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The research on dynamic mechanical properties of rocks under high temperature is the basis for safe and efficient implementation
of deep coal mining and underground coal gasification engineering. In this paper, the split Hopkinson bar (SHPB) with real-time
high-temperature function was adopted to systematically study dynamic mechanical properties of sandstones. The research
showed that under the condition of a fixed temperature, with the increase of strain rate, the dynamic compressive strength and
dynamic peak strain of sandstone increased gradually, and the variation of dynamic elastic modulus with strain rate was not
obvious. With the increase of temperature, the dynamic compressive strength of sandstone increased first and then decreased,
the dynamic peak strain increased gradually, and the dynamic elastic modulus decreased overall. The variation law of
macroscopic failure mode and energy dissipation density with temperature was revealed, and the change mechanism was
explained considering the influence of high temperature on the internal structure of sandstone. Based on the principle of
component combination and the theory of micro-element strength distribution, the dynamic statistical damage constitutive
model was established, and its parameters had certain physical significance. Compared with the experimental results, the
established model can well describe the dynamic stress-strain relationship of sandstone under real-time high temperature.

1. Introduction

Rock dynamic mechanic problems subjected to high-
temperature environment are widespread in mine geotech-
nical engineering. In coal underground gasification engi-
neering, the local temperature in the combustion area of
the coal underground gasifier exceeds 1000°C [1], and there
will be significant impact loads generated by the roof col-
lapse. Thus, the stability of the surrounding rock of the gas-
ifier has remarkable potential hazards under the coupled
effects of high temperature and dynamic load. Furthermore,
nuclear waste repositories [2] and deep coal mining [3, 4]
are all facing the above environmental issues. Therefore,
investigating the dynamic mechanical properties of rocks
subjected to high-temperature environment is of great sig-
nificance to developing the above mine geotechnical
engineering.

The dynamic mechanical properties of rocks under high-
temperature circumstances have caused scholars’ wide-
spread concern. Nevertheless, due to the limitation of test
conditions, the majority of scholars adopted the test method
that the sample was heated before the implementation of the
SHPB test, in the early research [5, 6]. Macroscopically,
when the temperature was fixed, the dynamic peak strain
and strength of rock increased with the increase of the strain
rate, which was basically similar to dynamic response char-
acteristics of rocks at room temperature [7]. In contrast,
under the condition of fixed strain rate, with the increase
of temperature, the dynamic compressive strength of rock
approximately firstly increased and then decreased. It is
notable that there are differences in inflection temperature
of mechanical characteristics of varied rock types [8]. The
change of macroscopically mechanical characteristics is
closely related to the variation of physical properties of
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rocks. Research shows that temperature plays a significant
role in physical properties of rocks, such as reducing density
[9, 10], increasing porosity [11-13], and reducing longitudi-
nal wave velocity [14, 15], which is an essential reason for
the variation of mechanical characteristics [6, 16]. In addi-
tion, the material composition and microstructure charac-
teristics of rocks after thermal treatment were
systematically studied by microstructure observation
methods, such as X-ray diffraction [17] and SEM scanning
[18, 19]. The change mechanism of dynamic mechanical
properties of rocks after thermal treatment was clarified
[20]. With the deepening of investigation, scholars found
that the research findings of rock dynamic mechanical prop-
erties after thermal treatment could not fully account for the
engineering issues such as the stability of rock mass struc-
ture under high-temperature environment. It is necessary
to experiment with rock materials under real-time high tem-
perature and impact loading. In the early-stage research on
the dynamic mechanical properties of rock under real-time
high temperature, the sample was heated to the specified
temperature in the heating furnace and then was quickly
transferred to the SHPB system for dynamic test. By using
this method, Chen et al. adopted a specially manufactured
microwave-heating automatic time-controlled SHPB appa-
ratus to systematically study dynamic properties of normal
concrete at elevated temperature from 20°C up to 950°C.
The test results showed that the dynamic strength and
stress-strain curve of normal concrete at high temperatures
still experienced remarkable strain rate effects. Meanwhile,
the failure appearances of normal concrete subjected to both
high temperature and high strain rate loading were signifi-
cantly different from those of concrete at ambient tempera-
ture [21]. Liu and Xu carried out a dynamic compress
experiment with an improved SHPB test system with a
tube-type heating furnace, and there was a temperature
compensation for about 2 minutes to make up for the heat
loss. The test results demonstrated that the temperatures at
which the strain rates affect dynamic compressive strength
and peak strain most were 800°C and 1000°C, respectively.
The temperatures at which the strain rates affect dynamic
compressive strength and peak strain weakest were 1000°C
and room temperature, respectively [22]. Huang et al. heated
the sample to the temperature value, which considered the
heat loss during the high-temperature transfer process. The
dynamic test results pointed out that there was a strain rate
threshold for concrete. If the strain rate was less than the
threshold, there was a temperature softening effect. Con-
versely, if the strain rate was greater than the threshold, there
was a temperature hardening effect [23]. However, the
heating-transferring method has hidden dangers to the
safety of researchers, and the temperature variation caused
by the heat loss during the transfer of samples cannot be
controlled.

The essence of rock failure is the macroscopic perfor-
mance of energy absorption and release during the loading
process [24]. Therefore, it is significant to reveal the dynamic
failure characteristics of high-temperature rocks based on
energy dissipation characteristics. He et al. conducted uniax-
ial compression tests for fifteen different rocks, and the evo-
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lution characteristics of dissipated energy for the fifteen
rocks were studied. Moreover, the dissipation energy coeffi-
cients were introduced to study evolution characteristics and
determine the strength of rocks. The results showed that the
evolution of dissipation energy coeflicients exhibited signifi-
cant deformation properties of rocks. They linearly
increased with the compaction strength and decreased with
the yield strength and peak strength [25]. Zhang et al. sys-
tematically investigated thermal damage and energy evolu-
tion characteristics in process of impact failure of
sandstone after high-temperature treatment and pointed
out that the thresholds of damage strain energy release rate
of sandstone sample are 200°C and 800°C [26]. Yin et al.
[27] carried out a uniaxial dynamic compression test of coal
rock under high temperature, the relationship between
energy and time under different temperature conditions
was obtained, and the variation law of energy and failure
mode of coal and rock with temperature in the process of
deformation and failure was summarized. Li et al. studied
the influence of heating rate on the dynamic mechanical per-
formance of coal measure rocks after heat treatment and
pointed out that the energy dissipation during fracturing
was correlated closely to fracture characteristics [28]. Wang
et al. conducted the static and dynamic compression tests
on granite after heat treatment and defined the rate of
energy dissipation change, which could be used to identify
the deformation stages of rocks and determine positions of
failure points in the stress-strain curve [29]. Shu et al. stud-
ied the thermal effect on the energy dissipation of rocks dur-
ing the dynamic cyclic loading and analyzed correlations
among the energy dissipation, energy dissipation rate,
impact times, accumulated absorbed energy per volume, fail-
ure mode, and temperature [30].

In addition to the study of energy dissipation character-
istics, the establishment of constitutive models to reflect
dynamic mechanical properties of rocks is one of the current
research focuses. Some scholars adopted the damage statisti-
cal mathematical theory to establish a mechanical model
with a certain degree of generality, which could better
describe dynamic damage characteristics and stress-strain
relationship of rocks under different conditions. Ma et al.
established a dynamic model of frozen constitutive sandy
clay, which described dynamic mechanical behaviors of fro-
zen sandy clay under the condition of confining pressure,
strain rate, and freezing temperature [31]. Wang et al. pro-
posed a statistical damage constitutive model of granite
under high temperature and discussed factors affecting
values of model fitting parameters [32]. Wang et al. defined
damage variables of the rock by continuous factors, strain
equivalence principle, and statistical damage theory. They
also established a damage constitutive model of rock under
frequent disturbances in the process of unloading high static
stress [33]. Liu et al. proposed an experimental method to
obtain the stress and strain of coal in coal-rock combined
samples and established two damage constitutive models of
coal, which could accurately describe stress-strain curves of
coal in coal-rock samples and reflect the influences of rock,
coal-rock combination form, and coal-rock height ratio
[34]. In addition, some scholars [35] classified the coupling
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damage as meso-damage induced by wet-dry cycles and
macrodamage induced by impact load, and the loading rate
effect was considered as the load damage. Besides, they con-
cluded a constitutive model of coupling damage based on
Lemaitre’s strain equivalent assumption.

At present, most of research results focus on dynamic
mechanical properties and damage mechanism of rocks after
high temperature. There are few studies on dynamic
mechanical properties and constitutive models of rocks
under real-time high temperature. In this paper, the split
Hopkinson pressure bar test system with real-time high-
temperature function (HT-SHPB) will be adopted to conduct
impact loading tests on sandstones at different temperatures
(25°C-800°C). The response characteristics of sandstone
mechanical properties will be studied under high temperature
and high strain rate loading. By analyzing the energy dissipa-
tion law in the failure process of sandstone, the failure mech-
anism of sandstones will be revealed under high temperature
and high strain rate. Furthermore, a dynamic constitutive
model of high-temperature rock will be constructed based
on statistical damage theory. The research results are aimed
at promoting the development of mine geotechnical engineer-
ing under high-temperature environment.

2. Experimental Setup and Methods

2.1. Sample Preparation. The samples were fabricated into
cylinders with a diameter of 50 mm and height of 50 mm.
Meanwhile, according to the standard suggested by the
International Society for Rock Mechanics (ISRM) [36], the
samples were ground to ensure the parallelism (<0.02 mm)
and the flatness (<0.05mm). Physical and mechanical tests
were carried out on standard samples (cylinder with a diam-
eter of 50 mm and height of 100 mm) at room temperature
(25°C). The basic physical and mechanical parameters of
the standard samples are shown in Table 1.

2.2. Experiment Equipment. The dynamic compress loading
test was carried out on real-time high temperature split Hopkin-
son test system (HT-SHPB), which mainly consists of a temper-
ature control system, bar system, launching system, and data
acquisition and analysis system, as shown in Figure 1. The bar
system mainly consists of a striker, an incident bar, a transmit-
ted bar, and an energy absorption device. The bars comprise of
high-strength low-carbon steel, the elastic modulus is 210 GPa,
and the longitudinal wave velocity is 5450 m/s. Moreover, the
shape of the striker is the cylinder, the length is 500 mm, and
the striker is driven by pressurized nitrogen.

The launching control system mainly composed of a gas
cylinder and console. The data acquisition and analysis sys-
tem mainly comprise a velocity test device and ultradynamic
strain test device.

The heating device in the temperature control system is a
tube-type heating furnace, which is made up of corundum
tubes and heat-resistant steel. The heating furnace’s heat
preservation layer comprises an aluminum silicate fiber
blanket with excellent thermal insulation property. In addi-
tion, the temperature measuring element of the heating fur-
nace is a K-type thermocouple, and its heating element is a

TaBLE 1: Basic physical and mechanical properties of sandstone
samples.

0. (MPa) ¢, (%) E,(GPa)
58.99 2.39 7.93

v (km-s™) P (kg-m’3) U
2.012 2141 0.174

Where o, denotes compressive strength, €. denotes peak strain, E. denotes
elastic modulus, v denotes acoustic velocity of samples, p denotes the
density of samples, and ¢ denotes Poisson’s ratio.

U-type silicon carbon rod. Besides, the maximum design
temperature of the heating furnace is 1000°C, and the tem-
perature control accuracy is +1°C, which the temperature
controller adjusts. Moreover, the bars are exposed to high-
temperature environment for only a few seconds during
the test, even at 800°C high-temperature experiment, the
temperature in the end of bar is still low, and the influence
of temperature on the stress wave propagation in the bar
can be ignored [17].

The operating principle of the HT-SHPB system is given.
First, the sample is heated to a specified temperature in a
tube-type heating furnace, and the temperature is kept con-
stant. Then, the incident and transmitted bar are driven by
the mechanical claw connected with the air cylinder under
the console control, and the automatic alignment and reset
of the incident and transmitted bar is achieved. Finally, the
impact experiment is carried out. The strain signals in the
incident and transmitted bars are transmitted to the ultrady-
namic strain test device through the strain gauges. Mean-
while, the impact velocity is obtained by the velocity test
device. During the whole test process, the samples are all
in the inner of tube-type heating furnace, and the rock
impact loading test is realized under real-time high-
temperature environment.

2.3. Test Process and Test Waveform. In this test, the mechan-
ical responses of sandstone under different temperatures and
impact intensities were realized by changing the heating tem-
perature and impact pressure. Based on the background and
the test condition, the test temperature gradients were set as
25°C, 100°C, 200°C, 400°C, 600°C, and 800°C. The test impact
pressures were set as 0.3 MPa, 0.4 MPa, 0.5 MPa, 0.6 MPa, and
0.7 MPa, of which 0.3 MPa was the minimum pressure that the
sample could be destroyed. At 0.7 MPa, the sample would be
pulverized after impact.

The whole testing procedure is as follows. First, the striker
was reset manually, while the transmitted and incident bars
were reset automatically, driven by the console. Subsequently,
the sample was placed in the inner of the tube-type heating
furnace and the position was adjusted. Then, the heating fur-
nace was closed and the clamp was locked. The sample was
heated by 5°C/min, and the temperature remained constant
6h when achieving a specified temperature to guarantee the
uniform heating. Finally, the incident bar and the transmitted
bar were driven by the alignment console, the samples were
clamped in the heating furnace, and the designed impact test
was conducted. After the test, the original waveform is proc-
essed by three-wave method.

To ensure the stress equilibrium in the loading process
of the SHPB test, a copper slice with a diameter of 5mm
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FIGURE I: Real-time high temperature split Hopkinson test system. (1) Launcher. (2) Striker. (3) Infrared velocity measuring device. (4)
Support base. (5) Incident bar. (6) Strain gauges. (7) Mechanical claw. (8) The samples. (9) Tube-type heating furnace. (10) Air cylinder.
(11) Transmitted bar. (12) Energy absorption device. (13) Gas cylinder. (14) Console. (15) Temperature controller. (16) Velocity
measuring device. (17) Ultradynamic strain test device. (18) Computer.

and a thickness of 1 mm was attached to the loading end of
the incident bar as a pulse shaper. The waveforms are shown
in Figure 2. As shown in Figure 2, the incident waves did not
demonstrate any prominent lateral vibrations during wave
propagation, indicating that the test corresponded to one-
dimensional wave propagation. The rising edge of the inci-
dent wave was slow, the sum of the incident waves and
reflected waves were approximately equal to the transmitted
wave, and stress equilibrium of the samples was achieved.

3. Dynamic Response Characteristics of
Sandstones under Real-Time
High Temperature

3.1. Stress-Strain Curves. Figure 3 demonstrates stress-strain
curves of sandstones under various conditions, of which the
stress-strain curves at the same temperature and different
strain rates are illustrated in Figure 3(a); the stress-strain
curves at the same strain rates and different temperatures
are illustrated in Figure 3(b); the typical stress-strain curves
are illustrated in Figure 3(c).

As seen in Figures 3(a) and 3(b), at the same tempera-
ture, the shapes of stress-strain curves at different strain
rates are similar. At the same strain rate, there are obvious
differences in the shapes of stress-strain curves at different
temperatures. It could be found that the effect of tempera-
ture on shapes of stress-strain curves was greater than that
of strain rate on the test. In Figure 3(c), the stress-strain
curves of sandstone samples under various conditions could
be divided into elastic deformation stage, inelastic deforma-
tion range, and failure stage. In Figure 3(c), variation laws of
stress-strain curve shape with temperature could be obtained
at high and low strain rates. As the temperature increased

from 25 to 600°C, the percentage of compaction during the
stress-strain curve changed slightly. When the temperature
reached 800°C, the percentage of the elastic stage decreased
rapidly, and the plasticity increased, indicating that the elas-
tic deformation behavior of the sandstone sample was most
affected by the impact loading at 800°C.

3.2. Variation Laws of Sandstone Dynamic Compressive
Strength with Temperature and Strain Rate. The dynamic
peak strength 0 ;, dynamic peak strain €, and dynamic elas-
tic modulus E; under various conditions were obtained by
the stress-strain curves, as shown in Table 2.

Figure 4 reveals change laws of dynamic peak strength
0, with strain rate ¢ and temperature T. In Figure 4(a), as
& increased, o, increased gradually. As T increased, o0,
tended to go up first and then decreased gradually. In order
to more vividly show effects of ¢ and T on dynamic peak
strength, variation curves of o; with the single variable were
given in Figures 4(b) and 4(d). To discuss the effects of tem-
perature on each dynamic mechanical index at a fixed strain
rate, the fitting equation between each mechanical index and
strain rate was obtained by calculation. Based on the fitting
equation, the fitting values of each mechanical index were
obtained at a specific strain rate. In this paper, the strain rate
of the sandstone sample was concentrated between 605
and 240s'. Therefore, the fitting values of mechanical
indexes were calculated under five strain rates of 90s™,
1205, 1505, 1805, and 210" to study the effects of tem-
perature, as shown in Figure 4(d).

Figure 4(b) indicated that o increased linearly with ¢ at
various T, exhibiting an obvious strain rate effect. Compared
with S, the slope value of the fitting curve, the change law of
strain rate sensitivity of o; with temperature could be quan-
titatively analyzed. As shown in Figure 4(c), at 25°C, S, was
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FIGURE 2: Dynamic stress equilibrium check for a typical test with pulse shaper.

0.158, and with the increase of temperature from 100 to
800°C, S, was 0.216, 0.184, 0.219, 0.276, and 0.252, respec-
tively. Compared with room temperature, the range of vari-
ation reached 36.70%, 16.45%, 38.60%, 74.68%, and 59.49%.
When the temperature reached 600°C, S, reached the maxi-
mum value of 0.276.

As shown in Figure 4(d), when 25°C < T' < 100°C, 0 ; was
largely unchanged. When 100°C < T <400°C, o, increased
with temperature. When T >400°C, o, decreased with the
increase of temperature. Quantitatively, the curve of 150s™
was taken as an example, the values of o; under various tem-
peratures were 78.22MPa, 7898MPa, 93.91 MPa,
106.54 MPa, 88.71 MPa, and 69.91 MPa, respectively. Com-
pared with room temperature, the ranges of variation
reached 0.97%, 19.87%, 36.00%, 13.24%, and -10.76%. When
200°C < T <600°C, o, was greater than that at room tem-
perature, indicating that temperature had some strengthen-
ing effect on o, and the effect was the most significant at
400°C. The o, at 800°C was less than that at room tempera-
ture, indicating that there was a weakening effect.

3.3. Variation Laws of Sandstone Dynamic Peak Strain with
Temperature and Strain Rate. Figure 5 reveals the change
laws of dynamic peak strain &, with strain rate ¢ and temper-
ature T. As shown in Figure 5, as &€ and T increased, ¢,
increased gradually. To more vividly show the effects of ¢
and T on ¢ , the variation curves of ; with the single vari-
able were given in Figures 5(b) and 5(d) (similar to dynamic
compressive strength, the dynamic peak strain at a specific
strain rate was calculated by fitting).

Figure 5(b) indicated that ¢, increased linearly with ¢ at
various T, which exhibited obvious strain rate effects. Com-
pared to S,, the slope value of the fitting curve, the change
laws of stain rate sensitivity of ¢; with temperature could
be quantitatively analyzed. As shown in Figure 5(c), as the
temperature increased, S, increased firstly then decreased
and increased again finally. At 25°C, S, was 0.0191. With
the increase of temperature from 100 to 800°C, the values

of S, were 0.0234, 0.0176, 0.0118, 0.0276, and 0.0340, respec-
tively. Compared with room temperature, the ranges of var-
iation reached 22.51%, -7.85%, -38.22%, 44.50%, and
77.49%. When the temperature reached 800°C, S, reached
the maximum of 0.0340.

As shown in Figure 5(d), at various &, the &; increased
gradually with the increase of T. When T increased from
25°C to 100°C, ¢, increased significantly; when T' continued
to rise to 600°C, &, increased slightly, indicating that T had
little effect on ¢, at this stage. As T rose from 600°C to
800°C, ¢, increased rapidly. Quantitatively, the curve of
150s" was taken as the research object, e, under various
temperatures was 0.00673, 0.00860, 0.00984, 0.01097,
0.01227, and 0.01603, respectively. Compared with room
temperature, the ranges of variation reached 27.79%,
46.21%, 63.00%, 82.32%, and 138.18%. When 100°C< T <
800°C, ¢; was greater than that at room temperature, indi-
cating that temperature had some strengthening effect on
&4, and the effect was the most significant at 800°C.

3.4. Variation Laws of Sandstone Dynamic Elastic Modulus
with Temperature and Strain Rate. Figure 6 reveals the
change laws of dynamic elastic modulus E; with strain rate
¢ and temperature T. In Figure 6(a), the dynamic elastic
modulus fluctuated under the effects of strain rate and tem-
perature. Figure 6(b) shows the variation laws of E; with é&.
E,; varied greatly with ¢ under different temperatures and
did not occur obvious linear characteristics. Therefore, it
was hard to obtain the E; at a specific strain rate by linear
fitting. At 25°C, 200°C, and 400°C, as ¢ increased, E; tended
to increase; at 100°C, E; showed a v-shaped trend with the
increase of & at 600°C, E,; first decreased, then increased,
and finally decreased again with the increase of & at 800°C,
the E;-¢ curve was approximately inverted v-shaped.

The variation trend of E; of sandstones with tempera-
ture could be preliminary analyzed based on relative posi-
tions of E;-é curves between different temperatures in
Figure 6(b). As T increased, E; decreased gradually.
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FIGURE 3: Stress-strain curves of sandstones under various conditions.

Specifically, when T increased from 25°C to 100°C, E,
decreased significantly. There were no obvious variations
in E; between 100°C and 400°C. When T continued to rise
to 600°C, E; decreased slightly. At 800°C, it dropped
significantly.

4. Dynamic Macroscopic Failure Characteristics
and Energy Dissipation Mechanism of
Sandstones under Real-Time
High Temperature

Input energy plays a significant role in characteristics of
macroscopic failure and energy dissipation. Therefore, the
loading speed was used as the impact loading variable to
analyze failure characteristics of sandstones and energy dis-
sipation characteristics in the failure process in this section.

4.1. Macroscopic Failure Characteristics of Sandstones under
Different Conditions. The failure modes of sandstones under
various temperatures and loading speeds were given, as
shown in Table 3. In order to quantitatively describe macro-

scopic failure characteristics, fractal dimension D; was used
as an analysis parameter [37].

The fractal dimension of rock fragments can be repre-
sented as [38]:

Df:3_d’ (1)
Je lg (MR/M)’ 2)
lg R

where Dy is the fractal dimension of samples after impact, d

is the slope of the linearly fitting curve in logarithm coordi-
nate system (Ig (My/M) —1g R), My is cumulative mass of
fragments which is smaller than partial size R, M is the orig-
inal mass of the sample, and R is the particle size.

Standard sieves with hole sizes of 4, 6, 8.5, 11, 13, and
15 mm were adopted, and fragments of samples were sieved
into six grades. Then, the mass of the fragments of each
grade was obtained by high-precision electronic balance,
and the fractal dimension of sandstone samples was calcu-
lated after impact under different conditions. Figure 7
reveals the variation of fractal dimension D, with
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TABLE 2: Parameters of sandstone mechanical properties under different conditions.
Temperature  Air pressure  Loading speed ~ Strain rate  Dynamic peak stress Dynamic peak strain Dynamic elastic modulus
(C) (MPa) (m/s) (s (MPa) (107%) (GPa)
0.3 5.6 60.12 63.22 5.145 25.51
0.4 6.6 81.52 67.58 5.301 25.87
25 0.5 7.6 112.60 74.16 5.822 26.26
0.6 8.6 153.22 78.45 7.127 23.24
0.7 9.6 187.85 83.94 7.308 28.12
0.3 5.6 78.15 65.55 7.158 18.05
0.4 6.6 105.01 66.72 7.512 18.18
100 0.5 7.6 141.44 74.82 8.932 16.58
0.6 8.6 174.49 81.12 9.783 15.60
0.7 9.6 195.01 91.57 9.840 20.13
0.3 5.6 82.23 80.29 8.648 14.23
0.4 6.6 106.81 87.09 9.217 14.35
200 0.5 7.6 147.20 93.21 9.567 19.95
0.6 8.6 188.62 99.55 10.223 21.24
0.7 9.6 204.14 105.16 11.160 21.21
0.3 5.6 96.31 92.70 10.403 14.45
0.4 6.6 115.87 99.97 10.550 17.24
400 0.5 7.6 159.94 108.22 10.976 17.47
0.6 8.6 186.05 115.71 11.400 19.15
0.7 9.6 200.74 118.45 11.644 19.38
0.3 5.6 110.40 80.18 11.222 16.20
0.4 6.6 149.17 85.34 12.520 12.17
600 0.5 7.6 189.31 98.23 12.750 15.01
0.6 8.6 202.68 104.70 13.311 18.09
0.7 9.6 214.83 108.08 14.651 14.28
0.3 5.6 112.86 60.31 14.945 6.52
0.4 6.6 138.62 66.23 15.708 9.29
800 0.5 7.6 169.44 76.79 16.366 12.63
0.6 8.6 198.01 82.03 17.580 11.48
0.7 9.6 227.74 88.88 18.919 9.80

temperature T and loading speed. As shown in Figure 7(a),
the fractal dimension changed slightly with temperature at
a higher loading speed. Under a small loading speed, the
fractal dimension fluctuated with temperature. The variation
curves of D; with the single variable were given in

Figures 7(b) and 7(c). As shown in Figure 7(b), the fractal
dimension increased with the increase of loading speed at
the same temperature, corresponding to Table 3, the damage
degree of the sample increased with the increase of loading
speed.

(a) When v>8.6m/s, the change of fractal dimension
with temperature was smaller than that when v<7.6m/s.
This may be because the impact effect was dominant at a
higher loading speed, and the temperature had a relatively
small effect on the failure process of the sandstone sample.
Corresponding to Table 3, when v>8.6m/s, except for 1
to 3 large fragments at 400°C and 600°C, the damage degree

of the sample did not change much with the increase of
temperature

(b) When v<7.6m/s, the variation trend of fractal
dimension with temperature was similar under different
loading speeds. When the temperature increased from 25°C
to 200°C, the fractal dimension changed little. When the
temperature continued to rise to 400°C, the fractal dimen-
sion decreased significantly. Corresponding to Table 3, when
T <200°C, the overall damage degree of sandstone samples
had little change. When T reached 400°C, the fragment size
increased significantly, probably due to the closure of some
original microcracks and microvoids in the sandstone under
the effect of temperature [39].

4.2. Energy Dissipation Characteristics of Sandstone Failure
Process. Based on the one-dimensional stress wave theory,
the incident energy, the reflected energy, and the transmitted
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FIGURE 4: Variation law of dynamic peak strength o, with strain rate ¢ and temperature T.

energy during a SHPB test were given by [40]:

t
W, = ACEJ e (t)dt,
0

t
Wy = ACEJ e (t)dt,
0

t
Wp= ACEJ & (t)dt,
0

where W;, Wy, and W denote the incident energy,
reflected energy, and transmitted energy, respectively; and
A denotes the cross-section area of the bar; C denotes the
wave velocity of the bar; E denotes the elastic modulus of
the bar and subscripts i, 7, and ¢ are the incident, reflected,
and transmitted wave, respectively.

The sample surfaces, contacted with the incident bar and
the transmitted bar, were coated with petroleum jelly and
talc powder for lubrication. Therefore, the energy loss by
the friction between the sample and the end of the bars dur-
ing impact could be ignored. According to formulas (3), (4),
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FIGURE 5: Variation law of dynamic peak strain ¢, with strain rate ¢ and temperature T.

and (5), the dissipated energy, W,, can be expressed as
Wy=W;-Wp-Wry. (6)

The energy that caused rock fragmentation accounted
for about 95% of the dissipated energy [41]. It can be
approximated as the dissipated energy of the sample during
the impact process of being converted into the crashing
energy:

Wep = W, (7)

To eliminate the influence of the size effect on the energy

dissipation characteristics, the energy dissipation density
Prp Was introduced:

_ Wi
Prp = %

s

, (8)

where V denotes the volume of the sandstone sample,
and py, denotes the energy dissipation density.

The variation laws of sandstone sample energy dissipa-
tion py, with loading speed v and temperature T were calcu-
lated, as shown in Figure 8. In Figure 8(a), as the loading
speed increased and the temperature decreased, the sample
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energy dissipation density increased gradually. In order to
more vividly show the effects of v and T on py,, the varia-
tion curves of p,, with the single variable were given in
Figures 8(b) and 8(c). Take the sample at 100°C in
Figure 8(b) as an example, as the loading speed increased,
prp increased gradually. This was mainly because with the
increase of loading speed, the initiation, development, and
penetration of microcracks inside the sample were more
severely during the impact process. In this process, the sam-
ple needed to absorb more energy, and the energy dissipa-
tion density increased accordingly [42].

Figure 8(c) reveals the variation of energy dissipation
density pp, with temperature T. Under different loading
speeds, the variation trends of energy dissipation density
with temperature were similar, as follows:

(a) As the sample temperature increased from 25°C to
400°C regardless of the loading speed, the energy dis-
sipation density decreased gradually. This was
because with the increase of temperature, the expan-
sion of quarts and other mineral particles inside the
sample resulted in the closure of partial cracks and
pores [43]. Meanwhile, the interparticle cement in
the sample was hot melted, the friction force
between particles increased [39], and the contact
state was improved. Due to the reduction of defects
such as cracks and pores and the improvement of
contact state between particles, both the number of
cracks and the crack propagation process are limited,
and the energy dissipation under impact for crack
initiation and propagation is reduced [27]

(b) When the sandstone was at 600°C, the energy dissi-
pation density increased slightly compared with that
at 400°C. As the temperature continued to rise, the
thermal melting effect still existed, while the mineral
particles continued to expand under the effect of
high temperature. Due to varied expansion coefhi-

cients, structural thermal stress was generated inside
the sandstone [44]. As a result, the number of inter-
nal microcracks increased, while the initial cracks
expanded and connected [45]. The damage was
aggravated, and the dissipated energy also increased
in the impact process

(c) When the sample temperature reached 800°C, the
energy dissipation density of the sandstone
decreased again. The reason was that some mineral
particles and cements in sandstone decomposed at
high temperature [46, 47]. The structure of the sam-
ple became loose severely, making the wave imped-
ance ratio decrease. When the incident energy was
transmitted to the interface between the specimen
and the elastic bar in the form of a wave, most of
the energy was reflected back to the incident bar,
and the dissipation energy of the sample was
reduced

4.3. Variation Law of Fractal Dimension with Energy
Dissipation Density. In order to further clarify the relation-
ship between the macroscopic failure of sandstone and
energy dissipation under the combined effect of high tem-
perature and impact loading, the relationship between the
fractal dimension D; of the fragments after sandstone failure
and the energy dissipation density py, was established, as
shown in Figure 9. The fractal dimension increased approx-
imately linearly with the energy dissipation density. This was
because the rock failure was the result of the development of
macrofracture from the microdamage of the internal struc-
ture of sandstone. The more energy the rock absorbed, the
more sufficient the crack extended, the higher the degree of
fracture, and the greater the value of the fractal dimension
Dy [48]. When T <200°C, the energy density was concen-

trated between 0.2J-cm™ and 1.2J.cm™, and the fractal
dimension was between 2.4 and 2.7. When T >400°C, the
energy dissipation density was concentrated between
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TaBLE 3: Failure modes of the sandstone sample with various high temperatures under different loading speeds.
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02]J-cm™ and 0.6]J-cm™, and the fractal dimension was
between 2.1 and 2.7. It could be seen that with the increase
of temperature, the span of fractal dimension increased,
and the span of energy dissipation density decreased. That
is, with the increase of temperature, the slope value of the
Dy_pyy, fitting curve increased. It showed that in the case
of absorbing unit energy, the higher the temperature of the
sample, the greater the fractal dimension changed, and the
damage degree of the sample changed more intensely.

5. Dynamic Mechanical Damage Constitutive
Model of Sandstone in High-
Temperature Environment

5.1. Establishing of Constitutive Model of Sandstone. In this
paper, the component combination method was applied to
establish the dynamic damage constitutive model for rocks
under real-time high temperature. First, the model can sum-

marize static mechanical properties under conventional con-
ditions and dynamic damage mechanical properties under
high temperature. Second, the static mechanical properties
persist, and only rigid characteristics exist damage, while vis-
cous characteristics do not exist damage. Finally, thermal
effect and dynamic effect are coupled to form the damage
body. Based on this thought, the dynamic damage constitu-
tive model of sandstone under real-time high temperature
was established, as shown in Figure 10. It was composed of
two Kelvin bodies in series. One comprised a linear spring
representing  inherent static  elastic  characteristics
(Figure 10(a)) and a static viscous body representing the
inherent viscous characteristics (Figure 10(b)) in parallel.
The other Kelvin body consisted of a damage body
(Figure 10(c)) in parallel with a dynamic viscous body
(Figure 10(d)) with the consideration of temperature effects
and sandstone damage characteristics [49].

Four assumptions were given to determine constitutive
equations of the model:
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(a) The size of the microelement body was large enough  of the damage body and the nominal stress is as follows:
to contain many defects, and it was sufficiently small
and could be regarded as a particle of continuous o= 7 9)
damage mechanics "~ 1-D’

(b) The rock was continuous, and its damage was

. where 0* denotes the effective stress, o denotes the nominal
uniform

stress, and D is damage variable, defined as follows [54]:

(c) The strain rate remained unchanged during impact
[50]

Z

D=-1, (10)
(d) The strength of the microunits followed the Weibull N
distribution [51, 52
[ ] where N denotes the microunits failure under an external
Based on the strain equivalent hypothesis proposed by =~ load, N denotes the total number of microunits, and D
Lemaitre [53], the relationship between the effective stress  describes the damage degree of the samples, ranging from
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0 to 1. D=0 denotes the intact state of sample, and D=1  tionship can be expressed as
denotes the damaged state [54].

Combined with the Hooke’s law, the stress-strain rela- 0y =kpey (1-D). (12)
tionship of the damage body can be obtained as follows:

The Kelvin body comprised a viscous body and a dam-
o o age body in parallel. Based on the parallel rule [50], the
£y = = | (11)  stress-strain relationship of Kelvin body II can be obtained
kp kp(1-D) Y
p Kp .
as follows:

where kj, denotes the elastic modulus of the damage body, 0y =kpey (1= D) +1,6x. (13)

and o,; and &, denote the stress and strain of the damage
body, respectively. From equation (11), the stress-strain rela- Similarly, the stress-strain relationship of Kelvin body I
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FiGUre 10: Sketch of dynamic damage constitutive model of
sandstone: (a) linear elastic spring, (b) static viscous body, (c)
damage body, and (d) dynamic viscous body.

can be represented as follows:

oy =kigy +1,8p, (14)

where 0, and ¢, denote the stress and strain of Kelvin body I;
0,; and ¢, denote the stress and strain of the linear spring,
and k, denotes the elastic coefficient; ¢, and ¢,, denote the
stress and strain of the static viscous body, and #, denotes
the viscosity coeflicient.

The ordinary differential equations of total stress o and
total strain € of the constitutive model could be obtained
by simultaneous equations (13) and (14):

k, +kp(1-D)
kikp(1- D)

kin, + kp(1 - Dy, . n P i
ki kp(1-D) kikp(1-D)

(15)

My 1,
kkp(1 - D)

Based on the assumption (c), &, the derivative of &, was

15
TaBLE 4: Fitted parameters of the constitutive model.
T L kp 7, (107 ¢, (107 )
o £ (s e R
(o 0 @py M Ty )
60.12 25,51 1.00 449 2.50 6.75 1.59 0.989
25 112.60 26.26 1.00 429 2.30 6.56 1.69 0.973
187.85 28.12 1.00 431 2.07 6.29 1.18 0.981
78.15 18.05 0.99 427 220 9.04 1.93 0.986
100 14144 16.58 0.99 440 3.35 11.31 1.49 0.986
195.01 20.13 0.99 410 3.92 11.51 1.82 0.940
82.23 14.23 1.09 4.66 4.22 11.10 2.56 0.994
200 147.20 1995 1.09 426 4.09 1147 1.62 0.994
204.14 2121 1.09 435 4.52 12.66 1.41 0.959
96.31 1445 142 445 599 11.78 1.36 0.988
400 15994 1747 142 470 4.12 1246 1.14 0.983
200.74 19.38 142 423 447 10.10 091 0.981
11040 16.20 1.31 4.45 4.00 9.67 1.20 0.986
600 189.31 15.01 1.31 4.52 4.00 13.37 1.38 0.987
214.83 1428 131 4.62 4.15 15.81 1.39 0.986
Zero:
k1+kD(1_D)G+ Mt ey kyiy + kp(1 - D)y, .
kikp(1=D) — kikp(1-D) kikp(1 - D)
(16)

After the Laplace transform and Laplace inverse trans-
form of the equation (16),

o= kikp(1 - D)e+ (kyn, + kp(1 - D)ny)é
k, + kp(1-D)

17
{ <k1+kD(1—D) )} (17)
|l-exp | ————F——7F 1]
Mt
Based on assumption (c):
e=¢-t,
Lt (18)
&

The basic dynamic constitutive equation of sandstone
was obtained by substituting equation (18) into equation
(17), as follows:

_ kikp(1—D)e+ (kyn, +kp(1 - D)n,)é
ky +kp(1-D)

i (_Fitho(1-D) ¢
AT

5.2. The Constitutive Model. Based on assumption (d), the
strength of microunits obeyed the Weibull distribution,
which had a probability density function P(F) as follows

(19)
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[35]: Based on strain strength theory [32], F can be replaced

(20)

-2 () )]

where F denotes the microunit strength and F, is its mean
value, and m is the shape parameter.

by strain e. Therefore, equation (20) can be written as

o2 [(2)]

where e, denotes the scale parameter, and ¢ denotes the
strain of sample.

(21)
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Based on equations (10) and (21), D could be expressed
as

D= & — NI;P(S)dS =1- e—(S/‘?o)m. (22)

N N

According to the above discussions, the internal struc-
ture of sandstone was affected by temperature in various
degrees, which could be expressed as the variation of the
energy dissipation density with temperature macroscopi-
cally. Thus, the energy dissipation density was selected as
an index to characterize the influence of temperature on
mechanical properties of sandstones (among them, the
internal structure of sandstone was completely loose at
800°C, and its energy dissipation density did not have refer-
ence values. Thus, this paper only calculated the temperature
influence coeflicient at 600°C and below), as follows:

ep=1-Fs_Pr (23)

Pas

where e} denotes the temperature influence coefficient, p,.
denotes the average energy dissipation density of sandstone
samples at 25°C, and p; denotes the average energy dissipa-
tion density at each temperature (100°C, 200°C, 400°C, and
600°C).

Substituting the temperature influence coefficient e; and
damage variable D into equation (23), the stress-strain rela-
tionship of the damage body after considering the tempera-
ture effect was obtained as follows:

o, = Ee,(1 - D) = Epere exp (— (i) m) . (24)

€

Correspondingly, the dynamic mechanical damage con-
stitutive equation of sandstone in high-temperature environ-
ment can be expressed as

o= kikpere exp (—(eleg)™ )e + (kyn, + kpere exp (—(eleg)™ )n, )&
ky + kpere exp (—(eley)™)

|- ex ki +kpere exp (—(eley)") €
P M+, )]

(25)

5.3. Validation of the Constitutive Model. The constitutive
model established in this paper contained seven parameters
(kp> kis 1> 15 &> ep, and m). The parameters could be
obtained by fitting the experimental data under various con-
ditions. It could be found by fitting that k;, was approxi-
mately equal to the dynamic elastic modulus Ej,. To reduce
the amount of fitting work and meet the physical signifi-
cance of the constitutive model, the static elastic modulus
E_ of sandstone was taken as the elastic coefficient k;, and
the dynamic elastic modulus Ej, was taken as the parameter
kp. The fitting toolbox in Matlab and nonlinear fitting
method were adopted to determine the parameters of the
constitutive model. The values of various parameters and
the correlation coefficient R? are shown in Table 4, and the
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fitted and test stress-strain curves are compared in
Figure 11. Figure 11 and Table 4 revealed that the test curves
were in great agreement with the fitted curves and the corre-
lation coefficient R? ranged from 0.959 to 0.994, which indi-
cated that the model was suitable for summarizing the
dynamic mechanical constitutive relationship of sandstone
in high-temperature environment.

6. Conclusion

In this paper, the dynamic mechanical properties of sand-
stone are systematically studied by using the separated Hop-
kinson pressure bar (HT-SHPB) test system with real-time
high-temperature function. Starting from the macroscopic
failure characteristics, the fractal dimension and energy dis-
sipation mechanism of sandstones under high temperature
were discussed. The dynamic mechanical damage constitu-
tive model of sandstones was established under high-
temperature environment. The following conclusions were
obtained:

(1) The stress-strain curve of sandstone in high-
temperature environment was mainly composed of
elastic deformation stage, inelastic deformation
stage, and failure stage. When the temperature
ranged from 25°C to 600°C, the shape of the sand-
stone stress-strain curve changed little. After 600°C,
the proportion of elastic deformation stage gradually
decreased with the increase of temperature. On the
contrary, the proportion of inelastic deformation
stage gradually increased

(2) Under the condition of a fixed temperature, the
dynamic compressive strength and dynamic peak
strain of sandstone increased linearly with the
increase of strain rate. Under the condition of a fixed
strain rate, as temperature increased, the dynamic
compressive strength increased first and then
decreased, reaching the maximum at 400°C, and
the dynamic peak strain gradually increased. By
comparing the slopes of the fitting curves of dynamic
peak stress (peak strain) and strain rate, the strain
rate sensitivity of dynamic compressive strength
was the smallest at 25°C, and the maximum was at
800°C. Dynamic peak strain rate sensitivity was min-
imum at 400°C and maximum at 800°C. In addition,
the dynamic modulus of elasticity did not vary sig-
nificantly with strain rate and tended to decrease
overall with temperature

(3) The influence of temperature on the internal struc-
ture of sandstone was a crucial factor that changed
macroscopic mechanical characteristics. The mineral
particle expansion, structural thermal stress, and
thermal decomposition played leading roles under
different temperatures. The macroscopically mani-
fested as the variation of failure characteristic and
energy dissipation density with temperature. There
was a linear relationship between the fractal dimen-
sion and the energy dissipation density. As the
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temperature increased, the slope of the fractal
dimension-energy dissipation density fitting curve
gradually increased

(4) According to mechanical properties of sandstones
under high temperature, four assumptions were pro-
posed in sandstone impact failure. Based on the
principle of component combination and strength
distribution theory, the energy dissipation density
was introduced as the damage variable, and a
dynamic mechanical damage constitutive model of
sandstone under high temperature was established.
The parameters of the constitutive model were fitted
under different conditions. It was proved that the fit-
ting curves were in good agreement with the mea-
sured curve, which could well describe the dynamic
stress-strain relationship of sandstones under real-
time high temperature
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