively sparse. The thermal
damage contributed by the heating cracks occurs at a continuous decrease, and the thermal damage
contributed by cooling occurs at a continuous increase, with the increasing heating temperature. The
damage caused by heating is the result of the uneven thermal expansion of the local particles, the
propagation of cooling cracks is strongly affected by heating cracks, and stress concentration induced
by thermal shock promotes the coalescence of the pre-existing heating cracks.

Keywords: thermal damage; granite; heating and cooling; experimental and numerical investigation

1. Introduction

Geothermal energy is wildly regarded as one of the most promising renewable sources
due to its wide distribution and environmentally friendly characteristics [1]. Heat extraction
through the heat exchange between the injected working fluid (generally water) and the
high-temperature rock masses in geothermal reservoirs is the most effective way to exploit
geothermal resources [2]. Inevitable rock damage occurs when the geothermal reservoir
is subjected to the intermittent cold water injection [3], which can be used to improve the
heat exchange efficiency of the reservoir and may also induce undesirable water loss [4,5].
Therefore, a better understanding of the mechanism of crack generation and propagation
during water cooling is the prerequisite to improve the reservoir performance.

For the effects of water cooling on high-temperature rocks, numerous experimental
studies have been conducted to investigate the variations of the macroscopic physical
and mechanical properties, which were comprehensively summarized in our previous
research [6,7]. Generally, the significant degeneration in the physical properties (e.g., den-
sity [3,8,9], P-wave velocity [10–12], permeability [13–15], thermophysical properties [16])
and the mechanical properties (e.g., compressive strength [17,18], tensile strength [19],
fracture toughness [20,21]) can be found in the rocks after heating and water cooling.

Factors affecting the thermal damage induced by water cooling in rock materials
have attracted increasing attention, i.e., heating temperature, cooling rate, particle size.
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Regarding the effects of heating temperature, Kim et al. [22] found that the rapid cooling
from 300 ◦C can lead to a significant decrease in the fracture toughness and the tensile
strength. Yin et al. [23] found that the threshold temperature of granite properties is about
400 ◦C. Sun et al. [24] determined the damage threshold temperatures of sandstone to be
300, 500 and 900 ◦C. Meanwhile, the higher cooling rate can result in a more significant
damage in rock materials. This phenomenon has been widely verified. Wu et al. [25]
studied the tensile strength of the rocks cooled at various cooling rates, and the edge
wedges and the central cracking of the samples are significantly related to the cooling rate.
Rathnaweera et al. [26] found that the weakening and softening of the sandstone after
heating and water cooling is determined by the mineral structure. The transformation
of the initial hexagonal kaolinite mineral can strengthen the sandstone cement, while the
dehydroxylization of kaolinite can weaken it. In addition, the effects of water cooling
on the rocks with different particle sizes are quite different. Zhao et al. [27] evaluated
the tensile strength of rock with increasing grain size; as the grain size increases, the
thermal cracks decrease, but the cracks become longer, which leads to a decrease in tensile
strength. Wu et al. [28] found that the physical and mechanical properties of granites
with coarser particles are less sensitive to the rapid cooling. In addition, many numerical
investigations have been conducted to simulate the damage of the rock material after the
heating and cooling. Yin et al. [29] studied the thermal damage of granite by the Discrete
Element Method (DEM). Wu et al. [30] presented a numerical method for simulating
fracture propagation of rock materials by the Finite Element/Discrete Element Method
(FEM/DEM). Zhao et al. [19] and Tian et al. [31] simulated the inhomogeneous microcracks
in thermal-treated granite by DEM.

Thermal damage in rocks induced by rapid cooling has been studied microscopically.
Based on the scanning electron microscope observations, Yin et al. [6] believed that the
loose mica flakes, the coalescence behaviors of the inter- and transgrain cracks induced
by thermal shock, contribute to the deterioration of mechanical properties. Fan et al. [32]
investigated the spatial gradient distributions of thermal damage caused by water cooling
by 3D computed tomography techniques and found that the thermal damage near the
sample surface was more significant than that inside the sample. Avanthi and Ranjith [33]
quantitatively studied the pore structure of the rock after heating and cooling and found
that the thermal deterioration in the rapid cooled sample was more significant than slow
cooled sample, which can be attributed to the stress accumulation in the rock matrix. In
recent years, the applications of the nondestructive flaw detection technology based on
Nuclear Magnetic Resonance (NMR) and Magnetic Resonance Imaging (MRI) in rock
materials has gradually attracted the attention of researchers [34]. However, it is difficult
to directly monitor the cracking of rock material induced by thermal shock; therefore, the
understanding of the variation of thermal damage in rock during heating and cooling is
still limited.

In order to understand the variations of thermal damage of high-temperature granite
subjected to water cooling, we experimentally and numerically investigated the heat
conduction and thermal cracking of granite during cooling. The heat exchange between
the high-temperature granite and the water was analyzed by an inverse heat conduction
model, and evolutions of the surface heat transfer coefficient of the heated granite were
obtained. The thermal damage of the water-cooled granite was detected by the NMR and
MRI technologies; meanwhile, a DEM-based numerical model was adopted to simulate
the time and spatial gradient distributions of microcracks in granite during cooling. The
experimental and numerical results can contribute to the further understanding of the
thermal damage of rocks subjected to thermal shock.

2. Materials and Methods
2.1. Sample Preparation

In order to weaken the influence of rock heterogeneity on thermal damage, the rock
sample used in this study is granite with a uniform and dense matrix, which comes from
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Rucheng County, Hunan Province, as shown in Figure 1. The granite sample is mainly
composed of feldspar, mica and quartz [6,35]. The collected granite blocks were cut into
disc-shaped samples with a diameter of 50mm and a height of 30 mm; then, the prepared
samples were polished in line with recommendations by the International Society for Rock
Mechanics and Rock Engineering [36]. Subsequently, five specimens were selected to
measure the transient temperature field of the high-temperature granite during cooling.
These specimens were drilled with cylindrical holes of different depths by a twist drill with
a diameter of 3mm, and the diameter of the hole was not larger than 3.5 mm. The schematic
diagram of the holes is shown in Figure 2. In order to avoid unnecessary vibration damage
in the sample, the rotation speed and feed rate of the bit were set as 1000 rpm and 0.1 mm/s.
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Figure 2. Schematic diagram of disc-shaped sample with holes. (a) Section view (b) Side view and
top view.

2.2. Experimental Procedure and Equipment

The prepared samples were further screened through the ultrasonic wave speed tests
by an ultrasonic parameter detector (HS-YS4A, Xiangtan, China), as shown in Figure 3a.
Subsequently, the thermocouple-boned specimens were heated in a muffle furnace (JZ-1000,
Changsha, China) at a heating rate of 3 ◦C/min, as shown in Figure 3b. In order to simplify
the problem of heat conduction, before cooling, the two ends of the specimen were fixed
with heat insulation blocks to limit the heat conduction to only along the radial direction of
the specimen, that is, the one-dimensional heat conduction condition. The heat insulation
blocks (DeQing fiber Co., Huzhou, China) are made of aluminum silicate ceramic fiber
with extremely low thermal conductivity, as shown in Figure 3c. It is noteworthy that the
diameter of the thermocouple (K-type, Dittmer CO., Linsengericht, Germany) is 3 mm,
which is slightly smaller than the size of the hole. Therefore, we first injected a small
amount of silver powder (800 mesh, Eckart Co., Bremen, Germany) into the bottom of
the hole, then inserted the thermocouple probe and finally sealed the gap between the
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thermocouple and the hole with industrial silicate sealant (SL8312, Shilin Polymer Co.,
Zhuzhou, China). The silver powder was used for improving the measurement accuracy
of the thermocouple, and the industrial silicate sealant was used for fixing thermocouples
and insulating water.
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Figure 3. Schematic diagram of experimental procedure and laboratory equipment: (a) ultrasonic
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The target temperature of the samples were 100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 500 ◦C,
and the samples were kept at the target temperature for at least 3 h. In order to investigate
the effect of the cooling method, the heated granite specimens with 500 ◦C were cooled in
the cold water with 25 ◦C and the water bath of 95 ◦C. During cooling, the temperature
of the thermocouple was recorded by a paperless recorder (MIK-R200D, MEACON Co.,
Hangzhou, China). For comparison, some samples were slowly cooled to room temperature
in the furnace. For the characterization of thermal damage, we observed the microscopic
morphology and measured the thermal damage distribution of the treated granite. The
former was obtained by a scanning electron microscope (JSM-IT300, JEOL CO., Tokyo,
Japan), as shown in Figure 3d. The latter was obtained by the MRI imaging from a nuclear
magnetic resonance testing machine (MesoMR23-060H-I, NIUMAG Co. China), as shown
in Figure 3f. Meanwhile, a vacuum saturated machine (NJ-BSJ, Shanghai, China) with a
negative pressure of 0.1 MPa was used to saturate the sample, as shown in Figure 3e. The
detailed parameters of the nuclear magnetic resonance testing machine are listed in Table 1.

Table 1. NMR operating parameters.

Magnetic Field
Strength

Main
Frequency Echo Interval Scanning

Time
Number of

Echoes
Signal Gain
Amplitude

Slice Thickness
of MRI

0.5 T 21.3 MHz 0.1 ms 32 13,000 100% 3 mm

3. Characterization and Simulation of Heat Conduction Behavior
3.1. Heat Conduction Characteristics Based on Inverse Heat Conduction Method

It can be easily inferred that, as the heat is lost from the high-temperature sample,
the temperature drop in the sample will be accompanied by the weakening of the heat
conduction intensity; in other words, the cooling of the heated rock is an unsteady heat
transfer process. Due to factors such as bubble boiling, convective heat transfer and water
flow disturbance on the sample surface, it is difficult to directly measure the heat transfer
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parameters (i.e., heat flux, heat transfer coefficient) on the sample surface during the cooling
process. Usually, it is an effective method to obtain the transient thermal response of the
sample by measuring the temperature inside the sample and indirectly obtaining the heat
flux of the sample surface, which is the inverse heat conduction method [37].

As shown in Figure 4, under the condition of one-dimensional heat conduction, the
temperature field T(r, t) in the interior of the cylinder sample can be described as follows:

ρc
∂T(r, t)

∂t
= k

(
∂2T(r, t)

∂r2 +
∂T(r, t)

r∂r

)
(1)

Mathematics 2021, 9, x FOR PEER REVIEW 5 of 16 
 

 

Table 1. NMR operating parameters. 

Magnetic Field 
Strength 

Main Frequency Echo Interval Scanning Time Number of 
Echoes 

Signal Gain 
Amplitude 

Slice Thickness 
of MRI 

0.5T 21.3 MHz 0.1 ms 32 13,000 100% 3 mm 

3. Characterization and Simulation of Heat Conduction Behavior 
3.1. Heat Conduction Characteristics Based on Inverse Heat Conduction Method 

It can be easily inferred that, as the heat is lost from the high-temperature sample, the 
temperature drop in the sample will be accompanied by the weakening of the heat con-
duction intensity; in other words, the cooling of the heated rock is an unsteady heat trans-
fer process. Due to factors such as bubble boiling, convective heat transfer and water flow 
disturbance on the sample surface, it is difficult to directly measure the heat transfer pa-
rameters (i.e., heat flux, heat transfer coefficient) on the sample surface during the cooling 
process. Usually, it is an effective method to obtain the transient thermal response of the 
sample by measuring the temperature inside the sample and indirectly obtaining the heat 
flux of the sample surface, which is the inverse heat conduction method [37]. 

As shown in Figure 4, under the condition of one-dimensional heat conduction, the 
temperature field T(r, t) in the interior of the cylinder sample can be described as follows: 

( ) ( ) ( )2

2

, , ,T r t T r t T r tc k
t r rr

ρ
∂  ∂ ∂= + ∂ ∂∂ 

 (1)

 
Figure 4. Schematic diagram of one-dimensional heat transfer. 

For a high-temperature sample with a temperature of T0 subjected to a water bath 
with a temperature of Tw, the boundary condition can be expressed as follows: 

( ) 0,0T r T=  (2)

( )
0

,
0

r

T r t
r

=

∂
=

∂
 (3)

Figure 4. Schematic diagram of one-dimensional heat transfer.

For a high-temperature sample with a temperature of T0 subjected to a water bath
with a temperature of Tw, the boundary condition can be expressed as follows:

T(r, 0) = T0 (2)

∂T(r, t)
∂r

∣∣∣∣
r=0

= 0 (3)

− k
∂T(r, t)

∂r

∣∣∣∣
r=R

= q(t) (4)

where q(t) is the heat flux at the surface of the sample. For the measured temperature of the
thermocouple,

T′(r0, i∆t) = Ti (5)

For the dimensionless variables x′ = x/R, t′ = kt/ρcL2 and T′ = (T − T0)/(Tw − T0) in
the dimensionless forms of the above equations, Duhamel et al. [37] proposed the numerical
solution of the heat flux:

qkαi−k+1 = Ti
′ −

k−1

∑
j=1

qjβi−k+1,k−j (6)

where i ranges from k to k + r − 1, and r is a customized parameter that affects the
calculation interval; αi and βi,j are parameters determined by the correlation between the
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future heat flux and the current heat flux. Chantasiriwan [38] proposed an optimized
iterative calculation method:

αi−k+1 =
i−k+1

∑
j=1

jZj i = k, k + 1, . . . , k + r− 1 (7)

βi,1 = Zi+1 −
i−1
∑

k=1
kZi−k j = 1

βi,j = Zi+j j = 2, . . . , n− 1
(8)

where Zi is defined as

Zi = U
[
x′, i∆t′

]
− 2U

[
x′, (i− 1)∆t′

]
+ U

[
x′, (i− 2)∆t′

]
(9)

U
(

x′, t′
)
=

1
∆t

[
t′2

2
+ t′

(
x′2

2
− x′ +

1
3

)
− 2

∞

∑
j=1

cos(jπx′)

(jπ)4

(
1− e−j2π2t′

)]
(10)

It is worth noting that the accuracy is strongly affected by the value of r and the
function of αi and βi,j in Equation (6). In detail, firstly, assume the initial heat flux q0
and calculate the temperature field in the sample; then, iteratively calculate qi until the
difference between the calculated temperature of the measurement point and the actual
measured value is less than the preset error; subsequently, determine the next time period
qi+1 by the Newton iteration method and repeat the above two steps. For simplicity, the
density, specific heat and the thermal conductivity of the granite sample are taken as
constant values, which are 2620 kg/m3, 1015 J/(kg·◦C) and 3.5 W/(m·◦C), respectively.
After the heat flux q(t) on the sample surface is determined, and the surface temperature
Tsur can be calculated by Equations (1)–(4). Finally, the heat transfer coefficient h(t) can be
calculated by the Newton’s law of cooling:

h(t) =
q(t)

Tsur − Tw
(11)

3.2. Methodology for Numerical Analysis of Thermal Damage

In this study, we adopted the Discrete Element Method (DEM) due to the advantages
in simulating damage of rock-like materials. The numerical sample used for thermal
damage simulation is shown in Figure 5a. Referring to the microscopic image shown in
Figure 1, three kinds of particles with different colors and sizes were used to simulate
the minerals in granite. The volume fractions of these minerals are consistent with the
XRD results shown in Figure 1c. A description model between particles is necessary to
simulate the mechanical behavior of rock materials. The flat-joint contact model was used
to simulate linear elastic deformation and particle contact failure affected by tensile and
shear stress. As shown in Figure 5b, the flat-joint contact model defines a pair of conceptual
surfaces between two particles in contact. For a flat-joint contact element, the conceptual
surfaces rotate around the center of the contact plane, and the constraints between particles
are described as bonded or unbonded [29]. The failure envelope of the flat-joint contact
model is shown in Figure 5c–f. At the same time, the contacts among particles are affected
by the temperature field. In detail, a linear thermal expansion model is used to describe
the thermal expansion of particles:

∆ri = αri∆T (12)

where ri is the particle radius, ∆T is the temperature difference between adjacent particles
and α is the linear thermal expansion coefficient. In addition, the bonded and unbonded
state of the contacts also characterizes the opening and closing of the heat transfer channel
between particles.
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It is worth noting that, due to the lack of an explicit representation of the boundary
in the particle discrete element method, the heat flux of the sample boundary cannot
be defined directly. The boundary condition for the numerical model is the same as
Equations (2)–(4). An extra group of particles located in the outermost layer of the sample
are used as the thermal boundary, as shown in Figure 5a, and the heat flux of the thermal
boundary obtained by the laboratory tests is replaced by the power input to the boundary
particles in the numerical model. The applied power of the boundary particles can be
calculated by the following equation:

q(t) =

n
∑
i

Pi,t

S∆t
(13)

where n, ∆t, Pi,t and S represent the total number of the boundary particles, the time
step, the power of the boundary particle at time t and the area of the surface, respectively.
More importantly, the applied heat flux q(t) is the same as the measured value in heat
conduction tests.

Generally, the parameters of the contact model were calibrated by a series of me-
chanical experiments, as introduced in our previous study [29]. The microparameters of
the granite sample used in this flat-joint contact model are listed in Table 2. The specific
heat and the thermal conductivity of the particles are taken as constant values, which are
1015 J/(kg·◦C) and 3.5 W/(m·◦C), respectively.
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Table 2. Microparameters of numerical model.

Properties Values

Density ρ (kg/m3) 2620
Effective contact modulus kn (GPa) 30

Ratio of normal to shear stiffness kn/ks 3.0
Number of elements 2.0
Friction coefficient µ 0.2

Tensile strength σc (MPa) 19
Cohesion strength c (MPa) 86

Friction angle ϕ (◦) 45

Thermal expansion coefficient
(◦C−1)

quartz 24.3 × 10−6

feldspar 8.7 × 10−6

mica 3.0 × 10−6

4. Results
4.1. Temperature Field of High-Temperature Granite during Cooling

Figure 6 shows the measured temperature of the thermocouple preset at 5 mm from
the edge of the sample. Figure 7a shows the calculated heat flux on the sample surface.
It can be found that the heat flux of the sample surface is a negative value, which is the
performance of the continuous loss of heat from the sample. At the same time, the heat
flux from the specimen to the outside increases to a maximum within a few seconds and
then gradually decreases. It can also be found that, the higher the initial temperature of
the sample, the greater the absolute value of the heat flux. This is consistent with the
phenomenon that, the higher the temperature, the more prominent the bumping of the
sample in the water.
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Figure 7b shows the relationship between the heat transfer coefficient and the surface
temperature. The evolution of the heat transfer coefficient shows the similar trend as the
heat flux. As the decrease of the surface temperature, the heat transfer coefficient first
increase to the maximum value and then gradually decreases. According to the research of
Collin et al. [39], the thermal-shock-induced tensile stress σTS

t is positive to the temperature
difference and the heat transfer coefficient h, as follows:

σTS
t =

Eα∆T
1− µ

fh (14)

where α is the thermal expansion coefficient; ∆T is the local temperature difference; µ is the
Poisson ratio; r and k are the radius and thermal conductivity of the sample, respectively;
and fh is a parameter that is positively related to h. Figure 7b illustrates that the maximum
heat transfer coefficient of the samples treated with Tini of 500, 400, 300, 200 and 100 ◦C
is 2.3, 2.15, 1.9, 1.22 and 1.86 W·m−2K−1, respectively. Therefore, it can be inferred that
the thermal-shock-induced tensile stress is positive to Tini. In addition, with the increase
of temperature, the growth rate of the maximum heat transfer coefficient of the sample
becomes slower, which can be attributed to the hindrance of heat transfer by the boiling of
water near the surface of the sample.

4.2. Heat Conduction Characteristics and Thermal Crack Evolution

Under the heat flux boundary conditions, as shown in Figure 7a, the calculated
temperature field and distributions of microcracks of the granite sample with various
heating temperature Tini subjected to water cooling are shown in Figure 8. Meanwhile,
with the help of the numerical model, the crack is defined as the fractured contact between
the particles in the model, and a function for real-time monitoring and counting of the
number of cracks is preset to quantify the number of cracks. Figure 9 presents the statistical
results of microcracks in the heated sample during the cooling process. It can be found
that the microcracks are randomly distributed in the heated samples, and the number
and density of the microcracks increase as the increasing Tini, which is consistent with the
observations from previous studies [7,32]. It is worth noting that this phenomenon can also
be found in samples subjected to cooling. In the cooling stage, the cracks caused by cooling
gradually spread from the edge to the inside of the sample with the loss of heat.
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It can be found that the edge area with drastic temperature changes is accompanied by
the densely distributed microcracks; in contrast, the internal cracks of the specimen with
gentle temperature are relatively sparse. Throughout the cooling process, the variations of
the number of microcracks in the high-temperature sample can be divided into four stages.
The details for the samples subjected to various Tini are discussed as follows.

Stage I: Edge damage period (0–2 s). In this stage, the surface heat flux increases
to the maximum value, and the temperature at the edge of the specimen drops rapidly.
Meanwhile, numerous microcracks generate at the edge of the sample. Although this stage
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takes a short time, it contributes quite a lot to the total thermal damage, especially in those
samples treated with lower Tini.

Stage II: Damage transition period (2 s–40 s). In this stage, the surface heat flux begins
to decrease from the maximum value, and the temperature drop area begins to expand to
the inside. However, the crack growth rate is obviously transitioned, especially in those
samples treated with higher Tini.

Stage III: Damage extension period (40 s–180 s). In this stage, the surface heat flux has
dropped to a low level, and the temperature inside the sample drops further. The number
of cracks in those samples treated with lower Tini has grown quite slowly, while the thermal
damage of samples treated with higher Tini continues to increase.

Stage IV: Damage mitigation period (180 s–end). The temperature and the surface
heat flux of the whole sample drop to very low levels, and the temperature field tends
to be uniform. Compared with the previous stages, the crack growth in this stage is
relatively slow.

4.3. Distributions of Thermal Damage by MRI and Numerical Simulation

MRI technology provides the feasibility of nondestructively observing the distribution
of thermal damage inside the specimen. As shown in Figure 10, the thermal damage of the
preheated sample after cooling is mainly concentrated on the edge of the sample, which is
consistent with the simulation results. This also shows the reliability of the numerical model
in simulating the damage caused by heating and cooling. The damage area is discretely
distributed in the sample treated with initial temperature of 100 ◦C, while significant edge
damage can be found when the temperature difference exceeds 200 ◦C. At the same time,
the damage area of the edge and center of the specimen increase with the increasing initial
temperature. According to Figure 8, the damage in the center is caused by heating, and the
damage on the edges is mainly caused by cooling. Combined with the simulation results,
it can be found that, as the temperature increases, the edge cracks not only grow deeper,
but the crack density also becomes higher.
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In order to quantitatively characterize the contribution of heating and cooling to
thermal damage, the number of the heating cracks and the cooling cracks in the samples
treated with various Tini are statistically shown in Figure 11. It can be found that the
total cracks increase exponentially with increasing Tini. Both heating cracks and cooling
cracks increase as Tini does; however, the values of NH/NT for the sample treated with
Tini of 100 ◦C, 300 ◦C and 500 ◦C were 74%, 52% and 44%, respectively. The evolution of
NH/NT illustrates that the thermal damage contributed by the heating cracks is continuous
decrease, and the thermal damage contributed by cooling is continuous increase as the
Tini increases. This phenomenon implies that the increasing temperature difference can
promote the generation and propagation of microcracks induced by cooling.
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4.4. Effect of Thermal Stress Field on Crack Propagation

Figure 12 shows the evolution of thermal stress of high-temperature sample during
cooling. It can be found that the cracks induced by heating are scattered, and the force
chains near these cracks are dominated by compressive stress. This means that the damage
caused by heating is the result of the uneven thermal expansion of the local particles,
which is consistent with the results of previous experimental studies. The tensile stress
chain gathered at the crack tip indicates that the cooling cracks are driven by the tensile
stress. Most of the thermal cracks were generated in the first 50 s, which is similar to the
evolution of the temperature and the heat flux shown in Figures 7 and 8. Combined with
the formula, it can be speculated that the cooling-induced cracks are the results of the
increasing temperature gradient and heat flux.
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It is worth noting that the propagation of cooling cracks is strongly affected by heating
cracks, as shown in the area marked with the green dashed circle in Figure 12. On the one
hand, the thermal stress field is chaotic due to the pre-existing heating cracks, especially in
the sample with higher temperature. On the other hand, stress concentration induced by
thermal shock promotes the coalescence of the pre-existing heating cracks; in detail, the
tensile stress expands the heating cracks and results in the generation of the larger cracks.

5. Discussion

Theoretically, geothermal energy is considered a renewable energy source. However,
artificial or natural geothermal reservoirs will lose their sealing properties under improper
operating conditions, which will lead to water loss [1]. Eventually, the geothermal system
cannot operate permanently when the commercial value of the geothermal system cannot
make up for the water loss. Therefore, the geothermal system is not long-term renewable
in a strict sense. Modeling of the EGS system is a key method for evaluating and predicting
the operating status of the geothermal system. However, none of the existing models can
take accurate rock thermal damage into account. Previous studies have shown that the
damage of the rock materials caused by the cooling process cannot be ignored, and the
research on this issue is very limited [3,4]. As the temperature of the area in contact with
the cooling medium will decrease due to heat loss during the cooling process, it can be
inferred that the heat flux will decrease as the temperature of the local area of the rock
decreases. In other words, the thermal damage of the rock during the cooling process
changes dynamically, which is consistent with the research conclusions of this study. This
study provides a solution method to obtain the time history of the temperature field, heat
flux and surface heat exchange coefficient of the rock during the cooling process according
to the inverse heat conduction method. According to the evolution of heat flux, the
dynamic thermal damage of the rock can be obtained in the DEM-based numerical model.
In addition, according to the results of this research, the thermal damage contributed by the
heating cracks is a continuous decrease, and the thermal damage contributed by cooling
is a continuous increase as the temperature increases. In a practical sense, the thermal
damage caused by the reinjection in the high-temperature geothermal reservoir is more
worthy of attention. Thanks to the excellent performance in simulating the damage of rock
materials of the DEM, the simulation results are surprisingly similar to the MRI test results.
Based on this method, the simulation and prediction of EGS can be further improved.
In fact, thermal shock to rocks is not entirely harmful and can also be used for thermal
stimulation. Subsequent research will build a complete EGS system model, further study
the reservoir state during the operation of the EGS system and provide a predictive plan
for its long-term stable and efficient operation.

6. Conclusions

In this study, we determined the heat transfer characteristics of high-temperature
granite during the cooling process; the thermal damage was measured by MRI technology.
Meanwhile, evolutions of thermal damage in granite were analyzed by experimental and
numerical methods. The main conclusions are summarized as follows.

(1) The heat flux and heat transfer coefficient of the high-temperature granite during
cooling were calculated by the inverse heat conduction method. The heat flux from
the specimen to the outside increased to a maximum within a few seconds and then
gradually decreased. The higher the initial temperature of the sample, the greater the
absolute value of the heat flux. The evolution of the heat transfer coefficient shows the
similar trend as the heat flux. The maximum heat transfer coefficient of the samples
treated with the initial temperature of 500, 400, 300, 200 and 100 ◦C is 2.3, 2.15, 1.9,
1.22 and 1.86 W·m−2K−1, respectively.

(2) The edge area with drastic temperature changes is accompanied by the densely
distributed microcracks; in contrast, the internal cracks of the specimen with gentle
temperature are relatively sparse. Throughout the cooling process, the variations of
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the number of microcracks in the high-temperature sample can be divided into four
stages: edge damage period, damage transition period, damage extension period and
damage mitigation period.

(3) The damage area of the edge and center of the specimen increase with the increasing
initial temperature, and the total cracks increase exponentially with the increasing
Tini. The evolution of NH/NT illustrates that the thermal damage contributed by
the heating cracks is a continuous decrease, and the thermal damage contributed by
cooling is a continuous increase as the Tini increases.

(4) The damage caused by heating is the result of the uneven thermal expansion of the
local particles, and the cooling cracks are driven by the tensile stress. The cooling-
induced cracks are the result of the combination of temperature gradient and heat flux.
The propagation of cooling cracks is strongly affected by heating cracks, and stress
concentration induced by thermal shock promotes the coalescence of the pre-existing
heating cracks.
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