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Abstract: Studying the dynamic performance of rocks affected by high temperatures is a crucial
theoretical foundation of mining engineering design and the construction of deep metallic min-
eral resources. More importantly, such studies can provide technical support for the green and
low-carbon mining of these resources. However, systematic studies on the dynamic mechanical
properties of rocks affected by both confining pressure and temperature during the mining of deep
metallic mineral resources are lacking. Therefore, systematic research was conducted on the dynamic
mechanical properties of limestone under confining pressure after high-temperature treatment, and a
corresponding constitutive model was established. In this study, limestones were heated to 200 ◦C,
400 ◦C, 600 ◦C, and 800 ◦C, and the Split Hopkinson Pressure Bar impact test was conducted with
confining pressures of 0.0 MPa, 0.5 MPa, 1.5 MPa, and 2.5 MPa. The test results show that the
temperature has a significant effect on the dynamic compressive strength of limestone, and as the
temperature rises, the strength tends to first increase and then decrease, reaching the turning point at
a temperature of 400 ◦C. The dynamic compressive strength increases as the confining pressure in-
creases. The constitutive equation of the dynamic damage to limestone under confining pressure after
high-temperature treatment is consistent with the test results. Therefore, the established constitutive
model can represent the dynamic behavior of limestone, providing a reference for evaluating the
dynamic performance of this material, and serving as a theoretical basis for the green and low-carbon
mining of deep metallic mineral resources.

Keywords: limestone; high temperature; confining pressure; SHPB; constitutive model

1. Introduction

With the depletion of shallow mineral resources, the mining depth for extracting
underground metallic and non-metallic minerals has been growing [1]. The process of deep
mining and construction is challenged by a complicated environment with a high ground
stress, high ground temperature, high osmotic pressure, and strong mining disturbances of
deep rock mass due to dynamic loads, such as blast waves and machine vibrations [2]. In
order to provide a theoretical basis for the green and low-carbon mining of deep metallic
mineral resources, it is essential to conduct research on the dynamic properties of rocks
under a confining pressure and high temperature [3,4]. For example, shotcrete anchor
supporting material and filling materials could be preserved. Recently, the continuous
development of the Split Hopkinson Pressure Bar (SHPB) experimental technique has
resulted in its wide application to the study of dynamic mechanical properties [5–7] and
constitutive equations [8,9] of materials. Li X.B et al. [10] developed a dynamic and
static loading test system for rocks at medium to high strain rates, and explored the
dynamic mechanical properties of rocks under axial static pressure and confining pressure.
Numerous scholars have conducted dynamic mechanical experiments for rocks under
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various conditions by utilizing SHPB, and great progress has been made. To research the
effects of strain rates on the dynamic strength, deformation properties, and failure modes
of rock, Ping Qi et al. [11] carried out numerous dynamic compression tests under passive
confining pressure. A large number of experimental studies have shown that temperature
has a significant impact on the mechanical properties of rock, which has attracted the
attention of many scholars [12]. Li Ming [13] adopted XRD and SEM to research the
meso-mechanics of the destruction of coal measure sandstone, and analyzed the impact
of the temperature and impact load on the mechanical properties and behavior of the
studied rock. Yin Tubing [14] developed a new experimental system and utilized it to
conduct SHPB testing on siltstone under the coupling effect of temperature and pressure.
The experimental results were used to develop a constitutive model of the rock under
the coupling of temperature and pressure and dynamic disturbance. In addition to the
influence of high temperatures, the deep rock mass is under triaxial stress in its natural
state; the deeper the burial depth, the greater the stress of the surrounding rock, and the
related indices of its mechanical properties will be affected accordingly. In the process
of deep underground mining and underground engineering construction, the strength
evaluation, stability control, and engineering design of an engineering rock mass subjected
to high stress from the surrounding rock need to consider not only the physical and
mechanical properties of rock blocks, but also the influence of confining pressure on its
mechanical properties. Related studies have shown that the mechanical properties of the
tested specimens change after confining pressure is applied in the SHPB experiment [15–17].
Therefore, to ensure that the study of the dynamic mechanical properties of rock materials
is in line with engineering practice, the influence of confining pressure on these properties
should not be ignored.

To date, many studies have been conducted on the dynamic mechanical properties
of rock under normal temperature and dynamic coupling conditions, or on the uniaxial
dynamic mechanical properties of rock subjected to high temperatures. However, few
studies have used constitutive equations, which are more suitable for actual deep rock and
soil engineering, to research dynamic mechanical properties under the combined effects of
high temperature and confining pressure. As a result, it is necessary to conduct research on
the dynamic mechanical properties of rocks affected by high temperatures under confining
pressure so as to meet the needs of deep ground geotechnical construction.

In this research, the SHPB system was adopted to carry out dynamic compression
experiments on limestone specimens after they were subjected to high temperatures (200 ◦C,
400 ◦C, 600 ◦C, and 800 ◦C) and different confining pressures (0.5 MPa, 1.5 MPa, and
2.5 MPa).

2. Specimen Preparation and Testing Procedure
2.1. Experimental Equipment

Figure 1 shows the Split Hopkinson Pressure Bar (SHPB) dynamic test system with
a confining pressure device for testing the dynamic rock mechanics. The overall system
consists of the SHPB test system and confining pressure device.

The Split Hopkinson Pressure Bar (SHPB) dynamic test system used in the experiment
is composed of an electronic pulse loading device, incident rod, transmission rod, absorp-
tion rod, automatic speed monitoring device, signal acquisition and processing system,
and other key components. In order to adjust the shape of the stress wave, the cross-section
of the end of the incident rod is gradually changed. The material of the rod is 40Cr alloy
steel, which has a Poisson’s ratio of 0.2 and a longitudinal wave velocity of 5410 m/s. The
diameters of the incident rod, transmission rod, and impact rod are 50 mm, and the lengths
are 2400 mm, 1200 mm, and 800 mm, respectively.

Figure 2 shows the confining pressure loading system used in the dynamic mechanics
experiment under the condition of confining pressure loading, which is mainly composed
of the loading sleeve and the pressure oil pump. The pressure oil pump is used to change
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the oil pressure in the loading sleeve so as to adjust the confining pressure applied to
the specimen.
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Figure 2. Confining pressure device.

The heating device was manufactured by the Zhengzhou Xinghai Instrument Equip-
ment Co., Ltd., used to heat the limestone specimen. The working voltage of this device
is 220 V, and the rated power is 5000 W. The length, width, and height of the working
chamber are 300 mm × 200 mm × 120 mm, respectively. The device is welded with high-
quality high-temperature-resistant materials, and the maximum controllable temperature
is 1200 ◦C.

After heating the rock for the high-temperature experiment, the storage device uses
a WGLL-230BE electric heating blast drying oven made by Tianjin Tester. The working
voltage is 220 V; the rated power is 3000 W; and its studio length, width, and height are
600 mm × 500 mm × 750 mm, respectively. The range of constant temperature fluctuation
is ±1 ◦C.

2.2. SHPB Experimental Principle

In the process of impact loading with the SHPB impact system, due to the low brit-
tleness of rock specimens, the experiment must not only decouple the effects of the one-
dimensional stress wave and strain rate, but also meet the assumptions of one-dimensional
stress and stress homogenization.

The shock wave is transmitted along the incident rod, and a part of the reflection
occurs after contacting the specimen, which generates the reflection wave. The reflection
wave continues to be transmitted after contacting the specimen, and the transmission
wave is generated in the transmission rod, which is finally absorbed by the absorption
rod. The electrical signals generated by the incident wave ε I(t), reflected wave εR(t), and
transmitted wave εT(t) are collected and processed by a dynamic strain gauge and finally
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reflected in the oscilloscope. The dynamic stress σs(t), dynamic strain εs(t), and strain rate
.

εs(t) of the specimen can be obtained by the three-wave method [18,19] (Equation (1)).
∣∣∣σs(t) = EA

2As
[ε I(t) + εR(t) + εT(t)]

.
|εs (t) = C

l [ε I(t)− εR(t)− εT(t)]∣∣∣εs(t) =
∫ t

0
.

εs(t)dt

(1)

2.3. Data Validity Verification

Similarly, when the experimental conditions satisfy the homogeneity assumption,
the method shown in Section 2.2 (Equation (1)) can be used to test the validity of the
experimental data. According to the relationship given in Equation (2), the reliability of
the test data is verified by comparing the relationship between the transmitted wave, the
incident wave, and the reflected wave, which is also called the stress balance test. In this
experiment, all collected data were tested for stress balance. Figure 3 shows a typical test
curve for stress equalization during the experiment.

ε I(t) + εR(t) = εT(t) (2)
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2.4. Experimental Materials and Scheme

The limestone specimens used in this work were taken from Katfang tin Mine, Honghe
state, Yunnan Province. A cylindrical specimen with dimensions of Φ 50 mm × 40 mm (in
Figure 4) was used, which is in accordance with the ISRM Suggested Methods [20].
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The heating rate is 10 ◦C/min. When the preset temperature of the device is reached,
it remains constant for 2~3 h, and naturally cools down to room temperature. Figure 5
shows the heating temperature control curve. It is impossible to ensure that the heating
rate of the rock specimen is completely consistent with the set heating rate in order to
ensure that the specimen is damaged by the target temperature as a whole. Therefore, the
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heating furnace is maintained at the target temperature once it is reached. Before cooling
the test piece, the infrared thermometer is used to measure the surface temperature of the
test piece. As there will be some error between the surface and internal temperatures of the
test piece, we generally set the temperature slightly higher than the target temperature.
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In order to explore the influence of confining pressure and temperature damage on
the dynamic mechanical properties of limestone specimens, the specimens were subjected
to different temperatures and different confining pressures at loading impact velocities of
5.3 m/s and 8.6 m/s.

For comparison, the dynamic mechanical properties of the limestone specimens at
room temperature were also tested at the corresponding impact rates without confining
pressure. Three independent experiments were carried out under each working condition.

3. Experimental Results and Analysis
3.1. Experimental Results

The SHPB test system with a confining pressure device was utilized to study the
effects of temperature (25 ◦C, 200 ◦C, 400 ◦C, 600 ◦C, and 800 ◦C), confining pressure
(0.5 MPa, 1.5 MPa, and 2.5 MPa) and impact velocity (5.3 m/s and 8.6 m/s) on the dynamic
mechanical properties of limestone.

The experimental results are shown in Table 1. In Table 1, a confining pressure of
0 MPa indicates that the dynamic impact experiments were carried out in a uniaxial state,
and a temperature of 25 ◦C indicates that the dynamic impact experiments were performed
at room temperature.

3.2. The Effects of High Temperature on Dynamic Mechanical Properties

Figure 6 presents the dynamic stress–strain curves of limestone specimens under
different test conditions. At room temperature, the stress–strain curve can be divided into
three stages: compaction stage, linear elastic stage, and destruction stage. The test results
reported by Ping Qi et al. [21] also showed the same stages. The changing tendency of
the uniaxial dynamic stress–strain curve for limestone after high-temperature treatment
(200~800 ◦C) is similar to that at room temperature; the strength of the limestone first
increases and then decreases with the increasing temperature.
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Table 1. Mechanical properties of limestone under dynamic impact compression.

Impact
Velocity

(m/s)

Confining
(MPa)

Temperature
(◦C)

Compressive
Strength

(MPa)

Peak Strain
×10−3

Elastic
Modulus

(GPa)

5.3

0

25 30.78 28.9 15.6
200 33.68 28.1 16.83
400 45.37 32.6 17.55
600 38.56 34.5 22.03
800 25.38 37.9 19.65

0.5

25 33.35 2.72 7.65
200 37.49 3.52 12.6
400 46.42 4.66 14.38
600 40.71 5.24 18.55
800 32.72 5.51 14.7

1.5

25 34.28 3.06 11.6
200 39.13 5.48 20.11
400 49.63 5.74 18.37
600 41.06 4.62 28.5
800 33.50 7.46 23.91

2.5

25 46.06 4.11 11.39
200 48.20 5.91 14.9
400 53.56 7.88 24.16
600 51.42 8.82 11.97
800 37.39 8.89 13.66

8.6

0

25 39.63 48.8 19.72
200 47.13 73.3 16.52
400 48.20 48.8 16.33
600 38.95 56.2 19.26
800 39.73 54.2 15.24

0.5

25 44.42 3.41 10.23
200 53.20 6.03 14.44
400 56.42 6.31 13.31
600 49.99 8.88 15.33
800 39.73 9.31 18.47

1.5

25 55.70 4.5 16.32
200 59.99 7.97 21.56
400 66.42 8.2 14.77
600 45.19 8.87 10.57
800 43.63 10.91 23.11

2.5

25 62.136 3.76 11.31
200 68.778 5.31 18.78
400 71.778 8.52 19.43
600 49.280 6.16 17.18
800 31.945 13.01 21.31

Figure 7 shows the relationship between the uniaxial dynamic compressive strength
and temperature at an impact velocity of 5.3 m/s. Compared with the room temperature
test condition, the dynamic compressive strength of limestone at 200 ◦C, 400 ◦C, and 600 ◦C
is increased by 33.63%, 39.99%, and 19.87%, respectively. At 800 ◦C, the strength decreases
by 19.54% and reaches the maximum value at 400 ◦C. This change is consistent with the
pattern observed by Yin Tubing et al. when researching the impact of high temperatures
on the dynamic compressive strength of granite specimens [22].
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With the increase in temperature, the uniaxial dynamic compressive strength tends
to first increase and then decrease, which shows that temperature has a significant effect
on the uniaxial dynamic compressive strength of the limestone specimen. In the range
of 25–400 ◦C, with the action of temperature, the water inside the specimen evaporates,
the internal particles expand, and the internal pores close [23]. Hence, the temperature
exerts a strengthening effect on the limestone. In addition, the increase in temperature
contributes to the growth of limestone strength. When the temperature rises to 400 ◦C,
the water inside the specimen completely evaporates, and the internal particles fully
expand; at this point, the strengthening effect of the temperature on the uniaxial dynamic
compressive strength of the limestone specimen is maximized. In the range of 400–600 ◦C,
the internal particles of the limestone specimen continue to expand and squeeze each other,
and the internal pores are basically closed. New pores and microcracks are generated
inside the specimen [24]; at this time, the strengthening effect is still present (relative to
room temperature of 25 ◦C), but it continuously decreases with the increasing temperature
and reaches a minimum when the temperature is 400 ◦C. When the temperature exceeds
600 ◦C, the continuous development of internal pores and microcracks caused by the
expansion of internal particles directly affects the dynamic compressive strength of the
limestone specimen; at this time, the temperature generates a weakening effect on the
uniaxial dynamic compressive strength of limestone (relative to room temperature of 25 ◦C).
Furthermore, the weakening effect gradually increases as the temperature continues to rise.
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3.3. The Effects of Confining Pressure on the Dynamic Mechanical Properties of Limestone after
High-Temperature Treatment

Figures 8–10 show the dynamic stress–strain curves of limestone under different
confining pressures at impact velocities of 5.3 m/s and 8.6 m/s after high-temperature
treatment. Under the action of confining pressure, the peak stress in the limestone increases
to different extents depending on the temperature. Moreover, the slope of the stress–strain
curve changes accordingly. For temperatures lower than 400 ◦C, the peak of the curve
shifts to the left as the temperature rises; in other words, the slope continuously increases.
When the temperature exceeds 400 ◦C, the peak shifts to the right as the temperature rises;
that is, the slope constantly decreases.
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The strength measurements of limestone subjected to different temperatures (25–800 ◦C)
and different confining pressures (0 MPa, 0.5 MPa, 1.5 MPa, and 2.5 MPa) were used to
draw the relationship curve between the dynamic compressive strength (σd) and confining
pressure (σ3) for different temperatures (T). Figure 11 shows that under different confining
pressures, the effect of temperature on the strength of limestone is consistent with that without
a confining pressure. As the temperature increases, the dynamic compressive strength of
limestone first increases and then decreases. With the increase in confining pressure, the
dynamic compressive strength also increases. A certain degree of positive correlation is
observed, and it reaches the peak at a temperature of 400 ◦C and confining pressure of
2.5 MPa. According to the test results, high-temperature damage can affect the dynamic
compressive strength by influencing the internal structure of the limestone specimen, while
the confining pressure impacts the strength by affecting the tensile strength [25]. When both
temperature and confining pressure act on the limestone specimen, the confining pressure
enhances the temperature damage.
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3.4. The Dynamic Damage Constitutive Model for Limestone under the Action of Confining
Pressure after High-Temperature Treatment

As the rock material, the limestone specimen can be regarded as a combination of a
large number of differential elements; furthermore, it is also characterized by large numbers
of pores and microcracks. Under naturally occurring conditions, these differential elements
and internal pores and microcracks are distributed irregularly and unevenly. Therefore, the
differential elements of rock can be assumed to be a parallel structure of viscous element λ
and damage element D (Figure 12), and the following hypotheses can be made:

i. The impact of the acceleration of gravity on the constitutive relation of rock can
be neglected;

ii. The damage and viscosity of the rock’s differential element and the performance of
the elastomer can be considered isotropous;

iii. Before the occurrence of damage, the differential element shows elastic properties
and satisfies Hooke’s Law;

iv. The constitutive relation of the viscous element satisfies the following:

σ = η
dε

dt
(3)
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v. The strength of the differential element has a Weibull distribution [26]; i.e., the density
function satisfies the following:

ϕ (F0) =
m
F0

(
F
F0

)m−1
exp

[
−
(

F
F0

)m]
(4)

The damage induced by the cumulative stress–strain and temperature is caused by
effects on the internal structure of limestone. Therefore, when considering the internal
damage of limestone due to the effects of the impact load and temperature, the impact load
damage and the internal damage caused by temperature should be considered individually.

The analysis of the thermal damage of rock should factor in the influence of the internal
material at the damaging temperature over a certain amount of time. From the perspective
of wave velocity and modulus of elasticity, reference [27] presented a thermal damage
model of different rocks. Given the need to include the stress–strain correspondence in
this analysis, the elastic modulus representation was selected to characterize the thermal
damage of limestone, as follows:

DT =
∆E
E0

= 1− ET
E0

(5)

where DT is the thermal damage to the limestone specimen under different temperatures,
∆E is the difference in elastic modulus among different temperatures and room temperature,
and E0 is the elastic modulus of limestone at room temperature.

The damage caused by the impact load effect is the result of the cumulative process of
the internal stress–strain of the rock. The method in reference [28] expresses the damage
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of rock by statistically representing the degree of destruction of the internal differential
element, as follows:

DM =
Nt

N
(6)

where DM refers to the damage variable, and Nt and N indicate the failure number and
sum, respectively, of differential elements in the rock under certain conditions.

According to the assumption of the density function of the differential element in the
basic hypothesis, an interval of random variation of some differential element (assuming
that [ε, ε + dε]) is utilized to represent the tendency of the damage variable to change with
the stress state. Then, the number of damaged differential elements in a certain state can be
represented as follows (Equation (7)):

Nt(ε) =
∫ ε

0
Nϕ(ε)dε (7)

Equations (4) and (7) can be substituted in Equation (6) to obtain the damage equation
of limestone due to the impact load, as follows:

DM =
Nt(ε)

N
= 1− exp

[
−
(

F
F0

)m]
. (8)

The relation among the total damage D, thermal damage DT, and load damage
DM can be expressed according to Equation (9) [29]. DT and DM can be substituted
accordingly to obtain the expression of the general damage variable D, which is expressed
by Equation (10):

D = DT + DM − DT DM. (9)

D = 1− ET
E0

exp
[
−
(

F
F0

)m]
. (10)

Based on the D-P model [30], the strength of the differential element of limestone can
be expressed by Equation (11):

F = α0 I1 +
√

J2 (11)

where α0 is the coefficient related to the internal friction angle of limestone. I1 and J2 relate
to the stress state of the differential element, and the corresponding expressions are shown
in Equations (12) and (13).

I1 = σ′1 + σ′2 + σ′3. (12)

J2 =
1
6

[(
σ′1 − σ′2

)2
+
(
σ′1 − σ′2

)2
+
(
σ′2 − σ′3

)2
]
. (13)

where σ′1, σ′2, and σ′3. are the effective stress received from different directions of various
differential elements, as expressed by Equation (14):

σ′i = σi(1− D) (14)

As shown in Figure 10, the stress obtained by the differential element of limestone
is the sum of two parallel separations. The following relation should be satisfied for the
two-fission strain of the differential element strain:

σ = σa + σb (15)

ε = εa = εb (16)

According to Hooke’s Law, the strain of the elastic material and its corresponding
stress state have a linear relationship [31,32]; furthermore, under confining pressure, the
limestone receives equal radial force from all directions (σ2 = σ3). Then, ε1 can be obtained
as follows:

ε1 = E−1(σ′1 − 2µσ′2
)

(17)
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where µ is the Poisson’s ratio of limestone.
Equation (14) can be substituted into Equation (17), resulting in the following:

ε1 = E−1(1− D)(σ1 − 2µσ2) (18)

Then, the following can be deduced:

σ1 = ε1 E(1− D)−1 + 2µσ2 (19)

The dynamic constitutive equation of the differential structure of limestone un-
der confining pressure after high-temperature treatment can be obtained by combining
Equations (10), (11), (15) and (19), which is as follows:

σ = ε
ET

2

E0
exp

[
−
(

F
F0

)m]
+ 2µσ2 + η

dε

dt
(20)

In Equation (20), F0 and m are unknown parameters in the Weibull distribution
function. Under the uniaxial loading condition, that is, when the confining pressure is
0 MPa (σ2 = σ3 = 0 MPa), the peak of the stress–strain curve, namely, σmax and εmax, can
be obtained; then, the relation can be expressed in Equation (21):

dσmax

dεmax
= 0 (21)

By taking the derivative of Equation (22) with respect to ε and substituting Equations (11)
and (21) accordingly to solve for F0 and m, the following is obtained:

F0 =

(
α0 +

1√
3

)
Eεm

1
m (22)

m =
1

ln
(
E2

TεD
)
− ln

(
E0σD − E0η dε

dt

) (23)

Figure 13 compares the experimental results obtained under the uniaxial loading
condition (confining pressure = 0 MPa) and under a confining pressure of 2.5 MPa.
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Figure 13 shows the dynamic stress–strain curve established using the dynamic dam-
age constitutive model of limestone after high-temperature treatment compared with the
SHPB experimental results for limestone under different experimental conditions. The
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changing tendency based on the model is almost identical to that of the actual laboratory
experiment. The following characteristics apply to the fitted model:

The model can effectively express the change of “compaction” and “elastic” stages, in
which failure occurs in the limestone specimen under the action of temperature, impact
load, and confining pressure in various test conditions.

The model can effectively represent the dynamic compressive strength, peak stress,
and elastic modulus of the limestone specimen under various test conditions.

In terms of the characterization of “failure” and “post-peak” stages in the dynamic fail-
ure process, the model results have certain differences from the laboratory test results. The
model can be utilized to conduct research on the dynamic damage state of limestone under
the action of confining pressure after high-temperature treatment. A laboratory experiment
should be carried out with respect to the change features of the “post-peak” stage.

4. Conclusions

A high-temperature SHPB system was adopted to conduct dynamic compression tests
on a limestone specimen under different confining pressures after being heated to different
temperatures and naturally cooled to room temperature. Research on the SHPB test and
dynamic damage constitutive model of limestone under the action of both confining
pressure and temperature was carried out. The major conclusions are as follows:

The uniaxial dynamic stress–strain curve of limestone subjected to high temperatures
has an almost identical changing pattern to the one at room temperature. The temperature
can significantly impact the dynamic compressive strength of limestone, with a trend of
first strengthening and then attenuating as the temperature rises.

After applying the confining pressure, the dynamic stress–strain curve of the limestone
showed a consistent tendency with that in the uniaxial state. Through the limitation of
lateral deformation, the confining pressure increased the dynamic compressive strength
of the limestone. It also intensified the impact of temperature on the dynamic mechanical
properties of limestone after high-temperature treatment. With the increase in confining
pressure, the dynamic compressive strength also increased, reaching a maximum value at
a temperature of 400 ◦C and confining pressure of 2.5 MPa.

A dynamic damage constitutive equation of limestone under the action of confining
pressure after high-temperature treatment was established. According to comparisons with
the experimental results, the model can reflect the relation among temperature, dynamic
strength, strain, confining pressure, and strain rate under the action of confining pressure
on the heated limestone.
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