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Abstract In order to study the uniaxial mechanical prop-
erties and failure modes of granite under the condition of
thermo-liquid coupling, the granite was subjected to
thermo-liquid coupling cyclic treatment at different tem-
peratures, and then its mechanical properties were analyzed
by uniaxial compression test. The results reflect the fol-
lowing trends: (1) the stress—strain curve generally under-
goes four stages, namely compaction, elastic deformation,
yielding, and failure. (2) The peak intensity increases with
temperature, decreasing by 11.51% when the temperature
is in the range of 50-100 °C and decreasing by 1.77%
when the temperature is in the range of 100-150 °C. The
peak strain is fit by a linear relationship with the cycle
temperature and decreases as the temperature increases.
The modulus of elasticity first increases and then decreases
with increasing temperature, increasing significantly by
approximately 123.21%. (3) The peak intensity varies with
the number of cycles and changes slowly before three
cycles but changes obviously after three times. The peak
intensity is reduced by 19.87% when the number of cycles
is 3—4, and it is increased by 22.70% when the number of
cycles is 4-5. The peak strain has a cubic fitting relation-
ship with the number of cycles, and it is maximized at three
cycles. The modulus of elasticity has a quadratic fit with
the number of cycles, and it is minimized at three cycles.
(4) In the contour map, the peak intensity is symmetrically
distributed in three cycles when the temperature range is
50-100 °C.
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Introduction

Studying the mechanical properties of various states and
conditions of rock is one of the key topics in the field of rock
engineering. The development and utilization of hot dry rock
energy, the development of underground space in smart
cities, the development of tunnels, etc., all involve rock
engineering and are usually closely related to natural con-
ditions such as temperature and groundwater. Therefore,
domestic and foreign scholars have performed considerable
research on the temperature cycle effect and dry—wet cycle
effect of rock [1-12]. Xi and Zhao [13] studied the
mechanical properties of granite at 600 °C in a high-tem-
perature state and after cooling with water. It is concluded
that the ultrasonic velocity, uniaxial compressive strength,
tensile strength and elastic modulus decrease with temper-
ature. Huang et al. [14, 15] performed uniaxial compression
tests and acoustic wave tests on marble and limestone in a
high-temperature state and after water cooling and natural
cooling and analyzed and compared the peak intensity,
elastic modulus, attenuation coefficient, longitudinal wave
velocity and dominant frequency of the rock samples under
different conditions. Zeng et al. [16] used polarized light
microscopy to observe fine-grained marble after different
high-temperature cycles. Through the statistics of microc-
rack length, opening degree and quantity, the propagation
law of microcracks in the rock samples after different
heating cycles was discussed. Ni et al. [17] studied the uni-
axial compression mechanical properties of Sichuan Jinping
marble samples after heating them to 100 °C, 300 °C,
450 °C, and 600 °C under 1, 10, and 20 temperature cycles.
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Fang [18] studied the stress—strain characteristics of marble
in the F8 fault zone in the Luohu built-up area of Shenzhen at
normal temperature (20-800 °C) and at high temperature
(8-9 cycles) (100-700 °C). Zhu et al. [19] quantitatively
described the mesostructure of the surrounding rock of a
deep tunnel under temperature circulation. Xia et al. [20]
performed a uniaxial compression test on basalt specimens
with a cycle temperature of 60-90 °C. Zhang [21] studied
the influence of temperature cycling on the mechanical
properties of altered rock. Based on the analysis of experi-
mental data, a functional expression was established to
describe the deterioration of mechanical parameters of
metamorphic rock under temperature cycling conditions.
Ming and Fan [22] selected granite and sandstone for uni-
axial compression tests under different temperature cycling
conditions and analyzed the relationship between the com-
pressive strength, elastic modulus, tensile strength and
temperature cycling of granite. The longitudinal wave
velocity of the rock specimens was measured, and the lon-
gitudinal wave velocity degradation degree was introduced
to quantitatively analyze the damage of the temperature
cycle to the rock.

In summary, the dry—wet cycle effect and temperature
cycle effect are mainly studied independently, and the
temperature effect includes real-time temperature. How-
ever, there are few temperature studies that consider water
cooling and circulation temperature. The author analyzes
the mechanical characteristics of rock by two factors and
obtains the corresponding change law, which provides a
reference for relevant engineering.

In this laboratory, the granite (similar to dry hot rock
with high hardness) treated with thermo-liquid coupling
was used for uniaxial compression test. The variation in
stress—strain curve, peak strength, peak strain and elastic
modulus of granite with temperature and thermo-liquid
coupling times was analyzed.

Test Overview
Processing of Test Rock Samples

The rock sample used in this test is the granite of a stone
factory in Baoding, Hebei Province. The main components
are mica, quartz and feldspar. According to the requirements
of the Chinese Society of Rock Mechanics (specimen size:
»50 * 100 mm; ratio of height to diameter: 2.0-2.5), the test
rock sample is processed into a cylinder with a height of
100 mm and a diameter of 50 mm. The processing is divided
into two stages. One is to drill a 50 mm core with a circular
drill hole, and the other is to perform a segmental cutting to a
height of 100 mm and smooth the ends. To reduce the test
error, the size and shape of the rock samples were screened,
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and the rock samples with chipped edges and weak surfaces
were removed. Finally, 45 similar rock samples were
selected for testing. The partially processed rock samples are
shown in Fig. 1.

Preparation of Rock Samples

Before uniaxial compression, the granite samples need to
be treated with thermo-liquid coupling cycle. Specific
operation steps are as follows:

1. Group and number the processed rock samples.
According to the heating temperature of 50 °C,
100 °C, 150 °C and the frequency of hydrothermal
coupling one, two, three, four, five times, the two
combinations were divided into 15 groups. Each group
contains three samples.

2. Conduct thermo-liquid coupling treatment of rock
samples according to grouping Numbers. First of all,
the rock samples are heated in the drying oven at the
temperature of 50 °C, 100 °C and 150 °C. The heating
time is more than 8 h. Then, a immersion test is
performed in a cold water tank, where rock samples
with a specified temperature are quickly placed in a
cold water tank for 10 days. This process is a thermo-
liquid coupling process. The thermo-liquid coupling
process at each temperature was cycled for 1-5 times.

3. Wipe the surface of the sample with a wet towel and
wrap it in plastic wrap. Prepare for uniaxial compres-
sion experiment.

Test Equipment and Methods

This test uses China’s microcomputer-controlled electro-
hydraulic servo universal testing machine (see Fig. 2) for

Fig. 1 Processed rock sample
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uniaxial compression tests and uses an electric drying oven
for heating. The test machine is controlled by computer
software throughout the process. The software can control
the loading mode and loading rate and provide output
parameters, curves, deformations, and so on.

During the uniaxial compression test, the displacement
control method is used for loading. The loading rate is
0.5 mm/min. During the loading process, the test is com-
pleted according to the set requirements, and the relevant
strength, load, displacement, and strain are recorded at the
same time so that the test results can be analyzed and
studied in the future.

Analysis of Uniaxial Mechanical Properties
of Granite Under Thermohydraulic Coupling

According to the data obtained by the uniaxial compression
tests of the granite subjected to the hydrothermal coupling
treatment (longitudinal displacement, longitudinal load,
etc.), the stress—strain curves of the hydrothermal coupled
tests are obtained by processing and analysis, as shown in
Fig. 3. Furthermore, the peak intensity (i.e., uniaxial
compressive strength), the peak strain (i.e., the strain cor-
responding to the peak intensity), and the elastic moduli are
obtained, and the relationship among them is analyzed to
obtain the variation law, as shown in Figs. 4, 5, 6, 7, 8, 9,
10, 11, 12, 13, 14 and 15 and Tables 1 and 2.

Characteristics of Stress—Strain Curves of Granite
Samples with Thermo-liquid coupling Under
Temperature Cycling

Figure 3a—c shows the stress—strain curves of the rock
samples at 50 °C, 100 °C, and 150 °C, respectively. Each
figure has a representative stress—strain curve for a portion
of the cycles (1-5 times).

The stress—strain curve in Fig. 3 generally undergoes
four stages: compaction, elastic deformation, yielding, and
failure. At 100 °C, the stress—strain curve appears “sawed”

Fig. 2 Universal testing
machine

(a) horse boiling furnace

in many places in the elastic and yielding stages, indicating
that the granite is in brittle splitting and failure, and the first
peak appears and the rock samples damaged during loading
continue to be pressed together to make appear the next
peak. Since the granite used in the test is a compact rock
sample, the elastic strain phase of the stress—strain curve is
longer, and the yielding stage is shorter. The rock sample
immediately breaks down after the elastic deformation, and
there is almost no slope to the stress—strain curve before the
failure [8]. The curve shows that after the damage, the
stress continues to increase, the rock bearing capacity
decreases, the strain softening characteristics are exhibited,
and brittle fracture occurs. During this stage, the microc-
racks of the rock gradually penetrate the sample.

Relationship Between the Mechanical Properties
of Granite Samples and Temperature and Cycle
Times

Peak Intensity and Temperature and Cycle Times

Figures 4 and 5 show the graphs of the relationships
between the peak intensity of the granite sample and the
temperature and cycle times. The peak intensity is the
uniaxial compressive strength of rock, that is, the ultimate
failure strength of the rock only under longitudinal
compression.

1. Analysis of the relationship between the peak intensity
and temperature

Figure 4 illustrates the corresponding relationship
between the peak intensity of the granite under thermo-
liquid coupling and temperature cycling, where each peak
intensity is the test average under the same conditions.

Figure 4 shows that after five cycles of thermo-liquid
coupling, the average peak intensity of the granite at three
temperatures is 64.56 MPa, 57.13 MPa, and 56.12 MPa,
respectively. Compared with the peak intensity of granite
at 50 °C, those at 100 °C and 150 °C decreased by
approximately 11.51% and 13.07%, respectively.

~ o
=

(b) soaking device

(¢) uniaxial compressor

@ Springer



938 Indian Geotech J (December 2020) 50(6):938-947
= ]time
120 - ¢ 2 times
110 4 90 - 4 3 times
. A .
100 3 times v 4 times
901 1 time ) 80 - « 5times
. ‘/2 tiumes « average peak intensity
80 4 4 times .
~ 70 _ 70 - ®
gl £ 5
= 60 =
o 50 B 01 :\;\.
40 ’
50
304 b 4 A
20
10 4 40 -
v
04 T T T 1
0 1 2 3 4 30 : . : . :
€ (%) 50 100 150
(a) 50 <C, stress-strain curve T/C
80 Fig. 4 Relationship between average peak intensity ¢ and temper-
) ature T
704 1 time
= 50°C
60 - i .
% s *100°C
50 . 1 A 150°C
- 4 times 2 times 80 - v average peak intensity
o
3 1 \ ®
o 30 4 S times = 70 1 4 A
g [ ]
20 4 3 times = 60 4 W= >
© b+ . =5
10 4 % ] -
7 .
0 T T T T T T T T T T 1 »
0.0 05 1.0 1.5 2.0 25 3.0 40,
€ (%) A
(b) 100 C, stress-strain curve 30 , . . . . . . . T
1 2 3 4 5
120 ~ les/ti
110 cycles/time
1004 5 times ” ¢ Fig. 5 Relationship between average peak intensity ¢ and number of
90 - \ / times water cycles
80 - ]
= 704 1time 3 times 4 times Therefore, according to the test results, the peak intensity
< &0 of the granite decreases continuously with the increase in
© 50 the cycle temperature within this temperature cycle.
40 4 In this temperature range, the peak intensity is divided
30 - into two phases (both descending segments) as the cycle
204 temperature increases:
ol (a) In the period of rapid decrease in the range of
0 ' ' . ' . 50-100 °C, the peak intensity sharply decreases with
0 1 2 3 p y sharply
£ (%) increasing temperature. The absolute value of the

Fig. 3 Stress—strain curve of thermo-liquid coupled cyclic rock

samples
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(¢c) 150 «<C, stress-strain curve

slope of this segment is approximately 0.15, and the
peak intensity is approximately 11.51%. Because the
temperature is in the normal stage during this
temperature cycle, a crack inside the rock is initially
formed, and the internal structure is destroyed, so the
peak intensity drops sharply.
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(b) In the decreasing phase at 100-150 °C, the peak
intensity decreases slowly with increasing tempera-
ture. The absolute value of the slope of this segment is
approximately 0.0202, which is much smaller than the
previous phase. From 100 to 150 °C peak intensity,
the decline is approximately 1.77%, much smaller
than in the previous stage. Therefore, this stage slowly
reduces the section. Due to the increase in tempera-
ture during this stage, coupled with the rapid stimu-
lation of cold water, the temperature difference is
large, and the internal structure of the rock forms a
large number of cracks. Therefore, the peak intensity
value gradually decreases with the increase in
temperature.
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Fig. 9 Relationship between average elastic modulus E and number
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2. Analysis of the relationship between the peak intensity
and cycle times

As shown in Fig. 5, the peak intensity is not only related
to the size of the circulation temperature but also depends
on the number of cycles.

To analyze the influence of the number of water cycles
on the peak intensity of granite, the peak intensities under
the same number of cycles were averaged, and Fig. 5 is
obtained.

It can be seen from Fig. 5 that after the hydrothermal
coupling cycle of three temperature points, the average
peak strengths of the granites for the five different cycles
are approximately 62.92 MPa, 60.57 MPa, 60.63 MPa,
50.40 MPa, and 61.84 MPa. Compared with the peak
intensity of one cycle, these peak intensities decreased by
3.73%, 3.64%, 19.90%, and 1.72%, respectively.
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Fig. 10 Relationship among the peak intensity of the granite samples
and the applied temperature and the number of water cycles

Cycles

50 100 150
T/C

Fig. 11 Contour map of peak intensity, temperature and number of
water cycles for the granite samples

Therefore, according to the test results, the peak strength of
granite is the maximum when the thermo-liquid coupling is
once, and when the thermo-liquid coupling times are 1-4,
the peak strength of granite decreases with the increase in
hydrothermal coupling cycles. However, when the number
of cycles is 5, the peak strength of the rock sample is
relatively increased, indicating that when the granite is
subjected to the fifth thermo-liquid coupling, the number of
cold and hot stimulations increases, and the internal
structure changes greatly. The structural reorganization
with the liquid results in the change in internal structure
and increase in the peak strength of the rock.
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Fig. 12 Relationship among the peak strain of the granite samples
and the applied temperature and the number of water cycles
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Fig. 13 Contour map of peak strain, temperature and number of
water cycles for the granite samples

The peak intensity is divided into four stages as the
number of hydrothermal coupling cycles changes:

(a) The change in the peak intensity between one and two
cycles is a slow decrease, and the decrease is 3.73%.

(b) The change in the peak intensity between the two and
three cycles is a slow increase. The increase was
0.10%.

(c) The change in the peak intensity between three and
four cycles is a fast decrease with a decrease of
19.87%.

(d) The change in the peak intensity between the four and
five cycles is a fast increase with an increase of
22.70%.
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Fig. 14 Relationship among the elastic modulus of the granite
samples and the applied temperature and the number of water cycles
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Fig. 15 Contour map of the elastic modulus, temperature, and
number of water cycles for the granite samples

Granite is a hard rock and is not easily affected by
external conditions. Therefore, after one, two or three
thermo-liquid coupling cycles, the internal structure chan-
ges slowly and the peak strength decreases slightly. Once
the damage limit is reached, the peak intensity changes
dramatically, such as after four cycles and five cycles.
After four cycles, the internal structure of the rock sample
changes, resulting in a decrease in strength to a minimum.
After five cycles, the rock is soaked again, reacts with the
liquid, and recombines to increase the peak strength.

Peak Strain and Temperature and Cycle Times

The peak strain is the strain at which the rock specimen
reaches its peak strength. Two relationship diagrams are

drawn in Figs. 6 and 7 to reveal the correspondence
between the peak strain and the temperature and water
cycles.

1. Analysis of the relationship between the peak strain
and temperature
Figure 6 is a plot of the average peak strain of the
granite under thermo-liquid coupling as a function of
cycle temperature. After five cycles of thermo-liquid
coupling, the average peak strain of the granite at three
temperature levels was 1.70%, 1.60%, and 1.45%,
respectively. Compared with the peak strain of granite
at 50 °C, the peak strains at 100 °C and 150 °C
decreased by approximately 5.88% and 14.71%,
respectively. Therefore, when the cycle temperature
changes from 50 to 150 °C, the elasticity of the granite
is weakened, and the brittleness increases.
According to the experimental results, the relationship
between the average peak strain and the temperature is
fitted by the least-squares method. The fitted linear
equation is

e = 1.8277 — 0.002T, (R* = 0.98885).

2. Analysis of the relationship between the peak strain
and cycle times

The corresponding relationship between the peak strain
of the granite under thermo-liquid coupling and the number
of cycles is shown in Fig. 7. After experiencing the
thermo-liquid coupling cycle of three temperature points,
the average peak strains of the granite under the five dif-
ferent cycles were approximately 1.64%, 1.66%, 1.75%,
1.68%, and 1.18%. As the number of cycles increases, the
peak strain gradually decreases, the plastic deformation
decreases, and the brittleness increases.

With the increase in the number of cycles, the peak
strain changes piecewise. When the number of cycles is
1-3 times, the peak rock strain increases gradually. When
the number of cycles is 3—4 times, the peak strain of rock
slowly decreases. When the number of cycles is 4-5 times,
the peak strain of rock decreases rapidly. This indicates
that granite is hard rock and is less affected by external
environmental conditions. Only after several cold and hot
cycles does the peak strain of the rock change significantly.
When the number of cycles is 1-3, the elastic deformation
stage of the rock in the compression process slowly
increases, and the toughness increases. When the number
of cycles is 3-5, the elastic deformation time in the rock
deformation is less, and the toughness decreases, indicating
that the internal structure is constantly changing.

According to the test results, a least-squares fitting is
applied to the relationship between the average peak strain
and the number of cycles. The equation of the fitted curve
(the number of times is represented by x) is

@ Springer
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Table 1 Comparative analysis of the effects of temperature cycle and water cycle on mechanical properties

Working
condition

50 °C

100 °C

150 °C

Peak
intensity
and
cycles

o/ MPa

T T
2 3
Cycles

T T T T T
N 2z 1 2 3 4 5
Cycles

Peak
strain
and
cycles

304
284
26

A \
22 /\ / \

el %

/ \
16 / \ /
A ¥ \/ \
\ - o / \

\ \
.

1.0

Cycles

Modulus
of
elasticity
and
cycles

4000

3500

3000

E/MPa

2000

1500

Cycles

2000

8000

> 7000

E/MPa

6000

5000

7500

6500

6000 =

5500

E/MPa

4500 .
4000

3500

2 3

Cycles

4 s 1 2 3 4 5

Cycles

& = 1.94978 — 0.55824x + 0.28903x”
—0.04162x°, (R*=1).

Modulus of Elasticity and Temperature and Cycle
Times

According to the experimental data, the relationships
between the elastic modulus of the granite under thermo-
liquid coupling and the temperature cycling and water
circulation are plotted, as shown in Figs. 8 and 9.

1. Analysis of the relationship between the elastic mod-
ulus and temperature

Figure 8 is a graph showing the relationship between the
elastic modulus and the cycle temperature. The graph
shows the average elastic moduli at three temperature
points, the values of which are 3696.6 MPa, 8251.13 MPa,
and 7448.07 MPa, respectively. Compared with the elastic
modulus at 50 °C, the elastic moduli at 100 °C and 150 °C
increase by 123.21% and 101.35%, respectively.

It can be seen from the figure that in the studied tem-
perature range (50-150 °C), the elastic modulus can be
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divided into two stages according to the change in the cycle
temperature:

(a) When the temperature is in the range of 50-100 °C,
the elastic modulus gradually increases as the tem-
perature increases. The elastic modulus increased
from 3696.6 to 8251.13 MPa, with an increase of
approximately 123.21%, and the change was obvious.

(b) When the temperature is in the range of 100-150 °C,
the elastic modulus gradually decreases with increas-
ing temperature. The elastic modulus decreased from
8251.13 to 7407.07 MPa, and the decrease was
approximately 9.83%, with no significant change.

The reasons for the above phenomena of elastic modulus
of rock are as follows: When the temperature is 50-100 °C,
the change rate of stress in the elastic deformation process
of rock is accelerating while the change rate of strain is
decreasing or unchanged, or it may be that the change rate
of stress is unchanged while the change rate of strain is
decreasing. When the temperature is 100-150 °C, the
change rate of stress slows down while the change rate of
strain accelerates or does not change. It may also be that
the change rate of stress does not change, while the change
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Table 2 Comparative analysis of the effects of temperature cycle and water cycle on mechanical properties

Working Peak intensity and ) Modulus of elasticity and
N Peak strain and temperature
condition temperature temperature
76 . 20 . 10000
P e B
el / - % o 2000 P
7 ~_ .
! / - T a000 / ~
/ \ / -
© 64 / N 5 7 ™~
% * // o \\ § 7000 .
. 624 / = \ 3 d
1 time B ? \ S o
604 k.
/ 16 \ /
584 /,// \\ /
/ 18 N
54 - - - 14 T
50 100 150 50 100 150 5 100 150
TIC THC T/C
o
“ N\ . P
N // / \\\
- \ / 5000 / -3
£ ) \ p g y .
S . s S soo0 /
H ~ 44 / e
2 times N S 2 \ Vs = /
\\ 7 3000 //
42 20 \ /
AN 2000 /
X/
40 . 19 R 000 "
% B % % o % o i
TG T,/ € T/C
s04 165 7000 N %
2 48 e, ~ & 6000 \\\
. 5 Sis s y N
3 times & . ® = w00 ~
s 100 120 L R s ) 100 %
T/C T/C T/C
8851 g o il 24 - 9000 LN
/ 2 / /N
56 / 2 / 8000 / AN
j / / N
/ 2 / 74 R
& 1 // - * // £ 70 / \\\
z, T / 2 co0o 5
H ~ %21 / e / < q / ]
4 times E y ] M / = P
504 / N / 5000 7
/ /
/ 18 \\\ o //
484 / N/ 4000 o/
W 16 . -
p . . . ;
& ps % s %
T/C T/C T/C
464
4] - a2 " 5000 /.\
" ]\ /N
40 ] \\ / il v ‘\\;
\ o / .
LR " . N 7 $ 4000 / N
S 5l Koo \ / E y / Ny
5 times i S 3 se00 %
. \ Vs
] 07 \\ A /
ol wr
\ /
28 06 o /
= 2 A4 2500 <
“1 05— - - . , -
5'0 1&0 150 50 100 150 50 100 150
T/C T/C TG

rate of strain accelerates. It indicates that when the tem-
perature is 100 °C, the elastic modulus of the rock is the
largest, the rigidity is the largest, and it is not easy to

deform.

2. Analysis of the relationship between the elastic mod-
ulus and number of cycle times

Figure 9 shows the correspondence between the elastic
modulus and the number of cycles. After experiencing the
coupled thermo-liquid cycling with three temperature
points, the average elastic moduli of the granite for the five
different cycles are approximately 7544.78, 6413.11,
5705.44, 6026.67, and 6623 MPa. When the number of
cycles is 1-3 times, with the increase in the number of
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cycles, the elastic modulus of the rock becomes smaller,
the stiffness of the rock becomes smaller, and the rock is
prone to deformation. When the number of cycles is 3-5
times, with the increase in the number of cycles, the elastic
modulus of the rock becomes larger, the rock stiffness
becomes larger, and the difficulty of deformation in the
process of compression increases. In this experiment, when
the number of cycles is 3, the elastic modulus and stiffness
of granite rock are the least, and the rock is most prone to
deformation.

According to the test results, the relationship between
the average elastic modulus and the number of coupled
thermo-liquid cycles is fitted by the least-squares method,
and the equation of the quadratic curve (x represents the
number of cycles) is

E = 9374.045 — 2145.0957x + 320.34929x°, (R*
= 0.97087)

Relationship Between the Mechanical Properties
and Thermo-liquid Coupling of Granite Samples

The mechanical properties of granite have a certain rela-
tionship with the temperature and cycle times. The fol-
lowing research was performed to explore the relationship
between thermo-liquid coupling, as shown in Figs. 10, 11,
12, 13 and 14.

Analysis of the Relationship Between the Peak
Intensity and Thermo-liquid Coupling

The coupling relationship between the peak intensity of the
granite sample and the temperature and cycle times is
plotted, as shown in Fig. 10, and a straight line diagram is
also drawn, as shown in Fig. 11.

It can be seen from Fig. 11 that at the cycle temperatures
of 50-150 °C, with 1-5 thermo-liquid coupling cycles, the
peak intensity decreases as the cycle temperature increases,
and vice versa. In other words, the peak intensity after three
cycles is the maximum and gradually decreases with
increasing or decreasing cycles.

Analysis of the Relationship Between Peak Strain
and Thermo-liquid Coupling

The coupling relationship between the peak strain of the
granite sample and the temperature and cycles is plotted, as
shown in Fig. 12, and the straight-line diagram is also
drawn, as shown in Fig. 13.

It can be seen from Fig. 13 that in the range of the cycle
temperature of 50-150 °C and 1-5 thermo-liquid coupling
cycles, as the cycle temperature increases and the number
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of thermo-liquid coupling increases, the peak strain
decreases; otherwise, the peak strain increases.

Analysis of the Relationship Between the Elastic
Modulus and Thermo-liquid Coupling

The coupling relationship between the elastic modulus of
the granite and the temperature and cycles is plotted, as
shown in Fig. 14, and the straight-line diagram is also
drawn, as shown in Fig. 15.

As shown in Fig. 15, when the temperature is
50-150 °C and the thermo-liquid coupling cycle times are
1-5, the elastic modulus of granite increases with the
increase in cycle temperature and thermo-liquid coupling
cycle times. Conversely, the elastic modulus of granite
decreases. During the whole experiment, the peak strain of
granite sample reached its maximum value when the
temperature was 100 °C and the thermo-liquid coupling
cycle was four times.

Comparative Analysis of the Effects
of the Temperature and Cycles on the Mechanical
Properties

The relationship between the number of water cycles and
the mechanical properties (o, ¢, E) at the same temperature
is shown in Table 1. The relationship between the tem-
perature and the mechanical properties (o, ¢, E) under the
same number of cycle times is shown in Table 2. All data
are experimental measurements, and part of the fitted curve
relationship is drawn.

Comparative Analysis of the Relationship Between
the Mechanical Properties and the Number
of Cycles

1. According to the comparison between the peak inten-
sity ¢ and the number of cycles at the three tempera-
tures, the relationship between the peak intensity and
the number of cycles is the same curve trend at each
temperature, that is, decrease, increase, and decrease.
In the curve, the minimum and maximum values of the
experimental data were obtained at two and four
cycles, and the peak intensity of the rock sample
subjected to five cycles was obtained. According to the
data, a least-squares fit is performed to obtain cubic
fitting equations (where x represents the number of
cycles):
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o = 113.9159 — 85.7688x + 31.3394x” — 3.52866x°,
R? = 0.9920. (T = 50°C)

o = 155.56688 — 124.26752x + 43.42038x> — 4.6433x°,
R? =0.95228. (T = 100°C)

o = 132.86116 — 93.4577x + 32.5869x> — 3.48408x,
R? =0.9998. (T = 150°C)

According to the comparison between the peak strain € and
the number of cycles at the three temperatures, the
relationship between the peak strain and the number of
cycles is the same curve trend at each temperature, which is
M-shaped. When the number of cycles is 2 or 4, the
maximum value is obtained, and when the number of
cycles is 3 or 5, the minimum value is obtained.

At the three temperatures, the relationship between the
elastic modulus E and the number of cycles is analyzed.
The relationship between the elastic modulus and the
number of cycles is the same curve trend at each temper-
ature and is consistent with the trend of peak intensity with
number of cycles, that is, decrease, increase, and decrease.
The minimum and maximum values of the experimental
data were obtained when the number of water cycles was 2
and 4. A least-squares fit was performed on the elastic
moduli of 100 and 150 °C with the number of cycles to
obtain cubic equations (where X represents the number of
cycles):

E = 19142.4 — 15142.30952x + 5857.10714x>
— 678.58333x%, R? = 0.96924. (T = 100°C)

E = 16457.6 — 13652.6422x + 4886.60714x>
—532.75x%, R* = 0.99002. (T = 150°C)

Comparative Analysis of the Relationship Between
the Mechanical Properties and Temperature

1. Under 1-5 cycles, the comparison of peak intensity o
and cycle temperature shows that the peak intensity
increases with temperature. This indicates that the
higher the heating temperature, the higher the com-
pressive strength and the stronger the bearing capacity
of the rock when the thermo-liquid coupling times are
1-5. A least-squares fitting is performed on the data
from two, three, and five water cycles, and the linear
equations are obtained (where X represents the number
of water cycles):

o = 35.8726 4 0.0856T, R* = 0.9864. (X = 2)
o = 38.0127 4 0.0884T, R* = 0.9739. (X = 3)
o =19.6772 4 0.17351T,R> = 0.92489. (X = 4)

2. Comparing the peak strain € and the temperature for 1—
5 water cycles shows that for one and three water
cycles, the peak strain decreases with increasing
temperature. It indicates that when the thermo-liquid
coupling times are 1-3, the higher the heating
temperature is, the greater the peak strain of rock is.
For two, four, and five water cycles, the peak strain
changes with temperature in two stages: a reduced
section and a rising section. The minimum peak strain
is obtained at 100 °C. Among them, the least-squares
fitting is performed on the data of the peak strain with
temperature changes of three water cycles, and the
equation is obtained (where X represents the number of
cycles):

¢ =1.88 —0.003T,R> = 0.91045. (X = 3)

3. With 1-5 water cycles, the comparison between the
elastic modulus E and the cycle temperature shows that
the change in the elastic modulus with temperature
increases in two stages: a rising phase and a falling
phase. When the cycle temperature was 50 °C, the
minimum modulus of elasticity was obtained, and at
100 °C, the maximum modulus of elasticity was
obtained. It indicates that when the temperature is
50-100 °C, the elastic modulus and stiffness of the
rock increase, while when the temperature is
100-150 °C, the elastic modulus and stiffness of the
rock decrease, making it easier to be deformed by
external forces.

Analysis of Variance Between the Mechanical
Properties and the Number of Water Cycles
and Cycle Temperature

To better compare the influence of the cycle temperature
and the number of water cycles of the hydrothermal cou-
pling on the mechanical properties of the granite, two-way
variance processing was performed on the test data, and the
following results were obtained, as shown in Tables 3-5.

Repeatable two-way ANOVA was performed on all the
measured values to obtain Table 1, with a level of signif-
icance of 0.05. The samples in Table 3 represent the cyclic
temperature factors, and the columns represent the cyclic
secondary factors. All F . > F and F values are in the
acceptance domain, so both factors have no significant
effect on the peak intensity of the granite.

The peak strain test values of the same test conditions
were averaged, and then the average number was analyzed
by repeating two-way ANOVA. The results of Table 4
were obtained, and the level of significance was 0.05. It can
be seen from the data that P values > 0.05 have no sig-
nificant effect on peak strain.
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Table 3 Analysis of variance of peak intensity

Source of difference SS df MS F P value Ferie
Sample 636.9705 2 318.4852 0.424825 0.657756871 3.31583
Column 918.9858 4 229.7464 0.306457 0.871351084 2.689628
Interaction 5519.234 8 689.9042 0.920257 0.513790952 2.266163
Internal 22,490.6 30 749.6865

Total 29,565.79 44

Table 4 Analysis of variance of peak strain

Source of difference SS df MS F P value Feic
Sample 0.1541 2 0.07705 0.704831 0.522473 4.45897
Column 0.621677 4 0.155419 1.421726 0.310704 3.837853
Interaction 0.874539 0.109317

Internal 1.650316 14

Table 5 Analysis of variance of elastic modulus

Source of difference SS df MS F P value Fopit
Sample 59,025,243 2 29,512,621 7.772808 0.013327 4.45897
Column 5,887,825 1,471,956 0.387673 0.812011 3.837853
Interaction 30,375,247 3,796,906

Internal 95,288,315 14

ss, sum of squares; Df, degree of freedom; MS, all parties; F, test values

The elastic modulus test values of the same test condi-
tions were averaged, and then the average number was
analyzed by repeating two-way ANOVA. The results of
Table 5 were obtained, and the level of significance was
0.05. It can be seen from the results in the table that the
cycle temperature factor F.; < F; the cycle temperature
has a significant effect on the elastic modulus of the
granite, but the cycle number is not significant.

In summary, the two factors of cycle temperature and
number of dry and wet cycles have an effect on the
mechanical properties of hydrothermal coupled granite,
and the cycle temperature is more significant than the
number of cycles.

Conclusion

1. The stress—strain curve undergoes four stages: com-
paction, elastic deformation, yielding, and failure
(brittle failure occurs).

2. The mechanical properties of the granite samples are
related to the cycle temperature (50-150 °C). The peak
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intensity increases with increasing temperature; when
the temperature is in the range of 50-100 °C, the
reduction is approximately 11.51%, and when the
temperature is in the range of 100-150 °C, the
reduction is approximately 1.77%. As the temperature
difference of the hydrothermal fluid increases, the
degree of stimulation of the rock sample increases, so
that the peak intensity is weakened, and the peak
intensity value changes more slowly. The peak strain
has a linear fit relationship with the cycle temperature.
As the temperature increases, the peak strain decreases,
the rock sample weakens, and the brittleness increases.
The modulus of elasticity first increases and then
decreases with increasing temperature, and the increase
is approximately 123.21%.

The mechanical properties of the granite samples are
related to the number of hydrothermal coupling cycles.
The peak intensity varies with the number of cycles.
Different changes occur before three cycles, and the
subsequent changes are obvious. From three cycles to
four cycles, the reduction is 19.87%. From four cycles
to five cycles, the rate of increase is 22.70%. The peak
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strain has a cubic fitting relationship with the number
of cycles, R2 =1, and the maximum value in the
experiment is obtained for three cycles. The elastic
modulus has a quadratic fitting relationship with the
number of cycles, and the minimum value of the
experiment is obtained with three cycles.

4. The mechanical properties of the granite samples are
related to hydrothermal coupling. The peak intensity
contour map, for 50-100 °C, is symmetrically dis-
tributed among three cycles. The peak strain decreases
with increasing cycle temperature and number of
cycles; a bimodal distribution appears in the elastic
modulus contour map. At the same time, as the
temperature increases, the number of cycles increases
and the modulus of elasticity increases.

5. By curve fitting and performing an analysis of variance
for the experimental values and their averages, it is
concluded that the effect of cyclic temperature is
significant.
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