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Abstract: Thermal shock is the physical process of rapid cooling of a hot object. The physical and
mechanical properties of rocks that have undergone thermal shock will change. This variation can be
applied to the development of geothermal in limestone reservoirs and serve as an effective means
of enhancing heat exchange capacity. The essence of this is rock thermal shock rupture. The reason
for the change in rock properties due to thermal shock is distinguished from other factors and is a
process of instantaneous impact thermal stress caused by non-constant heat transfer, resulting in
rock damage from microscopic damage to macroscopic damage. In order to study the variation of
physical and mechanical properties of limestone with heating and cooling temperatures under the
effect of thermal shock, a self-developed thermal shock test device was used to test the physical and
mechanical properties of limestone heated to 100 °C~600 °C after thermal shock. The results strongly
suggest that the heating temperature under the effect of thermal shock is the main factor affecting the
evolution of basic physical properties of limestone; with the increase in heating temperature, the color
of the specimen changes from off-white to white, the mass decreases and the volume nonlinearly
increases, with a maximum reduction of 1.39% in mass and a maximum expansion of 2.79% in volume
at 600 °C. Indeed, 500 °C is the temperature of abrupt mass loss. The heating temperature and the
cooling medium temperature act together to deteriorate the mechanical properties of limestone.
With increasing heating temperature (decreasing cooling temperature), the uniaxial compressive
strength of limestone decreased by 39.5% (19.3%), modulus of elasticity by 59.5% (22.9%), tensile
strength by 42.9% (7.6%), and cohesion by 43.2% (22.5%). The peak strain increases by 74.2% and
the angle of internal friction increases by 27% (25.9%). The above data are average values. The
empirical equations of the compressive strength, modulus of elasticity, tensile strength of limestone
under the action of thermal shock versus heating temperature were obtained. The differences in
the physical and mechanical properties of limestone after two heat treatments (thermal shock and
high-temperature heating) were compared and analyzed, and the results showed that the physical
and mechanical properties of limestone deteriorated more severely after thermal shock compared
to high-temperature heating. The research results can provide technical support for the drilling of
geothermal development and wellbore stability assessment in limestone reservoirs, and enrich the
theory of high-temperature rock mechanics.

Keywords: rock mechanics; limestone; thermal shock; physical and mechanical properties

1. Introduction

Thermal shock phenomena are commonly found in the field of science and technol-
ogy. For example, geothermal development, thermal rock breaking, high-temperature
overwater tunnel construction, nuclear waste disposal, etc. Therefore, rock thermal shock
has received a lot of attention. Rock thermal shock is a phenomenon in which a large
amount of heat exchange occurs in a short time when a rock is sharply heated or cooled,
and the temperature dramatically changes, creating a huge temperature gradient inside the
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rock [1,2]. Rocks are a typical porous media material, and the mineral crystals that make up
the rock have different lattice energies and thermal expansion coefficients. As the degree of
thermal shock increases, the thermal shock velocity increases, the intermolecular binding
force decreases, and the thermal stress of the shock exceeds the destructive strength of the
rock [3-6]. The rock will generate a large number of fractures and cracks from the micro
and fine levels, promoting the connectivity of the fracture network. This leads to changes in
physical and mechanical properties such as bulk density, compressive strength, and tensile
strength [7,8]. These variations are complex, and are different for different rock types [9].
Therefore, the study of the evolution of physical and mechanical properties of rocks under
the effect of thermal shock is of great significance for the in-depth understanding and
development of high-temperature rock mechanics.

Many researchers have performed extensive studies on high-temperature rock mechan-
ics, including porosity and longitudinal wave velocity [10-12], static properties [13-17],
kinetic properties [18], and the intrinsic connection between physical and mechanical
properties and microstructural changes of different types of rocks [19]. The temperature
conditions under which the above conclusions were obtained are real-time high tempera-
ture or after high temperature. In recent years, due to the urgent engineering needs, the
damage characteristics of rocks after thermal shock action have received wide attention.
Some scholars have analyzed the physical and mechanical characteristics and evolution
laws of granite under thermal impact by combining mechanical tests with theoretical stud-
ies. It is believed that the cooling rate during thermal shock can have a large effect on the
mechanical properties of the rock [20-22]. In order to explore the damage mechanism of
granite by high temperature and thermal shock, respectively, relevant experimental analysis
was conducted, and it was pointed out that the mechanical strength deterioration of granite
after thermal shock treatment was higher [23-25]. Similar patterns have been found for
other types of rocks [26,27]. It can be seen that most of the studies around the evolution law
of physical and mechanical properties of rocks under the action of temperature are focused
on real-time high temperature or after the action of high temperature, and the study under
the action of thermal shock needs to be deepened.

Limestone is a carbonate rock with calcite as its main component, which is an important
industrial raw material. It is also one of the most widely distributed minerals in the
Earth’s crust [18]. The southeastern region of China is located at the southeastern edge
of the Eurasian continent. The geological and tectonic movements are intense, forming
hydrothermal geothermal resources with abundant reserves [28]. Most of the thermal
reservoirs in this area are sedimentary rock formations dominated by limestone. In the
development of geothermal resources in the region, thermal shock action can increase
the permeability of limestone reservoirs, promote the construction of artificial thermal
storage, and improve the efficiency of heat extraction. It can also protect the stability of
the drilling envelope by controlling the reduction of limestone thermal shock rupture.
Therefore, it is of great engineering value and practical significance to study the physical
and mechanical properties of limestone under the action of thermal shock. Most of the
former researches have focused on the effects of different cooling methods on the rocks as
the study of thermal shock effects. In this paper, the joint effect of both heating and cooling
factors on the physical and mechanical properties of limestone during thermal shock will
be experimentally studied. The results will enrich the theory of high-temperature rock
mechanics and provide technical support for geothermal mining.

2. Specimen and Laboratory Test
2.1. Specimen

The test material is limestone from the Permian formation in Guangdong Province,
China (this stratum is rich in geothermal resources). The specimen is made from a homo-
geneous, dense, naturally water-bearing rock sample with no internal defects. By XRD
analysis, the average mineral fraction of the limestone samples was 92.1% calcite, 1.8%
quartz, 1.7% dolomite, and 4.4% illite group clay minerals.
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The specimens were processed into uniaxial compression specimens, Brazilian split
specimens, and variable angle shear specimens according to the specimen size standard rec-
ommended by the International Society of Rock Mechanics. The specimens were cylindrical
with a diameter of 50 mm and a height-to-diameter ratio of 2:1, 1:2, and 1:1, respectively.
The specimens were screened, and finally the specimens with parallel top and bottom
end surfaces and good flatness and high integrity were obtained, measuring the volume
and mass of each specimen. The processing accuracy was guaranteed to meet the test
requirements, and some specimens are shown in Figure 1.

Variable angle
shear specimen

Uniaxial compression

specimen

T B ho-] of =

Brazilian splitting
specimens

Figure 1. Schematic diagram of part of the specimen.

2.2. Experimental Equipment

As shown in Figure 2, the test equipment used in this paper are: a rock coring drilling
machine (A), a high precision electronic scale (B), a programmable temperature-controlled
muffle furnace (C), a rock thermal shock rupture test bench (D), a microcomputer-controlled
electric-hydraulic servo press (E).

Figure 2. Actual picture of the test equipment a rock coring drilling machine (A), a high precision
electronic scale (B), a programmable temperature-controlled muffle furnace (C), a rock thermal shock
rupture test bench (D), a microcomputer-controlled electric-hydraulic servo press (E).
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The rock thermal impact rupture test bench was developed by the Key Laboratory of
Ministry of Education of Taiyuan University of Technology for in situ modification. The
length, width, and height of this test stand were 600, 600, and 550 mm, respectively. It
could control the temperature of the circulating medium between 10 °C~350 °C, with a
temperature control accuracy of 0.5 °C, and internal circulation through microcomputer-
controlled high-temperature-resistant oil pump. The equipment could realize the rapid
cooling of high temperature rocks in constant temperature medium. At the same time, the

larger working volume and circulating pump could ensure no heat gathering near the high

temperature rock during the cooling process. The accuracy of the test was further ensured.

2.3. Experimental Method

The experimental study program is shown in Figure 3. The limestone specimens were
heated to 100 °C-600 °C at a heating rate of 3 °C/h, respectively, and held in a muffle
furnace for 4 h. Then, the stable high temperature specimens were quickly cooled in water
at different temperatures (20 °C, 60 °C, 100 °C). The mass and volume of each specimen
were measured after cooling. A group of normal temperature limestone specimens without
thermal shock treatment was set as the control group. A total of 19 temperature working
conditions were set for the experiment. Finally, the uniaxial compression test, Brazilian split
test, and variable angle shear test were performed by microcomputer-controlled electro-

hydraulic servo press, and the test data were analyzed by taking the average value. The
test piece grouping information is shown in Figure 4.

[ Screening and grouping of specimens ]

[ Measurement of the mass volume of the specimen]

Heating the specimen to the target
temperature (100°C-600°C)

Rapid cooling of high temperature specimens
at different temperatures (20°C, 60°C, 100°C)

! &

[ Measurement of the mass volume of the specimen]

Mechanical tests

[Collecting and analyzing data]

Figure 3. Specimen grouping information.

{1000 Uniaxial compression-
| Brazilian split |
[ Variable angle shear |

Figure 4. Specimen grouping information chart.
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2.4. Thermal Shock Experiment

Thermal shock was applied into the high temperature limestone specimens by placing
them in water of 20 °C, 60 °C, and 100 °C, respectively, at a pressure of 0.1 MPa (1 atmosphere
of pressure). The experimental procedures are presented below: First, the specimen was put
into the muffle furnace and heated to the target temperature (e.g., 100 °C) at a heating rate
of 3 °C/h and kept at a constant temperature for 4 h. This step ensures stable heating of the
specimen to avoid thermal shock due to excessive heating rate. Next, the high-temperature
specimen was put into the thermal shock rupture test bench for quickly cooling. During the
cooling, the cooling water in the test bench was kept circulating and the water temperature was
kept constant (20 °C, 60 °C, 100 °C). The volume of cooling water was more than 1000 times
that of the specimens to avoid local concentration of heat around the specimens. The surface
temperature of the specimen was continuously measured until it reached the temperature
of the cooling water, i.e., (20 °C, 60 °C, 100 °C) =+ 0.5 °C, respectively. The specimen were
removed and let to freely dry in the air for 7 days. The above procedure was performed for
heating temperatures of 200 °C, 300 °C, 400 °C, 500 °C, and 600 °C, respectively.

2.5. Mechanical Performance Test

The limestone specimens treated with thermal shock were clamped on a 600 kN
microcomputer-controlled electro-hydraulic servo press and loaded by displacement con-
trol method. By varying the test mold and loading rate, uniaxial compression tests (loading
rate of 0.001 mm/s), Brazilian splitting tests (loading rate of 0.001 mm/s), and variable
angle shear tests (loading rate of 0.002 mm/s) were performed at three shear angles of 45°,
50°, and 55°, respectively. The calculation of various mechanical parameters of limestone
specimens was carried out by applying relevant equations.

3. Results
3.1. Fundamental Physical Properties

As shown in Figure 5, the apparent color of Huizhou limestone under the effect of
thermal shock is mainly affected by the peak temperature of heating. The surface of the
specimen heated at 300 °C or less is grayish white, with local greenish gray and rusty red
mineral inclusions. When heated to 400 °C~500 °C, the surface of the specimen changes to
earthy yellow and the range of rusty red increases. In contrast to the conclusions reached
by other studies [12] (significant changes in limestone surface color after high temperature
action at 700 °C), the apparent color of the specimens significantly changed at 600 °C
under thermal shock; i.e., an overall shift to white. It shows that the thermal shock effect is
stronger than the high temperature effect on limestone when the heating temperature is
the same.

Figure 5. Specimen apparent color change diagram (the fissures were marked in red).
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The tests showed that the mass of limestone specimens decreased and the volume
increased under the effect of thermal shock. The decrease in mass of limestone under
thermal shock is due to evaporation of internal water, the decomposition of some minerals,
and a small amount of flaking of rock chips. The expansion of mineral grains and the
generation of a large number of fractures under thermal shock combined to cause the
increase in limestone volume. Mass loss results of limestone specimens are presented in
Figure 6A. The mass loss rate of limestone increases with the increase in heating temperature
after thermal shock. Taking cooling in water at 20 °C as an example: the mass loss rate
of the specimen below 300 °C remains unchanged at about 0.092%. A slow increase in
mass loss rate to 0.183% from 300 °C to 500 °C, with an increase of 101% compared to
300 °C. When the temperature increases to 600 °C, the mass loss rate of limestone rapidly
increases to 0.882%, which is 4.82 times that of 500 °C and, even more, 9.48 times that
of 100 °C. The main reason for the change in the mass of the specimen within 500 °C
is the evaporation and release of the water inside the rock. The mass loss of limestone
from 20 °C to 300 °C is mainly dominated by the evaporation of free water. Because the
water content of the specimen is small, the mass remains essentially unchanged at this
stage. Within the temperature range of 300 °C~500 °C, the combined water inside the
limestone gradually evaporates and the mass of the specimen slowly decreases. Above
500 °C, the internal mineral components of limestone gradually decompose. Moreover, the
thermal shock rupture produced by the specimen at this temperature is significant at either
cooling temperature, and a small number of mineral particles flake off from the specimen.
Therefore, the mass of limestone rapidly decreases at this stage, and the mass loss rate
increases significantly.
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Figure 6. Mass loss rate (A) and volume expansion rate (B) of limestone specimens after thermal shock.

Due to the anisotropy of limestone and the different thermal expansion coefficients
of different mineral particles, the volume of the specimen nonlinearly increases, so the
data distribution of the volume expansion rate of high-temperature limestone after the
thermal shock is more discrete. As shown in Figure 6B, the variation of limestone volume
with heating temperature is similar after thermal shock in water at different temperatures.
The volume of limestone increases with increasing heating temperature (general trend),
but there are differences in the inflection point temperature of volume abrupt change (the
part marked by circles in the figure). The volume abrupt change temperature is 300 °C
for limestone cooled in 20 °C water, and 200 °C for limestone cooled in 60 °C and 100 °C
water. This indicates that limestone undergoes rapid volume expansion after a threshold of
heating temperature under the effect of thermal shock (this change is nonlinear), and that
cooling temperature affects this threshold temperature. It is further shown that the effect
of thermal shock on limestone is jointly controlled by both heating and cooling phases.
Take thermal shock cooling in water at 100 °C as an example: for peak temperatures in the
range of 100 °C ~200 °C, the volume expansion rate of the specimen slightly decreases, and
the change range is 0.172~0.196%. The volume expansion rate rapidly increases when the
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heating temperature exceeded 200 °C. The volume expansion of the specimen at 600 °C
was 2.788%, which was 16.2 times higher than that at 200 °C, indicating that the heating
temperature had a significant effect on the volume change of limestone.

3.2. Mechanical Properties
3.2.1. Uniaxial Compressive Strength

Uniaxial compressive strength is the peak stress that the sample can withstand during
loading in the uniaxial compression test. The uniaxial compressive strength of the original
rock (limestone specimen without thermal shock treatment) was 91.45 MPa (o = 4.456), and
the results of the uniaxial compressive strength of heated limestone specimens affected by
thermal shock are shown in Figure 5.

It can be seen that the uniaxial compressive strength of the rock sample increases and
then decreases with the increase in heating temperature T at a given cooling temperature
from Figure 7A, and the inflection point temperature is 200 °C. When the cooling tem-
perature is 20 °C, the average uniaxial compressive strength of limestone increases from
73.63 MPa (o = 3.83) at 100 °C to 81.13 MPa (o = 1.89) at 200 °C, an increase of 9.8%, and
then decreases to 44.47 MPa (o = 7.37) at 600 °C, a decrease of 45.2%. It is worth noting that
the strength values are very strongly scattered for the temperatures 100, 200, and 300 °C.
This is because the mechanical strength of limestone is more influenced by the primary
tectonics in the lower temperature section. Limestone of different formations can have
large differences in the thermal-mechanical response. Therefore, the experimental results
reflect more scattered numerical points.

E
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Figure 7. Results of uniaxial compressive strength of limestone with heating temperature (A) and
cooling temperature (B).

This is because thermal shock causes thermal expansion and deformation of the
limestone sample below 200 °C, which is believed to close the primary voids, thus leading
to an increase in the uniaxial compressive strength of the specimen. With the increase in
heating temperature, the internal voids of the specimen re-open and generate new pores
and fissures, forming a complex network of fissures leading to the decrease in the uniaxial
compressive strength of the specimen. By analyzing the test results, it was found that the
uniaxial compressive strength of limestone correlated well with the heating temperature
at a given cooling temperature. Therefore, the two parameters were fitted in the range of
200 °C to 600 °C and were found to have an exponential relationship:

00 °c = 114.8¢°(—0.002T), (R"2 = 0.975) (1)

060 °C = 123.2¢°(—0.001T), (R"2 = 0.800) )
0100 °C = 139.9¢*(—0.001T), (R"2 = 0.845) 3)



Appl. Sci. 2023, 13, 3649

8of 17

where o is the uniaxial compressive strength at different cooling temperatures (MPa); T is
the heating temperature, and its range is from 200 °C to 600 °C; R2 is the
correlation coefficient.

From Figure 7B, it can be seen that the uniaxial compressive strength of high-temperature
limestone samples increases with the increase in cooling temperature. As an example, the
limestone sample was cooled at different temperatures at 600 °C: the average uniaxial
compressive strength decreased from 51.46 MPa (o = 5.97) at 100 °C to 44.47 MPa (0 = 7.37)
at 20 °C, an increase of 13.6%.

This is because the greater the temperature difference per unit distance and per unit
time, the higher the temperature gradient, the greater the thermal stress, and the more
serious the damage caused to the rock sample.

3.2.2. Peak Strain

Brittle damage of rocks is characterized by small peak strains, an instantaneous re-
lease of elastic energy, and accompanying loud sounds. Ductile damage is the opposite,
not only is the peak strain larger, but the elastic energy is also slowly released without
instantaneous damage. In the uniaxial compression test, the strain corresponding to the
uniaxial compressive strength of the specimen is the peak strain, and the value of the peak
strain can be obtained by in the stress-strain curve. The peak strain can, to a certain extent,
reflect the brittle-ductile characteristics of the specimen. Figure 6 shows the variation of
limestone peak strain with temperature after thermal shock. In addition, the peak strain of
the original rock is 1.194%.

As shown in Figure 8, the peak strain of the limestone sample after thermal shock
increases with the increase in heating temperature. It shows that the peak strain of the
limestone sample increases from 0.918% at 100 °C to 1.751% at 600 °C after thermal shock
at 20 °C, an increase of 90.7%. Peak strain increases from 1.32% at 100 °C to 2.422%
at 600 °C after thermal shock at 60 °C, an increase of 83.5%. Peak strain increases from
1.156% at 100 °C to 1.715% at 600 °C after thermal shock at 100 °C, an increase of 48.4%.
All of the above data show that the peak strain increases with increasing heating tempera-
ture when limestone is cooled by thermal shock at a constant temperature. The thermal
shock promotes the transformation of limestone from brittle to ductile characteristics. It
is noteworthy that the absolute value of the peak strain is always highest when the high
temperature limestone is cooled at 60 °C. This indicates that peak strain and thermal shock
temperature difference AT do not have an obvious linear relationship. Although the peak
temperature of heating and the cooling temperature jointly affect the evolution of peak
strain, there is a very complex mechanism of action between the two for the effect of peak
strain. We can then investigate this direction in depth.

B Cooling Temperature at 20°C
B Cooling Temperature at 60°C
B Cooling Temperature at 100°C

25 F

Peak strain/%
&

0.5

100 200 300 400 500 600
Heating Temperature/°C

Figure 8. Trends of peak strain of limestone with temperature after thermal shock.
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3.2.3. Modulus of Elasticity

The modulus of elasticity is an important mechanical parameter to characterize the
stiffness of the rock, and the results of the variation of the elastic modulus of limestone
with temperature after thermal shock are shown in Table 1. In addition, the average
modulus of elasticity of the original rock is 7.71 GPa (Emin = 6.87 GPa, Emax = 8.64 GPa,
o = 0.73), which is greater than the average modulus of elasticity of the limestone sample
after thermal shock. By analyzing the test results, we can see that the modulus of elasticity
decreases with the increase in heating temperature after thermal shock of high temperature
limestone. This indicates that the thermal shock destroys the structural integrity of the
specimen, resulting in a reduction in limestone stiffness and a decrease in elastic modulus.

Table 1. Modulus of elasticity of limestone after thermal shock.

Average Value/GPa Heating Temperature/°C
Cooling Temperature/°C 100 200 300 400 500 600
20 5.84 5.56 5.35 3.23 2.76 2.37
60 6.58 6.91 6.46 3.91 3.29 2.82
100 7.46 7.24 6.34 4.46 4.15 2.83

The elastic modulus of limestone after thermal shock and the heating temperature
(100 °C~600 °C) were fitted as shown in Figure 9. There is a good exponential function
relationship between the two parameters. The following empirical expressions were obtained.

Ejpec = 7.999¢"(—0.002T), (R"2 = 0.914) )
Eggoc = 9.411e°(—0.002T), (R"2 = 0.882) ©)
ElOO °c = 101628A(—0002T), (RAZ = 0933) (6)

where E is the elastic modulus at different cooling temperatures (GPa); T is the heating
temperature, its range is from 100 °C to 600 °C; R"2 is the correlation coefficient.

12.00

B Cooling Temperature at 20°C (average value)
10.00 F A Cooling Temperature at 60°C (average value)

® Cooling Temperature at 100°C (average value)

x
=]
S

E = 10.162¢0-002T
R2=0.933

Modulus of elasticity/GPa

E = 7.9989¢-0.0027
R2=0.914

E =9.4105¢0-002T
R*>=0.8823

0.00

0 100 200 300 400 500 600 700 800
Heating Temperature/°C

Figure 9. Trends of elastic modulus of limestone with temperature after thermal shock.

3.2.4. Tensile Strength

Tensile strength is one of the very important mechanical parameters of rocks. It is the
average stress on the broken section perpendicular to the direction of tensile stress action
in the moment of failure. Because the tensile strength of rocks is much smaller than the
compressive strength, it is easy to produce tensile damage. Therefore, the study of the
tensile properties of rocks is of great significance to reveal the stability of rocks.

As shown in Figure 10, the tensile strength of limestone specimens after thermal shock
at different cooling temperatures showed a tendency to increase and then decrease with
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increasing heating temperature. It is worth mentioning that this is consistent with the
evolution of uniaxial compressive strength with heating temperature. The reasons for this
result are described in Section 3.2.1. The tensile strength of limestone specimens decreased
from 3.39 MPa of the original rock to 2.19 MPa (35.4%), 2.06 MPa (39.2%), and 2.61 MPa
(23%) after thermal shock in water at 20 °C, 60 °C, and 100 °C, respectively. The percentages
in parentheses are the reduction rates. It can be seen that the cooling temperature also has
some effect on the tensile strength. A good exponential relationship between the tensile
strength and heating temperature of limestone in the range of 200 °C to 600 °C was fitted,
as shown below:

Opp °oc = 8.337€"(—0.002T), (R"2 = 0.908) (7)
O0 °c = 7.791e"(—0.002T), (R"2 = 0.811) (8)
Og100°c = 7-148e"(—0.002T), (R"2 = 0.930) 9)

where oy is the tensile strength at different cooling temperatures (MPa); T is the heating
temperature, its range is from 200 °C to 600 °C; R"2 is the correlation coefficient.

7
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S

W

Tensile strength/MPa

8]

—@— Cooling Temperature at 20°C (average value)

—a— Cooling Temperature at 60°C (average value)

—_

—8— Cooling Temperature at 100°C (average value)

0 100 200 300 400 500 600 700
Heating Temperature/°C

Figure 10. Trends of tensile strength of limestone with temperature after thermal shock.

The above data indicate that thermal shock has a large effect on the tensile properties of
limestone, and the tensile properties of limestone are significantly deteriorated after thermal
shock. Therefore, researchers in the engineering field should focus on the weakening
characteristics of the tensile strength of rocks after thermal shock.

3.2.5. Shear Strength Curve

The damage of rocks under natural conditions is mostly compression-shear damage, so
it is important to study the shear properties of rocks. Shear strength is one of the important
parameters of rock mechanical properties, defined as the maximum tangential stress on
the shear surface of a rock specimen when it is sheared. In this paper, the shear strength of
limestone is obtained by variable angle shear test. The tangential stress T and the direct
stress o of the specimen are calculated by Equations (10) and (11).

T=P/A (sinax — f cosx) (10)

o =P/A (cosx + f sinx) (11)

where A is the projected area of the shear damage surface (mm?); « is the shear angle (°),
is the rolling friction coefficient between the testing machine indenter and the shear rollers,
f=1/nd, nis the number of rollers, d is the diameter of the rollers (cm). In this test, n = 10;
d=8cm.

After obtaining 7, o for three angles (45°, 50°, 55°) through the test, the shear strength
curve was obtained by least squares fitting in the direct stress—tangential stress coordinate
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system, and the test values were averaged for analysis in this paper. The summarized
results are shown in Table 2.

Table 2. Summary table of variable angle shear test results of limestone under thermal shock.

Limestone
Temperature/°C

Cooling
Temperature/°C

45° 50° 55°

C/
MPa

Shear Strength Curve R? WY/(°)

Normal
Temperature

T=0.36510 +17.57 20.1

20
60
100

100

T =0.62350 + 13.304
T =0.56570 +15.452
T =0.46950 + 16.856

31.9
29.5
25.2

20

200
100

T=0.6520 +12.261
T =0.51840 + 14.858
T =0.48740 + 15.987

33.1

26.0

20
60
100

300

T=0.80060 + 11.884
T=0.72420 +12.26
T =0.55720 + 14.206

38.7
35.9
29.1

20
60
100

400

T =0.81410 +7.1815
T =0.7470 + 8.6477
T=0.66620 +10.178 0.970

39.6
36.8
33.7

From Table 2, it can be seen that the characteristics of shear strength curves of limestone
after thermal shock at different temperature working conditions are similar, so a set of
typical curves were plotted for analysis. As shown in Figure 11A, the shear strength curve
of limestone specimens after thermal shock in water of a given temperature increases in
inclination and decreases in intercept with the increase in heating temperature, which shows
a rotation in the o-7t coordinate system in the counterclockwise direction. From Figure 11B,
it can be seen that the shear strength curves of limestone specimens at the same temperature
after thermal shock in water at different temperatures decrease in inclination and increase
in intercept with the increase in cooling temperature, and rotate in the clockwise direction
in the o-1 coordinate system. The change characteristics are opposite to the shear strength
curves at different heating temperatures. The shear strength curve obtained from the
test can determine whether the limestone remains stable after thermal shock in a high
temperature environment: if the stress value at the measured position in the rock lies in the
region below the curve, the rock is stable; otherwise, the rock is destabilized. Therefore,
the shear strength curve of rocks under thermal shock is important for the analysis of high
temperature rock stability.

50

Tangential stresst/MPa
o
=3

'S
S

w
S

4 100°C-60°C
B 200°C-60°C
A 300°C-60°C
® 400°C-60°C
=Shear strength curve(100°C-60°C)
~Shear strength curve(200°C-60°C)
~Shear strength curve(300°C-60°C)
——Shear strength curve(400°C-60°C)
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Figure 11. Limestone shear strength curves for different heating temperatures (A) and different
cooling temperatures (B) after thermal shock.

3.2.6. Cohesion and Internal Friction Angle

Cohesion and internal friction angle, as two important parameters of rocks, are not
only indicators of shear strength of rocks, but also important parameters for engineering
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design. Figure 12 shows the results of cohesion and internal friction angle with temperature
for the limestone specimens after thermal shock.
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Figure 12. Limestone shear parameters for different heating temperatures (A) and different cooling
temperatures (B) after thermal shock.

After thermal shock of limestone specimens in water at the same temperature, the
cohesion monotonically decreases and the angle of internal friction monotonically increases
with the increase in heating temperature. In addition, the rate of change of cohesion with
the heating temperature of limestone specimens was higher than the angle of internal
friction. After thermal shock of limestone specimens of the same temperature in water
at different temperatures, the cohesion monotonically increases and the internal friction
angle monotonically decreases when the cooling temperature increases. The cohesion and
internal friction angle show opposite trends. This is because the different thermal expansion
coefficients after the limestone experiences thermal shock lead to irregular deformation
between minerals, which enhances the mutual friction and mutual occlusion between rock
particles, resulting in the increase in internal friction angle with the increase in heating
temperature. In this process, the limestone continuously produces thermal shock rupture
and the molecular force between mineral particles decreases, leading to a continuous
decrease in cohesion with the increase in heating temperature. The results are similar to the
experimental results made by Meng et al. [29], who studied the variation law of cohesion
and internal friction angle of limestone after high temperature from 20 °C to 800 °C, which
also provided ideas for the subsequent research content of this paper. The shear parameters
should be studied and discussed in a broader temperature range.

All of the above data indicate that thermal shock has a significant effect on the shear
parameters of limestone, and that the combined effect of heating and cooling temperatures
produces deterioration in the shear properties of limestone.

4. Discussion

The physical and mechanical properties of brittle materials such as rocks, ceramics,
and glass change under the effect of temperature. H. Tian et al. [30] concluded that the
heating temperature, heating rate, holding time, and cooling rate affect the mechanical
properties of the rock. Chen et al. [11] reported that the history of temperature action
also affects the mechanical properties of rock samples and the reliability of the test. Based
on the above points, this section will compare the experimental results of physical and
mechanical parameters of limestone obtained by different scholars [10,11,18,31,32] after
different heat treatment methods (the thermal shock data in Figures 11 and 13 are selected
from the experimental results of limestone cooling in water at 20 °C in this paper). The heat
treatment methods used by other authors all utilized a muffle furnace to completely heat
the specimens and then slowly cool them to room temperature. The heat treatment method
in this paper is thermal shock. Several of the limestones compared are of different origins,
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but have roughly the same mineral content and average density. One of the limestone
specimens used by Wu [10] et al. had a higher quartz content (95%) than several others.
It is further shown that different heat treatment methods have different effects on the
mechanical properties of limestone.

—8—Thermal shock (data of this paper, ®50mm X 100mm)
High temperature (Wu et al., ®50mm X 100mm) High temperature (Wu et al., ®50mm X 100mm)
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Figure 13. Results of the evolution of mass loss rate (A) and volume expansion rate (B) of limestone
under different heat treatments (the black part is the data obtained after cooling the high temperature
limestone in water at 20 °C) [10,18].

Three sets of test results with different heat treatment methods were selected for
analysis. The characteristics of the variation of limestone mass loss rate and volume
expansion rate with heating temperature (100 °C to 600 °C) were compared. As shown
in Figure 13, the mass loss rate and volume expansion rate of limestone show an overall
increasing trend with the increase in heating temperature regardless of the heat treatment
method. Compared with the results after high temperature, the limestone after thermal
shock has a smaller mass loss rate and a larger volume expansion rate. Density is the ratio
of mass to volume. The above comparison results show that limestone at the same heating
temperature has a lower bulk density after thermal shock than after high temperature. The
authors believe that due to the fact that thermal stress generated by the thermal shock is
greater than the high temperature, the limestone undergoes thermal rupture to generate a
large number of voids, resulting in a significant decrease in density. Under thermal shock,
limestone generates a large number of voids at the microscopic level. As the degree of
thermal shock action intensifies, microscopic cracks accumulate and eventually lead to
macroscopic damage. This is the root cause of the deterioration of the mechanical properties
of limestone.

The results of the variation of mechanical parameters of limestone with heating tem-
perature (100 °C~600 °C) under different heat treatment conditions are plotted in Figure 14.
The uniaxial compressive strength, modulus of elasticity, and tensile strength of limestone
decrease and the peak strain increases with the increase in heating temperature in both
heat treatments [10,11,31,32].

From Figure 14, it can be seen that the uniaxial compressive strength of limestone after
thermal shock is significantly lower in the present study than that of limestone after high
temperature treatment alone (Wu et al. [10]), but it is similar to the test results obtained by
Chen et al. [11]. Comparing the data in this paper with those obtained by Chen et al. [11].
it was found that the uniaxial compressive strength of limestone after thermal shock at
20 °C decreased by 36.66 MPa (0¢min = 28 MPa, 0cmax = 49.4 MPa, 0 = 9.2) in the range of
200 °C to 600 °C, while the uniaxial compressive strength of limestone after heating alone
(Chen et al. [11]) decreased by 31.62 MPa. This indicates that the decay rate of compressive
strength of limestone after thermal shock is faster.

The elastic modulus of limestone after thermal shock is smaller than that after high
temperature. In addition, the values of elastic modulus obtained by Wu et al. are larger
than the data obtained from the other two tests. This is because the mineral content of
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the constituent limestone has a greater effect on the elastic modulus; the higher the calcite
content, the higher the strength of the limestone. The mineral contents of limestone used in
the three groups of tests conducted for comparison were different; the calcite content of
Jiaozuo limestone used by Wu et al. was 95%, and the calcite content of Osaka limestone
used by Chen et al. and Huizhou limestone used in this paper were both 92%, so the elastic
modulus value of Jiaozuo limestone after high temperature was the largest.
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Figure 14. Results of the evolution of mechanical parameters of limestone under different heat
treatments.The uniaxial compressive strength (A), modulus of elasticity (B), tensile strength (C) and
the peak strain (D) (the black part is the data obtained after cooling the high temperature limestone
in water at 20 °C) [10,11,31,32].

In the range of heating temperature, the tensile strength of limestone after thermal
shock is less overall than that of limestone after high temperature, and only 0.45-0.8 times
of the tensile strength of limestone after high temperature. In addition, the peak strains of
limestone increases with the increase in heating temperature in both heat treatments, and
the peak strains of limestone after thermal shock (0.92~1.75%) are significantly larger than
those after high temperature (0.58~0.64%; 0.15~0.94%). This indicates that thermal shock
increases the deformability of limestone and more actively promotes the transformation of
limestone from brittle to ductile characteristics.

The above graphical data show that thermal shock induces a higher level of limestone
deterioration than high temperature thermal treatment alone. The authors’ view is that the
heat exchange with the environment is more efficient during thermal shock of limestone
cooled by water and the temperature gradient within the rock is greater than that of a
single high-temperature action. The higher thermal shock stress can rupture the rock more
easily and lead to the degradation of mechanical properties. In addition, rocks are non-
homogeneous, the mineral fraction and content of similar rocks, primary and secondary
void density, distribution patterns, and rock scales also affect the physical and mechanical
properties under temperature action. The above factors will be studied in the future.



Appl. Sci. 2023, 13, 3649

15 of 17

5. Conclusions

Research has shown that thermal shock reduces the physical and mechanical properties
of rocks and can even lead to rock fracture, and this finding has been applied to engineering
construction. However, previous studies on thermal shock on rocks have usually only been
conducted in a qualitative manner. The study conducted an experimental study on the
physical and mechanical properties of limestone after thermal shock from 100 °C to 600 °C,
and the following conclusions were obtained.

(1) After thermal shock, the apparent color, mass, and volume of limestone changed
and were mainly affected by the peak heating temperature. The apparent color of the
specimen gradually changed from off-white to white with the increase in heating tempera-
ture. The mass of the specimen decreased with the increase in heating temperature, with a
maximum decrease of 1.39%, and 500 °C was the sudden change temperature of mass loss.
The volume of the specimen nonlinearly increased with the increase in heating temperature,
and the maximum increase was 2.79%.

(2) Thermal shock has a significant effect on the mechanical properties of limestone,
and the peak temperature of heating in combination with abrupt cooling act together to
deteriorate the mechanical properties of limestone. Thermal shock has a significant effect
on the mechanical properties of limestone, and the heating and cooling temperatures work
together to deteriorate the mechanical properties of limestone. As the heating tempera-
ture increased (cooling temperature decreased), the uniaxial compressive strength, elastic
modulus, tensile strength, and cohesion of limestone decreased by 39.5%, 59.5%, 42.9%,
and 43.2% (19.3%, 22.9%, 7.6% and 22.5%), respectively. Peak strain and angle of internal
friction increased by 74.2% and 27%, respectively. The ductility characteristics of limestone
were enhanced.

(3) The mechanical parameters of limestone after thermal shock had a good exponential
function correlation with the heating temperature. The empirical equations of uniaxial
compressive strength, elastic modulus, and tensile strength of limestone at different cooling
temperatures versus heating temperature were obtained by fitting the experimental results.

(4) The differences in physical and mechanical properties of limestone after thermal
shock and high temperature were compared and analyzed. It was found that the thermal
shock in the course of quenching the heated specimens had a stronger deterioration effect
on the physical and mechanical properties of limestone than the heating itself.

The above conclusions reveal the macro-mechanical properties of limestone under
the action of thermal shock. The effect of thermal shock on the physical and mechanical
properties of limestone was quantitatively characterized. The complex combined effect of
heating and cooling temperatures is proposed on the basis of previous studies of the effect
of single factors (high or low temperature) on rock properties. This enriches the theory
of high-temperature rock mechanics and provides technical support for the drilling and
wellbore stability assessment of geothermal development in limestone reservoirs. Next, we
will study the fine-scale fracture characteristics of rocks under thermal shock using a variety
of non-destructive testing and visualization techniques. We will also combine them with
the evolution of macroscopic mechanical parameters of rocks to study the interrelationship
between them and further reveal the mechanism of rock rupture by thermal impact.
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