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Investigating the mechanical behavior and microstructural evolution of granite under high tempera-
tures is crucial for optimizing fracturing strategies and ensuring reservoir sustainability in enhanced
geothermal systems (EGS) at the Qiabugia geothermal field, China. This study conducted triaxial
compression tests on granite from the Qinghai Gonghe Basin under temperature from 25 °C to 300 °C,
examining the effects of temperature and confining pressure on the mechanical properties and energy
evolution of the granite. Additionally, X-ray diffraction (XRD) analysis and nanoindentation tests were
employed to assess changes in micro-mechanical properties and mineral compositions. Furthermore,
fracture mechanics principles, incorporating thermal stress effects, were utilized to calculate the
initiation pressure of reservoirs at an engineering scale for geothermal development in the Qinghai
Gonghe Basin. The results indicate that the compressive strength and elastic modulus of Gonghe granite
increase with temperature up to 200 °C due to the enhancement of mineral mechanical properties and
thermal densification, but significantly decrease at 300 °C due to thermal damage and fracture prop-
agation. Energy analysis reveals that the granite undergoes a transition from brittle to ductile behavior
under high-temperature conditions. The proportion of energy dissipation during deformation increases
with temperature. The increased proportion of quartz, coupled with its high thermal expansion coef-
ficient and elastic modulus, generates intense thermal stress at the interfaces between quartz and
adjacent minerals. The development and propagation of transgranular fractures around quartz are
critical factors influencing the macroscopic mechanical properties of granite. This study provides a good
understanding of the effects of high temperature on granite performance and its engineering signifi-
cance in reservoir development, emphasizing the role of thermal stress in reducing fracturing pressure
and promoting fracture propagation.
© 2026 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

1. Introduction

garnered widespread global attention (Breede et al., 2013; Pan
et al., 2019). Hot dry rock (HDR), a form of geothermal energy, is

Geothermal energy, a clean and renewable energy source, has considered a major direction for future energy development due to

its high energy storage potential and environmental friendliness.
In recent years, the Qinghai Gonghe Basin in China, with its unique
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geological characteristics and abundant thermal reservoir re-
sources, has become a focal area for HDR research and develop-
ment. Among these, the Qiabugia geothermal field stands out as a
representative site, characterized by a high geothermal gradient
and thermal flux values, harboring high-quality HDR resources
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(Hou et al., 2024). This distinctive geological setting provides a
solid foundation for geothermal energy development in China
while posing greater challenges for understanding the mechanical
behavior of reservoir rocks and the propagation of thermally
induced fractures. Therefore, an investigation of the macroscopic
mechanical properties and microstructural evolution of HDR
reservoir rocks in the Qinghai Gonghe Basin under high-
temperature conditions, as well as an exploration of thermal
stress and its influence on internal fracture propagation, is critical
for understanding and optimizing fracturing and extraction stra-
tegies for high-temperature HDR.

Extensive research has focused on the mechanical properties of
granite under different temperature treatments, including uniaxial
compressive strength (Chen et al., 2012), triaxial compressive
strength (Yin et al., 2022), elastic modulus (Sha et al., 2020), and
fracture toughness (Chu et al., 2024). In addition to conventional
static testing methodologies, Dang et al. (2022) developed a
multifunctional dynamic shear apparatus, providing technical
support for investigating the behavior of deep-seated rocks under
coupled shear-flow and dynamic disturbance. Moreover, machine
learning methods have been used to predict the mechanical
characteristics of rocks (Le et al., 2022; Asteris et al.,, 2024).
However, these studies have yielded different conclusions. Wu
et al. (20193, b) observed that elevated temperatures lead to
degradation of the mechanical parameters, with the degree of
degradation becoming more pronounced at higher temperatures.
Other researchers found that the mechanical properties of granite
generally do not degrade until it is heated to 200-400 °C, and may
even increase (Yang et al., 2017; Qin et al., 2020; Hu et al., 2023).
However, at higher temperatures, these properties begin to
decline, with granite's brittleness first increasing and then
decreasing. The threshold temperatures identified in these studies
vary significantly. The lithological differences in granite from
various regions limit the applicability of these research findings to
a specific geothermal reservoir. For instance, in the Qinghai
Gonghe Basin, the HDR in the Qiabugia geothermal field has a
unique geological setting. Due to prolonged exposure to deep
magmatic heat conduction and tectonic stress, the granite reser-
voir in this region is different from granite in other regions. To
meet the practical demands of HDR development in the Qinghai
Gonghe Basin, it is imperative to conduct systematic research on
the mechanical properties of granite from this region under high-
temperature conditions.

Characterizing the effects of heat on the minerals of granite at
the microscale is crucial for better understanding its correspond-
ing macroscopic mechanical behavior. As granite is a complex and
heterogeneous composite material, its macroscopic mechanical
behavior is determined by its constituent minerals (Vazquez et al.,
2015). Many researchers have employed nanoindentation tests to
investigate the micro-mechanical behavior of granite. Liu et al.
(2023) used nanoindentation techniques to explore the micro-
mechanical properties of granite minerals and their interfaces,
and suggested that the Young's modulus and hardness of quartz,
potassium feldspar, and plagioclase decrease with increasing peak
loads. Xie et al. (2024a) analyzed the fracture toughness of granite
containing natural fractures using an energy-based method with
nanoindentation. Moreover, some researchers have examined the
relationship between mineral mechanical properties and tem-
perature. Maruvanchery and Kim (2020) investigated the reduced
modulus and hardness of major minerals within rocks, such as
quartz, calcite, plagioclase, and potassium feldspar, under high
temperatures. Mo et al. (2022) studied the micro-mechanical
properties of minerals in Gonghe granite during heating-cooling
cycles and concluded that the reduced modulus and hardness of
quartz, the primary constituent mineral, decrease during the
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heating process and subsequently increase during the cooling
phase. However, existing studies have predominantly focused on
the degradation behavior of mechanical parameters at either the
macroscopic or the microscopic scale in isolation, and the inter-
relationship among macroscopic mechanical response, the evo-
lution of microscopic physico-mechanical properties, and energy-
dissipation mechanisms remains inadequately explored.
Throughout the entire rock-failure process, the patterns of energy
input and dissipation directly reflect the evolution of internal
damage and the mechanisms governing the brittle-to-ductile
transition. Moreover, in Enhanced Geothermal System (EGS) op-
erations, thermally induced stresses arising from temperature
differentials can markedly reduce the fracture toughness of rock,
thereby lowering the breakdown pressure. Current theoretical
models for predicting reservoir breakdown pressure fail to
adequately quantify thermal stress.

Therefore, this study investigates granite from the Gonghe
Basin, Qinghai Province, China, through a series of triaxial
compression tests performed at elevated temperatures
(25-300 °C) and varying confining pressures. These tests were
complemented by X-ray diffraction (XRD) mineralogical analyses,
nanoindentation measurements, and scanning electron micro-
scopy (SEM) microstructural observations to systematically
elucidate the influence of temperature on the granite's macro-
scopic mechanical behavior, energy evolution pathways, and
microstructural thermal damage mechanisms. Finally, integrating
the experimental results with fracture mechanics theory, a pre-
dictive model for reservoir fracture initiation pressure accounting
for thermal stress effects was established.

2. Experimental set-up
2.1. Sample preparation

The granite used in this study was sampled from the Gonghe
Basin, Qinghai Province, China (Fig. 1a). The granite in this region
primarily belongs to the Indosinian granite of the Gonghe Basin.
The Gonghe Basin is the first area in China. In the Qiabugia
geothermal field, heat from deep magmatic bodies is transferred to
shallower granite through concealed faults, while the thick Qua-
ternary sedimentary layers above inhibit heat dissipation, result-
ing in shallow-buried, high-grade HDR resources (Gao et al., 2018).
The GR1 HDR exploration borehole has a depth of 3705 m and a
bottom-hole temperature of 236 °C, representing the highest
temperature HDR resource currently drilled in China. In this study,
granite outcrops are sampled near the Gouhou Reservoir, adjacent
to the Qiabugia geothermal field (Fig. 1b). The sampled granite is
medium-to-coarse-grained, grayish-white granite, containing pre-
existing natural fractures caused by geological tectonic move-
ments and water erosion. The lithological composition and for-
mation age of the samples are consistent with the granite exposed
in the GR1 borehole of the Gonghe Basin. The samples were pro-
cessed into standard cylindrical specimens with dimensions of
50 mm x 100 mm (diameter x height) according to ISRM stan-
dards. To minimize the anisotropy of Gonghe granite and reduce
the dispersion in experimental results, longitudinal wave veloc-
ities were measured, and samples with similar wave velocity re-
sults were selected for the experiments. The basic physical
properties of Gonghe granite are shown in Table 1.

2.2. Testing procedure
Considering the defined temperature range for HDR and the

bottom-hole temperatures of geothermal wells currently drilled in
China, the selected treatment temperatures for this experiment
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Fig. 1. (a) Overview of the Qinghai Gonghe Basin (modified after Lei et al. (2019)), and (b) granite outcrop near the Qiabugia GR1 geothermal well.

Table 1

The basic physical properties of Gonghe granite.
Density (kg/m?) P-wave velocity (m/s) Porosity (%) Thermal conductivity (W/(m K))
2679.09 5112.24 0.42 2.66

were 100 °C, 200 °C, and 300 °C, with natural-state granite used as
the control group. The heating rate was set at 5 °C/min, and once
the target temperature was reached, it was maintained for 6 h,
followed by natural cooling to 25 °C under ambient conditions. To
characterize the effects of temperature on the mechanical prop-
erties of granite and analyze the microscopic mechanisms of
thermal damage, a series of experiments are conducted on the
granite samples (Fig. 2).

(1) Uniaxial compression and triaxial compression tests were
first conducted on granite samples using the GCTS electro-
hydraulic servo rock mechanics testing system. At the start
of the experiment, confining pressures of 5 MPa, 10 MPa,
20 MPa, 30 MPa, and 40 MPa were applied at a rate of 1 MPa/
min.
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(2) Axial strain control was then employed at a rate of 0.001 %/
min until specimen failure occurred. To characterize the
effects of thermal damage at the microscale, XRD test was
conducted to reveal the variation in mineral content of the
samples with temperature.

(3) Nanoindentation technology was employed to characterize
the micromechanical properties of minerals under different
temperature conditions. During the testing process, the EDS
method was used to identify the mineral composition
within the granite, and SEM was applied to observe the
morphological characteristics of thermally induced
fractures.

(4) Surface images of the granite were captured using the op-
tical microscope integrated with the PI890 indentation in-
strument, and these images were combined with the EDS
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Fig. 2. Experimental testing procedure used in this study.

mapping from the electron microscope to precisely deter-
mine the location of the target mineral for indentation.

(5) The probe was brought into contact with the selected min-
eral, and nanoindentation tests were performed with a
loading rate of 10 mN s~ To enhance the reliability and
representativeness of the results, at least three indentation
experiments were conducted on each of the four represen-
tative minerals in the granite.

3. Results
3.1. Mechanical properties

3.1.1. Stress-strain curve

Fig. 3 illustrates the full stress-strain curves of Gonghe granite
under different temperatures and confining pressures. The stress-
strain curves can be divided into the compaction stage, elastic
stage, stable fracture propagation stage, unstable fracture propa-
gation stage, and post-peak stage. Fig. 3a displays the complete
stress-strain curves of Gonghe granite under different tempera-
tures. It reveals that as temperature increases below 200 °C, the
curves exhibit upward shifting, indicating that the peak strength of
granite gradually increases with rising temperature, accompanied
by a slight increase in peak strain. However, when the temperature
reaches 300 °C, the curves shift downward and to the right, sug-
gesting a significant increase in peak strain and a clear degradation
in peak strength. Moreover, as shown in Fig. 3b—e, with an increase
in confining pressure, both the peak strength and axial peak strain
increase significantly. The slope of the elastic stage generally in-
creases with higher confining pressure, indicating a gradual in-
crease in elastic modulus; however, the rate of increase diminishes
progressively.

In the first stage, as the temperature increases, the nonlinear
behavior of the compaction phase decreases before 200 °C. Beyond
200 °C, the compaction phase becomes significantly prolonged. This
indicates that the rise in temperature up to 200 °C promotes the
gradual closure of initial pores and microfractures within the granite,
at 200 °C-300 °C, thermal damage leads to the development and
propagation of internal fractures (Fig. 3a). With increasing confining
pressure, the nonlinear behavior of the compaction phase progres-
sively weakens. During the elastic stage, as the temperature rises, the
linearity of the stress-strain relationship initially strengthens and
then deteriorates. This suggests that the ability of granite to resist
deformation improves with increasing temperature up to a certain
point, but diminishes as thermal damage intensifies at higher tem-
peratures. In the third stage, as the temperature increases, the slope
of the axial stress-strain curve slightly increases before 200 °C, and
the linearity of the circumferential strain improves, with strength
gradually increasing. This indicates a strain-hardening behavior.
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However, at 200 °C-300 °C, as the temperature rises, internal pores
and fractures continue to develop and coalesce, causing the axial
stress-strain curve to deviate from linearity, with a reduction in peak
strength, exhibiting a clear strain-softening behavior. In Fig. 3b-e,
granite exhibits minimal circumferential expansion deformation
before reaching the yield point, displaying distinct brittleness. Upon
yielding and failure, circumferential strain increases rapidly,
demonstrating significant plastic flow. At 300 °C, the length of the
yield plateau in the granite is noticeably longer than at other tem-
peratures, indicating that granite at 300 °C transitions gradually
from brittle to plastic behavior. Furthermore, as the confining pres-
sure increases, both axial and hoop strains at failure also increase
(Fig. 3b—e). High confining pressure suppresses the rapid, unstable
propagation of macroscopic fractures, allowing more microcrack
development and plastic flow. This manifests as greater pre-peak
strain and enhanced post-peak deformability. These observations
indicate that increased confining pressure improves the deform-
ability of the granite. By contrast, when temperature rises, the axial
and hoop strains at failure remain insensitive, suggesting that under
triaxial compression, the deformation of granite is governed pri-
marily by confining pressure rather than by temperature.

3.1.2. Mechanical characteristic parameters

Fig. 4a presents the variation of triaxial compressive
strength(sp) of granite under different temperatures as a function
of confining pressure. At a constant confining pressure, o}, exhibits
a pattern of initially increasing and then decreasing with rising
temperature, with 200 °C as the threshold temperature for oy,.
When the treatment temperature is below this temperature, the
thermal expansion of minerals induces the closure of internal
pores and fractures—a process known as thermal densifica-
tion—which in turn enhances the overall compactness of the
granite. Furthermore, certain minerals undergo lattice adjust-
ments, resulting in a slight increase in mineral hardness, which
slightly strengthens the overall strength of the granite. When the
treatment temperature exceeds the threshold temperature, due to
the anisotropy of granite, the varying thermal expansion co-
efficients of different minerals cause mismatched thermal de-
formations, generating thermal stresses that disrupt the bonding
forces between minerals. This results in development and propa-
gation of the fractures, which macroscopically manifests as a
deterioration of &,. Moreover, op subjected to 300 °C heat treat-
ment is lower than that of untreated samples. Additionally, at the
same temperature, the difference in o, of rock samples treated
under varying thermal conditions gradually decreases. Granite
strength is primarily influenced by temperature under low
confining pressures, while under high confining pressures, it is
predominantly governed by the confining pressure.

Fig. 4b illustrates the variation of the elastic modulus (E) of
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Fig. 3. The complete stress-strain curves of granite after various high-temperature treatments under different confining pressures. (a) 10 MPa confining pressure, (b) natural state,

(c) 100 °C, (d) 200 °C, and (e) 300 °C.

granite under different temperatures as a function of confining
pressure. It is observed that as the temperature rises from the
natural state to 200 °C, E of granite increases slightly. However,
when the temperature increases from 200 °C to 300 °C, E de-
creases rapidly, and this change is more pronounced under low
confining pressures. Additionally, as confining pressure increases,
E exhibits a nonlinear growth pattern, and the variation in E be-
comes smaller with increasing confining pressure, indicating that
the effect of temperature on E diminishes with higher confining
pressures. When the temperature reaches 200 °C, the thermal
stresses generated are insufficient to damage the bonding forces
between minerals. In fact, they may even enhance the bonding
between particles, while the release of free and bound water in-
creases the friction between grains, confirming that the strength of
granite improves within this temperature range. At 200 °C-300 °C,
thermal fractures gradually initiate and propagate, causing E to
decrease sharply.
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3.1.3. Stress characteristic strength

Accurately identifying the fracture closure stress (o), fracture
initiation stress (o¢), and fracture damage stress (ocq) is a pre-
requisite for geothermal reservoir exploitation. The .. marks the
end of the initial concave segment in the axial stress-strain curve,
which is primarily attributed to the closure of microfractures
within the granite. This value is determined using the axial strain
response (ASR) method (Peng et al., 2015). The o refers to the
critical strength at which fractures within the rock begin to
initiate. From this critical point onward, further fracture propa-
gation requires an increase in external load to drive the process,
making it the starting point of stable fracture propagation. The o;
is identified using the lateral strain response (LSR) method
(Nicksiar and Martin, 2012). The oq represents the point at which
many fractures within the rock become interconnected and
penetrate through the structure. At this stage, the volumetric
strain curve bends, and further fracture propagation and pene-
tration no longer require an increase in external force, signifying
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the onset of unstable fracture propagation. The o4 can be deter-
mined from the inflection point of the volumetric strain-axial
strain curve (Brace et al.,, 1966).

Table 2 illustrates the evolution of characteristic stress values
with temperature and confining pressure. It can be observed that
as the temperature increases, o and ocq gradually rise before
reaching 200 °C, after which they begin to decline rapidly at
300 °C. Furthermore, under higher confining pressures, the tem-
perature effect on o and o¢q is notably diminished compared to
lower confining pressures. Additionally, as confining pressure in-
creases, oq and ocq increase, indicating that application of
confining pressure facilitates the closure of thermal fractures,
thereby enhancing the overall load-bearing capacity of the granite.

Fig. 5a and b illustrates the stress threshold ratios of granite
under different temperature treatments. At the same confining
pressure, the oi/op ratio decreases initially and then increases with
rising temperature, whereas the oj/op and ocd/op ratios exhibit no
significant change before 200 °C, showing a slight increase, but
decrease at 300 °C. Before 200 °C, with rising temperature, the
fracture closure region and the region of unstable fracture prop-
agation expand, while the elastic deformation region and the
stable fracture propagation region shrink. The degree of fracture
development shows varying trends with increasing temperature.
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Table 2
Characteristic stress values of granite under different temperatures and confining
pressures.

T(°C) o3(MPa) oc (MPa) o (MPa) ocq (MPa) op (MPa) ocifop  ocdlop

25 0 49.269 141919 159.997 163.817 0.866 0.977
5 77.667 209370 212383 222397 0.941 0.955
10 61.167 207.057 233.467 254.897 0.812 0.916
20 73.622 275.745 316.858 327.514 0.842 0.967
30 68.068 279.64 331.583 376.732 0.742 0.880
40 89.048 336.663 348.622 410913 0.819 0.848
100 O 61.332 124208 154.246 174.165 0.713 0.886
5 54.657 207.252 214529 214994 0.964 0.998
10 74.725 141.280 249.545 275.155 0.513 0.907
20 84.487 306.541 330.638 337.082 0.909 0.981
30 56.683 287.758 311.713  372.885 0.772 0.836
40 97.920 217.784 302.885 418576 0.520 0.724
200 O 51.452 131.046 161.499 182.792 0.717 0.884
5 53.202 175417 237.075 248.188 0.707 0.955
10 66.185 233595 260.117 276.102 0.846 0.942
20 67.391 220905 295710 359.076 0.615 0.824
30 62.326 312.721 348.795  402.039 0.778 0.868
40 83.756 285277 361943 424446 0.672 0.853
300 O 46.449 100.226 116.540 131.905 0.760 0.884
5 51.716 135384 176.984 180.875 0.748 0.978
10 65.174 157.707 206.442 215.031 0.733 0.960
20 65.905 232,581 267.853 281.118 0.827 0.953
30 61.476 189.779  268.920  340.430 0.557 0.790
40 71.786 183.962 312.086 388.093 0.474 0.804
1.0 - -
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Fig. 5. Stress threshold ratios of granite under different temperature treatments.
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The reduction in the fracture closure region indicates that the rise
in temperature suppresses the development of pores and frac-
tures, leading to greater overall compactness of the granite.
Moreover, the expansion of the elastic deformation region sug-
gests an enhancement in the brittle characteristics of the granite.

The overall proportion of the stable and unstable fracture
propagation regions decreases because the thermal stress is
insufficient to significantly alter the internal mineral structure of
the rock. The thermal expansion of crystals is not enough to induce
the thermal fractures and may even lead to the closure of existing
pores and fractures. Additionally, the release of free and bound
water increases the friction coefficient between grains (Yang et al.,
2017), thereby enhancing the overall stiffness of the granite and
increasing the difficulty of fracture initiation. When the temper-
ature exceeds 200 °C, the increase in the fracture closure region
indicates that granite treated at higher temperatures has under-
gone more severe thermal damage. Beyond the threshold tem-
perature, as the temperature rises, the elastic deformation region
begins to shrink significantly, suggesting that the brittle charac-
teristics of granite weaken and gradually transition to plastic
behavior, with the deformation resistance of the matrix signifi-
cantly reduced. Furthermore, the increase in the stable and un-
stable fracture propagation regions within this temperature range
implies that when the temperature exceeds 200 °C, higher tem-
peratures lead to earlier fracture damage during loading. The de-
gree and rate of fracture damage also increase correspondingly
with the rise in temperature (Kumari et al., 2017).

3.1.4. Energy evolution patterns

During the loading process, rocks undergo energy input, stor-
age, dissipation, and release. The loading equipment primarily
provides energy input, which is stored in the rock as elastic strain
energy and gradually released during plastic deformation and
fracture development. As shown in Fig. 6, the energy evolution
curve can be divided into three stages:

(1) Compaction stage: The total absorbed energy (U), elastic
strain energy (Ue), and dissipated strain energy (Uy) all in-
crease slowly. Most of the external work is converted into U,
and stored within the rock, while the increase in Ugq is
minimal.

(2) Elastic stage: Both U and U, increase with deformation, with
U, rising rapidly, while U4 does no increase.

400 75— 2000
P,
Axial stress
Total strain energy 1
Elastic strain energy U o
300 | [— Dissipative energy 41500 E
=
5 B
= U, Z
7200 =4 1000 ©
4 o
5
chd Ud S
100 4500 .E
7
d
Ucd
0 L = L 0
0.0 0.2 0.4 0.6 0.8
Axial strain ratio (%)
Fig. 6. The relationship between U, U, and Uy with axial strain.
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(3) Fracture propagation Stage: Uq increases sharply, while the
growth rate of U. slows down and reaches its maximum
value at the peak strength.

Assuming that the total input strain energy of granite is
generated by the work done by the testing machine, and no heat
exchange occurs with the external environment during the entire
loading deformation process, the system can be regarded as a
closed system. According to the first law of thermodynamics, we
have

U=U. + Uy (1)
where U, represents the elastic strain energy density (kJ/m?), and
Uq denotes the dissipated energy density (kj/m>). Assuming the
rock is homogeneous and isotropic during the loading process, the
total strain energy that can be accumulated in a rock mass element
in the principal stress space is calculated by

€1 X3 €3
U= / G]d&‘] +/ 0'2d82 +/ 0'3d£3
0 0 0

where ¢4, 63 and o3 represent the first, second, and third principal
stresses of the rock mass, respectively (in MPa); and &1, &2 and &3
are the principal strains corresponding to the principal stresses of
the rock mass element. U, can be calculated using

(2)

1 1 1
Ue = 501€1 + 502€2 + 59363 (3)
According to Hooke's law, Eq. (3) can be rewritten as
1
Ue =5+ [ﬁ%ﬂ-f)%ﬂ-ﬂg—b(ﬁmz +0103 +ﬂ2ff3)] (4)
2E,

Under uniaxial compression conditions, Eq. (4) can be simpli-
fied as

1,

Ue = Eﬂl

(5)

Fig. 7a and b illustrates the variations in total strain energy U,
elastic energy U, and dissipated energy U4 of granite under
different confining pressures as a function of temperature. It can
be observed that U for granite gradually increases with tempera-
ture before reaching 200 °C. This is attributed to the macroscopic
increase in compressive strength with rising temperature, while
the peak strain remains relatively unchanged. Microscopically, the
thermal expansion effect causes the closure of some pores and
fractures, resulting in a denser internal structure of the granite,
thereby increasing its strength and stiffness, and allowing it to
store more energy. As the temperature continues to rise, at
200 °C-300 °C, thermal shock leads to the further expansion and
interconnection of pores and fractures, causing severe thermal
damage to the granite's structure. Consequently, the strength de-
creases significantly, and U shows a marked reduction.

To better contrast the effects of temperature on Ue and Uy,
Fig. 7c presents the variation patterns of the elastic strain energy
ratio Ue/U and the dissipated strain energy ratio Ug/U. Ue/U is
defined as the energy brittleness index By, (Hucka and Das, 1974),
which accounts for the combined influence of stress and strain. It
reflects the brittle characteristics of rocks before the peak load.
Therefore, By, is utilized to analyze the brittle-ductile transition
behavior of granite after high-temperature treatment. As shown in
Fig. 7c, before 200 °C, as the temperature increases, under a
confining pressure of 10 MPa, U,/U rises from 75.46 % to 78.16 %,
while Ug/U decreases from 24.54 % to 21.84 %. Within this tem-
perature range, the closure of microfractures occurs inside the
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Fig. 7. The variation patterns of U, U and Uy of granite with temperature. (a) o2 = 63 = 10 MPa, (b) 62 = 63 = 30 MPa, and (c) variation patterns of U./U and Uq/U with temperature.

granite, leading to an increase in elastic modulus. As a result, the
granite can store more elastic strain energy, making elastic strain
energy dominant and enhancing the brittle characteristics of the
granite. When the temperature continues to rise to 300 °C, under a
confining pressure of 10 MPa, Us/U decreases from 78.16 % to
57.62 %, while Uq/U increases from 21.84 % to 42.38 %. This is
attributed to the initial development of thermal fractures within
the granite. It shows that with increasing confining pressure, the
proportion of elastic strain energy stored in the granite decreases,
while the proportion of dissipated energy increases. This is
because the normal stress imparted by the confining pressure on
fracture surfaces during loading raises the energy required for
fracture propagation, thereby hindering fracture opening and
growth both along grain boundaries and through grains. As a
result, fracture propagation, damage, and localized plastic defor-
mation become more pronounced, causing fracture growth under
high confining pressure to dissipate more energy. The elevation of
confining pressure helps suppress the embrittlement effect
induced by high temperature, and the granite's behavior gradually
transitions from brittle to more ductile. Furthermore, it can be
observed from Fig. 7c that as the confining pressure increases, the
difference between Us/U and Uyq/U becomes smaller, and their
variation diminishes under higher confining pressures. This in-
dicates that higher confining pressures are conducive to storing
greater dissipated strain energy, significantly suppressing the
brittleness enhancement effect caused by the temperature in-
crease in granite.

The elastic strain energy and dissipated energy corresponding
to oce, o, and ocq are denoted as U, US;, USq, and U, US, Udy,
respectively. Fig. 8 illustrates the relationship between the pro-
portions of each energy characteristic value and temperature.
Before 200 °C, as the temperature increases, US./Ue gradually
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decreases, while Ug/Ue and Ugg/Ue show the opposite trend. When
the temperature rises to 300 °C, USC/ Uq increases rapidly, while Ug/
Ue and Ugy/U. begin to decrease. This is consistent with the vari-
ation patterns of stress characteristic values shown in Fig. 5a and b.
The reason is that before 200 °C, the thermal expansion effect
promotes the closure of microfractures, reducing pores and frac-
tures within the granite. This results in a denser structure, an in-
crease in E, and enhanced brittleness. At 300 °C, the internal
fractures in the granite gradually become interconnected, and E
begins to decrease significantly, leading to a reduction in the
proportion of energy storage during the fracture initiation and
damage stages. Furthermore, Ugc/Ud exhibits a trend of first
increasing and then decreasing with rising temperature, whereas
Ugi/Ud and Ugd/Ud show no significant changes before 200 °C.
However, at 300 °C, U%/Uq decreases significantly, while Ud/Uq
increases substantially. This indicates that under high tempera-
tures of 300 °C, the energy consumption for fracture initiation
decreases, while the energy consumption during the damage stage
increases. This suggests that the proportion of dissipated energy in
the plastic stage gradually grows. The reason lies in the fact that
when heated to 300 °C, the increased development of internal
fracture in granite leads to more severe pre-peak damage during
the loading process. Consequently, greater energy is released for
fracture development, propagation, and coalescence, resulting in
higher dissipated energy.

3.2. Microscopic experimental results

3.2.1. Mineral composition analysis

The mineral composition was identified and quantitatively
analyzed through XRD experiments. Granite block samples with
dimensions of 3 mm x 3 mm were tested, with the copper anode
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operating at a voltage of 40 kV and a current of 30 mA. Diffraction
patterns were recorded over a scanning angle range of
20 = 10°-80°, with a scanning speed of 5°/min and an interval of
0.02°/min. The XRD spectra of granite under different tempera-
tures are shown in Fig. 9a. The results indicate that granite is
primarily composed of quartz, potassium feldspar, albite, and
biotite, accounting for more than 80 % of the total mineral
composition. The positions of the diffraction peaks of the main
minerals showed no significant shifts or disappearance, suggesting
that the primary mineral components did not undergo funda-
mental changes. However, temperature variations influence the
mineral composition's quantitative content.

Fig. 9b compares the mineral composition ratios of granite after
thermal treatment at different temperatures. The results show
that in its natural state, Na-feldspar has the highest proportion in
granite, accounting for 66 %. As the temperature increases, the
proportion of Na-feldspar gradually decreases, while the propor-
tion of quartz increases steadily, reaching its highest level of 51.7 %
at 300 °C. Additionally, the content of K-feldspar first increases and
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Fig. 9. (a) Granite X-ray diffraction patterns, and (b) variation patterns of mineral
content proportions with temperature.

then decreases, with the threshold temperature of 150 °C. The
proportion of biotite exhibits a fluctuating trend, indicating that
the increase in temperature has little effect on the biotite content
before 300 °C.

3.2.2. Micromechanical properties

The nanoindentation test was employed to explore the evolu-
tion of the micromechanical properties of different minerals under
the influence of temperature. The mineral composition within
granite was primarily identified using the energy dispersive X-ray
spectroscopy (EDS) method, with the main mineral components
being quartz, biotite, K-feldspar, and Na-feldspar. During the
loading and unloading cycles (see Fig. 10), the load-displacement
curves are recorded to calculate the Young's modulus En and
hardness H of the minerals. E, primarily characterizes the stiffness
and elastic deformation capacity of minerals, reflecting the ease or
difficulty of deformation under external forces. H represents the
resistance of minerals to indentation or plastic deformation. The
specific calculation formulas are as follows:

Pmax
L (6)

hc = hrnax — £
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where Ppix is the maximum load; and S is the elastic contact
stiffness, obtained as the slope of the upper portion of the
unloading curve in the elastic stage. E; is the reduced modulus,
representing the combined modulus of the indenter and the test
material. Ej and v; are the elastic modulus and Poisson's ratio of the
diamond indenter, respectively. g is the correction factor for the
indenter. ¢ is a constant related to the shape of the indenter. hc is
the contact depth, and A is the projected contact area.

The Ern and H of the four main minerals are shown in Fig. 11. It
can be observed that quartz exhibits the highest E;, and H values
compared to the other minerals, as quartz has the smallest
indentation depth and residual depth. Biotite, on the other hand, is
relatively soft, exhibiting significant plastic deformation. When
the temperature increases from the natural state to 200 °C, the Ep,
of quartz increases from 92.22 GPa to 95.20 GPa and then de-
creases to 90.98 GPa, while H shows a continuous upward trend,
increasing by 6.77 % at 200 °C compared to the natural state. This is
because the atomic arrangement within quartz becomes more
compact, and the lattice tends toward a more stable state. For
biotite, E, and H gradually decrease, dropping by 26.81 % and
22.61 %, respectively, at 200 °C compared to the natural state. For
Na-feldspar, E;; and H initially increase and then decrease,
following a trend similar to quartz. The Ey, and H of K-feldspar,
however, both increase steadily, with increases of 3.74 % and
0.64 %, respectively. At 300 °C, except for the increase in Ep, of Na-
feldspar, the Er, and H of all other minerals begin to decrease. The
En of quartz, Na-feldspar, and biotite decreases by 2.19 %, 12.13 %,
and 23.8 %, respectively, while the H of quartz, Na-feldspar, K-
feldspar, and biotite decreases by 4.30 %, 0.84 %, 8.31 %, and 27.40 %,
respectively.

As shown in Fig. 11a, before 200 °C, as the temperature in-
creases, the Ep, of the primary minerals in granite, such as quartz,
K-feldspar, and Na-feldspar, shows varying degrees of
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Fig. 11. The variation patterns of E,, and H of different minerals with temperature.

enhancement. This is attributed to the recrystallization of minerals
at high temperatures. The growth of potassium feldspar and quartz
crystals compresses fractures, and the thermal stress between
local mineral particles after high-temperature treatment exceeds
the thermal stress caused by thermal expansion. This leads to
tighter bonding between mineral particles, enhanced inter-
mineral constraints, and increased overall compactness of the
granite. Moreover, the H of quartz, K-feldspar, and Na-feldspar also
increases with rising temperature (Fig. 11b). This indicates an
improved ability of the minerals to resist localized plastic defor-
mation, effectively suppressing plastic flow and microfracture
propagation during the compression process. Although the E;, and
H of biotite gradually decrease during the heating process, the
impact on the overall mechanical properties of granite is not sig-
nificant due to its relatively low content and its comparatively E,
and H than the other primary minerals. At 300 °C, the E, and H of
quartz and K-feldspar begin to decline. High temperatures weaken
the lattice strength and bonding forces of the minerals, leading to a
deterioration in their mechanical properties. The reduction in Ep,
reflects a decrease in the overall stiffness of the granite, while the
decrease in H makes fractures easier to form and propagate.
Ultimately, this results in a reduction in the macroscopic me-
chanical parameters of the granite. This observation also high-
lights that the variation in the micro-mechanical parameters of
minerals aligns with the changes in the overall mechanical pa-
rameters of granite.
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4. Discussion

4.1. The correlation between microscopic fracture toughness and
macroscopic mechanical property

Rock fracture toughness is an indicator of its fracturability. The
magnitude of fracture toughness reflects the amount of fracture
energy required for rock fracturing. Lower fracture toughness fa-
cilitates the formation of a more complex fracture network. Frac-
ture toughness K. can be expressed as

Kc =+/GcEr

where G, is the critical energy release rate, which can be expressed
as the ratio of the fracture energy U, to the contact projected area
Ac. Uc and A¢ are defined as follows:

(10)

7(3Ucm
Ge= A (11)
Ucm:Um—Upm—Uem (12)
Ac=24.5h? (13)

where Up, Ucm, Uem and Upy, represent the mineral's total energy,
fracture energy, elastic energy recovered during the unloading
stage, and plastic energy, respectively.

Fig. 10 illustrates the calculation regions for each energy
component. Fig. 12 shows the variation of K. with temperature for
the four minerals: quartz, Na-feldspar, K-feldspar, and biotite. The
K. of quartz and K-feldspar exhibits a trend of initially decreasing
and then increasing with rising temperature, at a threshold tem-
perature of 200 °C. However, the magnitude of change in K-feld-
spar is significantly greater than that of quartz. In contrast, the K.
of Na-feldspar exhibits a trend of initially increasing and then
decreasing with increasing temperature. Biotite's K. gradually
decreases with rising temperature. The crystal structure of quartz
remains relatively stable before its phase transition temperature
(573 °C), with no significant phase transformation or reorganiza-
tion occurring. Its behavior is primarily influenced by the thermal
expansion effect. The decrease in K. of Na-feldspar before 200 °C
can be attributed to increased brittleness of the mineral as the
temperature increases; whereas at 300 °C, its plasticity increases.
The plastic deformation of Na-feldspar decreases initially and then
increases, accompanied by variations in indentation depth. Since
K. decreases with increasing indentation depth (Xie et al., 2024b),
this explains the observed variation in Na-feldspar's K.. The K. of
K-feldspar shows a similar trend to the compressive strength of
granite, increasing with temperature before 200 °C and then
decreasing at 300 °C.

Fig. 11b calculates the correlation coefficients and significance
levels between the K. of the four minerals and the compressive
strength of granite. The correlation coefficient and p-value be-
tween the K. of K-feldspar and the strength of granite are 0.985
and 0.015, respectively. This indicates a very strong positive linear
correlation between the two, and this correlation is statistically
significant. Na-feldspar shows a relatively strong negative linear
correlation between its K. and granite strength, but it has not
reached a statistically significant level. The correlation between
the K. of quartz and biotite and the strength of granite is relatively
weak. This suggests that the K. of K-feldspar plays a crucial role in
determining the overall matrix strength of granite. As a primary
mineral in the granite matrix, the crystal structure and thermal
expansion properties of K-feldspar significantly influence the
matrix strength of granite. In contrast, the influence of other
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Fig.12. (a) The variation patterns of K. for the four minerals at different temperatures,
and (b) correlation between K. and compressive strength.

minerals on the overall strength of granite shows substantial
variability.

4.2. The impact of thermal fracture propagation patterns on
mechanical properties

The influence of temperature on the macroscopic mechanical
properties of granite is primarily governed by the mechanical
properties of the matrix minerals and the formation and propa-
gation of thermal fractures. From the SEM results shown in
Fig. 12a—c, it can be observed that the microstructure of granite
remains largely intact below 200 °C, with some microfractures and
pores closing. The increase in temperature improves the me-
chanical properties of various minerals, thereby enhancing the
macroscopic mechanical characteristics of granite and gradually
increasing its brittleness. When the temperature rises to 300 °C,
thermal shock induces thermal stresses in the rock's internal
minerals, which is oriented perpendicular to the grain boundaries.
These thermal stresses can be expressed by (Yin et al., 2021):

- ((11 - az)ATE]Ez - ((Z1 - az)AT
- Ei +Ey _1/E]+]/E2

OAT (14)

where Ej, E; and a, ay are the elastic moduli and thermal expan-
sion coefficients of two adjacent minerals, respectively; and AT
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represents the temperature difference.

When the thermal stress exceeds the bonding strength at the
interface of mineral crystals, thermal fractures begin to form both
in between minerals. Eq. (14) indicates that the magnitude of
thermal stress is primarily related to the elastic modulus and
thermal expansion coefficients of the minerals. As shown in
Fig. 13d, transgranular fractures gradually develop and increase
within the minerals, especially near quartz. Transgranular frac-
tures are a mode of fracturing in which cracks directly penetrate
and traverse mineral crystals. This phenomenon is due to quartz
having a higher E, after thermal treatment compared to other
minerals, as well as the significant differences in thermal expan-
sion coefficients among the minerals composing granite. Quartz
has a thermal expansion coefficient of approximately
24.3 x 1078 K1, whereas feldspar and biotite have values of about
8.7 x 1079 K1 and 3.0 x 107 K™, respectively (Zhao, 2016). At
300 °C, the lattice of each mineral undergoes thermal expansion,
causing stress concentration due to the disparity in thermal
expansion coefficients. This stress concentration at the interfaces
between different minerals triggers formation of the intergranular
fractures. Furthermore, as the temperature rises, the content of
quartz increases, resulting in a broader distribution of thermal
fractures. The deterioration of granite's crystal mechanical prop-
erties leads to development and propagation of the microfractures,
which in turn reduces the macroscopic mechanical parameters of
granite. This highlights that the formation and expansion of
microfractures are the critical factors driving the degradation of
granite's macroscopic mechanical properties.

4.3. Calculation of fracture initiation pressure

This section establishes a calculation model for the fracture
pressure of HDR reservoirs considering the coupling effect of in
situ stress and thermal stress. It also analyzes the variation pat-
terns of reservoir fracture pressure under different depth condi-
tions, combining the geothermal conditions of the Gonghe Basin
and the mechanical properties of the Gonghe granite. A method
was proposed for calculating formation fracture pressure that
considers the influence of three principal stresses in the actual
subsurface conditions. For the region surrounding a vertical non-
perforated borehole, the hydraulic fracturing initiation pressure
Pt is given by

@

Fig. 13. The internal structural evolution of granite. (a) 25 °C, (b) 100 °C, (c) 200 °C,
and (d) 300 °C.
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Pf:30'270'1 7Pp + St (15)
where 51 and o, represent the maximum and minimum horizontal
principal stresses, respectively; P, is the pore pressure of the for-
mation; and S; is the tensile strength of the reservoir rock. Ac-
cording to field hydraulic fracturing data, the maximum and
minimum horizontal principal stresses in the horizontal direction
can be expressed as

o = (l"Tﬂ+a) (St — Pp)

o H
0y = (71 7”+b

(16)

(17)

)u-Py)

where a and b are the constants that reflect the magnitude of
tectonic stress in the two horizontal principal directions, y is the
Poisson's ratio of the rock formation, and Sy represents the over-
burden pressure. The overburden pressure can be approximated as
the weight of the overlying rock per unit area, calculated by

Su=yH (18)
where y is the unit weight of the overlying rock, and H is the depth
from the surface.

During hydraulic fracturing, the high-temperature reservoir of
HDR exchanges heat with the cooling medium, causing a tem-
perature reduction in the reservoir. This thermal shock induces
thermal stress within the rock, which manifests as tensile stress
near the wellbore. This tensile stress significantly affects the
initiation and propagation of fractures. Perkins and Gonzalez
(1985) calculated the thermal stresses 11 and o7 along the di-
rections of the maximum and minimum horizontal principal
stresses within an elliptical cooling zone of the reservoir.
Assuming the thermal shock zone is circular (Wu et al., 2019a),
where the lengths of the major and minor axes are equal, the
thermal stresses can be expressed as

EcAT
01T = 02T = 2(17_

H) (19)

where E and c are the elastic modulus and thermal expansion
coefficient of the reservoir rock, respectively; and AT is the tem-
perature difference. Substituting Eq. (19) into Eq. (15), and
applying the effective stress definitions ¢} =61 —Pp and o), =
o3 — Pp, the new formation fracture pressure that considers ther-
mal stress can be derived as

Pr=P,+ {—2" (20)

1 7”7(a73/}):| (Sprp) 730‘1]‘ + St

By substituting the macroscopic mechanical parameters of
granite obtained in Section 3 into Eq. (20), the initiation pressure
of the HDR reservoir under different geothermal temperatures can
be calculated. Since there is no fluid medium present in the HDR
reservoir, the pore pressure P, within the rock can be considered 0.
Additionally, the vertical principal stress is determined based on
geophysical exploration data from the Gonghe Basin in Qinghai.
The average geothermal gradient of the Gonghe Basin is 4.73 °C/
(100 m) (Zhang et al., 2019a), enabling the calculation of the depth
corresponding to the HDR reservoir at different temperatures. The
overburden pressure S can then be calculated using Eq. (18), where
7, the unit weight of the overlying rock, is taken as 26.52 kN/m?>.
Furthermore, the Poisson's ratio is assumed to be 0.25, the thermal
expansion coefficient is taken as 2.5 x 107%/°C, and the post-
cooling bottom-hole temperature is assumed to be 25 °C. These
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parameters can then be used to calculate the initiation pressure of
HDR reservoirs under various occurrence depths.

Fig. 14 illustrates the variation in the initiation pressure of
Gonghe granite with increasing depth under different reservoir
temperatures. It is evident that as the depth of the HDR reservoir
increases, the temperature of the reservoir rock also rises, and P¢
exhibits a trend of first increasing and then decreasing, with a
threshold temperature of 200 °C. Under the influence of the
geothermal gradient, the increase in reservoir temperature is
typically accompanied by depth increase. With increasing depth,
the weight of the overlying rock significantly increases, resulting
in a gradual increase in the vertical principal stress and the
maximum and minimum horizontal principal stresses. The dif-
ference of in situ stresses significantly affects the fracturing pro-
cess, as a greater principal stress difference requires higher static
pressure for fracture propagation. Nanoindentation experimental
results indicate that below 200 °C, the E,, and K. of the main
minerals in Gonghe granite, such as quartz, and K-feldspar, in-
crease with temperature, indicating an enhancement in the rock's
deformation resistance and significant improvement in its me-
chanical properties. This necessitates higher initiation pressures
during hydraulic fracturing in the reservoir. Above 200 °C, thermal
exchange between the bottom-hole cooling medium and the high-
temperature reservoir causes significant thermal shock to the
reservoir rock, resulting in the propagation and gradual inter-
connection of microfractures, forming a fracture network. This
degrades the overall mechanical properties of the reservoir.
Despite the deeper depth and higher in situ stresses of reservoirs
at 300 °C, the thermal stress-induced development of pores and
fractures becomes dominant, leading to a reduction in Pr.

In the GR1 geothermal well in the Gonghe Basin, the temper-
ature at a depth of 3705 m is 236 °C (Zhang et al., 2019b). This
study demonstrates that in the development of EGS, when the
temperature of HDR reservoirs exceeds 200 °C, the impact of
thermal shock on fracture initiation and propagation is signifi-
cantly intensified, leading to the degradation of the rock's me-
chanical properties. Furthermore, the additional thermal stress
induced by the injection of low-temperature fluids further reduces
the fracture initiation pressure, thereby enhancing the effective-
ness of hydraulic fracturing. The findings provide a theoretical
basis for the optimization of fracturing strategies in future EGS
developments, particularly in high-temperature reservoirs, where
thermal stress effects can be leveraged to reduce the complexity of
fracturing operations. In practical fracturing engineering for HDR
reservoirs, injecting low-temperature fluid media into geothermal
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Fig. 14. Variation of fracture initiation pressure in Gonghe HDR at different depths.
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reservoirs creates substantial thermal stress due to the tempera-
ture differential, which generates and extends fractures within the
reservoir rock, thereby forming a connected flow conduit network.
In this context, liquid nitrogen fracturing, as an innovative
waterless fracturing technique, has been proven to hold great
potential for establishing high-permeability pathways. Given that
the temperature of liquid nitrogen is —196 °C, the significant
temperature difference during thermal exchange with high-
temperature reservoirs results in further degradation of the
reservoir rock. This process not only improves the connectivity of
the internal structure, increasing the permeability of the reservoir
rock, but also induces more pronounced mechanical degradation
of the rock due to intense thermal fracturing, thus significantly
lowering the fracture pressure. Therefore, selecting an appropriate
target temperature formation and fracturing fluid, along with
precise control over the injection parameters, is crucial for maxi-
mizing the effects of thermal stress in enhancing permeability and
reducing fracture initiation pressure of HDR reservoir
enhancement.

5. Conclusions

This study investigates the macroscopic mechanical properties
and microstructural evolution of granite in the Qinghai Gonghe
Basin under high-temperature conditions. By employing a com-
bined approach of macroscopic and microscopic analysis, the ef-
fects of temperature on the mechanical properties, energy
evolution, and thermal damage of granite were explored. The
research proposes the correlation between changes in microscopic
mineral content and micro-mechanical properties with macro-
scopic mechanical performance. The main conclusions of the study
are as follows:

(1) The macroscopic mechanical parameters of granite, such as
compressive strength and elastic modulus, exhibit an
increasing trend with rising temperatures up to 200 °C. This
is primarily attributed to the thermal expansion effect
induced by temperature, which promotes the closure of
fractures and results in a denser internal structure of the
granite. However, in the temperature range of
200 °C-300 °C, further temperature increases lead to ther-
mal stress, which triggers the initiation and propagation of
fractures. This causes a rapid decline in the compressive
strength and elastic modulus of granite, with brittle
behavior gradually transitioning to ductile behavior.

(2) Below 200 °C, elastic strain energy density dominates,
indicating a high degree of brittleness in the granite within
this temperature range. At 300 °C, the proportion of dissi-
pated energy increases significantly, reflecting a marked
enhancement in the rock's ductility. Energy-based brittle-
ness index analysis shows that granite exhibits enhanced
brittleness characteristics below 200 °C. However, at 300 °C,
its brittleness decreases notably and the granite gradually
transitions to a ductile behavior.

(3) The elastic modulus and hardness of quartz, K-feldspar, and
Na-feldspar increase up to 200 °C, but decline between
200 °C and 300 °C due to reduced lattice strength and
weakened bonding forces. The mechanical properties of the
granite's internal minerals align well with its macroscopic
mechanical behavior. Meanwhile, the mechanical parame-
ters of biotite decrease gradually with increasing tempera-
ture, but its overall impact on the granite's mechanical
performance remains relatively minor. The development of
transgranular fractures in quartz minerals is identified as
the dominant mechanism driving the formation and
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propagation of thermal fractures. The high elastic modulus
and thermal expansion coefficient of quartz result in stress
concentration within its lattice, while the mismatch in
thermal expansion coefficients between different minerals
further induces intergranular fracturing, thereby acceler-
ating the degradation of the granite's macroscopic me-
chanical properties.

Based on the theory of thermal damage, a fracture-pressure
model for the reservoir at different depths is established.
The results indicate that the fracture initiation pressure of
the reservoir increases initially and then decreases with
increasing depth. The thermal stress-driven fracture prop-
agation effect reduces the fracture initiation pressure,
demonstrating the significant role of thermal stress in
enhancing fracturing performance in HDR reservoirs.
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