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Abstract In a variety of fields such as exploita-
tion of geothermal energy and the reconstruction of
nuclear waste storage, both of high-temperature and
cooling process change the physical and mechanical
properties of granite. Uniaxial compression tests were
performed on five groups of granite samples at 25 °C,
200 °C, 400 °C, 600 °C and 800 °C after water cool-
ing, and CT scanning, acoustic emission(AE) moni-
toring and X-ray diffraction(XRD) scanning were
used to investigate the structure properties and failure
characteristics of granite. It is found that the propor-
tions of pore volume greater than 10° pm? and less
than 10° um? with are positively and negatively corre-
lated with the thermal treatment temperature respec-
tively. The mechanical properties of granite are sig-
nificantly deteriorated by temperature gradient shock,
and crack development scale during failure process
overall increases as implied by AE response. The fail-
ure intensity index # is proposed to characterize the
failure severity of granite, and the value of 7 descends
with the increase of thermal treatment temperature,
indicating the failure severity of granite is alleviated.
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Three types of loading failure mode are classified
for water-cooled high-temperature granite. The fail-
ure mode of granite at 200 °C and 600 °C is tensile
failure and tensile-shear failure respectively, while
the granite samples are dominated by shear failure at
25 °C, 400 °C and 800 °C.

Article Highlights

e Propose an index 7 to quantify the failure severity
of granite.

e Higher temperature gradient alleviates the destruc-
tive effect of granite failure.

o The failure mode transfers from shear to tensile-
shear as temperature gradient increases.

e The mechanism of irregular change of failure
characteristics is analyzed.

Keywords High temperature - Granite - Water
cooling - Pore structure - Mechanical properties -
Failure characteristics

1 Introduction
The influence of high temperature on the engineering
rock mass is of vital importance as the deep geotech-

nical engineering advances (Pathegama et al. 2017).
Granite is widely distributed in the deep strata as a
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common type of magmatic rock. Therefore, high-tem-
perature granite suffers water cooling due to hydrau-
lic fracturing, geothermal energy acquisition and
other reasons in fields such as geothermal extraction,
deep mineral extraction and nuclear waste repository
construction (Shu et al. 2020; Watanabe et al. 2020;
Zhang and Zhao 2020). Water cooling causes struc-
tural changes and increased damage to granite based
on the effect of high-temperature. Hence, the study
on structural properties and damage characteristics of
high-temperature granite after water cooling is signif-
icant for deep geotechnical engineering.

The properties of high-temperature granites or
naturally cooled granites after thermal treatment have
been widely studied. Nasseri et al. (2007, 2009) sys-
tematically analyzed the evolution trend of perme-
ability and fracture toughness in thermally treated
Westerly granite. Chaki et al. (2008) investigated the
changes of porosity and wave velocities of high-tem-
perature granites. Shao et al. (2015) proved that ther-
mal treatment prolongs the duration of stable crack
propagation in granite by monitoring the AE response
of failure process. And it was found that thermal
treatment below 110 °C lead to negative damage in
granite (Tian et al. 2021). The mechanism of ther-
mal damage in granite at different high temperatures
was studied by using X-ray micro CT, indicating that
changes of strength and stiffness are closely related
to the interactions of mineral particles (Yang et al.
2017). The thermal equilibrium state between mineral
particles is broken due to different thermal stress. The
weak rock bridges are destroyed when thermal stress
exceeds the binding force between minerals, result-
ing in the generation of inter-granular cracks (Kumari
et al. 2018b, a; Shen et al. 2021a, b). Because granite
is a continuous material, the expansion and contrac-
tion of its internal particles are limited by each other.
Therefore, thermal stress exists in the form of tensile
stress on the rock surface and compressive stress in
the interior (Kim et al. 2014). Under the action of
thermal stress, cracks usually propagate along the
path with the least energy consumption, and the areas
with weak strength are damaged (Broténs et al. 2013;
Kumari et al. 2018b, a). When the thermal stress is
strong enough to overcome the limitation of lattice
energy, trans-granular cracks appear in the crystal (Jia
et al. 2021).

Water cooling exacerbates the changes in the struc-
tural and mechanical properties of high-temperature
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granites. Liu and Xu (2015) investigated the mechani-
cal properties of high-temperature granite up to
600 °C after water cooling. The compressive strength,
elastic modulus and ultrasonic wave velocity of the
samples were found to decrease with increasing tem-
perature. Kang et al. (2021) studied the mechanical
properties of high-temperature granites after water
cooling and analyzed the effect of mineral grain het-
erogeneity on the critical temperature. In terms of
cooling conditions, the failure mechanism of high-
temperature granite under different numbers of water
cooling cycles was analyzed (Wu et al. 2022a, b).
Research tools including X-Ray Scanning Diffraction
(XRD) (Yin et al. 2021), Scanning Electron Micros-
copy (SEM) (Zhu et al. 2021a, b) and Optical Polar-
izing Microscopy (POL) (Junique et al. 2021) were
applied to study the failure modes of high-tempera-
ture granite after water cooling. It was discovered that
thermal shock lead to an increase in trans-granular
cracks and a change in failure mode from tensile-
shear failure to shear failure.

In general, the current research focuses more on
the physical and mechanical properties of cooled
granite after thermal treatment. However, the struc-
tural properties and failure characteristics of high-
temperature granite after water cooling need to be
systematically studied. In this study, uniaxial com-
pression test was conducted on granite samples
at 25 °C, 200 °C, 400 °C, 600 °C and 800 °C after
water cooling. CT scanning test, XRD test and real-
time monitoring of AE response were performed to
study the changes in structural properties and failure
characteristics of high-temperature granite after water
cooling. The research results can provide reference
for the safety of deep geotechnical engineering.

2 Materials and methods
2.1 Samples preparation

The granite studied is selected from Macheng City of
Hubei Province, China. Rock mass of granite without
apparent cracks or fissures was selected. Cylindrical
samples of ®50 mm X 100 mm were drilled accord-
ing to the requirements of the International Society of
Rock Mechanics (ISRM). The flatness of the two ends
of each sample was controlled within+0.05 mm,
and deviation of the diameter within+0.2 mm, as
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shown in Fig. 1. The P-wave velocity of each sam-
ple was measured after sample preparation. Samples
with wave velocities ranging from 2700 to 2900 m/s
were selected for subsequent processing to ensure the
integrity of the samples.

2.2 Test process

The samples were divided into five groups of A,
B, C, D, E and numbered according to the preset

temperature levels. Samples of group A were kept
at room temperature and calculated according to
25 °C. The remaining samples were heated to 200 °C,
400 °C, 600 °C and 800 °C, respectively. An electric
box resistance furnace was used for thermal treat-
ment. The heating rate was kept at 5 ‘C/min to moder-
ate the effect of thermal shock (Zhu et al. 2021a, b).
The samples were heated to the preset temperature
and maintained in the furnace for 4 h. The samples
during thermal treatment are shown in Fig. 2a. Then,

Fig. 1 Geographic location of granite samples

Fig. 2 Test equipment and
process for structural and
mechanical testing of gran-
ite after thermal treatment
and water cooling

(e) XRD test

(d) AE monitoring (c) Uniaxial compression )
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the samples were taken out and immersed into pure
water at 25 °C. After water cooling, each sample was
dried for 4h in drying oven. According to Fig. 2b,
when all the samples were fully dried, CT scanning
tests were performed on 5 groups of granite samples
using the SOMATOM Ccope CT equipment with
a resolution of 5.65 pm and scanning layer thick-
ness of 0.2 mm, which indicates that pores with size
greater than 5.65 pm can be effectively identified and
counted.

As shown in Fig. 2c, the uniaxial compression tests
were performed to all the samples by using MTS815
rock mechanics test system. With a loading rate of
0.1 mm/min, each sample was loaded to ultimate fail-
ure under displacement-control method. Additionally,
assisted by a built-in displacement sensor, and the
accuracy of each loading step reached 0.05%. The AE
monitoring of each sample was monitored simultane-
ously with the DS5 AE monitoring system (Fig. 2d),
while the signals were recorded by four resonant AE
sensors (Model: RS-2A) as the preamplifier gain was
40 dB and sampling frequency was 4 MHz. The effi-
ciency of each probe is guaranteed by a lead break-
age test before the experiment. All the samples were
collected after the uniaxial compression test, and the
debris was grinded and sifted by a screen mesh (350
mesh) into powder samples. Subsequently, as shown
in Fig. 2e, the XRD tests were conducted on powder
samples with D8 ADVANCE X-ray diffractometer.
The scanning mode was continuous scanning with the
scanning speed of 3°/min, and the sampling interval
was 0.02°.

3 Results
3.1 Structural properties

The internal structure images of the samples are
obtained by CT scanning. Different gray values in
the images represent different material densities.
Regions with the lowest gray value denote the pore.
The threshold segmentation method is used to bina-
rize the CT images, in order to quantitatively analyze
the information of pore structure. Three-dimensional
shape of sample is reconstructed, and the distribu-
tion of pore structure is shown in Fig. 3. The varia-
tion of the pore size distribution with the temperature
gradient lays an important impact on the structural
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(a) 3D reconstruction (b) Pore dfsfribution

Fig. 3 Schematic diagram for the pore structure of high-tem-
perature and water-cooling treated granite sample

stability, especially considering the interaction of the
pore size distribution with the fluid injection (Zhu
et al. 2021a, b).

Figure 4 depicts the pore volume distribution and
scanning slices of granite samples. These slices are
the most porous of all the slices for each sample.
Intuitively, the pore content in the slices increases
with increasing thermal treatment temperature. Fur-
ther, in order to quantify the pore size, the pore vol-
ume distribution of all samples with different thermal
treatment temperatures is counted. It turns out that
pore volumes of the untreated granite samples were
all less than 10° pm?®, When the temperature gradi-
ent increases, the percentage of pores with a volume
greater than 10® um® continues to increase and the
pores smaller than 10° pm® gradually vanishes. At a
thermal treatment temperature of 600 °C, the appear-
ance of pores bigger than 107 pm? is observed. Even-
tually, the proportion of pores with a volume larger
than 108 pm3 is 7.3% at 800 °C, while that of pores
smaller than 10° pm? is only 2.3%. The volume distri-
bution of pores correlates well with temperature vari-
ation. This trend implies that the growth of heating
temperature and temperature gradient complicate the
pore structure.

The change in thermal treatment temperature also
alters the mineral composition of granite, and con-
sequently affect the structural properties of granite
samples. In the XRD test, the direction and intensity
of diffracted X-ray can characterize the diffraction
features. Mineral composition of granite samples can
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Fig. 4 Pore volume distribution of granite samples after water cooling at different temperatures

be identified by X-ray diffraction spectrum. Relative
content of each mineral component in granite samples
at different temperatures after water cooling is calcu-
lated as:

kXYY L ¢))

i=A K_A

Wy

where Wy is the relative content of a phase X, A is the
name of the phase selected as the internal standard
phase among the N phases, Iy is the diffraction inten-
sity of phase X, KX is the ratio of RIR value between
phase X and internal standard phase A.

Main mineral compositions and their relative con-
tents of high-temperature samples after water cooling
are shown in Fig. 5 and Table 1. The granite used in
this study is mainly composed of quartz, feldspar, and
bits of mica and hornblende. The contents of quartz,
mica and hornblende in granite samples increase con-
tinuously with the raise of thermal treatment tempera-
ture. The relative contents of quartz, mica and horn-
blende increase from 23.8%, 12.1% and 2.2% at 25 °C
to 25.8%, 13.1% and 3.5% at 800 °C, respectively. On
the contrary, the content of feldspar descends with the
increase of thermal treatment temperature, and finally
decreases from 61.9% at 25 °C to 57.6% at 800 °C.

In Fig. 5, when the thermal treatment temperature
reaches 600 °C, the diffraction intensity of feldspar
increases significantly with a bimodal phenomenon in
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Fig. 5 X-ray diffraction (XRD) spectrum of granite after water
cooling at different heating temperatures
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Table 1 Relative contents of the main mineral components at
different temperatures (unit: %)

Tempera-  Feldspar Quartz Mica Hornblende
ture ('C)

25 61.9 23.8 12.1 2.2

200 61.1 24.3 12.4 22

400 60.4 24.5 12.7 2.4

600 58.2 25.4 13.5 29

800 57.6 25.8 13.1 35

the diffraction spectrum. Moreover, the spikes of low
diffraction intensity are reduced when the tempera-
ture is above 200 °C. The results imply that the min-
eral impurities decrease with the rise of thermal treat-
ment temperature, and the effect of mineral impurities
on main minerals is gradually weakened.

3.2 Mechanical properties and AE characteristics

The stress—strain curves of uniaxial compression fail-
ure of granite samples are shown in Fig. 6. The uni-
axial compressive strength (UCS) of granite samples
descends with the increase of thermal treatment tem-
perature, and the peak strain surges at 400 °C, 600 °C
and 800 °C. The stress—strain curves of granite after
water cooling at 600 °C and 800 °C show an obvi-
ous post peak stage with the characteristics of plastic
failure.
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Fig. 6 Stress—strain curves of granite after water cooling at
different temperatures
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Fig.7 Variation of strength and elastic modulus of granite
after water cooling at different temperatures

The average values of UCS and elastic modulus of
each group of samples are calculated, and the results
are shown in Fig. 7. The value of UCS and that of
elastic modulus are 225.88 MPa and 24.18 GPa
when the samples are at 25 °C. After being heated to
200 °C, 400 °C, 600 °C and 800 °C, the UCS of each
group of samples after water cooling is 197.25 MPa,
167.83 MPa, 107.08 MPa and 85.60 MPa, respec-
tively. The elastic modulus also decreases with the
growth of thermal treatment temperature. The aver-
age elastic modulus at 200 °C, 400 °C, 600 °C and
800 °C is 20.03 GPa, 17.06 GPa, 12.67 GPa and
6.51 GPa, respectively. The elastic modulus at 800 °C
is 73.08% lower than that at 25 °C, indicating that the
mechanical properties of granite are seriously dete-
riorated under thermal treatment and water cooling
(Wu et al. 2022a, b).

In order to further study the failure response of
each sample, the temporal distributions of AE ring
counts and accumulated AE counts of different sam-
ples are shown in Fig. 8. The value of AE ring counts
reflects the activity of internal damage and defect of
rock. A higher number of AE ring counts correspond
to the increase of crack number and the degree of
fracture development.

During uniaxial compression, the temporal distri-
bution of AE ring counts of each sample is consist
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Fig. 8 Stress—strain and AE curves of granite under uniaxial compression test at high temperatures. a T=25 °C, b T=200 °C, ¢
T=400 °C,d T=600 °C, e T=800 °C

with the stress evolution trend. In Fig. 8d, e, the curve
of accumulated AE counts is relatively flat during the
compacting stage, since the development of internal

cracks is sufficient due to thermal treatment and water
cooling before loading. During the elastic stage, the
degree of fracture development decreases, and the
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value of AE ring counts is low. In the plastic deforma-
tion stage, the connection of fractures and pores leads
to the rise of AE ring counts. The internal cracks of
sample continue to expand and produce the main frac-
ture at the failure stage. The value of AE ring counts
soars, and the maximum value appears near the peak
strength. In addition, the granite samples change from
brittle to ductile failure when the thermal treatment
temperature reaches 600 °C. Consequently, as shown
in Fig. 8d, e, the samples also experience a distinct
post-peak damage process after the peak stress, and
a series of acoustic emission signals can be observed
during this period.

As shown in Fig. 9, the peak ring counts and accu-
mulated ring counts of each sample own a similar
evolution trend with the variation of thermal treat-
ment temperature. In terms of peak ring counts, the
value at 200 °C and 400 °C increases by 290.29% and
184.46% respectively compared with that at 25 °C.
Nevertheless, the value of peak ringing counts drops
at 600 °C and 800 °C, which is 64.60% and 18.60%
lower than that at 25 °C respectively. The reason for
the decrease of peak ringing counts is the reduction of
energy release when the main fracture occurs, which
indicates that the fracture development is distinctly
promoted by thermal treatment and water cooling at
600 °C and 800 °C.
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Significantly, a certain difference between the peak
ring counts and accumulated ring counts exists when
thermal treatment temperature is 800 °C. The value
of accumulated ring counts increases sharply to the
maximum at 800 °C. This change accords with the
large failure scale and an obvious post peak failure
stage at 800 °C. Moreover, after thermal treatment
and water cooling, the value of accumulated ring
counts of granite generally increases compared with
that at 25 °C, which manifests that the crack number
and failure scale are enlarged in the failure process.

3.3 Energy evolution and failure severity
characteristics

According to Xie et al. (2005), rock deformation and
fracture is the comprehensive result of energy release
and dissipation. It is assumed that the heat exchange
between rock mass elements and the external environ-
ment is avoided. According to the first law of ther-
modynamics, the total energy U generated by external
force is:
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Fig. 9 Characteristic parameter values and mean distribution of samples at different heating temperatures. a Peak ring counts; b

accumulated ring counts
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Fig. 10 Relationship between dissipated strain energy and
releasable strain energy in stress—strain curve

where U, is the releasable strain energy (MJ m™2), U,
is dissipated energy (MJ m~>), U, is the strain energy
density generated by axial force (MJ m~>), o, is axial
stress (MPa), ¢, is axial strain.

The connection between U, and U, is illustrated
in Fig. 10. The colored area denotes the releasable
strain energy U,. The development of damage in
sample is accompanied by energy dissipation, while
part of total energy is stored in the form of U,.
When the U, exceeds the surface energy of mineral
particles, the rock element will be destroyed. Under
uniaxial compression, the releasable strain energy
U, is calculated as:

2

%

and the dissipated energy is U,

2

U, = / " ode, — 2L 4
; 2E

u

The energy evolution trend of each sample dur-
ing uniaxial compression test is calculated, and the
result is shown in Fig. 11. As shown in Fig. 1lc, e,
sudden decrease of U, happens in the plastic defor-
mation stage, which denotes a certain scale of dam-
age in the sample. Consequently, the released elas-
tic waves are detected by AE sensors. According
to Fig. 8, the number of AE ring counts increases

significantly in the plastic deformation stage, and it
proves that AE response of failure process consists
with the energy evolution characteristics. With the
further increase of loading, the sample cannot sup-
port the continuous aggregation of U,. Therefore, a
large-scale release of U, occurs. The internal struc-
ture of sample is deteriorated and the strength is
reduced.

Table 2 shows the energy of different samples
when loaded at UCS. As the thermal treatment tem-
perature grows, the value of total energy U descends
obviously, while an overall reduction of the dissipated
strain energy and releasable strain energy at UCS
also exists. For samples that heated to 800 °C, the
value of U,"is greater than that at 600 °C. The reason
is that the surface energy of mineral particles rises,
and the ability to store the releasable strain energy is
enhanced.

In order to further analyze the failure characteris-
tics of granite samples, the failure intensity is studied
from the perspective of energy evolution. Under the
assumption that the total energy U remains constant
at UCS, the greater the difference between U, and U,,,
the less damage of sample and the stronger energy
could be released when the rock is broken. In this
situation, the energy released is greater when rock
failure happens, and the failure intensity and scale of
damage area increase. Therefore, the failure intensity
index 7 is proposed to characterize the severity of
rock failure. The failure intensity index # is calculated
as:

U -U,

'I=T (%)

The variation of failure intensity index # is shown
in.

Table 2 the value of # at a thermal treatment tem-
perature of 200 °C, 400 °C, 600 °C and 800 °C drops
by 11.53%, 21.77%, 27.43% and 22.95% respectively
compared with that at 25 °C. The value of  owns a
downward trend when thermal treatment temperature
ascends, though the value of # at 800 °C is greater
than the value at 600 °C. The decline of the value of
n illustrates that the failure severity of granite is miti-
gated with the increase of thermal treatment tempera-
ture. Generally, the failure severity of granite is alle-
viated by thermal treatment and water cooling.
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Table 2 Energy and index of failure intensity of granite after
water cooling at UCS

TCC) UKm?) U/ (Wm™) U/ KIm™>) g

25 1116.17 1080.72 3545 0.94
200 909.14 831.37 77.77 0.83
400 559.95 485.29 74.66 0.73
600 383.64 322.17 61.47 0.68
800 451.71 388.99 62.72 0.72

U'": total energy at UCS; Ue'": releasable strain energy at the
value of UCS; Ud": dissipated energy at the value of UCS

3.4 Micro-cracks evolution trend

Rock failure is caused by the combined action of ten-
sile crack and shear crack. Tensile crack is charac-
terized by high frequency and short rise time, while
the frequency of shear crack is relatively lower and
the rise time is longer. Accordingly, Ohno and Ohtsu
(2010) proposed a method to judge the fracture type
by RA value and AF value. For one AE event, the
value of RA equals to the specific value of the rise
time to maximum amplitude, and AF equals to the
ratio of AE ringdown-count to the duration time.

As shown in Fig. 12a, for untreated samples, the
RA values are lower in Stage I (compaction stage),
where crack initiation is rare and the type of ten-
sile crack is dominant. As the temperature gradient
increases, the RA values begin to grow due to the
appearance of shear cracks within Stage I. The RA
values increase as the temperature gradient increases.
At Stage II (elastic deformation stage), the AF val-
ues of different samples exhibit an overall decreas-
ing trend, while the RA values present similar change
characteristics. This stage is mainly accompanied
by mixed tension-shear cracks. Moreover, when the
RA value increases with increasing thermal treat-
ment temperature, it could be inferred that the granite
samples are more inclined to generate shear cracks
within Stage II after the temperature gradient shock.
Subsequently, the RA values grow gradually in stage
IIT (unstable crack development stage), accompanied
by unstable fluctuations in the AF values, indicating
that both tensile and shear cracks are formed in large
quantities, and that mixed tensile-shear cracks exist.
Eventually, at stage IV (failure stage), the RA values
surge as the thermal treatment temperature increases,
in conjunction with increasing AF values. It can be
assumed that a large number of large-scale shear

cracks develop through the stage IV, and the thermal
shock leads to the sample in the failure process is
more likely to form shear fractures. These fractures,
together with shear cracks and mixed tensile-shear
cracks, lead to the ultimate failure.

In order to reflect the temporal evolution trend of
crack type more intuitively, the point density diagram
of AF/RA-time is depicted in Fig. 12. The greater the
density of a point, the more significant its effect on
the failure of granite. Besides, the ratio of AF (kHz)
to RA (ms/V) is utilized to illustrate the crack types,
and a reference line of AF/RA=1 is also applied.
Data points are distributed on both sides of the refer-
ence line, which manifests that both of tensile crack
and shear crack are engaged in the failure of different
samples.

Significantly, as shown in Fig. 12b, for samples
that treated to 600 °C, the nucleation region of den-
sity map extends from the area of shear crack to that
of tensile crack, indicating that both shear crack and
tensile crack are critical for rock failure. However, the
nucleation region concentrates at the area of tensile
crack at 200 °C, and mainly aggregates at the area
of shear crack at other temperatures. Accordingly,
three types of failure mode of granite exist at different
thermal treatment temperatures. The failure mode of
granite at 25 °C, 400 °C and 800 °C is shear failure,
while tensile failure and tensile-shear failure is domi-
nant at 200 °C and 600 °C respectively. For the same
sample, micro-cracks exhibit a trend of transforming
from tensile cracks to shear cracks during the loading
process, especially in stage IV where micro-cracks
are mainly concentrated in the area of shear cracks.

4 Discussion

In this study, granite samples were subjected to high
temperature heating followed by water cooling. In
order to analyze how the pore structure and chemi-
cal composition of granite are affected by changes in
temperature, CT scanning and XRD tests were con-
ducted. Uniaxial compression experiments were car-
ried out on samples that under different treatment
conditions, and the whole process of AE monitoring
was performed at the same time. It turns out that the
pore volume of granite is more diffuse with increas-
ing temperature gradient, and the mineral composi-
tion is significantly changed. Meanwhile, the energy
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Fig. 13 Change in the quartz bond angle from a phase (a) to
f phase (b)

evolution and mechanical properties of granite are
found to change critically at 600 °C. In particular, the
AE response exhibits an irregular correlation with
the temperature gradient. In addition, the samples
are destabilized at a thermal treatment temperature
of 600 °C in the most intense scale, evaluated by the
failure intensity index 7.

The results accord with the finding that the quartz
transforms from a phase to § phase at 573 °C (Har-
tlieb et al. 2016; Ohno 1995). As shown in Fig. 13,
the angle between two different Si—O tetrahedrons
changes from 150° to 180° in quartz lattice. Phase
transformation of quartz is accompanied by volume
expansion and drop of crystal energy (Shen et al.
2021a, b; Smalley and Markovi¢ 2019). Thus, as
shown in Fig. 11, the value of releasable strain energy
varies with the change of temperature. When the tem-
perature of granite reaches between 600 and 800 °C,
the brittle components of granite transforms to plastic
materials (Sun et al. 2015). In general, physical and
chemical changes are generated in granite under the
effect of thermal treatment. Chemical changes occur
when the temperature is relatively high, and physical
transitions exist in the whole process.

According to Sect. 3.4, when high-temperature
granite is cooled by water, the proportion of shear
cracks in the uniaxial compression failure process
of the sample gradually increases with the expan-
sion of temperature gradient. This result can be
attributed to the distribution of pores and cracks
caused by high temperature and thermal stress. As
shown in Fig. 14, during the thermal treatment and
water cooling processes, changes in the structure of

mineral particles and cracks generated by mechani-
cal actions form shear planes inside the sample,
leading to the continuous formation of shear cracks
at the tip of the plane during loading. But inter-
estingly, when the granite has not been heated to
600 °C, the macroscopic failure mode is closer to
shear failure, and the cracks penetrate diagonally
through the entire sample. When heated to 600 °C
and 800 °C, tensile cracks distributed in the axial
direction are observed, indicating a certain dif-
ference between the proportion of micro-cracks
and the macroscopic failure morphology. The pro-
portion of different cracks is quantitatively ana-
lyzed based on the criteria proposed by Dong et al.
(2023). A baseline of AF=11RA(10° ps/V) +60 is
applied to classify the crack type. The proportion
of shear crack accounts for 45.6% at the tempera-
ture of 25 °C, and the proportion of shear crack in
failure process is 55.9%, 53.4% and 48.4% respec-
tively at 200 °C, 400 °C and 600 °C. Differently, the
proportion of shear crack surges to 70% at the ther-
mal treatment temperature of 800 °C. This indicates
that the temperature affects the proportion of rock
micro-cracks, which leads to the discrepancy in the
macro-failure modes.

Additionally, the movements of mineral particles
in granite under thermal treatment and water cool-
ing are shown in Fig. 15. After thermal treatment
and thermal insulation treatment, the interior of the
rock is approximately in thermal equilibrium. When
the sample is put into cooling water, sudden change
of thermal stress is caused by thermal shock, and
the thermal stress is:

o, = EAaAT 6)

where E is the elastic modulus of sample, Aa is the
variation of thermal expansion coefficient, AT is
the difference of temperature. The irregular change
of failure characteristics of granite may due to the
competition between thermal hardening and damage
(Heap et al. 2017; Meredith and Atkinson 1985), and
the competition affects the failure characteristics in
terms of structural properties and strength of granite.

The irregular change of failure characteristics is
also related to the anisotropy of granite. Water cool-
ing generally intensifies the formation of cracks in
granite, but the strong temperature gradient may
lead to the growth of non-uniform plastic strain
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Fig. 14 Morphology of
sample failure and statisti-
cal charts of micro-cracks
classification for high-
temperature granite under
uniaxial compression test
after water cooling. a
T=25°C,bT=200"°C, c
T=400°C,d T=600 °C, e
T=800 °C

field and material hardening (Zhang et al. 2018).
The water cooling treatment can lead to the solidi-
fication of fluids in the high-temperature granite,
resulting in the increase of rigidity in limited area.
The orientation and shape of fractures are also
complicated. Consequently, under the effects of
thermal treatment temperature and water cooling,
the irregular change of failure characteristics such
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as AE response and failure mode of granite occur.
Moreover, as the temperature gradient increases
during sample processing, more trans-granular
cracks are generated as a result of water-cooling
shocks. Consequently, the induced intergranular and
trans-granular cracks prompt the failure modes of
granite samples change from tensile failure to shear
dominant failure, hence the tensile-shear failure is
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also observed with the increasing thermal treatment
temperature.

In fact, one limitation of this research was that
due to thermal radiation and heat conduction, the
actual temperature of granite during thermal treat-
ment surpassed the preset temperature. However,
from the results of each sample, the trend in struc-
tural properties and failure response of granite
after thermal treatment and water cooling emerged,
which aids to appreciate the geo-mechanical evalua-
tion in field with fluids injection.

5 Conclusions

Pore structure and mineral components of gran-
ite samples determine the physical response under
loading. The pore structure of granite is compli-
cated by thermal treatment and water cooling. As
the temperature gradient ascends, the percentage of
pores that bigger than 10° pm? continues to increase
while that of pores smaller than 10° um?® decreases.
The feldspar composition of granite reduces after
heating, while the content of quartz increases.
Under uniaxial compression, the elastic modu-
lus and UCS of granite drop when the samples are
heated to a higher temperature and cooled by water.
In addition, the value of accumulated AE counts
overall increases at a higher temperature, indicating
the increase of crack development scale during fail-
ure process.

Energy evolution can account the essence of rock
failure, the failure intensity index n is proposed to
characterize the destructive effect of rock failure. The
value of # descends when the thermal treatment tem-
perature rises. The decrease of n manifests that the
destructiveness of failure of granite is weakened by
thermal treatment and water cooling, while it turns
out that the failure intensity approaches the high-
est when heated to 600 °C. By contrast, in terms of
failure characteristics, failure modes of granite sam-
ples are prone to be complicated. During the loading
process, the type of micro-cracks shifts from tensile
cracks to shear cracks. The failure modes of high-
temperature granite cooled by water are classified
into shear failure, tensile failure and tensile-shear fail-
ure. The shear failure is predominant at 25 °C, 400 °C

@ Springer

and 800 °C, and the failure mode of granite at 200 °C
and 600 °C is tensile failure and tensile-shear failure,
respectively. This study may render a reference for
assessing failure characteristics of high-temperature
granite and evaluating its stability with fluid injection.
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