
Research Article
An Experimental Study on the Mechanical Properties of
High-Temperature Granite under Natural Cooling and
Water Cooling

Yanan Gao,1,2,3 Yunlong Wang,1,2 Taiping Lu,4 Liuzhou Li,5 Jinwen Wu ,6

and Zetian Zhang 3

1State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology,
Xuzhou, Jiangsu 221116, China
2School of Mechanics and Civil Engineering, China University of Mining and Technology, Xuzhou, Jiangsu 221116, China
3Key Laboratory of Deep Earth Science and Engineering, Sichuan University, Chengdu, Sichuan 610025, China
4School of Mechanics and Engineering, Southwest Jiaotong University, Chengdu, Sichuan 611756, China
5Steel Structure Branch Co.,Ltd, CCCC Road and Bridge Construction, Beijing 100024, China
6School of Science, North University of China, Taiyuan, Shanxi 030051, China

Correspondence should be addressed to Jinwen Wu; 20130001@nuc.edu.cn

Received 14 April 2021; Accepted 29 May 2021; Published 14 June 2021

Academic Editor: F. H. Samuel

Copyright © 2021 Yanan Gao et al. ,is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

With the further development of deep rock mechanics engineering, such as the exploitation and utilization of geothermal resources,
the exploitation of deep mineral resources, and the safe disposal of nuclear waste, the study of mechanical properties of deep high-
temperature rock is gaining the attention of the researchers. However, not only the high temperature but also the cooling condition/
method that will be used in the construction such as drilling cooling will also greatly affect the mechanical properties of the rock. In
this paper, themechanical behaviour and the evolution of themechanical properties of the high-temperature (600°C–1,000°C) granite
under different cooling methods are studied. ,e following conclusions can be obtained: (1) ,e peak stress of the granite decreases
with the heating temperature. Compared with natural cooling, water cooling has amore significant effect on strength degradation. (2)
,e increase of the heating temperature increases the maximum axial strain of the granite. ,e water cooling method more greatly
induces the maximum axial strain of granite than the natural cooling. ,e maximum axial strain of the specimen under the water
cooling reaches 117.3% of that under natural cooling (800°C). (3) ,e elastic modulus of the granite decreases with the heating
temperature. Water cooling will have a stronger effect on the reduction of the elastic modulus than natural cooling. ,e maximum
difference value (2.02GPa) of the elastic modulus under the different cooling methods occurs at the temperature of 800°C. (4)
Poisson’s ratio of the granite increases with heating temperature, and the cooling method does not have an evident effect on it. ,e
relationship between Poisson’s ratio and the heating temperature under different cooling methods can be described using the linear
model. (5) According to the influence of the temperature on the peak stress, the elastic modulus, and Poisson’s ratio, the heating
temperature domain can be divided into the unapparent zone, the significant zone, and the mitigation zone. (6) ,e thermal stress
due to the nonuniform temperature field and the different thermal expansion coefficients is incompatible. Such incompatibility
stresses the essences of the degradation of the mechanical properties of the granite.

1. Introduction

In recent years, with the further development of deep rock
mechanics engineering, such as the exploitation and utili-
zation of geothermal resources, the exploitation of deep

mineral resources, and the safe disposal of nuclear waste, the
study of mechanical properties of the deep rock has grad-
ually become an important research direction of rock me-
chanics [1–6]. For deep rock, the influence of temperature
on the mechanical properties of the rock is very significant.
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,e long-term effects of high temperatures affect the
physical and mechanical properties of rocks, for example,
uniaxial compressive strength, fracture characteristics,
elastic modulus, and porosity [7, 8]. However, the deep high-
temperature rock is often affected by different coolingmodes
under human activities and natural factors, and the dete-
rioration of its mechanical properties will thus affect the
stability or constructions of the engineering structure.
,erefore, the study of the influence of different cooling
methods on the mechanical properties of the high-tem-
perature rock is necessary as it can provide a basis for the
engineering design of deep rock engineering.

,e mechanical properties of thermally treated rock
have been a hot topic for decades. Oda obtained the
change law and failure criterion of basic mechanical
properties of rocks with temperature by studying some
basic mechanical properties of rocks under the action of
temperature [9]. Xu and Liu studied the variation rule of
main mechanical parameters with temperature in uniaxial
compression of granite under real-time high temperature
(20°C–600°C) and pointed out that 75°C and 200°C are the
threshold temperatures for the significant changes of
elastic modulus and uniaxial compressive strength of
granite [10]. Dwivedi et al. studied thermomechanical
properties, such as Young’s modulus, uniaxial compres-
sive strength, tensile strength, Poisson’s ratio, coefficient
of linear thermal expansion, and creep behaviour, of
Indian granite at high temperatures in the range of
30°C–160°C [11]. Hong et al. found that the physical
properties of sandstone treated at high temperatures are
greatly different from those treated at normal tempera-
tures, and the difference is very significant when the
treatment temperature is higher than 500°C [12]. Guo et al.
carried out mode I three-point bending tests on a set of
prenotched semicircular thermally treated granite speci-
mens (50°C–600°C) and identified the microcracking
behaviour transition phenomenon as the thermal treat-
ment temperature increases from 150°C– to 200°C based
on the AE signals [13]. Moreover, many large-scale un-
derground heating tests were conducted to study thermal-
mechanical behaviour in the rock mass, such as the Yucca
Mountain drift scale test in America [14, 15].

Besides, the physical and mechanical properties of the
high-temperature rock cooling with water are investigated
widely. Zhu et al. carried out an experimental study on the
physical and mechanical properties of thermally treated
(room temperature −500°C) granite under the water cooling
condition; the result shows that the physical and mechanical
properties of water-cooled granite deteriorate with heating
temperature. ,ey also found that the specimens show an
obvious ductility behaviour when the heating temperature
reaches 300°C and above [16]. Xi and Zhao studied the
mechanical properties of high-temperature (<600°C) gran-
ites cooled by water and discussed the mechanism of hy-
drothermal fracture degradation [17]. In addition, the study
of the mechanical properties of high-temperature rock with
the consideration of the different cooling methods is not
carried out very much. Rathnaweera et al. investigated the
effects of temperature (25°C–1,000°C) and two subsequent

cooling methods (fast and slow) on the mechanical be-
haviour of the clay-rich Hawkesbury sandstone under
uniaxial conditions [18] and pointed out that progressive
dehydroxylization of kaolinite in the sandstone cement at
temperatures beyond 600°C was found to be the main reason
for the weakening and softening of the sandstone. Zhang
et al. studied the influence of cooling rate on physical and
mechanical properties of thermally treated granite and
found that the high cooling rate induces important thermal
stresses, and it will induce a significant change of mechanical
properties [19].

Most of the above studies are conducted on natural
cooling or water cooling separately on the rock, while there
are few comparative analyses of natural cooling and water
cooling. In this paper, uniaxial compression experiments are
carried out on the high-temperature (600°C–1,000°C)
granite that experienced different cooling methods (natural
cooling and water cooling). ,e evolution of the elastic
modulus, Poisson’s ratio, and the peak stress of granite with
temperature under two cooling modes is investigated. ,e
influences on the mechanical properties of the two men-
tioned cooling methods different are compared and
discussed.

2. Specimen Preparation and Test Processes

2.1. Specimen Preparation. ,e granite samples are col-
lected from Pingyi, Shandong Province.,e granite is grey-
white, compact, and crack-free. Firstly, the cylindrical
granite specimen of Φ50mm× 100mm is processed from
the whole rock using water drilling, and then the specimen
is polished to make its size and precision in accordance
with the standard of ISRM (International Society for Rock
Mechanics) [20]. In this experiment, a total of 20 granite
specimens are prepared. Some of the specimens are shown
in Figure 1. ,e specimens are equally divided into 5
heating groups (4 in each group). ,en the specimens are
put into the heating furnace for thermal treatment. ,e
heating rate is about 1°C/min to avoid the impact of
thermal shock. ,e target temperatures are 600°C, 700°C,
800°C, 900°C, and 1,000°C. When the target temperature is
reached, the temperature will remain for 3 hours. For the
water cooling condition, 2 specimens of each group are put
into distilled water (25°C) for a 24-hour cooling. For the
natural cooling condition, the other 2 specimens are left in
the furnace chamber for 8-hour cooling. After the cooling
process, the 5 groups of specimens are divided into 10
groups, with the consideration of the cooling method
(Table 1).

,e terminology of the specimens is as follows: the first
two numbers represent the heating temperature (06 denotes
600°C, 07 denotes 700°C, 08 denotes 800°C, and so on). ,e
third number represents the cooling methods (1 denotes the
water cooling method, and 2 denotes the natural cooling
method). ,e last number is the order of each testing
condition. For example, the “0812” represents the second
specimen, which is heated to 800°C and experienced water
cooling.
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2.2. Experimental Methods. ,e facility used in the experi-
ment mainly includes two parts: the test loading system and
the data acquisition system (Figure 2). ,e loading system is
a microcomputer-controlled electronic machine. ,e model
is WDWE200, and the maximum load is 200 kN. ,e strain
acquisition system is a DH3820 high-speed strain acquisi-
tion system. ,e sampling frequency is 50Hz. ,e strain
sensors are strain gauges with the size of 5mm× 3mm. ,e
strain sensors and the strain acquisition are connected with
the 1/4 bridge converter. Moreover, the strain sensor for
temperature compensation is adopted.

,e test procedures are as follows:

(1) Set up the deformation sensors
(2) Position the specimen into loading space
(3) Apply the preloading of 0.12 kN on the specimen
(4) Apply the loading under the displacement control

model (0.1mm/min)
(5) Stop loading process when the specimen failures
(6) Take a photo of the failure pattern for each specimen

(Figure 3)

,e data of axial displacement, axial load, and lateral
strain are recorded using a microcomputer-controlled
testing machine and high-speed strain acquisition system
separately for further analysis.

3. Experimental Results and Analysis

,is section describes the results and analysis of the high-
temperature granite under two cooling methods. ,e effects
of the heating temperature and the cooling methods on the
mechanical properties of the granite are presented and
explained. Based on Figure 3, it can be found that the level of
complexity increases with the heating temperature under the
same cooling method. On the other hand, compared with
the natural cooling method, the water cooling method may
result in a higher level of complexity for a constant heating
temperature.

3.1. Stress-Strain Curve Analysis. ,e stress-strain curve is
one of the important indexes reflecting the mechanical
properties of the rocks. ,e stress-strain curve is composed
of three parts: (1) stress-axial strain part, (2) stress-cir-
cumferential strain part, and (3) stress-volume strain part.
Figure 4 is a comparison of the stress-strain curves of natural

No heating 600°C 800°C 900°C 1,000°C700°C

Figure 1: Rock specimens.

Table 1: Specimen number scheme.

Heating temperature (°C)
Specimen number

Water cooling Natural cooling

600 0612 0623
0614 0625

700 0712 0721
0714 0723

800 0814 0821
0812 0824

900 0914 0923
0915 0925

1,000 1011 1023
1014 1024

Experimental loading system

Strain acquisition system

Microcomputer control system

Figure 2: Testing facility.
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cooling and water cooling under different heating temper-
atures. In Figure 4, the curve in red represents the stress-
strain curve of the specimens cooled by water (WC), while
the curve in black represents the stress-strain curve of the
specimens cooled naturally (NC). εx, εy, and εv denote the
circumferential strain, the axial strain, and the volume
strain, respectively.

Based on Figure 4, it can be found that the stress-strain
curve of the specimen can be divided into four parts
according to the stress-axial strain part (Figure 5) under each
cooling method: (1) compaction part, (2) elastic part, (3)
plastic deformation part, and (4) postfailure part.

By comparing the stress-strain curves of the specimens
under different heating temperatures in Figure 4, it can be
found that the maximum axial strain of the water cooling
specimens is generally greater than that of natural cooling. It
indicates that the water cooling method may eliminate the
brittleness and increase the ductility for the high-temper-
ature granite. ,e peak stress of the water cooling specimens
is generally lower than that of the natural cooling specimens.
,us, it can be concluded that the water cooling method will
cause a loss of the bearing capacity of the high-temperature
granite.

3.2. Peak StressAnalysis. ,e peak stress of the granite under
uniaxial compression can directly reflect the strength of the
specimen and is the primary basis for design and analysis in
engineering practice. ,e peak stress value of each specimen
is obtained from the top point of the stress-strain curve.

,e peak stress data of the 20 specimens under two
different cooling methods in each temperature level are
summarized in Table 2, and Figure 6 is the variation of peak
stress of specimen with different temperature under two
different cooling methods. ,e peak stress of the natural
cooling specimen minus that of the water cooling specimen
in each heating temperature level is the difference value
illustrated in Figure 6.

Figure 6 shows that regardless of the cooling method, the
peak stress generally decreases with the heating temperature.
However, the influence of different cooling methods on the
peak stress is clearly associated with the heating temperature.
,e peak stress of the natural cooling specimen in the range
of 700°C–900°C is obviously higher than that of the water

cooling specimen. When the heating temperature is 1,000°C,
the peak stress values under the two cooling methods are
close. Only at 600°C, the peak stress of the natural cooling
specimen is less than that of the water cooling specimen.
,erefore, the plot of Figure 6 can be divided into three
zones. (1) unapparent zone (600°C–700°C): in this zone, the
influence of cooling method on the peak stress is not sig-
nificant, (2) significant zone (700°C–900°C): the difference of
the peak stress between the specimen under the different
cooling methods increases with the temperature in this zone,
and (3) mitigation zone (900°C–1,000°C): the peak stress
values under the different cooling methods come close in
this zone.

,erefore, it is generally believed that the peak strength
of the high-temperature (700°C–900°C) granite under the
water cooling condition will decrease significantly compared
with natural cooling granite, and the cooling methods have
little effect on peak stress after 900°C.

3.3. Maximum Axial Strain Analysis. ,e maximum strain
can reflect the deformability of the rock. ,us, it is also
practical and important to investigate the maximum axial
strain [21]. Table 3 lists the peak strain of the specimens
under each condition. Moreover, Figure 7 shows the
comparison of peak strain values under different cooling
methods.

Firstly, it can be observed that no matter which cooling
method is used, the maximum axial strain of the specimen
increases with the heating temperature. It means that the
higher the heating temperature, the greater the ductility of
the specimen. In other words, the larger deformation is when
the high-temperature rock mass is loaded.

,is can also be clearly seen in Figure 7 that the peak
strain of the water cooling specimen is significantly higher
than that under the natural cooling specimen. At the tem-
perature of 800°C, the maximum axial strain of the specimen
under the water cooling reaches 117.3% of that under natural
cooling. When the heating temperature is 600°C or 1,000°C,
the difference value of the maximum axial strain of the
specimens under the different cooling methods is relatively
small. Nevertheless, the maximum axial strain of the speci-
men under the water cooling still reaches 110% as under the
natural cooling at the same heating temperature. According to

0612 0712 0714 0812 0814 0915 1011 1014

0623  0625 0721 0723 0821 0824 0923 1023 1024

0614 0914

0925

Figure 3: Failure patterns of the specimens.
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Figure 4: Continued.
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the theory of themaximumpositive strain strength, compared
with natural cooling, the mechanical properties of the water
cooling specimen are evidently decreased. It also shows that
the deformability of the high-temperature granite is enhanced
after being cooled by water, that is, this cooling method can
give the rock ability of more deformation. In addition, it
indicates that the influence of the cooling method on granitic
deformation should be taking into consideration for high-
temperature-associated engineering.

3.4. Elastic Modulus Analysis. Elastic modulus is a basic
parameter of materials that can reflect the ability to resist
deformation and the stiffness of rock. ,us, the evolution of

such a parameter is necessary to be studied. Table 4 sum-
marizes the elastic modulus data of all specimens. Figure 8 is
the plot of the elastic modulus of the specimens under each
condition. ,e elastic modulus of the natural cooling
specimen minus that of the water cooling specimen in each
heating temperature level is the difference value illustrated in
Figure 8.

According to Figure 8, the elastic modulus decreases
with the heating temperature under each cooling method.
Moreover, this phenomenon implies that thermal treat-
ment will reduce the stiffness of the granite and its resis-
tance to deformation even if the granite is cooled.
Furthermore, according to the difference value in Figure 8,
the plot can be divided into three zones: (1) unapparent
zone (600°C–700°C): in this zone, the influence of cooling
method on the elastic modulus is not significant, (2) sig-
nificant zone (700°C–900°C): the difference of the elastic
modulus between the specimen under the different cooling
methods increases with the temperature in this zone, and
(3) mitigation zone (900°C–1,000°C): the elastic modulus
values under the different cooling methods come close in
this zone.

,e elastic modulus decreases more dramatically under
the water cooling method in the significant zone. Between
700°C and 900°C, the decline of the elastic modulus of the
specimen under the water cooling method is much sharper
than that under natural cooling. During this range, the
elastic modulus reduces from 5.57GPa to 3.78GPa under
the water cooling condition, and it decreases from 6.54GPa
to 5.29GPa under the natural cooling condition. ,e dif-
ference between the two different cooling methods is
>1GPa. It is noteworthy that the maximum difference value
(2.02GPa) occurs at the temperature of 800°C.
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Based on Figure 8, it can also be found that from 600°C to
800°C, the influence of the cooling method on the elastic
modulus aggravates with the increasing temperature.
However, the effect of the cooling method on the elastic
modulus gradually mitigates when the temperature exceeds
800°C. ,is phenomenon may be due to the great change in
porosity of the granite under the high temperature of 800°C
as the ultra-micropores begin to transform to the micro-
pores in this situation [22].

3.5. Poisson’s Ratio Analysis. Poisson’s ratio, as an elastic
parameter describing the elastic behaviour of a material, can
reflect the lateral deformation of a material in the process of
stretching or compression. Poisson’s ratio plays an impor-
tant role in well drilling and completion, deep formation
fracturing design, and so on and is a vital parameter in
fracture pressure estimation methods. ,e results of Pois-
son’s ratio are listed in Table 5. Poisson’s ratio of the natural
cooling specimen minus that of the water cooling specimen
in each heating temperature level is the difference value
illustrated in Figure 9. ,e relationship between Poisson’s

ratio and the heating temperature under different cooling
methods can be described using the linear model.

In Figure 9, it can be found that Poisson’s ratio always
has an increasing trend, except for a slight drop of
700°C–800°C under the water cooling condition. For the
natural cooling condition, Poisson’s ratio increases slowly
with temperature from 600°C to 800°C, drops slightly at
900°C, and then increases rapidly.

At present, there are two points of view about the in-
fluence of the temperature on Poisson’s ratio of rock. Some
scholars insisted that Poisson’s ratio is not directly related to
temperature [23]. On the other hand, Poisson’s ratio is
deemed variable with temperature. For example, Du pointed
out that Poisson’s ratio showed a decreasing trend with the
increase of temperature [24], while Xu and Liu drew the
conclusion that Poisson’s ratio increased with the temper-
ature [10]. According to the trend and linear fitting (Fig-
ure 9), it can be seen that Poisson’s ratio obtained in this
study has a clear correlation with the temperature, that is, it
generally increases with the increase of temperature under
each cooling method.

As shown in Figure 9, the influence on Poisson’s ratio of
the cooling method can be divided into three zones: (1)
unapparent zone (600°C–800°C): in this zone, the influence
of the cooling method on Poisson’s ratio is not significant,
(2) significant zone (800°C–900°C): the difference of Pois-
son’s ratio between the specimen under the different cooling
methods increases with the temperature in this zone, and (3)
mitigation zone (900°C–1,000°C): Poisson’s ratio values
under the different cooling methods come close in this zone.
Moreover, the parameters of the linear fitting equations of
the different coolingmethods are very close.,erefore, it can
be concluded that the cooling method has no significant
effect on the trend of Poisson’s ratio but the influence on
Poisson’s ratio of each cooling method can be divided into
three zones.

4. Discussion

,e above study obtained the evolution of the mechanical
properties of the granite under different conditions (heating
temperature and cooling method) based on the experiment
data. In this section, these phenomena or the causes will be
discussed.

Table 2: Experimental results of peak stress.

Specimen number Peak stress (MPa) Specimen number Peak stress (MPa)
0612 78.86 0623 67.76
0614 93.29 0625 86.64
0712 78.14 0721 91.70
0714 85.39 0723 89.64
0814 54.57 0821 74.72
0812 77.58 0824 86.58
0914 39.62 0923 76.86
0915 54.61 0925 62.44
1011 36.26 1023 28.32
1014 29.85 1024 28.90

Unapparent zone

Significance zone

Mitigation zone

8.91MPa
14.58MPa
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Figure 6: Comparison of peak stress of two different cooling
methods.
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,e influence zone and the maximum difference of each
parameter are listed in Table 6. ,e unapparent zone, sig-
nificance zone, and mitigation zone of the peak stress and
elastic modulus are the same, and they are 600°C–700°C,
700°C–900°C, and 900°C–1,000°C, respectively,. On the other
hand, the unapparent zone, significance zone, and mitiga-
tion zone of Poisson’s ratio is 600°C–800°C, 800°C–900°C,
and 900°C–1,000°C, respectively. ,e difference of the peak
stress or Poisson’s ratio increases with the temperature
during the significance zone, while the difference of the

elastic modulus increases firstly with the temperature and
decreases after the turning point of 800°C.

Initially, the main difference of the effect on mechanical
properties of the granite under the different cooling
methods is that the water cooling will produce large
thermal impact stress inside the granite [25], which will
cause the granite to undergo thermal cracking. Moreover,
the high-temperature heating process will change the
composition and microstructure of the granite [26] as the
granite is composed of multiple mineral grains, which is

Table 3: Experimental results of maximum axial strain.

Specimen number Maximum axial strain Specimen number Maximum axial strain
0612 0.0248 0623 0.0222
0614 0.0258 0625 0.0241
0712 0.0270 0721 0.0238
0714 0.0279 0723 0.0257
0814 0.0289 0821 0.0247
0812 0.0270 0824 0.0229
0914 0.0294 0923 0.0251
0915 0.0278 0925 0.0252
1011 0.0309 1023 0.0274
1014 0.0292 1024 0.0273

1000800 900700600
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Figure 7: Comparison of maximum axial strain of two different cooling methods.

Table 4: Experimental results of elastic modulus.

Specimen number Elastic modulus (GPa) Specimen number Elastic modulus (GPa)
0612 6.36 0623 4.52
0614 6.14 0625 6.39
0712 5.69 0721 6.71
0714 5.45 0723 6.37
0814 5.17 0821 6.33
0812 3.44 0824 6.33
0914 3.10 0923 5.65
0915 4.46 0925 4.92
1011 2.57 1023 2.34
1014 2.07 1024 2.32
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Table 5: Experimental results of Poisson’s ratio.

Specimen number Poisson’s ratio Specimen number Poisson’s ratio
0612 0.099 0623 0.054
0614 0.091 0625 0.143
0712 0.183 0721 0.214
0714 0.138 0723 0.143
0814 0.106 0821 0.086
0812 0.152 0824 0.370
0914 0.421 0923 0.273
0915 0.484 0925 0.116
1011 0.567 1023 0.696
1014 0.429 1024 0.484

 Mitigation zone

Significance zone
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Figure 9: Poisson’s ratio under the different cooling methods.
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very sensitive to temperature. During the heating process,
different mineral grains have different thermal expansion
coefficients; thus, the original structure will inevitably be
destroyed, and microcracks will occur. ,is is also in
agreement with Wu et al. who found that a high cooling
rate will cause not only intergranular cracks but also
intragranular cracks in the rock samples [27]. In addition,
the crystallization water will also volatilize in the heating
process, which will cause the formation of the microcracks
inside the granite. After being cooled by water, due to the
low thermal conductivity of the rock, the heat cannot be
transferred to the whole structure immediately. ,erefore,
the nonuniform temperature field may form in the spec-
imen. Meanwhile, the thermal expansion coefficient varies
for different kind of mineral grains. ,e thermal stress that
is caused by the temperature will be very complicated and
incompatible. ,us, the cracks induced by the thermal
stress may initiate and propagate. ,e phenomena and
process mentioned above may result in lower peak stress
and elastic modulus and a higher maximum strain of the
granite than those under natural cooling.

5. Conclusions

In this paper, a uniaxial compression test is carried out to
study the failure behaviour in thermally treated granite
(600°C–1,000°C) under different cooling conditions. ,e
influence of the cooling method on the evolution of the
mechanical properties of the granite is investigated. ,e
conclusions can be generated as follows:

(1) ,e peak stress of the granite decreases with the
heating temperature. Compared with natural cool-
ing, water cooling has a more significant effect on
strength degradation.

(2) ,e increase of heating temperature increases the
maximum axial strain of the granite. Water cooling
more greatly induces the increase of the maximum
axial strain of granite than natural cooling. ,e
maximum axial strain of the specimen under the
water cooling reaches 117.3% of that under natural
cooling (800°C).

(3) ,e elastic modulus of the granite decreases with the
heating temperature. In the range of 700°C–900°C,
the cooling method affects the elastic modulus re-
markably. ,e water cooling method has a stronger
effect on the reduction of the elastic modulus than
natural cooling. ,e maximum difference value
(2.02GPa) of the elastic modulus under the different
cooling methods occurs at the temperature of 800°C.

(4) Poisson’s ratio of the granite increases with the
heating temperature, and the cooling method does
not have an evident effect on it. ,e relationship
between Poisson’s ratio and the heating temper-
ature under different cooling methods can be
described using the linear model. ,e parameters
of the linear models of the different cooling
methods are also quite close.

(5) ,e heating temperature can be divided into three
regions in term of its influence on the peak stress,
the elastic modulus, and Poisson’s ratio, that is,
the unapparent zone, the significant zone, and the
mitigation zone. ,e unapparent zone, signifi-
cance zone, and mitigation zone of the peak stress
and elastic modulus are the same, and they are
600°C–700°C, 700°C–900°C, and 900°C–1,000°C,
respectively. On the other hand, the unapparent
zone, significance zone, and mitigation zone of
Poisson’s ratio is 600°C–800°C, 800°C–900°C, and
900°C–1,000°C, respectively.

(6) ,e thermal stress, caused by the nonuniform
temperature field that is induced by the cooling
method and the thermal expansion coefficients of
different mineral grains, is incompatible. Such
incompatible stress may result in the degradation
of the mechanical properties (peak stress, elastic
modulus, and maximum strain) of the granite,
especially under the water cooling condition.

Notations

εx: Circumferential strain
εy: Axial strain
εv: Volume strain
T: Temperature°C
E: Elastic modulus
μ: Poisson’s ratio
NC: Natural cooling
WC: Water cooling.
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,e data used to support the findings of this study are
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Table 6: Summary of the influence zone and maximum difference.

Parameters
Influence zone

Unapparent zone Significance zone Mitigation zone Max. difference and the temperature
Peak stress 600°C–700°C 700°C–900°C 900°C–1,000°C 22.54MPa, 900°C
E 600°C–700°C 700°C–900°C 900°C–1,000°C 2.03GPa, 800°C
μ 600°C–800°C 800°C–900°C 900°C–1,000°C 0.258, 900°C
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