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Abstract
In the process of geothermal energy extraction, the dry heat rock reservoir will be in the state of cyclic heating and water 
cooling for a long time. Therefore, it becomes important to study the effects of cyclic heating and cooling treatments on 
rock damage. In this context, the present study aimed to study the damage evolution process of rocks under cyclic thermal 
shock. In this paper, granite specimens were subjected to cyclic heating at the target temperatures of 200, 300, and 400 °C 
and cooling treatments using surface water spraying. The changes in the rock damage process during each heating cycle 
were monitored using the acoustic emission technique, and the damage mechanism and crack development mechanism of 
granite under cyclic thermal shock were discussed. The results show that granite will enter the rapid damage stage when it 
reaches a certain number of cycles (200℃, 300℃, 400℃ corresponds to the 16th, 8th, and 6th cycles, respectively) during 
the hot and cold cycling process the acoustic emission characteristics show a similar regularity: the inflection points a, b, c, 
and d appear near 40 °C, 150 °C, 240 °C, and 300 °C, respectively, when the acoustic emission signal becomes active and 
the cumulative ringing count increases rapidly, and the higher the heating temperature, the number of cycles when the granite 
enters the rapid damage stage and the temperature threshold for crack generation is advanced, when the heating temperature is 
400 °C, the damage threshold point b and c is about 10 °C earlier than 300 °C. In addition, as the thermal cycle temperature 
and the number of cycles increased, the degree of damage to the rock intensified, and the width and density of the cracks on 
the surface of the granite also increased.
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Introduction

Geothermal energy, as a clean renewable energy source, 
has good prospects for development because of its clean 
and widely distributed, renewable, and stable operation 
(Bahadori et al. 2013). In general, common dry heat rock 

(HDR) reservoirs consist of dense granite or other crystalline 
rocks at depths of about 5–6 km and temperatures between 
150 and 500 °C (Zeng et al. 2013; Parvizi et al. 2017). 
Enhanced geothermal system (EGS) is an effective method 
to develop dry heat rock resources, which achieves heat 
recovery by injecting cold water into the target reservoir, 
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where the cold-water flow in the rock fractures will absorb 
the heat energy in the target reservoir and convert the liquid 
water into steam for discharge (Poletto et al.2018; Zhang 
et al. 2020). In the process of geothermal energy extrac-
tion, the HDR reservoir rocks will be cyclically heated and 
cooled for a long time, so it is important to study the thermal 
damage of rocks under cyclic heating–cooling conditions 
for geothermal energy extraction engineering applications.

With the development of underground space and geother-
mal resources, many scholars have extensively studied the 
changes in macroscopic mechanical and physical proper-
ties of rocks under high-temperature cycling and thermal 
shock (David et al. 1999; Yavuz et al. 2011; Gautam et al. 
2015; Sun et al. 2015; Wang et al. 2016; Kant et al. 2017; 
Kumari et al. 2019; Daoud et al. 2020; Lan et al. 2019, 
2022; Shi et al. 2022, 2023). Thermal stresses caused by 
mineral expansion under high temperatures can lead to 
thermal cracking within the rock bedrock, and the result-
ing thermogenic cracks can impede heat transfer in the rock 
layer, increase porosity and permeability, and degrade the 
mechanical properties of the rock (Chaki et al. 2008; Gau-
tam et al. 2016; Fan et al. 2017), In addition, static elastic 
modulus, and crack damage threshold of granite reached 
the highest when the heating temperature reached 300 °C 
(Yang et al. 2017). And thermal cycling and cooling rate 
can significantly affect the microcrack evolution, perme-
ability, and fracture resistance of granite (Feng et al. 2020). 
Liu et al. (2019), Villarraga et al. (2018), and Gautam et al. 
(2020) investigated the effect of thermal cycling effect on 
the physical and mechanical properties of red sandstone, 
limestone, and granite, respectively, and the results showed 
that the increase in the number of thermal cycles led to 
strain accumulation, increase in porosity and permeability, 
and decrease in P-wave velocity, elastic modulus, and rock 
strength. In addition, Shen et al. (2021) studied the effect 
of different cooling shock treatments on high-temperature 
granites and found that the local distribution characteris-
tics of macroscopic cracking became more pronounced as 
the refrigerant temperature decreased. Wang et al. (2020) 
investigated the effect of cooling on the fracture process of 
granite after high-speed heating and found that the effect of 
heating rate on the strength of granite was relatively small, 
and thermogenic microcracking had a significant effect on 
the strength reduction and mechanical properties of granite 
after heat treatment.

Acoustic emission (AE) technology can monitor the 
generation and expansion of microcracks during rock 
rupture in real time, which is based on the principle that 
when a rock is deformed or ruptured during the force, the 
strain energy is released in the form of elastic waves, and 
the acoustic emission parameters count the information of 
the whole process of rock damage and destruction, which 
can reflect the damage mechanism and damage nature of 

the rock (Geng et al. 2023; Ding et al. 2022; Peng et al. 
2018; Liu et al. 2019; Sun et al. 2021). This technique 
is now widely used in the study of instability damage of 
rock-like materials. Yin et al. (2019) explored the damage 
pattern and microstructural changes of granite under cyclic 
heating and cooling treatments through acoustic emission 
events. Tschegg (2016) monitored the damage process in 
marble under thermal cycling by acoustic emission tech-
nique and analyzed to assess the structural damage in the 
rock. Daoud et al. (2020) showed that there is a tempera-
ture memory effect on the acoustic emission results of 
rocks under the effect of multiple cold and hot cycles.

In summary, there are more previous studies on the 
effects of high-temperature cycling and thermal shock on 
the physical and mechanical properties of rocks, but there 
are fewer studies on the damage evolution of rocks under 
cyclic thermal shock. In this paper, the thermal damage 
evolution of granite with different heating temperatures 
under the conditions of cyclic heating and water-cooling 
treatment is investigated using acoustic emission tech-
nique, which can help us to analyze the thermal damage 
mechanism and crack development mechanism of rocks 
under cyclic thermal shock more deeply.

Materials and methods

Samples

The granite specimens from Linyi City, Shandong Prov-
ince, with good petrographic homogeneity and no obvious 
defects and fractures were selected for this test. X-ray dif-
fraction analysis showed that the alkali feldspar and plagi-
oclase composition content was 58.4%, quartz composition 
was 32.0%, amphibole content was 6.1% and mica content 
was 3.4%. And the specimen is processed into a cylindri-
cal specimen of 50 mm in diameter and 25 mm in height.

Experimental equipment

The heating equipment selected for this experiment was a 
muffle furnace (SDTGA200, Hunan Shazhou Technology 
Co., Ltd.). The maximum heating temperature is 1000 °C, 
the temperature control accuracy is ± 2.5 °C, the maximum 
heating rate is 100 °C/min, and the maximum power is 
3.5 kW. The DS5-8B full information acoustic emission 
signal analyzer manufactured by Softland Time Co., Ltd. 
in Beijing, China, was selected for the acoustic emission 
test, with 8 independent channels, each with a sampling 
speed of 3 M, and its continuous data throughput rate of 
65.5 MB/s and waveform data throughput rate of 48 MB/s.
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Experimental methods

Heating treatment

The granite samples were placed in a muffle furnace, and 
the acoustic emission signal probe was connected to it 
through a waveguide with the threshold set to 40 dB, and 
heated to 200 °C, 300 °C and 400 °C at a uniform rate of 
4 °C/min, respectively. After the samples were heated to 
the target temperature, they were kept at a constant tem-
perature in the furnace for 1 h to ensure uniform heating 
of the samples.

Cooling treatment

After 1 h of constant temperature exposure, the rock samples 
were removed from the furnace immediately and allowed to 
cool by spraying water on the surface (25 °C) every 40 s.

Circulation heating

In this experiment, the granite is treated with heating–cool-
ing–heating cycle (Fig. 1). A total of 20, 20, 12, 5, and 5 
cycles were performed for the 200 °C, 300 °C, 400 °C, 
500  °C, and 600  °C groups of specimens, respectively. 

Fig. 1   Flow chart of the cycle
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Meanwhile, the damage caused to the granite during the 
heating and cooling cycles was monitored using the acous-
tic emission technique.

Experimental results

Acoustic emission characteristics of granite 
during the cyclic heating

In this experiment, the granite heating and cooling process 
was monitored in real-time using acoustic emission equip-
ment. And the number of cycles with more typical acoustic 
emission characteristics was screened at each thermal cycle 
temperature, based on which the process was divided into 
three stages according to the determined characteristics: a 
steady increase period, a calm period, and a steep increase 
period (Table 1). The acoustic emission characteristics of the 
steady increase period included an active acoustic emission 
signal, a steady increase in the cumulative ringing count, and 
a smooth cumulative ringing count curve.

The steep increase period was characterized by intensive 
or sporadic larger-valued ringing counts of the acoustic 

emission signal, rapid growth of cumulative ringing counts 
and a significant rise in the cumulative ringing count curve. 
The calm period was characterized by a lower acoustic emis-
sion signal, quiet cumulative ringing count, and less fluctua-
tion in the cumulative ringing count curve.

As illustrated in Fig. 2, when the target heating tem-
perature was 200 °C, the acoustic emission signal was low 
in the 1st–6th cycles, while the cumulative ringing count 
increased gradually. In the 7th cycle, the acoustic emission 
signal increased steeply as the temperature reached 75 °C, 
while the accumulated ringing count exhibited an inten-
sive and rapid growth, demonstrating the phenomenon of 
thermal fatigue. In the 16–20 cycles, the acoustic emission 
characteristics behaved similarly, with an inflection point 
a near 40 °C, where the acoustic emission signal appeared 
and behaved intensively, and the cumulative ringing count 
increased from point a, then leveled off and started to rise 
again at point b.

As depicted in Fig. 3, when the target heating tempera-
ture was 300 °C in the first cycle, the acoustic emission sig-
nal increased rapidly after 170 °C, beyond which a steady 
increase followed by a steep increase was observed. In the 
5th cycle, steep increases were observed at several time 

Table 1   Stages of the cyclic 
heating and cooling process of 
granite based on the acoustic 
emission characteristics

Temperature Cycles Acoustic emission Characteristics

Steady growth period Calm period Steep increase period

200 °C 1 50–70 °C 70–150 °C 150–190 °C
7 50–80 °C – 80–190 °C
11 60–80 °C

90–100 °C
60–90 °C
100–130 °C

130–190 °C

16 30–90 °C
150–190 °C

90–150 °C –

300 °C 1 170–220 °C 80–170 °C
200–260 °C

260–290 °C

5 250–290 °C 60–100 °C
110–150 °C
170–250 °C

50 °C
100–110 °C
150–170 °C

8 40–100 °C
150–210 °C
240–290 °C

100–150 °C
210–240 °C

—

20 40–100 °C
150–210 °C
240–290 °C

100–150 °C
210–240 °C

—

400 °C 1 60–80 °C
170–230 °C

80–170 °C 230–390 °C

5 – 100–160 °C
240–370 °C

50–100 °C
170–240 °C
370–390 °C

6 30–80 °C
140–190 °C
220–390 °C

80–140 °C
190–220 °C

–

12 30–80 °C
130–190 °C
220–390 °C

80–130 °C
190–220 °C

–
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points. In 8–20 cycles, the acoustic emission characteristics 
behaved similarly, and the inflection point b appeared near 
150 °C, the acoustic emission signal was active, the cumula-
tive ringing count grew rapidly, and the cumulative ringing 
count curve showed a trend of first growth and then flatten-
ing in the ab and bc stages.

As depicted in Fig. 4, when the target heating temper-
ature was 400 °C in the first cycle, the acoustic emission 
began increasing steadily at 60 °C. At 170 °C, large values 
of ringing counts appeared, and the acoustic emission signal 

began rising rapidly. In the 5th cycle, the acoustic emission 
signal exhibited several steep increases. In 6–12 cycles, the 
inflection point c appeared at about 240 °C, and the acoustic 
emission ringing count started to grow. The characteristics 
of acoustic emission signal in ab, bc, and cd stages were 
characterized by alternating steady increase period and calm 
period, and as the temperature increased, the steady increase 
period became longer and the calm period became shorter, 
and the acoustic emission signal became more and more 
active.

Fig. 2   The acoustic emission counts and cumulative acoustic emis-
sion counts at different number of cycles at the heating temperature 
of 200  °C,  a  Variation of acoustic emission counts with  different 

number of cycles. b Variation of cumulative acoustic emission counts 
with different number of cycles

Fig. 3   The acoustic emission counts and cumulative acoustic emis-
sion counts at different number of cycles at the heating temperature 
of 300  °C,    a  Variation of acoustic emission counts with  different 

number of cycles. b Variation of cumulative acoustic emission counts 
with different number of cycles
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Cumulative acoustic emission characteristics 
of granite during cyclic heating

Figure 5 shows the cumulative ringing counts of granite 
specimens during heating under hot and cold cycling con-
ditions, In the first few cycles, the cumulative acoustic emis-
sion ringing count fluctuated less, and with the increase of 
the cycle number, the thermal damage accumulated continu-
ously, when reaching a certain number of cycles (200, 300, 
400 °C, respectively, in the 16th, 8th, 6th cycle), the granite 

entered a rapid damage stage, and its cumulative ringing 
count and cycle cumulative ringing count began to appear a 
significant increase, and the higher the heating temperature, 
the faster the rapid damage stage came.

Comparison of cracks prior to and after the cyclic 
heating process

Figure 6 shows the surface condition of granite after a cer-
tain number of cycles. At 200 °C, fewer cracks appeared 

Fig. 4   The acoustic emission counts and cumulative acoustic emis-
sion counts at different number of cycles at the heating temperature 
of 400  °C,  a  Variation of acoustic emission counts with  different 

number of cycles. b Variation of cumulative acoustic emission counts 
with different number of cycles

Fig. 5   a The cumulative acoustic emission counts at different number of cycles during the heating of granite. b The cumulative acoustic emis-
sion counts at different number of cycles during the heating of granite
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on the granite surface. As the number of cycles increased, 
the cracks became further evident. At 300 °C, the cracks 
appeared at the 5th cycle, and certain regions on the gran-
ite surface began peeling off at the 10th cycle, while at the 
20th cycle, the crack regions of granite increased further 
and deepened, and the peeling regions also extended. At 

400 °C, multiple cracks appeared at the 5th cycle, and the 
crack width and density increased gradually as the number 
of cycles increased further. According to the above find-
ings, it was concluded that the damage caused to granite 
becomes increasingly severe as the heating temperature 
and the number of cycles increase.

Fig. 6   Micrographs of granite after cold and hot cycles
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Discussion and analysis

Thermoacoustic emission characteristic mode

In this experiment, the generation and expansion of cracks 
in granite during cyclic process were monitored in real 
time by acoustic emission technique. The output of the 
acoustic emission signal depends on the temperature level 
and the heating and water-cooling cycles. The acoustic 
emission activity is active throughout the heating process 
as the temperature increases or reaches a certain number 
of cycles. Figure 7 illustrates the variation in the acous-
tic emission (AE) phenomena at different cyclic heating 
temperatures after the granite specimen enters the rapid 
damage stage. Temperature close to 40 °C, acoustic emis-
sion signals appear and behave densely, which is due to the 
combination of cracks contracted during cooling treatment 
that start to expand under heating treatment and the start of 
escape of attached water; near 150 °C, acoustic emission 
signals are active and cumulative ringing counts increase 

rapidly, which is the temperature range for the loss of 
adsorbed water and weak interlayer bound water (Feng 
et al. 2020); near 240 °C, strongly bound water evaporates 
and escapes, and when the temperature reaches 300 °C, 
the crystalline water starts to evaporate and breaks free 
from the mineral lattice by 400 °C (Zhang et al. 2016; Hu 
et al. 2018; Gautam et al. 2019). The appearance of the 
inflection points a, b, c, and d in the acoustic emission sig-
nal signature during cyclic heating and the active degree 
exhibited by these points implies the continuous escape of 
free water, bound water, and water of crystallization from 
the granite, which increases the number of microcracks 
in the rock and generates many acoustic emission signals. 
With the escape and loss of moisture at each stage, the 
crack extension becomes relatively stable, and the acous-
tic emission signal gradually decreases. The overall char-
acteristics of acoustic emission mainly demonstrate that 
when the granite specimen reaches a certain temperature 
threshold during the heating process, the acoustic emission 
signal begins to become active, the accumulated ringing 

Fig. 7   Variation in the AE signal during cyclic heating at different target temperatures
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count begins growing rapidly, and ultimately tends to 
become calm. The steady increase period and the calm 
period appear alternately, and the calm period shortens 
gradually as the temperature rises. It was also observed 
that the inflection points a, b, and c gradually advance 
the temperature threshold for the occurrence of damage 
as the cycling temperature increases. In addition, it was 
observed that as the heat temperature of granite increased, 
the thermal damage it suffered during the cycle became 
more severe and the microcracks in the rock were more 
likely to generate and expand, and the temperature thresh-
old at which thermal damage occurred at the inflection 
points a, b, and c was gradually advanced.

Damage mechanism of granite under cyclic heating 
and cooling conditions

The degree of damage to granite during the heating–water 
cooling cycle is mainly affected by four aspects: heating, 
water cooling, water-induced weakening, and thermal 
cycling. As depicted in Fig. 8, during the heating process, 
due to the significant differences in the thermal expansion 
coefficients of the different mineral particles in granite, 
uncoordinated deformation occurs between the particles, 
which generates thermal stresses. Once the thermal stresses 
exceed the ultimate strength between or within the minerals, 
microcracking occurs (Yang et al. 2017; Wu et al. 2021). In 
the subsequent cooling stage, water could intrude into the 
rock body through micropores and microfractures, which 
would further weaken the bond strength between the mineral 
grains and exacerbate the propagation and development of 
microcracks (Kumari et al. 2017; Li et al. 2021).

Moreover, this water-induced weakening is one of the 
factors leading to rock deterioration, with this weakening 
effect being further pronounced in the rocks with thermo-
genic cracking beyond high temperatures, particularly the 
rocks containing water-sensitive minerals, such as mica and 
montmorillonite (Zhang et al. 2021). The silica component 
contained in granite loses its structural stability easily due to 
the hydrolysis of silicon (Fig. 9) (Zhou et al. 2018) accord-
ing to the following reaction:

Under cyclic action, rocks are subjected to alternating 
stresses arising from inhomogeneous expansion and con-
traction of minerals, which results in fatigue damage caused 
to the rocks and could lead to the generation and extension 
of microcracks even if the stresses are much less than the 
ultimate strength (Cai et al. 2019; Zhang et al. 2021). In 
addition, granite is mainly composed of quartz, which plays 
an important role in determining the physical properties of 
the rock (Gautam et al. 2019), and Yin et al. (2021) found 
by X-ray diffraction technique (XRD) that the maximum 
diffraction intensity of quartz decreased by 25.82–38.89% 
and 13.42–31.93% with increasing temperature and number 
of cycles, respectively, and microthermal defects gradually 
developed, leading to a weakening of the macroscopic load-
bearing capacity. The uneven thermal expansion and cooling 
contraction cycles, the evaporative escape of mineral-bound 
water, and the decomposition and melting of the mineral 
components result in the gradual formation of rock micro-
defects and the accumulation of thermal damage (Yin et al. 
2021). As the number of cycles increases, the micro-defects 

(−Si-O-Si-) + (H-O-H) ⇌ (-Si-OH-HO-Si-).

Fig. 8   Generation of microcracks in granite under cyclic heating and cooling conditions
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within the rock extend, providing enough deformation space 
for mineral expansion, thus reducing the thermal stress effect 
between mineral particles and stabilizes the degradation 
gradually (Rong et al. 2021). Consequently, when the ther-
mal cycle reaches a certain number, the acoustic emission 
characteristics of the heating process remain almost constant 
(16, 8, and 6 cycles corresponded to 200, 300, and 400 °C, 
respectively, in the present study).

Cyclic cracking analysis

Due to the difference in the coefficient of thermal expansion 
of different mineral grains, which leads to thermal stresses 
caused by the mutual constraint between mineral grains dur-
ing heating, resulting in thermogenic cracking in granite. 
In the cooling process, the cooling treatment with surface 
water injection caused a rapid temperature drop in the high-
temperature granite and a sharp contraction of its mineral 
grains, while the core region of the rock remained unaffected 
by the cooling impact and was in a state of high-temperature 
expansion. The large temperature gradient between these 
two regions resulted in the formation of tangential ten-
sile stresses on the surface of the rock (Rathnaweera et al. 
2018). In separate studies, Kim et al. (2013) and Nasseri 
et al. (2009) indicated that intergranular compression and 
tensile forces cause thermal cracking in granite during the 
heating and cooling cycle when these forces exceed the local 
strength. In addition, Shi et al. (2020) showed that the length 
and width of microcracks within the rock and the number of 
microcracks increase in number with the number of thermal 
cycles. The damage of the specimens in this paper under the 
cycle is shown in Figs. 7 and 8, from which it can be seen 

that with the increase of the thermal cycle temperature and 
the increase of the number of times, the thermal damage of 
the rock is gradually serious, and the width and density of 
the crack area on the surface of granite also increase.

Conclusion

To obtain insights into the evolution of thermal damage in 
rocks under cyclic heating and cooling conditions during 
geothermal energy extraction, the acoustic emission char-
acteristics of different thermal cycle temperature granite in 
the process of circulation heating and water cooling were 
analyzed. In addition, the damage mechanism and the crack 
expansion law of granite were studied. The main findings 
were as follows.

In the thermal cycling process, when reaching a certain 
number of cycles (200 °C, 300 °C, and 400 °C, corre-
sponding to the 16, 8, and 6 cycles), granite entered the 
rapid damage stage, the acoustic emission characteristics 
exhibited a similar pattern, and the cycle cumulative ring-
ing count of granite increased significantly. The acoustic 
emission characteristics show a similar regularity: the 
inflection points a, b, c, and d appear near 40 °C, 150 °C, 
240 °C, and 300 °C, respectively, when the acoustic emis-
sion signal becomes active and the cumulative ringing 
count increases rapidly, and the higher the heating tem-
perature, the number of cycles to enter the rapid damage 
stage and the temperature threshold for cracking in gran-
ite will earlier, when the heating temperature is 400 °C, 

Fig. 9   Schematic diagram of the hydrolysis of silicon dioxide. a A silicon dioxide molecule (SiO2) with a strong Si–O–Si bond encounters a 
water molecule (H2O). b After hydrolysis, the strong Si–O–Si bond is replaced with a hydrogen bond
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the damage threshold point b and c is about 10 °C earlier 
than 300 °C.
During the thermal cycle, along with the continuous 
escape of free water, bound water, and crystalline water 
in the granite, the number of microcracks in the rock 
increases and the acoustic emission signal grows rapidly, 
and with the escape and loss of water at each stage, the 
crack expansion becomes relatively stable and the acous-
tic emission signal gradually decreases, and the overall 
characteristics show that the steady increase period alter-
nates with the calm period.
In the thermal cycling process, as the temperature of the 
thermal cycle rises and the number of cycles increases, 
the degree of damage caused to the rock becomes increas-
ingly severe, and the width and density of the cracks gen-
erated on the surface of granite also increase.
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