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Knowledge of deformation and strength behavior of rocks under high in situ temperature is highly important for the control of
geological disasters in exploration of hot dry rock and mining in deep formation. In this study, uniaxial compression tests were
carried out on granite under different real-time high-temperature conditions (25, 200, 300, 400, 500, 600, and 700°C) and
loading rates (0.01, 0.1, and 0.5mm/min). The effects of real-time high temperature and loading rate on the uniaxial
compressive strength and elastic modulus of granite were studied, and the microscopic morphology of the fracture surface was
analyzed. The results show that the uniaxial compressive strength and elastic modulus of granite increase first and then
decrease with the increase of temperature. The uniaxial compressive strength clearly increases at 200°C and decreases gradually
when the temperature exceeds 300°C. Under the same temperature conditions, the uniaxial compressive strength of granite
decreases and the elastic modulus increases with increasing loading rate. When the temperature reaches 600°C, the effect of the
loading rate on the uniaxial compressive strength and elastic modulus of granite decreases significantly. The test results are
compared with the results of work performed on quenched granite. Under real-time high-temperature conditions, the thermal
crack effect has a significant influence on the uniaxial compressive strength and elastic modulus of granite, without the thermal
hardening effect of quenched granite. During hydraulic fracturing, the rock skeleton near the injection well is cooled and
shrunk, as is the thermal hardening effect caused by high-temperature quenching. The formation of thermal equilibrium leads
to the large-scale extension of fracture cracks along the weak plane structure, such as the effect of thermal cracks on granite
under real-time high-temperature conditions.

1. Introduction

Hot dry rock (HDR) energy is a well-recognized clean and
renewable green energy which has many advantages, such
as stability and safety, high utilization rate, and low operat-
ing cost [1]. HDR is widely distributed in the granite at
depths in the order of 5 to 6 km, temperatures varying from
150 to 650°C [2, 3]. At present, HDR development is mainly
concentrated in the granite thermal reservoir. Therefore, it is
important to investigate the effect of real-time high temper-
ature on the physical properties and mechanical behavior of
granite for the design, construction, and maintenance of
enhanced geothermal system (EGS).

A large number of experimental studies have been per-
formed to investigate the physical properties and mechanical
behavior of rocks subjected to thermal treatment. Zhang

et al. [4] investigated the changes in the physical behavior
of granite and sandstone after heat treatment by the uniaxial
compression test and showed that the loss of adhered water,
bound water, and structural water has a great influence on
the mechanical properties of rocks at high temperature.
Wang et al. [5] investigated the acoustic emission (AE) char-
acteristics of granite during uniaxial compression tests after
thermal treatment, and the experimental results showed that
AE energy increases with the increase of treatment tempera-
ture. Chen et al. [6] measured the macroscopic mechanical
properties of granite using uniaxial compression test after
high-temperature thermal treatment and found that the uni-
axial compressive strength gradually decreases with increas-
ing temperature. Liu et al. [7] studied the mechanical
properties of granite after high-temperature thermal treat-
ment by the uniaxial compression test, and the results
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showed that 600°C is the critical temperature of granite.
Zhao et al. [8] and Sun et al. [9] found that high temperature
causes prefabricated cracks in granite to continue to expand
and even produce new cracks. As the temperatures increase,
the number and width of the microcrack increase, and the
granite transforms from brittle to ductile. David et al. [10]
analyzed the relation of the evolution of the physical proper-
ties and the amount of damage induced and indicated that
changes in mineral composition and fracture size are the
reasons for the decline of granite strength. Heuze [11] stud-
ied the influence of the thermal expansion coefficient and
the thermal diffusivity on the mechanical properties of gran-
ite. Chaki et al. [12] confirmed the strong influence of ther-
mal damage on physical properties of granite and
determined parameters for the characterization of connected
porosity and overall damage.

Furthermore, the thermal stimulation method can be
effectively utilized to improve flow performance in tight
porous media with an induced thermal shock by inducing
the thermal gradient for permeable cracks, thus achieving
geothermal reservoir stimulation [13]. Kumari et al. [13,
14] conducted strength tests under unconfined conditions,
Brazilian tensile strength tests, and permeability tests in
quenched granite. The results showed that increasing tem-
perature causes significant reductions in the permeability
of granite due to the thermally induced volumetric expan-
sion. The failure mechanism of granite transitions from a
brittle to a quasibrittle state. Zhang et al. [15] studied the
damage variables and pores of granite after thermal shock,
and the results showed that thermal shock induced by rapid
cooling can cause more damage to granite than that induced
by slow cooling, leading to a larger size and number of inter-
nal pores. Weng et al. [16] utilized integrated acoustic emis-
sion (AE) and digital image correlation (DIC) techniques to
study the micro/macrocracking characteristics of the granite
sample upon different heating/cooling cycles. The results
showed that surface cracks and internal microcracks
(including intergranular and intragranular) in granite
increase significantly with the number of heating/cooling
cycles. Li et al. [17] observed the generation of granite cracks
in the process of hydraulic fracturing using AE and indicated
that the coalescence of microcracks is a key precursor to
hydraulically induced cracking. Avanthi Isaka et al. [18]
comprehensively investigated the influence of heating
followed by cooling on the alteration of microstructural
properties of granite. The analysis revealed considerable
unstable deterioration of quartz and feldspar grains sub-
jected to thermal stresses, while biotite minerals show the
most stable behavior against thermal shock-induced micro-
cracking. Shao et al. [19] studied the effect of the cooling rate
on the mechanical behavior of heated granite through uniax-
ial compression tests, and the results showed that thermal
cracks during the cooling treatment of the heated sample
for higher temperatures are the main reason for the decrease
of the mechanical characteristics.

Thermal cracking behavior of granite at high tempera-
ture and high pressure is the key to the performance of
HDR geothermal energy extraction system. Yang et al. [20]
evaluated the influence of thermal effect on strength and

deformation behavior, and the results showed that crack
damage and maximum axial deformation gradually increase
with increasing temperature. Gautama et al. [21] measured
the thermal physical properties of granite in the range of
25 to 250°C and found that the thermal expansion coefficient
of granite increases with the increase of temperature, while
the thermal conductivity, thermal diffusivity, and elastic
wave velocity of granite decrease gradually with increasing
temperature. Gu et al. [22] explored the mechanical proper-
ties of granite under heating conditions, and indicated that
the ability of the rock to resist deformation gradually
weakens under the effect of temperature. Zhao et al. [23]
conducted permeability tests on granite at high temperature
and high pressure, and the results showed that thermal
cracks in granite are induced by intragranular and intergran-
ular thermal stress, and the critical temperature of perme-
ability change decreases with increasing confining pressure.
Yin et al. [24] performed triaxial compression tests on gran-
ite at high temperature, and the results showed that the
larger crystal particles and the extreme heterogeneity of the
coarse-grained granite lead to larger thermal deformation
and greater deterioration of the mechanical properties. Ran-
jith et al. [25] carried out the uniaxial compressive tests of
sandstone at various temperatures and found that the min-
eralogical changes in the sandstone cement with heating
temperature have a significant influence on changes in
mechanical behavior.

The previous work is devoted to rock by investigating
the influence of thermal treatment and high-temperature
quenching treatments on the macroscopic mechanical prop-
erties of rock. The results of experimental studies performed
on preheated samples at room temperature are insufficient
to represent the essential characteristics of rocks at high
temperature in geothermal applications. In addition, the
mechanical testing of granite has rarely integrated the cou-
pling effects of real-time high-temperature conditions and
loading rates. For this, uniaxial compression tests were car-
ried out under different real-time high-temperature condi-
tions (25, 200, 300, 400, 500, 600, and 700°C) and loading
rates (0.01, 0.1, and 0.5mm/min). The present study investi-
gated the coupled high in situ temperature and loading rate
effects. Then, the effect of real-time high temperature on the
thermal damage characteristics of granite was analyzed using
scanning electron microscopy (SEM). These comprehensive
experimental studies provided knowledge of the underlying
mechanisms of thermally induced damage in the geothermal
reservoir rocks. The results of the testing were compared to
results obtained for similar work carried out on quenched
granite, which highlights the variability in the response of
granite to real-time high temperatures. The research results
could be of great significance for understanding the thermal
damage and mechanical behavior of HDR mining.

2. Test Preparation and Process

2.1. Rock Description and Sample Preparation. For the pres-
ent study, granite samples were collected from Miluo Village
of Hunan Province, China. Initial granite samples are uni-
form and complete, with uniform texture, and no visible
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defects were observed on the rock surface. The dimensions
of the samples are 38mm in diameter and 76mm in length.
The surface was polished smooth, and the height, diameter,
and flatness all met the requirements. The parallelism was
controlled within ±0.05mm and the surface flatness was
controlled within ±0.02mm, which satisfied the standards
of the International Society of Rock Mechanics and Rock
Engineering (ISRM) [26]. The natural density and porosity
of granite samples are 2.62 g/cm3 and 0.92%, respectively.
The mineral compositions were analyzed by X-ray diffrac-
tion, and the results show that the main mineral compo-
nents are albite (34%), biotite (31%), potash feldspar
(21%), quartz (13%), and plagioclase (1%).

2.2. Experimental Equipment and Testing Procedure. In this
study, a computer-controlled universal testing machine was
used to study real-time high-temperature uniaxial compres-
sion tests of granite. As shown in Figure 1, the test equip-
ment is composed of a reaction frame, a high-temperature
fixture, a high-temperature furnace, and two displacement
sensors (LVDTs). The reaction frame is made of alloy steel
and the system has an axial force capacity of 300 kN, which
can ensure that the overall stiffness of the testing machine
meets the test requirements. The high-temperature fixture
is located in the high-temperature furnace with the maxi-
mum heating temperature of 1200°C. The granite sample
was placed in the center of the high-temperature fixture to
ensure that the center of the sample was under pressure.
Granite samples were heated in the furnace at atmospheric
pressure with a rate of 5°C/min until the prescribed temper-
ature was reached. The heating temperature was held for 2 h
to achieve stabilization of the temperature throughout the
samples, in order to reduce the effect of the thermal gradient
inside the samples and to ensure that the cracking process
was induced merely by the temperature effect. Uniaxial com-
pression tests of granite were carried out under the condition
of constant target temperature. The granite sample was
loaded using the displacement control method. The axial
strain was measured by two displacement sensors (LVDTs).
The difference between the two displacement sensor
(LVDTs) measurements was not significant. This difference
was mainly attributed toward that the sample was not
completely parallel to the main direction of the axial stress
at the time of installation. Installation errors were eliminated

using average values. At least three samples were taken for
each working condition to ensure the accuracy of the test.

3. Results and Discussion

3.1. Macroscopic Failure Mode. Figure 2(a) shows the macro-
scopic failure mode of granite after the uniaxial compression
test at real-time high temperature. Granite exhibits an X-
shaped conjugate inclined plane shear failure. The angle
between the failure surface and the load axis is the conjugate
shear fracture angle (β). Figure 2(a) also shows that the
granite samples are thorough and serious. The area affected
by the end effect of the granite sample has many minor
extensile cracks at both ends of the sample and the junction
of the shear cracks. The middle of the granite sample pre-
sents an X-type shearing fracture along the axial loading
direction, and its macroscopic cracks are diagonally through
[27, 28]. The damage surface is rough. The granite samples
are broken down to a number of little pieces at the end of
the tests. As shown in Figure 2(b), with the increase of tem-
perature, the surface color of granite samples gradually
changes from gray-blue to gray-white. The main reason for
this color change is oxidation of biotite and K-feldspar min-
erals at high temperature. The obvious oxidation of ferrous
compounds of these minerals is found in black mica and
potassium feldspar minerals [13, 29, 30].

3.2. Microstructure of Fracture Surface. Figure 3 presents the
microcrack morphology of the granite after uniaxial com-
pression test under real-time high-temperature conditions
by scanning electron microscope (SEM), and the red dotted
line indicates the microcracks. Figure 3 shows that high tem-
perature has a significant effect on the expansion of cracks in
granite. At 25°C, a few initial cracks are observed in the frac-
ture plane of the granite sample (Figure 3(a)), indicating that
the fracture surface of the granite mineral grains in the initial
state, the crystal grains remain in tight contact and have
almost complete microstructure. When the temperature
increases to 200°C, although a few initial grain boundaries
and cracks can be observed, the relatively weak grain bound-
ary cementation produces a small amount of grain boundary
cracks with small length and small pore size. Most of the
grain boundaries remain undivided in this temperature
(Figure 3(b)). Below 300°C, no transgranular cracks occur
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Figure 1: Microcomputer-controlled electronic universal testing machine.
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in granite samples [20]. When the temperature exceeds
300°C, the number of grain boundary cracks increases grad-
ually, the length and aperture of grain boundary cracks
increase accordingly, and some grain boundary cracks begin
to connect. At 400°C, the fracture aperture of intercrystalline
cracks increases significantly (Figures 3(c) and 3(d)) [14, 31].
When the real-time temperature is 500°C, the length and
width of intracrystalline cracks and intergranular cracks had
been increasing as the temperature increases, and the transgra-
nular cracks become increasingly obvious (Figure 3(e)). The
quartz undergoes the transition in the crystal structure from
α type to β type at 573°C [32]. At temperatures above 600°C,
a large number of transgranular cracks appear on the fracture
plane, and many crystals are segmented into small cellular
structures by transgranular cracks (Figures 3(f) and 3(g)).
The internal cracks in granite expand from intergranular
cracks to transgranular cracks with the increase of tempera-
ture. Further, widely propagated larger cracks arise at the
quartz-quartz and quartz-feldspar grain boundaries. The
microfracture zone is composed of the main crack and inter-
secting branch cracks [33, 34]. Under the coupling effect of
high temperature and stress, macroscopic cracks are formed,
which led to the rapid deterioration of the macroscopic
mechanical properties of granite.

3.3. Stress-Strain Curve. The typical stress–strain curves
obtained from the real-time high-temperature uniaxial com-
pression tests are shown in Figure 4. Figure 4 also shows that
the stress-strain curves of the granite uniaxial compression
test under real-time high temperature and different loading
rates undergo the compaction stage, the linear elastic stage,
the yield stage, and the failure stage [35]. In the initial com-
paction stage, the curve shows a “downward concave” non-
linear increase under the action of low load, and the
microcracks in the granite gradually close under the action
of pressure [36, 37]. As the temperature increases, the longer
the compaction stage of the stress-strain curve [38–40]. In
the linear elastic stage of the stress-strain curve, the micro-
cracks expand stably, and the slope of the curve decreases
with the increase of temperature. In granite from the yield
phase of the curve to the failure phase of the curve, the gran-
ite changes from elastic deformation to plastic deformation
with the increase of axial pressure, and the internal fissure

expands continuously [41, 42]. In the failure stage, the
stress-strain curves display the granite to reach the peak
stress and then the stress suddenly decreases. Cracks develop
rapidly, forming a macroscopic fracture surface, and the
internal structure is destroyed and completely losing the
bearing capacity. Between 25 and 500°C, the stress-strain
curve shows that the failure mode of the granite is abrupt
instability. Granite has typical brittle failure characteristics.
The temperature increases from 600 to 700°C, and the plas-
tic properties of granite increases, whereas the brittle proper-
ties decrease with increase in temperature. The stress-strain
curves have obvious ductile deformation characteristics.
For the granite sample, the strain variation increases from
the yield point to peak pressure, and the time for the growth
of internal cracks to breakdown gets longer. Figure 4 also
shows that the process from the yield point to the peak
strength is accompanied by an obvious nonlinear behavior.
This is due to the high temperature causing the gradual
transformation of quartz and feldspar in granite from brittle
microcracks to a wider fragmented flow zone. The failure
mode of granite becomes from brittle failure to ductile fail-
ure and presents the characteristics of semibrittle flow failure
[42–44].

3.4. Uniaxial Compressive Strength (UCS). As shown in
Figure 5, the UCS of granite shows a variation pattern of
increasing and then decreasing with the increase of temper-
ature. The UCS of granite increases significantly with
increasing temperature from 25 to 200°C. The enhance-
ment of biotite particles is the main reason for the rein-
forcement in mechanical properties under the effect of
high temperature. At the same time, the mineral particles’
volume expansion causes intergranular contact compaction,
resulting in increased mutual attraction and cohesion
between minerals [37, 45]. The UCS decreases continuously
with increasing temperature between 300 and 600°C. This is
due to the uneven thermal expansion of the mineral parti-
cles with different thermal expansion coefficients in granite,
leading to the continuous expansion of cracks [32]. As the
temperature rises, the cohesion continues to decrease [45].
Furthermore, the loss of adhered water, bound water, and
structural water leads to the damage of mineral crystalline
structure [46, 47]. At 573°C, the α-type to β-type transition
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Figure 2: Macroscopic failure morphology of granite samples. (a) Failure morphology of the granite sample in the uniaxial compression test.
(b) Color change and failure morphology of granite samples under different real-time high temperatures.

4 Geofluids



SED 20.0 kV ⨯1,000 10 𝜇m

Initial crack

(a)

Grain boundary crack

SED 20.0 kV ⨯1,000 10 𝜇m

(b)

Grain boundary crack

SED 20.0 kV ⨯1,000 10 𝜇m

(c)

Grain boundary crack

Intergranular cracks

SED 20.0 kV ⨯1,000 10 𝜇m

(d)

Intergranular cracks

Intercrystalline cracks

SED 20.0 kV ⨯1,000 10 𝜇m

(e)

SED 20.0 kV ⨯1,000 10 𝜇m

(f)

Intergranular cracks

Intracrystalline cracks

Small cellular structures

SED 20.0 kV ⨯1,000 10 𝜇m

Transgranular cracks

(g)

Figure 3: SEM images of the granite fracture surface at different real-time high temperatures: (a) 25°C; (b) 200°C; (c) 300°C; (d) 400°C; (e)
500°C; (f) 600°C; (g) 700°C.
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in the quartz crystal structure leads to microstructural rear-
rangement [48]. The extension of the crack in the quartz
region increases significantly, forming a good crack net-
work, leading to a rapid increase in structural failure [12,
49, 50]. Above 600°C, the number of cracks remains con-
stant, without forming new cracks, and the length and
width of the cracks gradually increase with continuous
loading of the axial load [40]. The UCS of granite shows
a slight decrease.

As shown in Figure 5, the UCS of granite for three differ-
ent loading rates (0.01, 0.1, and 0.5mm/min) shows the sim-
ilar general trend with increasing temperature. The UCS of
granite hardly changes with increasing loading rate, indicat-

ing that loading rate has not significantly influenced granite
strength [33]. Compared to the other two loading rates (0.01
and 0.1mm/min), at the loading rate of 0.5mm/min, the
UCS of granite is greater from 25 to 200°C, and the UCS is
smaller in the range of 200 to 600°C. Between 600 and
700°C, a similar decreasing trend of UCS is observed for all
three loading rates of granite. Under the loading rate of
0.5mm/min, the UCS increases in the range of 25 to
200°C, which is due to the fact that the distance between
individual mineral interfaces decreases more rapidly, result-
ing in the increase of cohesion. When the temperature
exceeds 300°C, the higher the loading rate, the stronger the
sliding of the various mineral particles, and the faster the
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Figure 4: Stress-strain curves of granite under uniaxial compression at real-time high temperature: (a) 0.01mm/min; (b) 0.1mm/min; (c)
0.5mm/min.
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crack expansion produces secondary cracks and branches of
the crack, accelerating the formation of internal defects [51].
As shown in Figures 3(d)–3(g), the length and width of
intracrystalline and intercrystalline cracks in the granite
increase greatly as the temperature increases from 400 to
700°C [52]. At 600°C, the amount of quartz has a significant
effect on thermally induced microcracks due to the particu-
larity of its thermal expansibility. Microcracks are growing
into one other, creating a mesh of microcracks. Between
600 and 700°C, the brittle to plastic transition of granite
occurs within this temperature range. Ductile properties
dominate granite damage at high temperatures [53]. The
increase in the loading rate has no obvious effect on crack
propagation [54], and the UCS is almost unchanged.

3.5. Elastic Modulus. In this study, the tangent modulus in
the elastic region of the stress–strain curve (approximately
40 to 60% of the peak strength in the experiments) is
defined as the elastic modulus [22]. As shown in Figure 6,
the elastic modulus of granite under real-time high temper-
ature shows an overall decreasing trend with increasing
temperature. In the range of 25 to 200°C, the mineral par-
ticles of granite are compacted, the microstructure is
slightly damaged, and the elastic modulus hardly changes.
The elastic modulus gradually decreases when the tempera-
ture is between 300 and 500°C, and the trend of the elastic
modulus is similar to the trend of the UCS. When the tem-
perature exceeds 600°C, microcracks are growing into one
other, creating a mesh of microcracks, and the porosity
continue to increase, resulting in no significant change in
elastic modulus [30, 54].

Figure 6 shows that the elastic modulus variation with
increasing temperature follows the similar tendency for all
three different loading rates (0.01, 0.1, and 0.5mm/min) of
granites. Under the loading rate of 0.5mm/min, the elastic
modulus of granite increases in general. In the range of 25

to 500°C, the cracks in granite dominated by axial load have
a lower degree of expansion and fewer numbers than those
under low loading rate, resulting in an overall increase of
elastic modulus. When the temperature exceeds 600°C, the
increase in the loading rate has no effect on the elastic
modulus.

4. Further Discussions

4.1. Comparison of Mechanical Properties of Real-Time High-
Temperature Granite and Quenched Granite. Figure 7 shows
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the trend of normalized peak strength versus test tempera-
ture curves for granite at real-time high temperature and
granite after high-temperature quenching. Between 25 and
200°C, the UCS of granite samples increases significantly
with the increase of temperature. Between 200 and 500°C,
the UCS decreases greatly with increasing temperature.
When the temperature exceeds 600°C, the UCS decreases
slightly with increasing temperature. The UCS increases sig-
nificantly at 200°C. Beyond 300°C, the high temperature
leads to uneven thermal expansion of the mineral particles
and the thermal cracks gradually expand with increasing
temperature [9]. At this time, the thermal crack creation
has a significant effect on the UCS of granite samples. Com-
pared with the granite samples after high-temperature
quenching, there is no uneven stress field and cooling
shrinkage [55]. Due to the propagation of the thermal
cracks, the internal microstructure of granite is destroyed,
leading to a gradual decrease in the UCS of granite samples
within the temperature range of 300 to 500°C. Beyond
600°C, the UCS of granite samples decreases under real-
time high-temperature conditions. This can be attributed
toward the absence of thermal hardening effect in the gran-
ite, which results in a higher degree of crack expansion and a
larger number of cracks [56], and the UCS decreases more
clearly. After high-temperature quenching, the UCS of gran-
ite samples increases from 25 to 500°C. The UCS decreases
significantly after the temperature reaches 500°C. Between
25 and 500°C, the strength of the outer surface of quenched
granite increases rapidly, while the mineral particles do not
cool synchronously with the outer surface of quenched gran-
ite. The strong temperature gradient results in high local
thermal stress, resulting in the nonuniform local plastic
strain field, which inhibits thermal crack propagation. The
cohesion of granite samples increases, and the internal
shrinkage occurs sharply, which has an obvious thermal
hardening effect; the UCS of granite samples increases
[15]. Above 500°C, a large number of thermal cracks occur
and the cohesion of the material decreases significantly,
resulting in a significant decrease in the UCS of granite
samples.

Figure 8 shows the trend of normalized elastic modulus
versus test temperature curves for granite at real-time high
temperature and granite after high-temperature quenching.
When the temperature is between 25 and 500°C, the elastic
modulus of granite samples decreases greatly with increas-
ing temperature. When the temperature reaches 500°C, the
elastic modulus of granite samples decreases slightly under
real-time high-temperature condition. The degree of prop-
agation of cracks in granite under real-time high-
temperature loading increases with increasing temperature,
resulting in the destruction of microstructure and the
decrease of elastic modulus. Compared with the granite
sample after high-temperature quenching, there is no
strong temperature gradient in the sample to inhibit the
propagation of thermal crack [19]. The elastic modulus of
granite samples after high-temperature quenching is simi-
lar to the trend of UCS. It increases rapidly between 25
and 500°C and decreases rapidly when the temperature
reaches 500°C.

4.2. Granite Fracturing Mechanism under Real-Time High
Temperature. The thermal cracking behavior of granite at
high temperature and high pressure is the key to the perfor-
mance of HDR geothermal reservoir extraction system [23].
During hydraulic fracturing, the fracturing fluid is pumped
into the wellbore to increase the pressure at the bottom of
the well. With the injection of fracturing fluid, the pressure
increases until the rock breaks and produces cracks, as
shown in Figure 9(a). At the same time, the injection of frac-
ture fluid causes the solid skeleton to shrink in both trans-
verse and vertical directions. The cooling contraction strain
increases over time and remains maximum near the injec-
tion well. This phenomenon is similar to the thermal hard-
ening effect of quenched granite [23]. The coupled
behavior of real-time high temperature and loading rate is
controlled by the characteristic difference between the fluid
and the rock matrix. Fluid heat transfer occurs in rock
matrix and cracks by convection and conduction. The ther-
mal depletion of the rock matrix is limited to the vicinity of
the injection well. As the heat transfer between the fluid and
the rock matrix completes, a thermal equilibrium state is
formed that causes cracks to continue to grow along the
weak interface [57]. Under real-time high-temperature con-
ditions, thermal cracking occurs when the thermal stress
exceeds the grain bearing capacity of the granite. Under
low-pressure conditions, the difference in the thermal
expansion of adjacent minerals is considered to be high-
temperature thermal damage to granite. However, under
high-temperature and high-pressure conditions, thermal
cracking occurs both between adjacent grains (intergranular
thermal stress) and within grains (intragranular thermal
stress) [52]. According to the microscopic morphology of
the granite fracture plane, fractured cracks can extend in a
wide range along the weak plane structure, and the weak
plane structure can form a natural and efficient water chan-
nel. It provides excellent geological conditions for the
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Figure 8: Normalized elastic modulus versus test temperature
curves for granite at real-time high temperature and granite after
high-temperature quenching.
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construction of large-volume artificial reservoir and effec-
tively forms large-volume artificial geothermal reservoirs,
as shown in Figure 9(b). However, previous studies have
shown that the pumping rate during hydraulic fracturing
has little effect on the formation of cracks in HDR geother-
mal formations. The main factors that affect the formation
of cracks are geological characteristics such as stress and ini-
tial cracks [33]. This is consistent with the effect of the load-
ing rate on the physical and mechanical properties of granite
at the real-time high temperature.

5. Conclusions

In this study, uniaxial compression tests were carried out on
granite at different real-time high-temperature conditions
(25, 200, 300, 400, 500, 600, and 700°C) and loading rates
(0.01, 0.1, and 0.5mm/min). The tests showed that granite
has significant thermal damage and mechanical behavior at
real-time high temperature. It is found that microcracks
occur in granite under real-time high temperature, grain
boundary cracks gradually evolve into transgranular cracks,
and the extension of microcracks is related to mineral com-
position and microstructure. The macroscopic cracks
formed under the coupling effect of high temperature and
stress can lead to rapid deterioration of the macroscopic
mechanical behavior of granite. From 25 to 200°C, the
UCS and elastic modulus of granite increase significantly.
When the temperature is between 200 and 500°C, the ther-
mal cracks continue to expand with increasing temperature,
and the UCS and elastic modulus of granite gradually
decrease with the increase of temperature. The UCS and
the elastic modulus have no obvious changes after 500°C.
Compared to the other two loading rates (0.01 and

0.1mm/min), at the loading rate of 0.5mm/min, from 25
to 200°C, the UCS and elastic modulus of granite are greater.
In the range of 200 to 600°C, the UCS is smaller, and the
elastic modulus is greater. Between 600 and 700°C, the
UCS and elastic modulus of granite with three loading rates
are basically similar. However, the tests showed that the UCS
and elastic modulus of granite under real-time high temper-
ature are weakly dependent on the loading rate overall. The
results of the testing were compared to results obtained for
work carried out on quenched granite; it is found that the
UCS and elastic modulus are only affected by the thermal
crack.
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