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Understanding the mechanical properties of the reservoir rock under diﬀerent temperatures after rapid thermal cooling is
necessary for safe and eﬀective deep geoengineering applications, including deep mining projects, deep geological disposal of
nuclear waste, and geothermal energy extraction. This paper is devoted to investigating the eﬀect of rapid cooling on the
mechanical behavior of the granite rock. At ﬁrst, high-temperature heating was conducted. The 24 samples were divided into six
groups and were heated at 100, 200, 300, 400, 500, and 600°C, and once they had reached the chosen temperature, they were
immediately cooled with a cold water container, and the temperature of water in the pan was 25°C. After the thermal treatment,
the samples were measured using ultrasonic wave velocities, and then they were deformed under uniaxial and triaxial compression
tests. The P-wave velocity, damage characteristics, stress-strain curves, compressive strength, and Young’s modulus of the samples
were presented considering diﬀerent thermal temperatures. The results conﬁrmed that the P-wave velocities of the samples
generally decrease with temperature. P-wave velocity can indirectly reﬂect the damage of the rock structure. These changes
represent a negative exponential relationship between P-wave velocity and hold temperature following cooling. As the samples
experienced greater temperatures, the peak strength and elastic characteristics also signiﬁcantly reduced. This is mainly due to
thermally induced damage in the form of both intergranular and intragranular cracks. The stress-strain response revealed that the
failure mode can change from brittle to quasi-brittle fracturing following treatment at increasingly greater temperatures.

1. Introduction
There are many important engineering applications in which
rock is subjected to thermal loading. These include deep
underground mining and deep drilling, underground
storage of high-level nuclear waste, and geothermal energy
extraction [1]. Geothermal energy has been identiﬁed as a
renewable and reliable energy source; it has come into the
stage of its rapid development [1, 2]. The high-temperature
rock mass (HDR) is more than 200°C, which is directly
extracted from the rock mass by artiﬁcial exploitation. It can
be used to generate electricity and hot water. Hot dry rock

(HDR) geothermal energy is mainly stored in granite. To
exploit HDR geothermal energy, we need a great amount of
drilling in granite, especially deep boreholes that are used to
form an artiﬁcial reservoir, mainly through hydraulic
fracturing technologies [3]. In this process, a lot of cold
water is injected and circulated through the artiﬁcial fractures in the geothermal reservoirs and eventually pumped
back to the surface as steam [4]. Thermal stress caused by
rapid heating or cooling is called thermal shock [5]. In this
case, thermal stresses are generated by the transient distribution of temperatures in the rock. In the development of
geothermal energy, due to the use of mud and circulating
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water, resulting in a very short time, the rock temperature
decreases rapidly, so that the high-temperature rock showed
thermal cracking, and the mechanical properties of rock
mass changed [6].
On the one hand, it is advantageous for drilling; on the
other hand, it is not conducive to the stability of the surrounding rock. At the same time, the construction of artiﬁcial reservoirs by using hydraulic fracturing technology is
actually complex fracture dynamic thermal cracking in rock
mass, and the fracture propagation direction is aﬀected by
rock thermal fracture propagation. These are related to the
mechanical behavior of granite after water is cooled under
high temperature, so it is necessary to have a clear understanding of the mechanical properties of high-temperature
granite after water cooling. For example, if a cold temperature is suddenly applied to a warm or hot rock volume, a
tensional tangential stress is generated at the surface of the
rock where the cold temperature is applied, accompanied by
compressive stresses behind the tension region.
In recent years, many scholars have conducted a lot of
research studies on the physical and mechanical properties of
granite under high temperature and have made many valuable
research results. The physical and mechanical properties in
granite rocks will change with high temperature such as elastic
modulus reduction [5], permeability enhancement [7], and
mechanical strength decrease [8]. The stress-strain characteristics of granite under normal temperature and high temperature were analyzed, and the phase characteristics of the
heating treatment of diﬀerent temperatures were analyzed. The
results of the mechanical test and the results of the diﬀraction
experiment were compared and analyzed [9]. Using the hightemperature and high-pressure triaxial test machine, the rock
deformation test at 600°C and 6000 m of surrounding has been
studied by using three 200 mm × 400 mm × 400 mm granite
samples [9]. Through the real-time temperature after loading
and high-temperature and SEM fracture tests under the
uniaxial compression of two kinds of situations, the mechanical properties of granite under diﬀerent temperatures
were studied, and two kinds of uniaxial compressive strength,
elastic modulus, and longitudinal wave velocity were analyzed
[10]. Thermal deformation and failure characteristics of largesize granite specimens under high temperature and their
thermal and mechanical parameters were systematically
studied [11]. Using the high-precision micro-CT experiment
system, the granite crystal grain size is 100 to 300 µm irregular
spatial structures [12]. The mechanical properties of watercooled granite samples under high temperatures within 600°C
and the degradation mechanism of thermal cracking of watercooled granite were discussed [13].
To summarize, there is a consensus that, under high
temperatures, rock mechanical properties change signiﬁcantly [14]. However, due to diﬀerences in mineral composition and structure, including microﬁssures, the
mechanical characteristics of rocks aﬀected by temperature
are complex [15, 16]. Although much knowledge has been
gained through theoretical and experimental studies, the
research is yet to meet the demands of practical engineering,
but there is less research on the mechanical properties of
heated rocks after rapid thermal cooling. In this paper, a
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series of experiments were conducted on granite specimens
by the MTS rock mechanics test system. Granite specimens
were slowly heated to temperatures of 100, 200, 300, 400,
500, and 600°C followed by rapid thermal cooling with a pan,
and the temperature of water in the pan was 25°C; P-wave
velocity, microstructure damage, stress-strain curve, compressive strength, and elastic modulus after rapid thermal
cooling were analyzed. The relationships of the indexes with
temperature variation were analyzed and veriﬁed. The
emphasis was given to the characterization of thermal shock
cooling eﬀects on the deformation, compressive strength
properties, and failure mode. Through regression analysis,
we obtained the corresponding formula, which provides a
reference for deep drilling for geothermal resources.

2. Experimental Design and Conditions
2.1. Specimen Preparation. The granite samples were collected from Qinghai Province, China. The granite samples
are taken from the same fresh block, and the samples show
that there are no obvious fracture and pore characteristics.
Granite samples appear white and gray in color. The average
density of our granite samples is 2.61 g/cm3 with around
1.24% porosity. The average P-wave velocity is 4277 m/s.
According to ISRM suggested methods, all the tests were
performed on cylindrical samples with 50 mm in diameter
and 100 mm in height, with a surface parallelism value
within 0.05 mm and surface ﬂatness within 0.02 mm. More
than thirty samples were cored successfully. The main
mineral compositions are shown in Table 1.
2.2. Experimental Methods and Test Equipment. This paper
focused on the eﬀects of rapid cooling on the mechanical
properties of granite. The specimens were heated at diﬀerent
target temperatures (100°C, 200°C, 300°C, 400°C, 500°C, and
600°C, respectively) at a rate of 10°C/min using a muﬄe
furnace and held at each target temperature for 4 hours.
After the hold period, the samples were removed from the
furnace and immediately placed into a pan of room temperature water until they were cold to touch. P-wave velocities were tested before and after rapid thermal cooling
with an RSM-SYS5-type ultrasonic detector. Ultrasound is
one of the most important nondestructive testing techniques
that can be applied to rocks as it is a fast, easy, and economical technique for both ﬁeld and laboratory [15]. When
the sound wave propagates in the medium, the information
of the physical and mechanical properties is collected in the
receiving wave. When the high-temperature granite meets
the room temperature water, the temperature stress causes
cracks to occur, and the internal structure can be changed. In
order to understand the variation of the internal structure in
the process of rapid thermal cooling, the change of P-wave
velocity of each specimen was observed. After obtaining the
ultrasonic measurements, we performed uniaxial or triaxial
compression tests (conﬁning pressure � 0 MPa, 20 MPa,
40 MPa, and 60 MPa) using an MTS 815.03 rock mechanics
testing machine. All tests were carried out according to the
ISRM test standard. The predetermined conﬁning pressure

Journal of Engineering

3

Table 1: The mineral composition of the test’s granite.
Number
1
11
16
21
26

Quartz
19.97
18.02
22.19
20.51
19.52

Compositions
Biotite
Albite
9.27
37.79
8.06
41.53
6.01
40.77
6.88
40.31
9.22
36.59

Microcline
32.98
32.38
31.03
32.30
34.66

was applied to the sample followed by an axial load with a
displacement rate of 0.003 mm/s, until the sample failure
from which peak stress was obtained. Test results of the
mechanical properties of the samples following heating to
each target temperature and subsequent rapid cooling are
shown in Table 2. All the tests were performed at room
temperature and under dry conditions.

3. Experimental Results and Analysis
The outer surface of the heated samples following heating
and rapid cooling is shown in Figure 1. The results show that,
after rapid cooling, when the heating temperature is
100°C–400°C, the surface color of the sample has no obvious
change, and there is no obvious hot crack, as shown in
Figures 1(a)–1(d). However, when the samples were heated
to temperatures above 500°C and subsequently subjected to
rapid cooling, the samples’ surface exhibits microcracks, as
shown in Figures 1(e) and 1(f ). The microcracks are distributed irregularly.
3.1. Characteristics of P-Wave Velocity. Granite is composed
of a variety of minerals; the physical and mechanical
properties depend on mineral composition, the degree of
cementation, and the development of pores and microcracks. Variations in P-wave velocity with diﬀerent levels of
heat treatment following rapid cooling are shown in
Figure 2.
It can be seen that P-wave velocity decreases with each
increment of heat treatment temperature. The specimen
transforms into a state containing a large number of
microcracks, which lead to the decrease of P-wave velocity.
Therefore, the variation of P-wave velocity can reﬂect the
growth of internal defects within the sample (such as
microcracks and micropores); especially, microcracks of
rocks are increasing signiﬁcantly.
By regression analysis, the P-wave velocity and heated
temperatures after rapid cooling conform to the following
equation:
vp � 5382.1e− 0.002T ,
R2 � 0.9165.

(1)

Using methods of damage mechanics to research the
questions of rock thermodynamics is a new development in
rock mechanics [15]. After rapid cooling, various changes
have taken place in the internal structure and material
properties of granite. It also leads to the change of the

refraction and diﬀraction of ultrasonic propagation. P-wave
velocity can indirectly reﬂect the changes in rock mechanical
properties. Based on the above analysis, the damage variable
is deﬁned by adopting the P-wave velocity as follows:
D�1−

VPT
,
VP

(2)

where VPT stands for the P-wave velocity of the granite
specimen after rapid cooling at diﬀerent heated temperatures and VP stands for the P-wave velocity of the initial
granite specimen before any heat treatment. Variations in
granite damage with rapid cooling are shown in Figure 3. It
can be seen that the damage variable increases gradually with
increasing heat treatment. This shows that when the heat
treatment temperature is low, there is little eﬀect on the
internal structure of the sample. There is a certain threshold
temperature in which rock damage evolves, and the damage
appears only when the temperature exceeds this threshold.
With the increase of the amount of heat treatment, the
damage variable also increases; it shows an approximate
linear relationship. When the heating temperature reaches
600°C, the damage variable is 0.7. It can be deduced that a
large number of microcracks have been produced within the
internal structure of the sample.
3.2. Strength and Deformation Characteristics of Samples.
The axial load and displacement obtained from uniaxial and
triaxial compression tests are presented in Figure 4 for each
of the samples that experienced heat treatment. Typically,
from Figure 4(a), an elastic brittle behavior with a sharp
postpeak softening response at small axial strains is observed. The stress-strain curves of granite after rapid cooling
are compared with those obtained at room temperature; it
can be seen that the brittleness of granite gradually decreases
and the ductility gradually increases with a rise in heated
temperature (Figure 4(a)). When the heat treatment is below
400°C, the samples experience brittle failure, the peak
deviatoric stress in samples treated to 400°C (181.61 MPa) is
higher than 200°C (192.45 MPa) and 300°C (187.17 MPa),
and the diﬀerence is 5.63%. During the heating process from
room temperature to 400°C, the failure surfaces of many
small fragments are observed, and the failure mode indicates
greater brittleness. When the heated temperature exceeds
600°C, the ductility of granite is enhanced, and the axial
strain continues to increase after reaching the peak stress
[17]. Under uniaxial compression, when the heat treatment
temperature is between 400°C and 600°C, the peak deviatoric
stress is from 181.61 MPa to 95.23 MPa.
In Figures 4(b)–4(d), the results with conﬁning pressures
of 20, 40, and 60 MPa are given. It can be seen from
Figures 4(b)–4(d) that the peak deviatoric stress increases
with the increase of conﬁning pressure from 100°C to 600°C.
When the heating temperature is 100°C, with increasing
conﬁning pressure from 0 MPa to 60 MPa, the peak stresses
are 210.91 MPa (0 MPa), 465.60 MPa (20 MPa), 629.54 MPa
(40 MPa), and 656.34 MPa (60 MPa). When the heating
temperature is 400°C, with increasing conﬁning pressure from
0 MPa to 60 MPa, the peak stress increased to 117.94%

4

Journal of Engineering
Table 2: Mechanical properties after heating (100°C–600°C) and rapid cooling.

No.
91
5
10
15
20
21
26
2
7
12
17
22
27
3
8
13
18
23
28
4
9
14
19
24
29

Temperature
(°C)
25
100
200
300
400
500
600
100
200
300
400
500
600
100
200
300
400
500
600
100
200
300
400
500
600

Conﬁning pressure
(MPa)
0
0
0
0
0
0
0
20
20
20
20
20
20
40
40
40
40
40
40
60
60
60
60
60
60

(a)

P-wave velocity
preheated (m/s)
4202
4057
4119
4348
4385
4289
4274
4034
4122
4172
4424
4446
4077
4403
4218
4423
4365
4290
4275
4217
4362
4298
4291
4384
4448

P-wave velocity after water
cooling (m/s)
4225
3839
3679
3315
2797
2011
1790
4050
3430
3227
2768
2289
1357
4384
3770
3326
2700
2303
1729
4013
3850
3275
2701
2153
1354

(b)

Deviatoric stress
(MPa)
245.39
210.91
192.45
187.17
181.61
162.8
95.23
465.6
447.47
420.9
375.79
335.09
309.37
629.54
601.03
569.47
528.68
450
394.6
656.34
667.82
674.03
592.05
530.57
506.61

Young’s modulus
(GPa)
52.19
44.18
39.03
37.92
34.79
32.46
18.16
48.55
46.5
41.39
37.97
32.6
28.19
52.98
48.39
46.7
41.39
35.54
28.49
54.43
47.6
48.72
42.97
38.76
30.45

(c)

1 cm
(d)

(e)

(f )

Figure 1: The surface of heated granite specimens after rapid thermal cooling. (a) 100°C. (b) 200°C. (c) 300°C. (d) 400°C. (e) 500°C. (f ) 600°C.
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P-wave velocity (m/s)

5000
4000
3000
2000

y = 5382.1e-0.002x
R2 = 0.9165

1000
0

0

200

400
Temperature (°C)

600

800

Figure 2: Variations in P-wave velocity with diﬀerent levels of heat
treatment and rapid cooling.
0.8

Damage variable

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

200
100°C
200°C
300°C

400
Temperature (°C)

600

800

400°C
500°C
600°C

Figure 3: Variations in the damage variable with changes in heat
treatment temperature.

(20 MPa), 213.14% (40 MPa), and 259.05% (60 MPa). In
samples heat-treated to 600°C, when the conﬁning pressure
increased from 0 MPa to 60 MPa, the peak stress also increased to 245.88% (20 MPa), 356.39% (40 MPa), and 495.01%
(60 MPa). The mechanical properties of granite are much
more damaged due to temperature stress. In Figure 5, the
peak deviatoric stress-heated temperature curves of granite
after rapid thermal cooling are shown. Under the condition of
20 MPa, when the heating temperature is from 100°C to
600°C, the peak deviatoric stress decreases from 465.60 MPa
to 309.37 MPa, with a decrease of 33.60%; under the condition
of 40 MPa, when the heating temperature is from 100°C to
600°C, the peak deviatoric stress decreases from 629.54 MPa
to 394.60 MPa, with a decrease of 37.30%; under the condition
of 60 MPa conﬁning pressure, when the heating temperature
is from 100°C to 600°C, the peak deviatoric stress decreases
from 656.34 MPa to 506.61 MPa, with a decrease of 22.80%.
The elastic modulus is considered to be among the main
mechanical properties which is a prerequisite for the analysis
and design of geological engineering projects [18]. Figure 6
illustrates variations in Young’s modulus for our heattreated samples. It can be shown that elastic modulus

generally increases with conﬁning pressure for all samples
but decreases for each level of heat treatment. Young’s
modulus shows a gentle decrease from room temperature to
rapid cooling of 600°C and decreases from 52.19 GPa to
18.16 GPa under uniaxial conditions, showing a 65.20%
decrease.
Rock strength depends partly on the cohesion of the rock
and the internal friction between the rock particles. Cohesion is caused by cement between mineral particles. The
strength of the shale rock mainly depends on the cohesion
and internal friction. Under the condition of high-temperature rapid thermal cooling, shale can reach a temperature diﬀerence of over 200°C, which will reduce the rock
cohesion and internal friction, resulting in crack damage and
causing the decrease of rock strength.
The Mohr–Coulomb criterion is the most common
failure criterion for brittle rocks [19–21]. It can provide
constant values of friction angle (u) and cohesion (c), which
are signiﬁcant for numerical simulation and improving the
understanding of the rocks’ mechanical properties. Therefore, in this paper, the MC failure criterion was used for the
laboratory data in order to determine friction angle and
cohesion under the condition of high-temperature rapid
thermal cooling.
The linear Mohr–Coulomb failure criterion can be
written as equation (3) in Mohr stress space or equation (4)
in the principal stress space [21]:
τ � c + σ n tan ϕ,
σ 1 � mσ 3 + C0 ,

(3)
(4)

where τ is the shear stress, σ n is the normal stress, c is the
cohesion, ϕ is the friction angle, σ 1 is the major principal
stress, σ 3 is the minor principal stress, m is the line slope, and
C0 is the uniaxial compressive strength. Equations (3) and
(4) both have a linear relationship in the τ − σ n and
σ 1 − σ 3 planes, respectively. After transformation, equation
(5) can be obtained:
ϕ � arcsin
c � σ0

m−1
,
m+1

1 − sin ϕ
.
2 cos ϕ

(5)

(6)

The friction angle and cohesion can be obtained using
equations (5) and (6). Based on the test data (as seen in
Table 2), the friction angle and cohesion after heating and
rapid cooling are obtained and presented in Table 3.
Figure 7 gives the maximum principal stress-conﬁning
pressure curves of our samples after heating and cooling at
diﬀerent maximum temperatures. As seen in Table 3, with
the increasing levels of heat treatment, the cohesive force
of the granite rock decreases gradually. There is a signiﬁcant diminution of frictional coeﬃcient due to the
increase of temperature. When the virgin samples were
tested, the cohesion was 33.91 MPa, but after heat treatment to 600°C, the cohesion decreased to 16.52 MPa,
showing a 51.30% decrease.
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200
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50
0

0
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100°C
200°C
300°C

1

300
200
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0

1.5

0

0.5
100°C
200°C
300°C

400°C
500°C
600°C

1

1.5

400°C
500°C
600°C
(b)

800

600

700
Deviatoric Stress (MPa)

Deviatoric Stress (MPa)

(a)

700

500
400
300
200
100
0

Axial Strain (%)

600
500
400
300
200
100

0

0.5

1
Axial Strain (%)

100°C
200°C
300°C

1.5

2

0

0

400°C
500°C
600°C

0.5

1
1.5
Axial Strain (%)

100°C
200°C
300°C

(c)

2

2.5

400°C
500°C
600°C
(d)

Figure 4: Complete stress-strain curves as a function of increasing levels of conﬁning pressure and for each heat treatment temperature.
(a)σ 3 � 0 MPa. (b)σ 3 � 20 MPa. (c)σ 3 � 40 MPa. (d)σ 3 � 60 MPa.

Deviatoric Stress (MPa)

800
600
400
200
0

0

200
0 MPa
20 MPa

400
Temperature (°C)

600

800

40 MPa
60 MPa

Figure 5: Peak deviatoric stress for each heat-treated sample and at diﬀerent levels of conﬁnement.
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Young's modulus (GPa)

50
40
30
20
10
0

0

200

400
Temperature (°C)

0 MPa
20 MPa

600

800

40 MPa
60 MPa

Figure 6: Young’s modulus of the heat-treated samples as a function of diﬀerent levels of conﬁning pressure.
Table 3: The cohesion and internal friction of the sample.
T (°C)
100
200
300
400
500
600

Internal friction angle (°)
54.35
54.77
54.54
52.28
50.14
51.74

Cohesion (MPa)
33.91
30.55
29.92
31.02
29.51
16.52

Maximum principal stress (MPa)

800
700
600
500
400
300
200
100
0

0

20
100°C
200°C
300°C

40
60
Conﬁning pressure (MPa)

80

400°C
500°C
600°C

Figure 7: Maximum principal stress-conﬁning pressure curves of
granite after rapid thermal cooling with diﬀerent heated
temperatures.

3.3. Mechanical and Fracture Characteristics of Samples.
The macrofracture of rocks is mainly due to the expansion
and growth of internal microcracks. The thermal treatment
of the granite samples inﬂuences their mechanical properties. Granite samples experienced both brittle and semibrittle
fracture and plastic deformation.

Correlation coeﬃcient
0.89
0.93
0.96
0.96
0.97
0.95

In Figure 8, the tested samples after uniaxial and triaxial
compression tests are shown. In general, a brittle splitting
failure is observed in uniaxial compression tests, with a plurality of vertical split cracks, and the rupture plane is parallel to
the axial loading direction. There are 3 types of failure mode:
burst instability, quasi-burst failure, and progressive failure.
The sudden instability is shown by the sudden decrease of
stress and with a sharp crack. The stress-strain curve is shown
as a vertical drop; the quasi-burst instability is shown as the
stress decreases rapidly, and the failure has a large sound, but
there is no sudden instability; progressive failure showed that
the stress slowed down or did not fall, the rupture had only a
minor sound, and the stress-strain curve was formed.
In triaxial compression tests, the rock failure is characterized by a localized shear band whose inclination increases with conﬁning pressure. The specimen has a brittle
fracture surface, and the properties of the main fracture
surface diﬀer from those of conﬁning pressure. Furthermore, with increasing conﬁning pressure and heated temperature, a gradual reduction was observed in the rupture
angle with respect to the minor principal stress direction,
and the fracture surface was more rough and destroyed with
smaller fragments. Granite contains a variety of mineral
particles with diﬀerent coeﬃcients and anisotropic expansion, caused by thermal expansion of the cross grain
boundary coordination, and the rock produces tiny cracks or
primary cracks, widened or through.
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100°C,0 MPa

200°C,0 MPa

300°C,0 MPa

400°C,0 MPa

500°C,0 MPa

600°C,0 MPa

100°C,20 MPa

200°C,20 MPa

300°C,20 MPa

400°C,20 MPa

500°C,20 MPa

600°C,20 MPa

100°C,40 MPa

200°C,40 MPa

300°C,40 MPa

400°C,40 MPa

500°C,40 MPa

600°C,40 MPa

100°C,60 MPa

200°C,60 MPa

300°C,60 MPa

400°C,60 MPa

500°C,60 MPa

600°C,60 MPa

Figure 8: Tested granite samples after uniaxial and triaxial compression tests.

4. Discussion
Mechanical property estimation of rocks is considered to be
the most important component in any geological

engineering project [22, 23]. With the increase of mining
and oil drilling depth, more and more rock mechanics
problems related to high temperature are encountered. Also,
rapid thermal cooling occurs in several important mining
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and geotechnical engineering applications, including the
ventilation of mines at depth and deep drilling in dry hot
rocks. Due to the use of slurry and drilling ﬂuid, the temperature of surrounding rock decreases rapidly, resulting in
thermal fracture, and the mechanical properties of granite
rock mass may be altered. The P-wave velocity, elastic
modulus, and peak stress decrease gradually with the increase of the heated temperature. And the higher the heated
temperature, the greater the decrease. P-wave velocity can
indirectly reﬂect the changes in mechanical properties
[14, 16, 17, 24–27]. This is due to the minerals in which
physical and chemical changes take place. These mineral
particles have diﬀerent physical and mechanical properties,
thermal cracking occurs at the interface between quartz and
mica, which is mainly caused by thermal expansion. Due to
the diﬀerence of thermal expansion, the thermal crack is
usually at the boundary of the mineral particle and extends
along the boundary of the particle. These results indicate the
dependency of mineralogical composition and grain size
distribution on the temperature-dependent mechanical
behavior. Still, there would be some thermal cracking during
cooling [25], the cracks around the granite crystal grains are
formed, and the further development cracks are formed by
the thermal cracks. When the sample is heated or watercooled rapidly at a high speed, it is necessary to produce
thermal shock in the rock mass. When the cold drilling mud
or circulating cold water for geothermal development is
injected into the hot dry rock, it may cause local hot dry rock
cracking, resulting in the change of mechanical properties.
Due to thermal expansion between the minerals, granite will
produce microcracks, and the higher the temperature is, the
larger the thermal stress, microcracks are mostly caused by
the propagation of main macrocracks.

5. Conclusions
The eﬀects of rapid cooling on the mechanical behavior of
Qinghai granite from China have been investigated through
a series of uniaxial and triaxial compression tests as well as
characterization from P-wave velocities. These tests allowed
examination of microstructure damage, stress-strain curves,
compressive strength, and elastic modulus after heating and
rapid cooling. It is veriﬁed that high temperature after rapid
cooling is a key eﬀect on the physical and mechanical
characteristics of rocks. Some interesting conclusions can be
drawn as follows:
(1) Rapid cooling of our granite to temperatures above
400°C causes the initiation of thermal cracks, which
may extend to visible macrocracks. The variation of
P-wave velocities reﬂects the growth of internal
defects within the samples (such as microcracks). We
report a negative exponential relationship between
P-wave velocity and heat treatment temperature.
(2) In general, as a result of the heat treatment, our
granite’s compressive strength and elastic modulus
reduce. Under uniaxial compression, an elastic
brittle behavior of granite with a sharp postpeak
softening response can be observed which occurred
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at small axial strains. When the heat treatment
temperature increased from 400°C to 600°C, the peak
stress decreased by 47.60%.
(3) Under uniaxial compression, the elastic modulus of
granite decreases, when comparing the nonheattreated samples to the samples heat-treated to 600°C,
from 52.19 GPa to 18.16 GPa, showing a 65.20%
decrease.
(4) With the increase of heated temperature for rapid
cooling, the cohesive force decreases. There is a
signiﬁcant diminution of frictional coeﬃcient due to
the increase of heated temperature. When the
temperature is 25°C, the cohesion is 33.91 MPa, and
when the heated temperature is 600°C with rapid
cooling, the cohesion decreases to 16.52 MPa,
showing a 51.30% decrease.
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