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Understanding the mechanical behaviors of granite after thermal treatment under loading
and unloading conditions is of utmost relevance to deep geothermal energy recovery. In the
present study, a series of loading and unloading triaxial compression tests (20, 40 and
60 MPa) on granite specimens after exposure to different temperatures (20, 200, 300, 400,
500 and 600 °C) was carried out to quantify the combined effects of thermal treatment and
loading/unloading stress conditions on granite strength and deformation. Changes in the
microstructure of granite exposed to high temperatures were revealed by optical microscopy.
The experimental results indicate that both, thermal treatment and loading/unloading stress
conditions, degrade the mechanical behaviors and further decrease the carrying capacity of
granite. The gradual degradation of the mechanical characteristics of granite after thermal
treatment is mainly associated with the evolution of thermal micro-cracks based on optical
microscopy observations. The unloading stress state induces the extension of tension cracks
parallel to the axial direction, and thus, the mechanical properties are degraded. Temper-
atures above 400 °C have a more significant influence on the mechanical characteristics of
granite than the unloading treatment, whereby 400 °C can be treated as a threshold tem-
perature for the delineation of significant deterioration. This study is expected to support
feasibility and risk assessments by means of providing data for analytical calculations and
numerical simulations on granite exposed to high temperatures during geothermal energy
extraction.
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INTRODUCTION

Clean and efficient energy is a direction of fu-
ture energy development, and deep geothermal en-
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ergy is recently identified as a renewable and
alternative energy source (Pranay et al. 2019; Yu
et al. 2020). After the first deep, hot dry rock (HDR)
project being set up in Fenton Hill in 1973 in the
U.S. (Duchane and Brown 2002), many enhanced
geothermal system (EGS) research projects have
been developed around the world up to now (Zhang
et al. 2019). There are also abundant geothermal
resources in China, especially in the Tibetan Pla-
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teau. For example, the Gonghe Basin, located in the
northeastern Tibetan Plateau, is one of the most
favorable regions to build the first EGS in China
(Gao et al. 2018). The surrounding rock in the
aforementioned geothermal projects may experi-
ence high temperatures, and changes in the rock
properties may induce instability after undergoing
high temperatures. In addition, rock masses are of-
ten under an unloading confining stress state during
and after drilling, which can also induce severe rock
failures. Loading and unloading stress conditions
may induce reactivation of existing faults, genera-
tion of fracture networks and even seismic events.
Therefore, it is essential to understand the mecha-
nism of the combined effect of high temperature and
loading/unloading stress conditions on deep rocks
for successful implementation of subsurface utiliza-
tion projects such as those above.

In recent decades, extensive laboratory research
has shown that thermal treatment has a substantial
influence on mechanical properties and microstruc-
tures of rocks. In general, rock strength and defor-
mation properties such as compressive strength,
tensile strength, elastic modulus, fracture toughness
and Poisson’s ratio exhibit different levels of
degradation and gradually decrease with increasing
temperature. Nasseri et al. (2007) evaluated the
influence of thermal damage on fracture toughness
(Kic) of Westerly granite, and found that thermal
cracking significantly reduced Kjc of their rock
specimens. Singh et al. (2015) conducted compres-
sion tests on Bundelkhand granite and obtained the
effect of temperature on uniaxial compressive
strength (UCS). Water cooling and liquid nitrogen
cooling decrease UCS and elastic modulus of granite
(Jin et al. 2019; Wu et al. 2019b). Wu et al. (2019a)
performed a series of Brazilian tests on granite after
heating/cooling treatments with water and air cool-
ing and found the tensile strength of the former is
lower than that of the latter. Zhu et al. (2020) found
that UCS and elastic modulus of granite decrease
with thermal cycling, while the mechanical proper-
ties remain almost unchanged once the thermal cy-
cles reach 20 times. Yang et al. (2020) carried out
triaxial conventional compression experiments on
Rizhao granite after exposure to high temperature,
and their experimental results indicate that a ther-
mal treatment of 450 °C was identified as the tran-
sition temperature that induces notable changes of
granite mechanical properties (elastic modulus, peak
strength and Poisson’s ratio). The changing law of
mechanical behavior after high temperature shows a
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similar response for other types of rocks, e.g., clay-
stone (Tian et al. 2014), limestone (Goénzalez-G6-
mez et al. 2015), sandstone (Yang et al. 2017),
marble (Zhu et al. 2018) and shale (Jiang et al.
2019).

Previous studies have shown that the deep
degradation mechanism of mechanical and thermal
properties of rocks after high temperature is mainly
related to changes in mineral grains and mineral
composition induced by elevated temperatures
(Tian et al. 2014; Yang et al. 2017; Zhu et al. 2018).
Clark (1966) reported that differences in the thermal
expansion characteristics of minerals in the assem-
blage of mineral grains cause structural damage to
the heated rocks and that differences in thermal
expansion along different crystallographic axes of
the same mineral also contribute to structural dam-
age upon heating (Somerton 1993). The a—ff phase
transition of quartz at 573 °C at ambient pressures,
accompanied by a linear expansion of 0.45%, can
also cause structural changes upon heating of granite
(Glover et al. 1995). Zhang et al. (2016) pointed out
that the escape of various types of water can also
induce structural damage, and the temperature
ranges of vapourization of attached water, bound
water and constitution water are room temperature
to 100 °C, 100-300 °C and 300-500 °C, respectively.
Changes in micro-structures have been verified by
observations of thin sections of rock specimens after
exposure to various temperatures through X-ray
micro computed tomography (CT) (Mohamadi and
Wan 2016; Fan et al. 2018), scanning electron mi-
croscopy (SEM) (Mahanta et al. 2016; Shen et al.
2018; Han et al. 2019) and optical microscopy (Peng
et al. 2016; Rong et al. 2018). It was found that the
microstructure of the rocks is greatly damaged by
thermal treatment, especially in the evaluation of
micro-cracks, which constantly initiate, propagate
and coalesce with increasing thermal treatment
temperature.

However, the experimental studies mentioned
above were mainly conducted under loading condi-
tions, under which the deformation characteristics
and mechanical behaviors of rocks are essentially
different from those during deep underground
excavation, where the wall rocks always undergo
stress release (Lau and Chandler 2004). A great
number of researchers has experimentally investi-
gated the mechanical properties of rocks under
unloading, mainly focusing on the failure modes
(Zhao et al. 2015; Dai et al. 2018), unloading rates
(Huang et al. 2017), energy evolution (Li et al. 2017;
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Chen et al. 2018), acoustic emission characteristics
(Liang et al. 2017) and lateral deformation (Chen
et al. 2016).

Although the effects of thermal treatment and
loading/unloading stress conditions on rock
mechanical properties have been demonstrated
separately, limited publications (Ding et al. 2016;
Meng et al. 2018) combining the two aspects are
available, which mainly focus on sandstone. It has
been found through exploratory geothermal well
tests that deep granite strata have adequate tem-
peratures to serve as geothermal reservoirs (Fox
et al. 2013). Therefore, it is essential to pay attention
to the mechanical properties of granite subjected to
the extreme boundary conditions of HDR projects.
Therefore, we conducted a series of loading and
unloading triaxial compression tests on granite
specimens, exposed to various temperatures to
understand the combined effects of thermal treat-
ment and loading/unloading and stress condition
evolution. The evolution of the microstructure of the
granite after exposure to high temperatures was re-
vealed by optical microscopy. These experimental
results will support feasibility and risk assessments
by means of providing data for analytical calcula-
tions and numerical simulations of granite exposed
to high temperatures during geothermal energy
extraction.

EXPERIMENTAL DESIGN
Description of Rock Specimens

All of the experiments were conducted on
granite mined from a mine with a depth of 200 m
located in Nanan city, Fujian Province, in the
southeastern region of China. The specimens were
reddish-brown in color and fine-grained (Fig. 1).
The mineral composition of the tested granite was
41.42% potash feldspar, 30.79% soda feldspar,
15.90% biotite and 11.89% quartz, according to
petrophysical analysis using X-ray diffraction. The
rock was processed into cylinders of 100 mm in
length and 50 mm in diameter according to the
method suggested by ISRM (Ulusay and Hudson
2007). The measured density and P-wave velocity
were 2.596 4 0.003 g/em® and 4167 + 200 m/s,
respectively.

Experimental Procedures

In this research, the P-wave velocities of the
specimens were measured before and after the
thermal treatments, and then loading/unloading
compression testing as well as optical microscopy
observation was conducted on the heated ones. The
specimens were first heated to a target temperature
of 105 °C, and the target temperature was held for
24 h before the specimens were cooled to room
temperature in a dryer to remove all moisture con-
tent. Currently, HDR temperature ranges from
150 °C to 500 °C within 5-6 km depths (Breede
et al. 2013). Thus, the maximal design temperature
in the present study was 600 °C. Next, the specimens
were subjected to elevated temperatures of 200, 300,
400, 500 and 600 °C in a SG-XL1200 high-temper-
ature box furnace using a modest heating rate of 5
°C/min to minimize the thermal gradient and ther-
mal shock within the rock. This heating rate has
been previously employed in several successful
experiments (Ding et al. 2016; Yang et al. 2017;
Rathnaweera et al. 2018; Shen et al. 2018; Wu et al.
2019a, 2019b). Wang et al. (2020) have checked that
1 h was enough for a uniform temperature distri-
bution across the granite sample applying heat flux
on the complete outer surfaces. Therefore, the target
temperature was then maintained for 2 h to ensure
that the specimens were heated adequately. There-
after, the specimens were naturally cooled to room
temperature in the furnace chamber, and then
placed in a desiccator before the mechanical tests to
reduce the effect of moisture content in the air. The
P-wave velocities of the specimens were measured
before and after high temperature using an RSM-
SY5 (T) ultrasonic tester (Fig.2). An optical
microscope (DM 2500P) was used to observe the
micro-structural characteristics of the granite after
its exposure to various temperatures (Fig. 2).

Loading triaxial compression and unloading
confining pressure tests were performed using an
electro-hydraulic servo-controlled rock mechanics
testing system (TAW-2000) with a maximum load-
ing capacity of 2000 kN and a maximum confining
pressure of 80 MPa (Figure 2). The stress conditions
for the two testing types are illustrated in Figure 3.
Three different initial confining pressures (i.e., 20, 40
and 60 MPa) were chosen for the two types of tests.
For the loading condition determination, conven-
tional uniaxial and triaxial compression tests were
conducted under axial displacement control until
failure at a rate of 0.005 mm/s, with the hydrostatic
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Figure 1. Location map for the Nanan granite and untreated granite specimens (the red solid dot is the sampling
location).

stress first loaded to the desired value (i.e., 20, 40
and 60 MPa) at a rate of 0.1 MPa/s in the loading
triaxial compression tests. For the unloading condi-
tion determination, the stress at the starting point of
unloading (unloading point) should be higher than
UCS and approximately 60-80% of the triaxial
compressive strength (Qiu et al. 2014; Huang et al.
2017). Therefore, the confining stress was first loa-
ded to the same desired level as in the loading test,
the axial pressure was then loaded at a rate of
0.005 mm/s under axial displacement control until
the deviatoric stress was applied to 70% of the
corresponding triaxial compressive strength under
each confining stress. Finally, the axial stress con-
tinued to increase, while the confining stress was
gradually unloaded at a rate of 0.05 MPa/s until the
specimen failed. During the unloading process,
increasing axial stress and decreasing confining
pressure were used to simulate the stress variations
of the surrounding rock (Li et al. 2017; Meng et al.
2018). The test results are reported in Table 1.

EXPERIMENTAL RESULTS
P-wave Velocity

The ultrasonic test has been widely used to
detect the interior damage in rock materials (Rong
et al. 2018). Therefore, P-wave velocity of granite
after high temperature was measured to reflect the
evaluation of thermal damage in this study. Thermal
damage (D)) is further defined adopting P-wave
velocity (Liu and Xu 2015):

VT>2
D,=1- (2
P (VPO

where V,r is P-wave velocity of granite after
high temperature exposure, and V,, is P-wave
velocity of granite before thermal treatment.

The relationships between temperature and the
P-wave velocity and thermal damage of granite are
plotted in Figure 4. The dispersion of P-wave
velocity in granite after exposure to high tempera-

(1)
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Figure 2. Experimental instruments: (a) High-temperature
box furnace. (b) Ultrasonic tester. ¢ Servo-controlled
compression machine. (d) Optical microscope.
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Figure 3. Schematic diagram of stress conditions for loading/
unloading testing.

tures is very small. The average values of P-wave
velocity decrease nearly linearly with increasing
temperature. The average value of P-wave velocity

decreases to 1077 m/s at 600 °C, which is equivalent
to 25.8% of V), only. Thermal damage shows an
opposite trend with increasing temperature, and
reached 0.93 at 600 °C, which indicated that the
granite specimens had experienced a huge thermal
damage at 600 °C.

Stress—strain Curves

The complete deviatoric stress—strain relations
for the granite exposed to various temperatures
under loading and unloading conditions are plotted
in Figures 5 and 6, respectively. At different high
temperatures, the evolution rules of the deviatoric
stress with axial, radial and volumetric strains have
roughly similar forms under the loading and con-
fining pressure unloading conditions.

The deviatoric stress-axial strain curves under
both, loading and unloading conditions were similar
and exhibited four stages: compaction, -elastic
deformation, yield and failure. The initial com-
paction stage increased as temperature increased
from 20 to 600 °C, whereas it decreased clearly with
confining stress. In all temperature cases, the devi-
atoric stress increased linearly with axial strain in the
elastic deformation stage, and the yield stage was
quite short for the granite specimens under both
loading conditions. In the failure stage, the devia-
toric stress dropped abruptly at an extremely small
axial strain, and the specimens showed evident
characteristics of brittle failure.

The radial strain decreased with the applied
confining stress under loading conditions, because
the existence of the confining stress had an in-
hibitory effect on the expansion of radial strain.
However, after reaching the unloading point, the
radial strain was greater than that under loading
conditions. The radial strain was more significant
near the utmost strength with increasing confining
stress, and the specimens exhibited an obvious
characteristic of lateral dilatancy. Figure 6 indicates
that the point of radial dilation decreased with
temperature.

The volumetric strain can be regarded as
approximately the sum of the axial strain and twice
the radial strain (Chen et al. 2016; Meng et al. 2018).
As shown in Figures 5 and 6, the volumetric strains
under loading and unloading conditions were both
characterized by an initial phase of compaction-
dominated behavior followed by a phase of dila-
tancy-dominated behavior. Compared to conven-
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Table 1. Physical and mechanical properties of granite after thermal treatments

Stress condition Number 7 (°C) o3 (MPa) V, (m/s) (01-03) MPa) E (GPa) & (%) Vv o3 (MPa)  (01-03) (MPa)

Loading 1-0-0 20" 0 4167 163.69 24.03 0983  0.228 - -
1-1-0 200 0 3571 148.05 2212 0.949  0.227 - -
1-2-0 300 0 3030 128.57 21.60 0916  0.223 - -
1-3-0 400 0 2564 130.10 21.81 0.983 0215 - -
1-4-0 500 0 2000 124.02 19.14 1.030  0.216 - -
1-5-0 600 0 1087 71.24 12.91 0.940  0.207 - -
1-0-1 20" 20 4167 252.75 24.35 1.403  0.233 - -
1-1-1 200 20 3571 234.44 22.74 1.408  0.232 - -
1-2-1 300 20 2941 230.37 21.19 1.374  0.227 - -
1-3-1 400 20 2500 223.70 21.62 1.429  0.228 - -
1-4-1 500 20 2000 172.61 20.26 1.209  0.223 - -
1-5-1 600 20 1064 112.71 13.17 1244 0219 - -
1-0-2 20" 40 4167 294.17 24.43 1.603  0.243 - -
1-1-2 200 40 3571 274.87 23.20 1.654  0.238 - -
1-2-2 300 40 3030 268.82 22.69 1.593  0.238 - -
1-3-2 400 40 2564 269.59 21.64 1532 0225 - -
1-4-2 500 40 2000 190.49 20.51 1.306  0.227 - -
1-5-2 600 40 1099 121.79 14.73 1242 0218 - -
1-0-3 20" 60 4167 355.38 26.25 1.691  0.251 - -
1-1-3 200 60 3571 314.45 24.40 1.741  0.246 - -
1-2-3 300 60 2941 286.04 24.09 1.621  0.243 - -
1-3-3 400 60 2564 278.91 24.24 1.643 0241 - -
1-4-3 500 60 2041 261.50 21.58 1.610 0.242 - -
1-5-3 600 60 1099 179.47 19.07 1.557 0228 - -

Unloading 2-0-1 20° 20 4167 225.93 20.76 1.386  0.24 6.20 176.92
2-1-1 200 20 3571 219.34 20.68 1365 024 6.20 164.11
2-2-1 300 20 3030 208.94 18.46 1.340 024 6.60 161.26
2-3-1 400 20 2564 200.96 18.43 1262 023 8.30 156.59
2-4-1 500 20 2128 160.91 17.31 1236 022 8.40 120.82
2-5-1 600 20 1064 104.27 12.41 1243 022 8.80 78.90
2-0-2 20" 40 4167 276.13 24.39 1.480  0.246 21.02 205.92
2-1-2 200 40 3571 258.15 2294 1.480  0.246 22.01 192.41
2-2-2 300 40 3030 242.92 21.64 1.482  0.238 23.60 188.17
2-3-2 400 40 2564 238.00 21.62 1.404 0236 2520 188.71
2-4-2 500 40 2041 173.44 19.07 1418 0.234 26.40 133.34
2-5-2 600 40 1042 112.96 13.43 1.346  0.228 28.00 85.26
2-0-3 20" 60 4167 327.03 25.24 1.597  0.255 38.50 248.76
2-1-3 200 60 3571 294.92 24.34 1593 0253 38.52 220.11
2-2-3 300 60 3030 257.48 2252 1.537  0.247 38.65 200.23
2-3-3 400 60 2564 253.76 22.08 1.529  0.245 39.00 195.24
2-4-3 500 60 2041 241.37 20.89 1.511  0.244 42.59 183.05
2-5-3 600 60 1087 164.04 18.82 1.305 0.238 43.00 125.63

* is expressed as room temperature. o3y is the confining stress of rock remaining at failure. ¢ is the peak stain at failure

tional triaxial compression, the peak volumetric
strain under unloading conditions was more signifi-
cant. After reaching the unloading point, the volu-
metric strain dilated gradually with decreasing
confining stress, and it became more significant near
the critical point of failure. The dilation of the vol-
umetric strain also increased with the initial confin-
ing stress. High temperature had a great effect on
the expansion of the volumetric strain: the higher
the temperature, the more easily volumetric dilation
occurred.

Strength and Deformation Characteristics

The variations in the peak deviatoric stress (g1—
g3), elastic modulus (F) and Poisson’s ratio (v) of the
treated granite under loading and unloading condi-
tions are shown in Figure 7. The results show that
the peak strengths during loading and unloading
decreased as temperature increased, with the trend
becoming more obvious as temperature continued to
increase to 400 °C. At 600 °C, the peak strengths
decreased by 55.4%, 58.6%, and 49.5% under con-
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Figure 4. Relationships between temperature, the P-wave
velocity and thermal damage of granite.

fining pressures of 20, 40 and 60 MPa, respectively,
while these values became 53.9%, 59.1% and 49.8%
for unloading conditions. Figure 7a shows that the
peak strengths under unloading conditions de-
creased by 8.34% compared with values obtained in
conventional triaxial compression tests. Therefore,
both unloading and thermal treatment decrease the
carrying capacity of granite specimens. However,
there were some differences in the deterioration
mechanism, which will be described in detail in the
next section.

As shown in Figure 7b, the unloading condition
decreased the elastic modulus of the specimens ex-
posed to various treatment temperatures from the
perspective of different loading conditions. How-
ever, the elastic modulus increased with confining
stress, not only under loading conditions, but also
under unloading conditions. £ decreased minimally
with temperature, and subsequently decreased
sharply after thermal heating to 400 °C. With further
increase in temperature to 600 °C, E decreased ra-
pidly by 45.9%, 39.7%, and 33.5% under loading
conditions with confining stresses of 20, 40 and
60 MPa, respectively, with values of 40.2%, 44.9%
and 25.4% for unloading conditions, which also
indicated a decrease in the carrying capacity of the
granite specimens.

Figure 7c shows the effect of temperature on
the Poisson’s ratio of granite under two loading
conditions. The increase in the Poisson’s ratio of the
specimens after their thermal treatments from the
loading to the unloading condition indicated an
expansion of the radial strain. At the same time, the

values of the Poisson’s ratio decreased slightly with
temperature.

Failure Criterion

The Mohr-Coulomb (MC) (Labuz and Zang
2012) and Hoek-Brown (HB) (Hoek and Brown
1980) failure criteria are both suitable for evaluating
the damage of rocks and are expressed by the fol-
lowing equations, respectively:

1+ sing 2ccosp
g1 = . g3 . (2)
1 — sing 1 — sing
g
01 = 03 + 0O mi—%+s (3)

cl

where ¢; and o3 are maximum and minimum
principal stresses, respectively; ¢ and ¢ are cohesion
and internal friction angle, respectively; ¢.; is uni-
axial compressive strength of intact rock; and m; and
s are rock mass material constants, respectively, and
s = 1 for intact rock in this study.

The fitting relationships between peak axial and
confining stresses of granite after high temperature
treatments, based on the MC and the HB criteria are
plotted in Figures 8 and 9, respectively, and the
details of the strength and failure parameters are
presented in Table 2. As Figures 8 and 9 indicate,
the fitting lines based on the two failure criteria had
a good agreement with the experimental data. All
the coefficients of determination (R?) of these
regression lines in Figures 8§ and 9 were above 0.931,
what indicated that the MC and the HB criteria well
reflect the failure characteristics of granite after
exposure to temperatures under both, loading and
unloading conditions. Compared to the MC crite-
rion, the HB criterion had larger coefficients of
determination (R?) of these regression lines in gen-
eral and it was more suitable for evaluating the
damage of granite after thermal treatment under
loading and unloading conditions.

The temperature-dependent characteristics of ¢
and ¢, o, and m; of the investigated granite are
shown in Figures 10 and 11. Cohesion and friction
angle both decreased with increasing temperature
under the two loading approaches. The cohesion
under unloading conditions was larger than that
under loading conditions, while the internal friction
angle exhibited a different trend. The values of
cohesion under the loading conditions decreased by
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Figure 5. Integrated stress—strain curves of granite at temperatures under loading condition (solid lines represent axial strain; dotted lines
represent radial strain; dashed lines represent volumetric strain).

53%, 19.8% and 49.4% at 400, 500 and 600 °C,
respectively, compared with the values at room
temperature, and the values under the unloading
condition decreased to 4.5%, 9.2% and 33.5% at
these temperatures, respectively. The internal fric-
tion angle under loading conditions decreased by
10.3%, 16.4% and 27.5% when the temperature in-
creased to 400, 500 and 600 °C, respectively. The
values of o.; and m; decreased with increasing tem-
perature under the loading and unloading condi-
tions, and the values of ¢.; and m; under unloading

conditions were larger than those under loading
conditions.

DISCUSSION

Effects of High Temperatures on Mechanical
Behaviors

As shown in Figures 6 and 7, the peak strength,
elastic modulus, Poisson’s ratio, cohesion and inter-
nal friction angle under both, loading and unloading
conditions, decreased with increasing temperature.
This means that thermal treatment reduces the car-
rying capacity of the investigated granite specimens.
Under both loading stress approaches, the peak
strength, elastic modulus, cohesion and internal
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Figure 6. Integrated stress—strain curves of granite at temperatures under unloading condition (solid lines represent axial strain; dotted
lines represent radial strain; dashed lines represent volumetric strain).

friction angle initially decreased slowly up to tem-
peratures of 400 °C, and rapidly above these. It ap-
pears that 400 °C can be considered as a threshold
temperature for the present granite samples. Fig-
ures 5 and 6 indicate that the higher the tempera-
ture, the more radial and volumetric dilation occur,
which demonstrates that high temperatures have a
great influence on the mechanical properties of
granite. Many studies have shown that observed
variations in mechanical properties are related to
changes in the rock microstructure after thermal
treatment (Fan et al. 2018; Rong et al. 2018; Han
et al. 2019; Wu et al. 2019a).

The microscopic change mechanism of the
mechanical behaviors of granite after thermal
treatment was revealed by optical microscopy anal-
ysis. For that purpose, it was enlarged 200 times with
the results presented in Figure 12. As Figure 12a
indicates, some micro-cracks can be found, while the
grains were well arrayed at room temperature in
general. With increasing temperature, mineral ther-
mal expansion resulted in notable effects on the rock
micro-structure. After a thermal treatment up to 200
°C, grain boundary micro-cracks began to propagate
between different minerals (Fig. 12b). At 300 °C,
intra-granular micro-cracks can be observed, not
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Figure 7. Changes in peak deviatoric strength (o;-03), elastic modulus (£) and Poisson’s radio (v) of granite after thermal treatment
under loading (dashed lines) and unloading conditions (solid lines).

only in the feldspar grains, but also in the quartz
grains. With further increase in temperature up to
400 °C, more grain boundary and intra-granular
micro-cracks were observed in the granite speci-
mens. When the temperature was increased to 500
°C, the micro-crack density and width increased, and
a micro-crack network was formed in parts of the
thin sections. The increased pressure due to the
liquid to gaseous phase transition of water could also
induce micro-cracks in granite. Many thermal micro-
cracks in the specimen heated to 600 °C were further
extended and coalesced.

Thermal treatment induces expansion of min-
eral grains and changes in the mineral composition
(Somerton 1993; Glover et al. 1995; Zhang et al.
2016). As a result, micro-cracks initiate and propa-
gate along different mineral grains or inside the
same mineral grains, which causes decreases in the
peak strength, elastic modulus, Poisson’s ratio,
cohesion, and friction angle of the granite specimens
under both loading and unloading conditions. As
presented in Figure 12, the formation of a micro-
crack network was observed in the thin sections after
treatment at 400 °C. This resulted in a more rapid
decrease in the strength and deformation charac-
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Figure 8. Fitting relationship between peak axial and
confining stresses of granite after high temperature
treatments based on the MC criterion.
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Figure 9. Fitting relationship between peak axial and
confining stresses of granite after high temperature
treatments based on the HB criterion.

teristics under loading and unloading conditions.
With increase in temperature, an increasing number
of grain boundary and intra-granular micro-cracks
were induced, while the lateral tensile stress more
easily induced the extension of tension cracks par-
allel to the axial direction (Meng et al. 2018).
Therefore, the higher the temperature, the more
easily radial and volumetric dilation occur under
unloading conditions.

In order to quantify the propagation of micro-
cracks of granite against elevated temperature, mi-
cro-crack density (p;) (Nasseri et al. 2007) and
average width (W,) were introduced as follows:

L,

pPr= Ky (4)
Se

Wa - L_c (5)

where L. is total length of micro-cracks sket-
ched and calculated in the thin section of granite
after high temperature treatment using the Imagel
software package (Schindelin et al. 2012); S and S.
are the calculated total and micro-crack area of a
granite thin section, respectively. It should be noted
that the width of micro-cracks was ignored in the
micro-crack density calculation for granite after high
temperature treatment.

Relationships between temperature and micro-
crack density as well as average width of granite
after high temperature exposure are shown in Ta-
ble 2 and Figure 13. As Figure 13 indicates, both pf
and W, of the micro-cracks increased with increasing
temperature, which is consistent with the deterio-
ration of mechanical properties (Figure 7). At
600 °C, the micro-crack density and average width
of granite reached 3.64 mm/mm” and 11.50 pm,
respectively.

Effects of Loading and Unloading on Mechanical
Behaviors

Unloading stress conditions have a significant
influence on mechanical characteristics of rocks.
First, based on a comparison of Figures 5 and 6, the
radial and volumetric strains increased more under
unloading conditions, which meant that the
unloading process induces greater radial dilation in
the granite specimens. Second, as shown in Figure 7,
the peak deviatoric stress and elastic modulus under
unloading conditions were 8.34% and 7.31% lower
than those obtained in conventional triaxial tests,
which indicated that the unloading approach also
reduces the carrying capacity of granite specimens.

Poisson’s ratio is computed as the negative ratio
of the radial to axial strain, and its value reflects
changes in radial strain during unloading (Meng
et al. 2018). To describe the changes in the Poisson’s
ratio during unloading, the unloading ratio (H) is
introduced to characterize its degree, which is de-
fined as:

ol — o)
H = | 3 - 3| (6)

03
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Table 2. Strength and failure parameters of granite after high temperature treatments under triaxial compression

Stress condition T (°C) Mohr-Coulomb criterion Hoek-Brown criterion pf (mm/mm?) Wa (pm)
o(°) C(MPa) R’ m; . MPa) R’
Loading 20 37.34 43.08 0.988 165.82 9.72 0.995 0.80 2.24
200 35.05 42.14 0.977 153.23 8.55 0.993 1.40 4.63
300 34.11 40.28 0.931 139.68 8.63 0.966 1.84 6.67
400 33.49 40.79 0.931 140.34 8.18 0.965 2.01 721
500 31.22 34.54 0.977 120.15 6.34 0.964 2.55 8.76
600 27.07 21.80 0.973 68.89 5.48 0.961 3.64 11.50
Unloading 20 35.04 43.46 0.999 161.73 8.03 0.998 - -
200 33.03 42.93 0.985 151.50 7.25 0.997 - -
300 30.84 41.56 0.945 137.81 6.59 0.971 - -
400 30.33 41.45 0.960 137.12 6.25 0.981 - -
500 28.48 35.80 0.966 119.09 5.04 0.951 - -
600 24.70 22.45 0.975 68.53 4.42 0.963 - -
50 - - 50 180 — - 12
45 R
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Figure 10. Cohesion and friction angle as functions of
temperature under loading and unloading conditions.

where H is unloading ratio, ag is initial confin-
ing stress, and ¢! is confining stress during the
unloading process.

Figure 14 reveals that there was an exponential
relationship between the Poisson’s ratio and the
unloading ratio of granite after exposure to high
temperatures. The Poisson’s ratio increased slowly
at the beginning of the unloading process and then
increased rapidly near the unloading failure. During
the unloading process, the Poisson’s ratio exceeded
0.5 (the Poisson’s ratio limit of elastoplastic materi-
als). Unloading conditions caused a high increase in
radial deformation, which included not only rock
elastic deformation, but also crack propagation. The
deformation caused by the propagation of cracks
was far larger than the elastic deformation.

Figure 11. 6,; and m; as functions of temperature under
loading and unloading conditions.

According to the definition of Poisson’s ratio, the
rapid increase in radial strain under unloading con-
ditions will cause the sharp increase in Poisson’s
ratio. As a result, the Poisson’s ratio of granite under
the unloading condition was bigger than 0.5.

To present the expansion in radial deformation
during the loading process more clearly, the rela-
tionships between the axial, radial and volumetric
strains and confining stress are plotted in Figure 15.
The axial strain increased very slowly, while the
radial strain expanded rapidly with the confining
stress, especially near the failure point. The value of
expansion in the radial strain was 4 to 6 times
greater than that in the axial strain of granite ex-
posed to elevated temperatures. The volumetric
strain is the sum of the axial strain and twice the



Mechanical Behaviors of Granite After Thermal Treatment 2745

(e) 500 °C

200 pm

(b) 200 °C

% 200 pm
S s e =Ry

(d) 400 °C

e us

(f) 600 °C

Figure 12. Optical microscopic images of granite after treatment at temperatures up to 600 °C (“‘Qz” represents
quartz; “Fsp” represents feldspar; “Bt” represents biotite; ‘‘bc”” means ‘‘grain boundary micro-crack”; “ic”” means

““intra-granular micro-crack”).

radial strain, exhibiting a similar trend to the radial
strain during unloading. The relationships between
the volumetric strain and axial strain of granite after
exposure to elevated temperatures under the two
loading conditions are shown in Figure 16. The

volumetric strain under unloading conditions ex-
panded more dramatically, and the maximum value
of expansion in volumetric strain under unloading
(Fig. 16b) was twice that under loading conditions
(refer to Fig. 16a).
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Figure 13. Relationships between temperature, micro-crack
density and average width of granite after high temperature
treatment.

The difference between the two loading stress
conditions in this study is that the confining stress
was unloaded gradually under unloading conditions.
In essence, the unloading stress state is equivalent to
superimposing a lateral tensile stress on the loading

Z. Zhu et al.

stress state. This lateral tensile stress induces the
extension of tension cracks parallel to the axial
direction, and tension cracks gradually develop in
the interior of rock specimens with increasing lateral
tensile stress (Dai et al. 2018). As a result, the
specimen exhibited radial dilation under unloading
conditions. The tension cracks induced by the lateral
tensile stress extended gradually and coalesced with
decreasing confining stress, which caused deteriora-
tion of the peak strength under the loading ap-
proach. Therefore, the rock specimens were more
likely to be destroyed, and the carrying capacity of
granite specimens decreased.

Combined Effect of Thermal Treatment
and Loading Stress Conditions on Mechanical
Behaviors

As demonstrated in the present study, both
high-temperature and unloading treatments de-
graded the mechanical properties and decreased the
carrying capacity of granite, although their deterio-

2.0 1 j / /
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Figure 14. Relationships between Poisson’s ratio and unloading ratio at various temperatures and confining
stresses.
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&%

Figure 15. Relationships between axial, radial and volumetric
strains and confining pressure during loading (solid lines
represent axial strain; dotted lines represent radial strain;
dashed lines represent volumetric strain).

ration mechanisms were not identical. The changes
in strength and deformation characteristics reflect
rock damage, and the use of methods of damage
mechanics to study temperature-dependent rock
behaviors is an innovative approach in rock
mechanics (Liu and Xu 2015). A thermal damage
variable (D7) was introduced to quantify the degree
of damage to granite after high-temperature treat-
ment and defined as:

Dr=1--" (7)

where I and [, represent the peak strength,
elastic modulus or Poisson’s ratio of granite before
and after heating treatment, respectively.

To quantify the degree of damage to granite
after the unloading treatment, an unloading damage
variable (D) was similarly defined to D as:

Dy=1-— (8)

where K7 and K, represent the peak strength,
elastic modulus or Poisson’s ratio of granite before
and after unloading treatment, respectively.

According to the experimental results pre-
sented above, the relationships between tempera-
ture and Dy as well as temperature and Dy are
presented in Figures 17 and 18, respectively. D7 in-
creased with temperature, and the growth rates of
D, based on the peak strength and elastic modulus,
were greater than those based on the Poisson’s ratio.
D7 increased rapidly at temperatures above 400 °C,

which corresponded to the optical microscopy
analysis results, where more micro-cracks were ob-
served above 400 °C. Dy decreased with confining
stress in general, and Dy on the basis of the Pois-
son’s ratio was less than zero, because the Poisson’s
ratio of granite under loading conditions was less
than that under unloading conditions. In view of
Figures 17 and 18, the values of Dy, based on peak
strength and elastic modulus, exceeded 0.15 above
400 °C, while the values of Dy were less than 0.15 at
any confining stress. Further, all values of Dy on the
basis of the Poisson’s ratio exceeded 0.05 above 400
°C, while the values of D were less than 0.05 at any
confining stress. Therefore, on the basis of the three
mechanical and deformation properties, Dy was
greater than Dy, after thermal heating to at least 500
°C under any confining stress. In other words,
treatment at temperatures above 400 °C had a
greater influence on the mechanical characteristics
of granite than any unloading treatment, whereby
400 °C can be considered as threshold temperature
for significant deterioration in granite properties.

Potential Applications in Deep Geological
Subsurface Utilization

In general, both high-temperature and unload-
ing treatments degrade the mechanical properties
and decrease the carrying capacity of granite. On the
one hand, during drilling and excavation, the dete-
rioration of strength and elastic behaviors may in-
duce instability of rock surrounding a wellbore or
tunnel. Because unloading can lead to a pervasive
tensile micro-cracking process before the emergence
of macroscopic failure (Dai et al. 2018), it will
eventually induce tensile failure accompanied by
wall rock breakouts (Siratovich et al. 2016). Mean-
while, the high temperature can result in a micro-
crack network close to the deep wellbore due to
thermally induced cracks (Kumari et al. 2019). The
present experimental results illustrated the influence
of high-temperature and unloading treatments on
the mechanical characteristics, which provide an
important basis for the parametrization of analytical
and numerical models for the utilization of the
geological subsurface. On the other hand, heat
extraction in HDR projects entails hydraulic stimu-
lation to establish the required permeability and
form an artificial fracture network, connecting the
injection well with the production wells across a
heater exchanger (Frash et al. 2015). During the
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Figure 16. Volumetric strain-axial strain curves of granite exposed to various temperatures under loading

and unloading conditions.

process of hydraulic fracturing, the breakdown mechanical strength and elastic behaviors of granite
pressure decreases linearly with temperature (Zhang in a geothermal reservoir, it will be conducive to
et al. 2019). Considering the degradation of well drilling and the stimulation of fracture networks
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Figure 17. Relationship between temperature and thermal damage at various confining stresses.

in HDR reservoirs. Thus, this study will support
analytical and numerical modeling of granite ex-
posed to high temperatures during the development
of the deep geological subsurface for geothermal
energy extraction from hot dry rocks in the Gonghe
Basin, China, in the near future.

CONCLUSIONS

In the present study, a series of loading and
unloading triaxial compression tests at 20, 40 and
60 MPa for granite specimens after exposure to
elevated temperatures of 200, 300, 400, 500 and 600
°C was carried out to investigate the combined ef-
fects of thermal treatment and loading and loading
stress conditions on granite strength and deforma-
tion. The following conclusions are drawn from the
experimental results.

1. Thermal treatment induces deterioration of
the strength and deformation properties and
decreases the carrying capacity of granite
specimens under both loading and unloading
conditions. Under loading conditions with an

initial confining stress of 60 MPa, the peak
strengths decrease by 22.4%, 26.2% and
49.8% at 400, 500 and 600 °C, respectively,
compared to the values at room temperature,
while the values of the elastic modulus de-
crease by 12.5%, 17.2% and 25.4%, where
temperature increases to 400, 500 and 600
°C, respectively. The values of cohesion un-
der unloading conditions decrease by 4.5%,
92% and 33.5% at 400, 500 and 600 °C,
respectively, compared to the values at room
temperature, whereby the internal friction
angle decreases by 14.6%, 33.0% and 56.6%
at 400, 500 and 600 °C, respectively.

. The peak strength and elastic modulus under

unloading conditions are reduced, compared
with the results obtained from conventional
triaxial tests. This indicates that unloading
also decreases the carrying capacity of
granite. At 600 °C, the peak strengths de-
crease by 55.4%, 58.6% and 49.5% under
confining pressures of 20, 40 and 60 MPa,
respectively, while these values are 53.9%,
59.1% and 49.8% under unloading condi-
tions. The elastic modulus decreases rapidly
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Figure 18. Relationship between temperature and unloading damage at various temperatures.

by 45.9%, 39.7% and 27.3% under loading
conditions at confining stresses of 20, 40 and
60 MPa, respectively. These values become
40.2%, 44.9% and 25.4% for the unloading
path. The cohesion under unloading condi-
tions is greater than that obtained in con-
ventional tests, while the internal friction
angle exhibits the opposite trend.

. The deterioration mechanisms of high-tem-

perature and unloading treatments are not
identical. The gradual degradation of the
mechanical characteristics of granite after
thermal treatment is mainly associated with
the evolution of thermal micro-cracks, ob-
served by optical microscopy. High temper-
atures induce, widen and extend the grain
boundary and intra-granular micro-cracks
beside or inside mineral grains. The unload-
ing stress state is equivalent to superimpos-
ing a lateral tensile stress on the loading
stress state. This lateral tensile stress induces
the extension of tension cracks parallel to the

axial direction and degrades the mechanical
characteristics of the granite.

. Dy and Dy are introduced to compare the

effects of high-temperature and unloading
treatments on the mechanical characteristics
of granite. On the basis of three mechanical
and deformation properties, Dy is greater
than Dy after thermal heating to 500 °C
under any confining stress. 400 °C can be
treated as the threshold temperature for
significant deterioration, and temperatures
above 400 °C have a greater effect on the
strength and deformation properties of
granite than unloading treatment.

. The findings of the present study support the

parametrization of analytical and numerical
models for the assessment of high-tempera-
ture drilling and excavation operations in
granite.
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