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g:!esriﬁiirﬂring‘e”s;ring To study the influence of thermal shock caused by water-cooling on the physical
University, Baoding 071002, and mechanical properties of high-temperature granite, granite was subjected to an
China increasing number of high-temperature (300 °C) water-cooling and thermal shock
treatment cycles, and static mechanical experiments were carried out on the treated
granite. The results support the following conclusions: (1) thermal shock causes an
increase in the number and size of the pores and cracks within the granite; thus, its vol-
ume expands, density decreases, water absorption rate increases, and P-wave velocity
decreases. (2) With an increase in the number of thermal shocks, both the compressive
strength and tensile strength of the granite decrease, and there is a linear relation-

ship between the compressive strength and tensile strength. (3) With an increase in

the number of thermal shocks, the plasticity of the granite increases and its resistance
to deformation weakens, which is manifested as a decrease in both the compressive
modulus and tensile modulus of the granite. After 15 cycles of thermal shock, the
compressive elastic modulus and tensile modulus of the granite decreased by 25.18%
and 46.76%, respectively. (4) The m and s values of the damaged granite were calcu-
lated based on the Hoek-Brown empirical criterion, and it was found that both of these
parameters decrease with the increase in the number of thermal shocks. The calcula-
tion results can provide a reference for engineering rock mass failure.

Keywords: Granite, Thermal shock, Uniaxial compression, Brazilian splitting,
Mechanical properties

Introduction
Geothermal energy is a type of clean energy, mainly produced from high-temperature
granite. In recent years, with the exploration and development of geothermal energy
(Chen et al. 2019; Zhang et al. 2019a), considering the stability of surrounding rocks in
deep drilling has become one of the hot issues in rock engineering research (Que et al.
2019). In the exploitation of geothermal energy, the key engineering problems lie in
high-temperature drilling, wellbore surrounding rock stability, reservoir fracturing stim-
ulation and stable thermal energy acquisition. To solve these key issues, it is necessary
to consider the influence of cooling and thermal shock due to liquid circulation on the
physical and mechanical behavior of high-temperature rocks.

At present, domestic and foreign scholars have carried out a considerable amount of
research on issues related to the rock mechanics and exploitation of high-temperature
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rocks and complex geological environments (Rao et al. 1992; Yang et al. 2017; Li et al.
2018). Dai et al. (2018) analyzed the influence degree of different cooling methods,
namely, natural cooling, sprinkler cooling and water impaction cooling, on the dam-
age of granite after microwave irradiation by studying the temperature field changes
and strength performance of the granite with thermal imaging tests and uniaxial com-
pression tests. Zhang et al. (2019a, b) and Que et al. (2020) used acoustic emission and
thermal infrared technology to monitor the changes in acoustic emission and infrared
radiation of granite in the process of fracturing under uniaxial compression. The ana-
lytical expressions of rock damage variables based on acoustic emission and infrared
radiation were established, and according to their complementarity in different stages,
a piecewise curve damage model was established to analyze the characteristics of rock
damage evolution under uniaxial compression. Ren et al. (2017) present a dual-horizon
peridynamics formulation which allows for simulations with dual-horizon with minimal
spurious wave reflection, and analyze the crack pattern of random point distribution and
the multiple materials issue in peridynamics. Wang et al. (2019a, b) established a cal-
culation model of the rock thermal rupture threshold based on the plane stress theory
of elasticity. Yu et al. (2019, 2020) treated granite with thermal-hydraulic cycles at dif-
ferent temperatures, and uniaxial compression tests were used to analyze the variation
in mechanical properties such as peak strength, peak strain and elastic modulus. Luo
et al. (2020) took granite as the research object and conducted physical property tests
and uniaxial compression tests on rock samples after natural cooling from high tempera-
tures. The results show that both the peak strength and elastic modulus of the samples
decrease. Que et al. (2020) studied the compressive strength, shear strength and tensile
strength of granite thermal damage from Gonghe Basin, Qinghai Province, as well as the
natural cooling and crack formation of granite specimens at high temperature by using
a macroscopic mechanical test method combined with microscopic CT scanning Faoro
et al. (2013). In order to better understand the complex coupling relationship between
circulating fluid and fracture damage development, conducted the permeability tests on
Etna basalt and Westerly granite samples loaded by periodic deviator stress, and meas-
ured the permeability and water volume content during the entire loading process. It
is found that the permeability will decrease under low pressure differential stress, and
increase under medium pressure differential stress until it reaches a stable value at fail-
ure. Jin et al. (2019) carried out two different types of thermal cycling treatments on
granite samples (slow heating followed by slow cooling or rapid cooling). The changes in
the physical and mechanical properties of the granite after various thermal cycling treat-
ments were analyzed comparatively. Li et al. (2019) performed uniaxial compression
tests on granite after different periodic high-temperature cooling treatments between
20 °C and 650 °C, revealing the influence of thermal cycles on the crack damage devel-
opment, strength decrease and failure mode of the granite. Xu et al. (2019) carried out
a series of thermal cycling experiments on granite specimens at five temperatures to
study the effect of thermal cycling on the mechanical properties of the granite Shu et al.
(2019). The Hopkinson pressure bar (SHPB) splitting test system was used to perform
cyclic impact loading test on the heat-treated rock. The correlation between energy dis-
sipation, energy dissipation rate, number of impacts, cumulative absorbed energy per
volume, failure mode and temperature is analyzed. Zhao et al. (2020) carried out cyclic
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temperature and loading tests to analyze the response of stress—strain characteristics
of the granite samples to changes in temperature and cyclic load upper limit, while the
number of temperature and loading cycles was comprehensively analyzed. Wang et al.
(2020) used a scanning electron microscope equipped with a loading system to observe
the fatigue crack behavior of Beishan granite after heat treatment at 50-600 °C in situ,
and recorded the continuous cracking process under cyclic loading. The results show
that the heat treatment caused the generation of thermal cracks and weakened the grain
boundary strength of mineral particles, leading to different crack behaviors under cyclic
loading. With the increase of temperature, the crack mode gradually changed from the
forward propagation of new cracks to the continuous growth of the original cracks.

At present, the study on the thermal damage of granite mainly focuses on the influ-
ence of different cooling methods on its mechanical behavior at high temperatures.
However, there are few studies on the physical and mechanical behavior of high-temper-
ature granite after undergoing multiple thermal shocks. Therefore, the granite studied in
this paper was subjected to high-temperature action at 300 °C, and different numbers of
high-temperature water-cooling and thermal shock treatments were conducted to study

the changes in the physical and mechanical properties of the granite.

Test overview
Granite specimen preparation
The granite samples in this test come from the Shandong mining area and have a grayish-
white fresh surface. The main components are quartz, feldspar and black mica. Accord-
ing to ISRM rock mechanics test specifications, cylindrical specimens with a 50 mm
diameter and 100 mm height were used for the uniaxial compression testing, and those
with a 50 mm diameter and 50 mm height were used for the Brazilian splitting testing.
The basic physical properties of the rock sample were measured and screened before
further testing. The mass testing method used is accurate to 0.01 g, and the volume
measurement adopted used a Vernier caliper with an accuracy of 0.1 mm. The average
density of the rock sample is 2.63 g/cm? after measurement and calculation. The wave
velocity of the rock samples was measured by a nonmetallic ultrasonic detector, and a
batch of rock samples with a longitudinal wave velocity of 4.8 0.1 km/s were selected.

Test procedure

1. The granite samples are divided into five groups according to the number of high-
temperature water-cooling treatments: 1, 4, 8, 12 and 15 times. There are six granite
samples in each group, three of which are for compression tests and three of which
are for tension tests, with a total of 30 granite samples, as shown in Fig. 1.

2. The grouped granite samples were put into a SX-12-5.0 box-type resistance muffle
furnace for high-temperature heating at 300 °C, with a heating rate of approximately
5 °C/min and a holding time of 3 h.

3. After high-temperature heating, the granite samples were clamped with crucible
tongs and put into a water tank filled with a large amount of 25 °C water to cause
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Fig. 1 Granite samples

Table 1 Basic physical properties of granite samples under different experimental
conditions

NQ) ¢,/(%) @y/(%) @y/(%) w,(%) Vplkm/s) N(T) ¢,/(%) @/(%) @,/(%) w,(%) Vplkm/s)

1 0.16 0.12 —-029 028 3.82 1 0.15 0.21 — 036 047 42

4 0.23 0.25 —048 044 35 4 0.16 039 —055 053 392
8 0.3 0.37 — 067 054 3.33 8 0.2 0.6 —079 058 3.81
12 032 0.64 —09 069 3.28 12 0.2 0.81 -1 06 343
15 0.32 0.82 —-1.13 074 2.99 15 0.24 1.04 —127 062 3.12

N number of thermal shocks, N compressive group, T tensile group

thermal shock and cooling. The cooling time was 6 h, and the samples were weighed
after cooling. After the last cycle, the granite was dried in air for more than 48 h to
test its mass, volume and P-wave velocity.

4. According to steps (2) and (3), the cyclic thermal shock treatment of the granite sam-
ples in each group was carried out.

5. The static uniaxial compression tests and static Brazilian splitting tests were carried
out on the granite samples after the cyclic thermal shock treatment with a WAW-
3300 universal testing machine. The loading method was displacement control mode,
and the loading rate was 0.1 mm/min. The stress—strain curve and related mechani-
cal parameters of each rock sample were recorded.

Analysis of the test results of the physical properties

The samples taken in this experiment were all drilled from the same rock, and a batch
of rocks with small differences were obtained by wave velocity screening. In order
to reduce the uncertainty of the test results, three rocks were taken for parallel tests
under each experimental condition. The experimental data with large deviation were
removed to obtain the average value of the remaining data in the calculation. Table 1

Page 4 of 20
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shows the average values of the basic physical properties of granite samples under dif-

ferent experimental conditions.

Mass, density and volume

To investigate the influence of thermal shock cycling on the mass, volume and den-
sity of the granite, the mass loss rate, volume expansion rate and density change rate
were introduced and calculated by Eqs. (1), (2) and (3) to characterize these changes, as
shown in Fig. 2:

b = mN — o x 100%, (1)
mo
VN — Vi
py = N0 : % % 100%, (2)
PN — L0
b, = NP0 100%,
P P0 ®)

where ¢,,, ¢, and ¢, are the mass loss rate, volume expansion rate and density change
rate, respectively. m,, V), and p, are the mass, volume and density, respectively, of a
dried granite sample after the last thermal shock treatment. m1,, V|, and p, are the mass,
volume and density, respectively, before the thermal shock treatment of the granite.

The mass loss rate of the granite sample remains basically unchanged with an increase
in the number of thermal shock cycles. The mass loss is generally most after the first
thermal shock cycle, which is caused by the escape of pore water in the granite dur-
ing the first high-temperature treatment. The volume expansion rate increases mono-
tonically with increasing thermal shock cycles. On the one hand, the high temperature
causes the expansion of mineral crystals and thus an increase in volume. On the other
hand, due to the different degrees of expansion of different mineral crystals, tensile
thermal stress will be generated between the crystals, which will lead to the generation
of transgranular cracks. As the number of thermal shock cycles increases, the thermal
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stress increases, and the cracks further develop, which eventually leads to the increase in
the volume of the granite. Accordingly, the increase in the number and size of the pores
and fractures in the granite will cause the texture of the granite to become looser, its
mechanical properties to become weaker, its density to decrease, and its density change
rate to be negative.

Water absorption
To investigate the pores in the rock and the connectivity of the microfissures, the water
absorption was calculated by Eq. (4):

wg = N 100%, @)

mn

where w, represents the water absorption and m, represents the mass of the gran-
ite after the last cooling treatment. The water absorption of each group after a cooling
treatment was calculated, and the results were compared, as shown in Fig. 3. The water
absorption of the granite increases with the increase in the number of thermal shocks,
and the increase for the tension test group is greater than that for the compression test
group. After 15 cycles of thermal shock, the water absorption of the compression test
group increased from 0.28% to 0.74%, and the water absorption of the tension test group
increased from 0.47% to 0.62%. An increase in water absorption indicates an increase
in the internal pore size and porosity of the granite, which deteriorates the mechanical
properties of the granite.

P-wave velocity

Ultrasonic testing results can reflect the damage inside the rock. When the inside of the
rock is dense, sound waves passing through the rock specimen pass through the medium
continuously, resulting in a short acoustic time and fast wave speed. When there are
voids and nondense areas inside the rock, the sound waves will rebound when pass-
ing by, and the wave path will become longer; thus, the acoustic time through the same
length of rock specimen becomes longer and the wave velocity decreases. Figure 4 shows
the variation in the P-wave velocity of the experimental granite with increasing num-
ber of thermal shocks. The P-wave velocity decreases with an increase in the number of
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thermal shocks. The average initial wave velocity of the experimental granite is 4.8 km/s.
After 15 cycles of thermal shock, the wave velocity of the compression test group is
reduced to 2.99 km/s with a reduction rate of 37.71%, and that in the tension test group
is reduced to 3.12 km/s with a reduction rate of 35%. The test results show that repeated
high-temperature water-cooling and thermal shock treatments will increase the number
and size of the voids inside the granite and deteriorate the mechanical properties of the
granite.

Microscopic characteristics

Figure 5 shows the internal SEM (scanning electron microscope) images of the granite
after different the number of thermal impacts, with a magnification of 200 times. It can
be seen that after the first thermal shock (Fig. 5a), the internal structure of the gran-
ite is relatively complete without significant change, and the mineral particles are basi-
cally cemented together. When the granite sample has undergone 4 thermal shock cycles
(Fig. 5b), some microcracks appeared between the minerals. As the number of thermal
shocks increases to 15, the increase in thermal stress causes the microcracks to become
wider and longer (Fig. 5c¢).

Analysis of the test results of the mechanical properties

Analysis of the uniaxial compression test results

Stress-strain relationship

Table 2 shows the results of the uniaxial compression tests. The selected stress—strain
curves of typical granite samples under uniaxial compression for each cycle are com-

pared, as shown in Fig. 6. The variation in a stress—strain curve of granite can be divided
into four stages.

1. Compaction stage Due to the existence of pores and voids in the rock, the pores close

as the stress increases during the compression process, and the axial strain of the
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rock increases rapidly; thus, the curve shows a concave shape. Figure 6 shows that
as the number of thermal shocks increases, the duration of the compaction stage of
the stress—strain curve gradually increases. The increase in the number of thermal
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Table 2 Static uniaxial compression test results

Number of thermal shocks F/kN USC/MPa E./GPa E5o/GPa
1 159.03 80.35 8.18 449
4 140.85 70.6 7.58 3.79
8 12271 65.07 8.07 392
12 92.31 4739 7.35 339
15 83.78 4267 6.19 291

F maximum test load, USC uniaxial compressive strength, E. elastic modulus, E5, deformation modulus

Fig. 6 Stress—strain curves from the uniaxial compression testing
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shocks leads to a gradual increase in the size and number of cracks within the gran-

ite.

2. Elastic deformation stage After the rock is compacted, the stress continues to

increase, and elastic deformation occurs in the rock. The stress and strain at this
stage are directly proportional; the curve is linear, and the slope is the elastic modu-
lus. It can be seen in Fig. 6, the duration of the elastic deformation stage gradually
decreases with the increase in the number of thermal shocks, which indicates that
the bearing capacity of the granite decreases after repeated thermal shocks and the

mechanical performance transitions to plasticity.

. Progressive rupture stage As the stress continues to increase, stable cracking occurs

at the surface of the rock sample, and the stress—strain curve drops and rises again.
This stage is clearly distinguishable for 8 cycles, after which the granite sample begins
to show progressive failure. To better understand the progressive rupture, a scan-
ning electron microscope test was carried out on the granite specimen that was not
completely compression failure and the magnification was 2500 times. The result is
shown in Fig. 7. It can be seen that there are many closed parallel cracks in the sam-
ple, and the crack size is small, between 20 and 100um. The cracks in the figure are
dense parallel cracks, which are obviously caused by tensile stress in the same direc-
tion. However, the cracks that existed before experimental loading are mostly irregu-
lar transgranular and intergranular cracks caused by thermal stress between different
crystals. Therefore, it is inferred that these microcracks are caused during the loading
test. The microcracks will not cause the instability and failure of the granite imme-

Page 9 of 20
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Fig. 7 Microscopic observations of granites during destruction

diately, and with the increase of stress accumulate, which manifests as progressive
rupture during the compression process of granite.

4. Failure stage As the stress reaches the peak stress, and the curve drops rapidly. At
this point, a large crack forms in the granite sample, running through the entire spec-
imen, which loses its bearing capacity, and a loud noise is emitted. When the num-
ber of thermal shocks is one or four, the failure is sudden brittle failure with a loud
noise and no visible damage. After four cycles, an obvious cracking phenomenon can
be observed before failure. At this time, with the increase in the number of thermal
shocks, the failure of the granite sample transitions to progressive plastic failure.

Further analysis of the stress—strain curve form shows that for fewer thermal
shocks, that is, one or four, the stress—strain curve presents the characteristics of
plastic—elastic changes. The granite sample is destroyed and loses its bearing capac-
ity immediately after the elastic stage. The yield stage of the curve is very short,
with an obvious compaction stage and elastic stage. After four cycles, the stress—
strain curve transforms and exhibits plastic—elasto-plastic variation characteristics,
with an obvious yield stage, the elastic stage is shortened, and the compaction stage
increases. On the one hand, the repeated thermal expansion and contraction of the
mineral crystals in the granite caused by the high-temperature water-cooling treat-
ment weakens the bond between the crystals. On the other hand, water dissolves
some of the cementing material, which also weakens the bond between the crystals
and promotes the shedding of mineral particles. All these factors will lead to the
degradation of the mechanical properties of the granite, the increase in ductility and
plastic deformation during failure. In addition, the generation of thermal stresses
after high-temperature water-cooling treatment promotes the development of pores
and microfissures within the granite, which is manifested in the growth of the com-

paction stage of the stress—strain curve.
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Uniaxial compressive strength
A static uniaxial compression test of rock can be used to measure the compressive
strength of the rock. The test calculation formula is as follows:

p

Oc = —,
A

(5)
where o, is the unconfined compressive strength of the rock, MPa; P is the maximum
test force at rock failure, kN; and A is the cross-sectional area of the sample, mm?.

Figure 8 shows the trend of the unconfined compressive strength of granite with
the number of thermal shocks. The compressive strength of granite decreases with
an increase in the number of thermal shocks. After 1, 4, 8, 12 and 15 cycles of ther-
mal shocks, the average compressive strengths of the granite samples are 80.35, 70.6,
65.07, 47.39 and 47.39 MPa, respectively, a reduction of 46.89% from 42.67 MPa. The
linear function was used to fit the change in the average compressive strength with
the number of thermal shocks, and the following results were obtained:

0, = —2.74N + 83.16, R*> = 0.97415, (6)

where N is the number of thermal shocks.
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On the one hand, the effect of the high temperature causes the pore water inside the
granite to vaporize and escape, and the size and number of the pores and defects increase;
on the other hand, when the granite sample undergoes rapid cooling by thermal shock, the
internal mineral crystals shrink quickly to different degrees due to their different expansion
rates, resulting in tensile stress between the crystals. The tensile stress triggers the genera-
tion of transgranular cracks (see Fig. 9). Many transgranular cracks were observed at the
surface of the granite sample after thermal shock. Therefore, the effects of high tempera-
ture and thermal shock caused great damage to the granite, resulting in significant strength

deterioration.

Elastic modulus and deformation modulus
According to Fig. 10, the elastic modulus and deformation modulus of the granite samples
are calculated for different numbers of thermal shocks. The elastic modulus is the slope of
the stress—strain curve in the elastic deformation stage, and the deformation modulus is
the ratio of half the peak stress to the corresponding strain. Figure 10 shows the relation-
ship between the elastic modulus and deformation modulus and the number of thermal
shocks. It can be seen that with the increase in the number of thermal shocks, the elastic
modulus basically decreases, with a small increase at 8 thermal shocks. The reason for this
trend is presumed to be that the internal crystals of the granite expand due to the high tem-
perature, causing the pores to compact, which results in a large elastic modulus. The final
elastic modulus decreased from 8.18 GPa for one thermal shock to 6.12 GPa for 15 thermal
shocks, a decrease of 25.18%. With the increase in the number of thermal shocks, the defor-
mation modulus showed the same trend, with the deformation modulus decreasing from
4.49 GPa for one thermal shock to 2.91 GPa for 15 thermal shocks, a decrease of 35.20%.

A polynomial function is used to fit the variations in the elastic modulus and deformation
modulus with the number of thermal shocks, and the following fitting curve equations are

obtained:

E, = —0.0034N> + 0.067N? — 0.40N + 8.46 R*> = 0.95984, )

E,,=—0.0019N> +0.044N* —0.36N +4.76
R*=0.95211

L E,=-0.0034N° +0.067N" —0.40N +8.46
R*=0.95984

m  Elastic modulus
Fitting curve 11
A Deformation modulus
Fitting curve

Elastic modulus (GPa)
~J
Deformation modulus (GPa)

L 0
0 4 8 12 16
Number of thermal shocks
Fig. 10 Elastic modulus and deformation modulus versus the number of thermal shocks

5




Yu et al. Geotherm Energy (2021) 9:2 Page 13 of 20

h“ L5 R

Fig. 11 Photograph of a Brazilian splitting test

Table 3 The results of the static Brazilian splitting tests

Number of thermal shocks P/kN o,/MPa Et/GPa
1 23.68 6.03 820
4 21.72 553 7.50
8 1838 468 6.64
12 13.67 348 7.10
15 1213 3.09 413

P maximum test load, o, tensile strength, Et tensile modulus

Esg = —0.0019N2 + 0.044N? — 0.36N + 4.76 R*> = 0.95211, (8)

where E, is the elastic modulus, GPa; E; is the deformation modulus, GPa; and N is the
number of thermal shocks.

The above studies show that repeated high-temperature water-cooling and thermal
shock treatments reduce the ability of the granite to resist deformation, which means
that the granite will undergo a greater strain at the same stress. This also proves the deg-
radation of granite properties.

Analysis of the Brazilian splitting test results

To test the tensile strength of granite after different numbers of thermal shocks, the Bra-
zilian splitting test method was used. A concentrated load was applied along the radial
direction of the cylindrical specimen, and the specimen cracked in that direction due to
the stress, as shown in Fig. 11. Table 3 shows all the results of the Brazilian splitting tests.

Stress—strain relationship

The stress change of the tensile specimen during the splitting process is calculated
according to Eq. (9), and the strain is calculated by the ratio of the displacement in the
vertical loading direction to the diameter of the cylindrical specimen. The stress—strain
curves of the typical Brazilian splitting test results of a granite sample from each cyclic
group are plotted (see Fig. 12). The change in a tensile stress—strain curve of this gran-
ite is divided into three stages: compaction stage, elastic deformation stage, and fail-
ure stage. With the increase in the number of thermal shocks, the compaction stage
increases in duration, the peak of the curve decreases gradually, and the corresponding
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Fig. 13 Tensile strength versus the number of thermal shocks

elastic deformation stage shortens gradually. There is no progressive rupture stage in the
Brazilian splitting test curve. The stress drops instantly after reaching the peak, resulting
in a linear part of the curve, which is caused by the instantaneous fracturing of the rock
sample in the middle of the sample.

Tensile strength

According to the elastic mechanics formula, the cylindrical specimen will exhibit an
approximately uniform tensile stress in the horizontal radial direction under vertical
radial loading, and the average tensile stress is the tensile strength of the rock. The ten-
sile strength of the rock specimen can be calculated by the following formula:

2P ©)
aDI’

Oy =

where o, is the tensile strength of the rock, MPa; P is the maximum test force at rock
failure, kN; D is the diameter of the cylindrical sample, mm; and L is the height of the
cylindrical sample, mm.

Figure 13 is a plot showing the trend of the tensile strength of the granite with
increasing number of thermal shocks, and it can be seen that the tensile strength of the
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granite decreases with the increase in the number of thermal shocks. The tensile strength
decreases from 6.03 MPa after one thermal shock to 3.09 MPa after 15 thermal shocks,
with a decrease of 46.76%. This indicates that cyclic thermal shocks weaken the tensile
strength of the granite, and the change in the average tensile strength with the number
of thermal shocks is fitted by a linear function. The following results are obtained:

o, = —0.22N + 6.33, R*> = 0.9889, (10)

where N is the number of thermal shocks.

Tensile modulus

The slope of the elastic phase of the stress—strain curve during the Brazilian splitting
test of the sample is regarded as the tensile elastic modulus, which can reflect the ten-
sile deformation ability of granite. That is, the smaller the tensile modulus, the greater
the deformation produced by the specimen under the same stress increment. The tensile
modulus of a granite sample under different numbers of thermal shocks is calculated
according to Fig. 12. Figure 14 shows the relationship between the tensile modulus and
the number of thermal shocks. It can be seen that with the increase in the number of
thermal shocks, the tensile modulus basically decreases. A small increase of 7% at 12
thermal shock cycles, but it did not affect the overall downward trend, from 8.20 GPa
after one thermal shock to 4.13 GPa after 15 thermal shocks, a decrease of 49.63%.

Discussion

Correlation analysis of the physical and mechanical properties

The above analysis found that the physical and mechanical properties of granite degrade
with an increasing number of thermal shocks. The fundamental reason for the decrease in
the strength of the granite is the increase in the size and number of the internal pores and
microfissures and the weakening of the bond between the mineral crystals. The decrease
in P-wave velocity is also caused by the increase in the size and number of the pores and
microfissures in the granite. Here, the water absorption is used to reflect the porosity of
the rock. Therefore, the relationship between the water absorption, P-wave velocity, com-
pressive strength, tensile strength of the granite are analyzed. Figure 15 shows the fitting

Nel

—=s— Tensile modulus

o]
T

\\/

~
T

Tensile modulus (GPa)
W [))

~
T

3 1 1 1
0 4 8 12 16

Number of thermal shocks
Fig. 14 Tensile modulus versus the number of thermal shocks




Yu et al. Geotherm Energy

(2021) 9:2

90 4
o A V,=4.33¢*"  R*=0.93921 ~
s 80 13.7 =
~ A P-wave velocity E
e Fitting curve ~
I 6,=119.36¢"%% 3
2 60 R*=0.92466 1312
= N °
g . 8
g- 50 = Compressive strength 12.8 %
S Fitting curve A
O .
40 L . 2.5
0.2 0.4 0.6 0.8
Water absorption (%)
Fig. 15 Compressive strength and P-wave velocity versus water absorption
7
=80k ™ Compressive strength
E Fitting curve 16 5
< ol 0,736,557, -73.94 S
= ~
B0 R*=0.9753 4
5 g
5 5
a‘ 60 g
. $=
2 0,=2.90V,-6.15 1% &
2o0r 2 2
O R =0.95589 =
s | g 13 5
g . 4 Tensile strength &
S 40 Fitting curve
1 1 2
3.0 3.5 4.0 4.5
P-wave velocity (km/s)
Fig. 16 Compressive strength and tensile strength versus P-wave velocity

relationship diagram between the water absorption and the compressive strength and the
water absorption and the P-wave velocity. The compressive strength and longitudinal wave

velocity both decrease with increasing water absorption, and the fitting formulas are as

follows:
o = 119.36e 128262 R2 — 0.92466 (11)
V, = 4.33¢ %%, R? = 0.93921 (12)

where V), is the P-wave velocity of the granite.

Figure 16 shows the fitting relationship diagram between the compressive strength, the
tensile strength, and the longitudinal wave velocity. It can be seen that the compressive
strength and tensile strength of granite are linearly correlated with the longitudinal wave
velocity. The fitting formulas are as follows:

0. = 36.55Vp — 73.94, R?> = 0.9753, (13)
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o1 =2.90Vp — 6.15, R* = 0.95589. (14)

The fitting result is good.

Mechanical correlation analysis

According to the above studies, it can be seen that the tensile strength of this granite is
much lower than its compressive strength, and both decrease with the increase in the
number of thermal shocks. The relationship between the compressive strength and ten-
sile strength of the granite after thermal shock is analyzed by fitting. Figure 17 shows the
fitting curve, and the fitting formula is as follows:

oc = 12.410; + 4.62, R? = 0.98866. (15)

The fitting result of Eq. (15) is good, and it is found that the compressive strength and
tensile strength of the granite after different numbers of thermal shocks have a linear
relationship.

Calculation of the m and s values of damaged granite based on the Hoek-Brown empirical
criterion

Hoek and Brown carried out many indoor experiments and tests on rocks, analyzed the
results, and proposed empirical criteria for rock strength, which are widely used in rock
engineering. The Hoek—Brown empirical criteria are as follows:

1
01:03+(m03+5>2, (16)
Rc  Rc Rc
where Rc represents the uniaxial compressive strength of the intact rock, m and s are
constants, depending on the nature of the rock and the degree of disturbance or damage
to the rock before being subjected to failure stresses o1 and o3.
If o3 = 0in Eq. (16), the uniaxial compressive strength of the rock can be obtained:

90
= Strength value
80 Fitting curve .
<5 70
o
S
& 60
sol 0,=12.4lc, +4.62
R*=0.98866
40 1 1 1 1 1 1 )
30 35 40 45 50 55 60 65
o, (MPa)
Fig. 17 The relationship between compressive strength and tensile strength
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Rcm = Re/s. (17)

If 51 = 0in Eq. (16), the tensile strength of the rock can be obtained:
1
Rim = Rc [m —Vm?+ 4s]. (18)

In this test, the intact rock without any treatment is subjected to a uniaxial compres-
sion test, and R-=90.06 MPa is obtained.
The following can be deduced:

RCm 2
= (%) (19)

R Rcs

m= )

Rc Rim
where Ry, represents the measured value of the uniaxial compressive strength and Ry,
represents the measured value of the tensile strength.

Therefore, the m and s values of the damaged granite after multiple thermal shock
effects can be calculated based on the strength values obtained from the test (see
Table 4). As the number of thermal shocks increases, both the m and s values decrease,
indicating that the thermal shock has caused damage to the granite. The m and s results
can be used to judge the quality and mechanical properties of engineering rock masses
and can also provide a reference for the failure of engineering rock masses subjected to
thermal shock.

Conclusion

1. After several high-temperature (300 °C) water-cooling and thermal shock treat-
ments, the pores and fissures of granite develop continuously, which causes the
volume of the granite to expand, the density to decrease, the water absorption to
increase, and the P-wave velocity to decrease.

2. The uniaxial compressive stress—strain curve of the granite transitions from a plastic-
elastic form to a plastic—elastic—plastic form after multiple thermal shocks. The com-
paction stage and progressive rupture stage gradually increase in duration, and the
elastic deformation stage is shortened. The stress—strain curve of a Brazilian splitting
test is basically divided into three stages, namely, the compaction stage, elastic defor-
mation stage and postpeak stage.

Table 4 The m and s values of granite based on the Hoek-Brown empirical criterion

Number of thermal 1 4 8 12 15
shocks
m 11.83 9.95 9.99 7.2 6.51

s 0.78 0.61 0.52 0.28 0.22
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3. As the number of thermal shocks increases, the compressive strength and tensile
strength of the granite decrease, showing a linear decline. The compressive modu-
lus and tensile modulus also decrease, dropping by 35.20% and 46.76%, respectively,
after 15 thermal shock cycles. This indicates that the thermal shock effect reduces
the bearing capacity of the rock and thus its ability to resist deformation.

4. The P-wave velocity, compressive strength and water absorption of granite are nega-
tively correlated. There is a linear relationship between the tensile strength and com-
pressive strength.

5. Based on the Hoek—Brown empirical criterion, the m and s values of damaged gran-
ite were calculated. The m value of the granite is between 2.5 and 12.5, and the s
value is between 0.1 and 1. Both decrease with the increase in the number of thermal
shocks. The decrease in the m and s values also indicates that the damage degree of
granite increases.

6. After a number of high-temperature water-cooling and thermal shock treatment
cycles, due to the different degrees of expansion and contraction between the min-
eral crystals, large thermal stresses are generated between the crystals, resulting in
the formation of transcrystalline cracks on the granite surface. It can be seen from
the SEM images that with the increase of the number of thermal shocks, the microc-
racks in the granite gradually formed and widened. Combined with the deterioration
of its physical and mechanical properties, it can be seen that the granite is greatly
damaged by thermal shock.
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