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In deep mining and high-concentration nuclear waste storage engineering, the surrounding
rocks may be subjected to the combined action of high-temperature fire and impact load. In
this study, the fracture morphology and the energy dissipation of granite following high-
temperature treatment at 25-800°C were analyzed using the split Hopkinson pressure bar
(SHPB) device. The fracture characteristics and the dynamic mechanical properties of granite
were determined. The energy dissipation of granite specimens affected by high temperatures
in the SHPB experiment was also analyzed. When the temperature of the impact rate was less
than 200°C, the fragmentation degree, transmitted energy, and dissipated energy of granite
increased with an increase in temperature. When the temperature was higher than 200°C, the
change law was opposite. A strong linear correlation existed among the fragmentation, fractal
dimension, and energy consumption density of granite at different impact rates after high-
temperature treatment. Moreover, a strong quadratic correlation existed between the damage
factors and temperature. When the temperature was less than 200°C, the damage factor
decreased with the increase in temperature. WWhen the temperature was higher than 200°C,
the change law was opposite, which corresponded with the influence law of temperature on
dynamic compressive strength. Scanning electron microscopy and X-ray diffraction analyses
were conducted to study the fracture modes and mineral composition changes in the granites.
A quantitative relationship existed between macro- and meso-properties. The results could
provide theoretical basis for the design of underground engineering structures, post-disaster
assessment, and rehabilitation activities.

Keywords: high temperature, granite, energy dissipation, fractal dimension, SHPB

INTRODUCTION

During deep mining and deep underground engineering constructions, deep surrounding rocks
inevitably encounter “three high and one disturbance” environments (Xie, 2019). Moreover, drilling
and blasting, large-scale mechanical vibration, and other engineering activities produce dynamic
impact loads. High temperatures and dynamic disturbances affect the stability of deep surrounding
rocks (Sasmito et al., 2015; Yuan et al., 2011), thereby posing huge threat to the safety of deep
resource exploration and deep underground engineering construction personnel (Qi et al., 2021). By
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studying the internal energy variation characteristics of the rock
material affected by high temperature under impact load, the
dynamic mechanical properties of rock materials affected by high
temperature can be comprehensively analyzed. This provides a
theoretical basis for the structural design and safety evaluation of
the surrounding rock during deep resource exploration and deep
underground engineering construction (Li et al., 2021).

In terms of statics, the change rule of rock properties after high-
temperature treatment was studied using conventional uniaxial
compression tests and non-destructive monitoring (Bandini and
Berry, 2012; Broténs et al., 2013; Liu and Xu, 2015; Wang et al.,
2013). With the increase in temperature, the strength, elastic
modulus, and p-wave velocity of the rock all exhibited a
decreasing trend. In engineering practice, the stability of the
surrounding rock is typically associated with the dynamic impact
load. With the development and application of split Hopkinson
pressure bar (SHPB) technology, researchers have conducted
relevant studies on the mechanical properties of rocks at normal
and high temperatures (Yin et al., 2016b; Imani et al., 2017; Malik
etal, 2018; Yin et al., 2019). Mishra et al. (2018) studied the dynamic
mechanical responses of three types of magmatic rocks using a
small-diameter SHPB device. They revealed that the strain rate effect
was evident and proposed a correlation equation for the granite
dynamic growth factor. Liu and Xu (2014) studied the mechanical
properties of granite at high temperatures using an SHPB test system
and found that there is a critical temperature that causes structural
changes and mechanical deterioration in the granite. Through
dynamic compression experiments, Yin et al. (2011) found that
temperature promoted the evaporation of water inside the rock,
decomposition of mineral particles, and reduction of internal
bonding force, resulting in sandstone fragments tending to be
fine-grained after dynamic impact with an increase in
temperature. Rock damage always accompanies energy
conversion and consumption. The dynamic impact failure of
rocks is a process of energy input, absorption, and release (Xu
and Shi, 2013). Yin et al. (2016a) studied the energy consumption
law of the dynamic impact compression tests of coal and rock under
high temperatures. They found that the reflected energy increased
with increasing temperature, whereas the transmitted energy and
absorbed energy exhibited opposite trends. Zhang and Jing (2018)
analyzed the energy dissipation of sandstone after dynamic impact
under high and low temperatures and found that the change in
incident energy and absorbed energy was divided at -5 and 400°C. It
increased with increasing temperature before the cutoff point and,
thereafter, decreased with increasing temperature. Some researchers
have linked the dissipated energy to the degree of breakage. They
found that the specific energy absorption increased linearly with the
incident energy and exhibited an exponential relationship with
average fragmentation (Hong et al., 2009). Wu et al. (2019, 2020)
analyzed the dynamic failure modes and the impact fragmentation of
phyllites with different bedding angles considering the incident
energy, energy absorption, and wave propagation characteristics.
Ji et al. (2020) explored the fractal characteristics of the dynamic
impact breakage of granite and sandstone using an SHPB test

system. They found that the fractal dimension could
quantitatively ~analyze crushing energy consumption and
fragmentation.

Fractal Characteristics and Energy Dissipation

In recent years, comparative studies on the energy absorption
value, fractal dimension, and fracture morphology have been
sufficient. However, there are few reports on the energy evolution
law of rock materials affected by temperature during dynamic
impact compression and considering the fractal dimension from
the perspective of fracture conditions. The formation of granite
iron, copper, gold, and tin ores is closely related (He, 1994).
Therefore, granite was selected as the research object in this study.
Dynamic impact compression tests were conducted on granite
specimens treated at room temperature (25°C) and high
temperatures (200°C, 400 °C, 600°C, and 800°C). A standard
circular hole screen was used to screen and count the granite
broken test blocks after the dynamic impact compression. The
variations in the peak stress, fracture morphology, and energy
dissipation of granite specimens with temperature grade were
studied.

EXPERIMENTS

Preparation and High-Temperature

Treatment of Granite Samples

Granite samples were obtained from the Kafang tin mine in
Honghe Hani and Yi Autonomous Prefecture, Yunnan Province,
China. According to the International Society for Rock
Mechanics (ISRM) standard (Zhou et al., 2012), granite was
processed into a cylindrical sample with a diameter of 50 mm
and an aspect ratio of 0.5. A KRX-17B box-type resistance furnace
was used to treat granite samples at high temperatures. The
heating rate was set at 2°C/min. After heating to the target
temperature, the temperature was maintained constant for 2 h.
After heating, the sample was cooled to room temperature (25°C)
in a furnace chamber before removal. To prevent the reaction
between the rock samples and water vapor in the air following the
high-temperature treatment, the samples were stored in a Tester
WGLL-230BE electric blast-drying oven. The granite specimen
after high-temperature treatment is shown in Figure 1. Evidently,
with an increase in the heating temperature, the surface color of
the granite specimens gradually deepened. When the heating
temperature exceeded 400°C, thermal cracks appeared on the
surface of granite specimens.

SHPB Testing System

Figure 2 shows the schematic of a 50 mm diameter SHPB test
system used in this study. The system includes a dynamic loading
part (nitrogen tank, gas gun, and spindle punch), rod part
(incident bar and transmission bar), and data acquisition part
(infrared speed measuring, single recording device, and data-
processing device). The incident, transmission, and impact bars
were all “°Cr high-strength alloy steels. The density was 7.81 g/
cm’. The lengths of the incident rod and transmission rod were
2 m. The longitudinal wave velocity was 5,100 m/s. The elastic
modulus was 210 GPa. The strain gauge was pasted on 1/2 of
the rod.

During the SHPB experiment, the sample was placed between
the incident and transmission bars, and the bullet was discharged
at a certain speed. A stress wave was thus formed in the incident
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FIGURE 1 | Granite specimen after high-temperature treatment.
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FIGURE 2 | Schematic of the split Hopkinson pressure bar device.
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bar after impacting the incident bar. The incident waves were
then propagated forward in the incident bar. When transmitted
to the interface between the incident rod and the sample, a part of
the incident wave was reflected back to the incident rod as a
reflected wave, owing to the wave impedance difference between
the rod and the sample. The other part was transmitted through
the sample into the transmission rod as a transmission wave.
Based on the one-dimensional stress assumption and stress
uniformity assumption (Hu et al., 2015), the following method
was described by Wang (2005). By substituting the signal
collected by the strain gauge in Eq. 1, the stress o(t), strain
e(t), and strain rate é(t) of the specimen can be obtained as
follows:

EA )
o(t) = TA. [ei (t) + & () + & (1)]

C
() = la(t) - & (1) — & ()]

s

C t
) =2 j [6 () — &, () — & (D)]de
0

where ¢ (t), & (t), and & (t) are the incident, reflected, and
transmitted strains on the bar, respectively; A, E, and C
represent the cross-sectional area, elastic modulus, and
longitudinal wave velocity of the pressure rod, respectively.

Experimental Scheme

In this experiment, the granite specimens were heated and
naturally cooled at room temperature (25°C) and high
temperatures at different temperature levels (200°C, 400°C,
600°C, and 800°C). The specimens were then subjected to the

dynamic impact compression experiments at different impact
velocities (8.5 m/s, 11.5 m/s, and 13.5 m/s). The standard circular
hole screens with different diameters (0.3, 0.5, 1, 2.5, 5, 10, 15, 20,
and 25 mm) were used to screen the granite fragments following
the experiment. A total of three-independent experiments were
conducted for each working condition. Statistically significant
data were selected for statistical analysis.

To ensure the validity of the experimental data, the stress
balance must be ensured at both ends of the rock sample before
the dynamic impact compression test. Typical waveforms at
both ends of the sample are shown in Figure 3A. Figure 3B
shows that the overlapping waveforms of the incident and
reflection stresses have a high degree of coincidence with
those of the transmission stress, which can guarantee the
stress balance state in the dynamic impact process and the
validity of the test data results.

SHPB Dynamic Stress-Strain Curve

The dynamic stress-strain curves of the granite specimens
affected by different temperatures at different impact rates are
shown in Figure 4.

As shown in Figure 4, the dynamic stress—strain curves of
granite can be roughly divided into three stages: elasticity, yield,
and failure. The initial stage of the curve was approximately a
straight line, indicating that granite had a strong linear elastic
relationship during the initial stage of dynamic impact
compression. The slope of the curve at this stage can be
approximated as the initial elastic modulus of rock. The
stress—strain curve at the same impact rate initially moved up
slightly and then moved sharply to the lower right along with the
position of the ascending curve of the temperature grade. The
initial elastic modulus and peak stress of the rock first increased
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FIGURE 3 | Typical waveforms at both ends of the sample.
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TABLE 1 | Energy dissipation of granite under different working conditions.

Fractal Characteristics and Energy Dissipation

Temperature Impact velocity Incident energy Reflected energy Transmission energy Dissipation energy SEA
(C) (m/s) wy/J Wg/J Wq/J Ws/J J/em®
8.5 54.57 19.15 12.73 22.69 0.462

25 11.5 108.94 41.72 19.36 47.86 0.976
13.5 154.69 55.52 30.07 69.10 1.408

8.5 55.75 14.65 16.35 24.75 0.504

200 1.5 114.71 36.91 25.95 51.85 1.057
135 150.54 40.37 36.80 73.37 1.496

8.5 53.22 18.10 12.45 22.67 0.462

400 1.5 111.88 48.25 18.49 4514 0.920
13.5 162.27 60.10 39.14 63.03 1.285

8.5 53.94 25.11 8.24 20.59 0.420

600 1.5 113.65 59.27 11.26 43.12 0.879
13.5 161.46 77.91 31.75 51.80 1.056

8.5 54.42 31.99 3.86 18.57 0.379

800 1.5 112.27 67.58 8.03 36.66 0.747
135 157.35 89.58 25.29 42.48 0.866

and then decreased. They reached the maximum at 200°C. The
curve moved down significantly at 400°C than at normal
temperature and 200°C, indicating that there is a threshold
temperature for the deterioration of rock mechanical
properties between 200 and 400°C. At 25-800°C, the curve
gradually moved to the lower right. Thus, the continuous
increase in rock failure strain indicates that the ductility of the
rock was enhanced by high temperature, and it transitioned from
brittleness to plasticity. With an increase in the strain rate at the
same temperature level, the peak stress and elastic modulus of the
rock have different degrees of buoyancy, which is an evident
strain rate effect.

RESULTS AND DISCUSSION

Energy Dissipation

The development of fractures in rocks is the result of energy
absorption (Xia et al., 2006; Zhao et al., 2019). Eq. 2 was used to
calculate the incident, reflected, transmitted, and dissipated
energies during the dynamic impact compression tests of
granite, as presented in Table 1.

W, = ACEJsf (t)d (1)

0
t

Wy = ACEJsf(t)d(t)

Y

2

Wy = ACEJsf (t)d (1)
0

where W represents the incident energy; Wy represents the
reflected energy; and W represents the transmitted energy; ¢; (t),
& (t), and & (t) are the incident, reflected, and transmitted strains
on the bar, respectively; and A, E, and C represent the cross-
sectional area, elastic modulus, and longitudinal wave velocity of
the pressure rod, respectively.

The relationship among the incident, reflected, and
transmitted energies under different working conditions is
shown in Figure 5. At the same temperature, the energy levels
of the incident, reflected, and transmitted energies increased with
an increase in the impact rate. The growth rate was also positively
correlated with the impact rate, exhibiting an evident strain rate
effect. This conforms to the relevant laws of kinetic energy
theorem (Shu et al, 2019). The influence of temperature was
primarily reflected in the evolution of reflected and transmitted
energies. With an increase in temperature, the transmission
energy first increased and reached a maximum value at 200°C.
When the temperature level exceeded 400°C, the transmitted
energy gradually decreased with an increase in temperature;
however, the effect on reflected energy was the opposite.

The influence of reflected or transmitted energy on granite
specimens cannot be directly characterized by the influence of
temperature on granite specimens during the crushing process.
Xia et al. (2006) introduced the concept of crushing energy (Eq. 3)
to characterize the energy dissipation during granite destruction.

Ws=W;— [Wr+Wr], (3)

where Wy represents the dissipated energy, W represents the
incident energy, Wy represents the reflected energy, and W
represents the transmitted energy.

Compared with other dissipated energies (such as heat energy),
previous studies (Zhang and Jing, 2018; Shu et al., 2019) have
considered dissipated energy as the main energy causing the
propagation of crack and breakage of rock materials during the
dynamic impact. In this case, the dissipated energy can be
approximated as broken energy. The statistics of crushing
energy under different working conditions are shown in
Figure 6. Figure 6 shows that the dissipated energy has an
evident strain rate effect and temperature effect on the failure
process of the granite specimen. Dissipated energy increases with
an increase in the strain rate and becomes a quadratic parabola
with an increase in temperature. The overall evolution law of the
crushing energy of granite during the dynamic impact was
consistent compared to the dynamic compressive strength

Frontiers in Earth Science | www.frontiersin.org

March 2022 | Volume 10 | Article 861847


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Liu et al.

Fractal Characteristics and Energy Dissipation

A B 150 -
75 I Incident energy I Incident energy
! Reflectd energy s - Reflectd energy
[ ] Transmission energy [ ] Transmission energy
60 -
- -
S 450 3
9] 1)
P 1
9 ]
s s
30 F
15F
0
25 200 400 600 800 25 200 400 600 800
Temperature/°C Temperature/°C
C
200 | [l Incident energy
I Reflectd energy
[ ] Transmission energy
160
-
3120
9]
1o
)
=
= 80
40
0
25 200 400 600 800
Temperature/°C

FIGURE 5 | Relationship curves of reflected and transmitted energies with incident energy at impact velocities of (A) 8.5 m/s, (B) 11.5 m/s, and (C) 13.5 m/s.

under different working conditions. This can also explain the strain
rate and temperature effects on the dynamic compressive strength
of granite from the perspective of energy dissipation.

Shape Features

The fracture morphology of the granite after high-temperature
treatment is shown in Figure 7. The failure modes of the granite
specimens exhibit obvious temperature and strain rate effects
(Figure 7). With an increase in temperature and impact rate
grades, both showed a trend of deepening crushing degree,
increasing granular fragments, and gradually decreasing
particles after crushing. Thus, it was concluded that the
temperature and the impact rate influence the final failure
mode of the granite specimen by affecting the energy
dissipation during the impact. Under the same impact rate,
the granite specimen gradually developed from splitting failure
mode with a less fracture surface to compression failure mode,
with an increase in temperature and strain rate grade.

The distribution of rock fragmentation reflects the overall
effect on it under the combined influence of temperature and
impact load (Xu and Liu, 2012). A standard circular hole screen
was used to screen-crushed granite specimens. Statistical analysis
was conducted to obtain the distribution of broken lumpiness in
granite specimens at different impact rates and temperature
levels. The method introduced by Xu and Liu (2012) was
implemented to calculate the average fragmentation, dm, of
the granite specimens using thefollowing equation (Figure 8):

dy = Z(ridi)/z i,

where d; is the average size of residual screen fragments (0.15, 0.4,
0.75, 1.75, 3.75, 7.5, 12.5, 17.5, 22.5, and 37.5 mm) and r; is the
percentage of residual screen fragments in the total mass of
fragments.

It can be seen from Figure 8 that the average fragmentation of
granite ranges from 7.22 to 34.27 mm. At the same impact velocity, and

(4)
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an increasing temperature grade, the average fragmentation degree of
granite increases gradually and reaches a maximum value between 200
and 400°C. When the heating temperature exceeded 400°C, the average
fragmentation of granite began to decrease, reaching a minimum value
at 800°C. This indicates that there exists a threshold temperature that
affects the variation in the average fragmentation size of granite. In our
experiments for the present study, the threshold temperature ranged
between 200 and 400°C. Under the same heating temperature grade,
the average fragmentation of granite showed a gradually increasing
trend with an increase in the impact rate grade.

According to the fractal dimension, D}, of the mass—frequency
relationship of the screening test, and the calculation formula can
be expressed as follows (Xu and Liu, 2012):

1g(My,/Mr) = (3~ Db)lg<;‘—°), (5)

where M, and M are the cumulative mass of the material under
the sieve and the total mass of fragments, respectively; x, and x,,
represent the size of the broken fragments and maximum size of
the fragments, respectively.
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The fractal dimension Dj, of granite fragmentary lumpiness
can be obtained by linearly fitting M, /My =Y, xo/x,, = X on
the data points in the lgY-lgX-type logarithmic coordinate
system. The logarithmic coordinate curve for the calculation of
the dynamic impact fractal dimension of granite after high-
temperature treatment is shown in Figure 9. The statistical
results for the fractal dimension are listed in Table 2.

It can be observed from Table 2 that the fitting line has a good
correlation. With an improvement in the impact rate grade, the
correlation of the fitting increases continuously. In the dynamic

compression test, the fractal dimension of the granite fluctuated
between 2.0138 and 2.3640. The fractal dimension is not only related
to the strain rate but also to the properties of the rock itself (Ji et al.,
2020). Under the condition of a constant impact load, the change in
fractal dimension with temperature is opposite to the peak stress
change in the dynamic impact of granite. The smaller the peak stress
of granite, the more severe the degree of breakage, and the larger the
fractal dimension. The change in the fractal dimension indirectly
reflects the influence of temperature and impact load coupling on the
mechanical properties of granite (Xu and Liu, 2012).
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TABLE 2 | Fractal dimensions and fitting degrees at different temperatures.

Fractal Characteristics and Energy Dissipation

Temperature/’'C 8.5m/s 11.5m/s 13.5m/s
Fractal dimension Fitting degree Fractal dimension Fitting degree Fractal dimension Fitting degree
25 2.1061 0.7715 2.1829 0.8246 2.2332 0.9604
200 2.0138 0.8575 2.0908 0.9143 2.1528 0.9672
400 2.1536 0.9897 2.2060 0.9038 22417 0.9203
600 2.2030 0.7680 2.2655 0.9572 2.2799 0.8793
800 2.2975 0.6542 2.3372 0.8449 2.3640 0.8825
B
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conditions.

Relationship Between Fractal

Characteristics and Energy Dissipation

To explore the quantitative relationship between the macro-
and micro-characteristics of granite after high-temperature
treatment, this study established the relationship between
the fractal dimension theory and the associated

characterization indexes in the energy dissipation theory.
Figure 10 shows the relationship among average
fragmentation,  fractal = dimension, @ and  energy
consumption density.

As shown in Figure 10, under the same temperature grade, the
average fragmentation of granite decreases linearly with an
increase in the energy consumption density. The fractal
dimension increased linearly with energy consumption
density. The smaller the mean fragmentation, the larger is
the fractal dimension. This indicates that the crushing degree
of granite was higher during the dynamic impact process. Rock
failure is the process of the development, expansion, and
coalescence of microfractures in the rock, which is the result
of internal damage due to macroscopic failure. The development
and propagation of microfractures require energy absorption.
As energy consumption density increased, so did the energy
absorbed by granite per unit volume during dynamic impact
compression and the energy used for rock damage and fracture;
this led to the development and expansion of microcracks in the
rock. Consequently, the degree of breakage became more
intense, the number of new cracks and fracture surfaces,
output of small particle size fragments, and the fractal
dimension increased, while the average fragmentation size
decreased.

Degree of Damage Analysis
The failure process of the rock under a given impact load and
temperature is caused by the damage to breakage (Yu et al,
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FIGURE 12 | X-ray diffraction phase analysis of granite at different temperatures: (A) 25°C, (B) 200°C, (C) 400°C, (D) 600°C, and (E) 800°C.

2020). The calculation of the degree of rock damage in this
process forms the basis for constructing a dynamic constitutive
equation of rock materials under different working conditions.
So far, some studies have discussed the measurement and
calculation methods for the rock damage degree from the
perspective of non-destructive testing and damage testing.
Non-destructive testing is mainly carried out through CT

scanning of the damaged rock specimens (Wang et al,
2018), measurement of longitudinal wave velocity (Zuo
et al., 2017), and other tests in a manner such that the test
objects are not damaged. In contrast, the damage testing
method mainly involves destructive mechanical experiments
on the tested specimen; this method characterizes the damage
degree of rock materials using data obtained from experiments
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FIGURE 13 | Diffraction intensity of main mineral components of granite
at different temperatures.

involving dynamic elastic modulus (Xu et al., 2020), dynamic
compressive strength (Guo et al., 2017), energy dissipation
(Zhao et al., 2019), breakage of the test specimen (Zhai, 2015),
and development and expansion mode of cracks in the failure
process (Li et al, 2020). Owing to the limitation of the
experimental conditions, this study only considered the
degree of damage from the perspective of the energy
absorption value.

Based on the strain equivalence principle (He et al., 2018),
Eq. 6 was used to characterize the temperature damage from the
perspective of energy dissipation:

Fractal Characteristics and Energy Dissipation

Wr-W,

oW, e

Drwy =
where Dr(w) represents the damage factor, Wy represents the
dissipated energy at 25°C, and W represents the corresponding
temperature dissipated energy.

It can be observed from Figure 11 that Dry) of different
temperature grades presents a quadratic non-linear correlation
under the same impact velocity. When the heating temperature
ranges from 25 to 200°C, Drw)<0. This reflects the
strengthening effect of temperature on the dynamic
mechanical properties of granite. When the heating
temperature level exceeds 200°C, Drw) shows an increasing
trend with an increase in the heating temperature level. The
results indicate that temperature degrades the dynamic
mechanical properties of granite over time, which is consistent
with the effect of temperature on the dynamic compressive
strength. However, with the increase in impact velocity in the
test, the energy used for crushing the rock increased, and the
coupled effect of impact velocity and temperature aggravated the
internal damage of the rock.

Analysis of Granite Facies Characteristics
X-ray diffraction (XRD) experiments were performed on
granite at room temperature and high temperature to
analyze the changes in the physical phase characteristics of
granite before and after high-temperature treatment. The
XRD patterns of granite at various temperatures are shown
in Figure 12.

As shown in Figure 12, the mineral composition and
primary components of granite tend to change at different
temperature grades. The variation in the diffraction
intensities of the main components is shown in Figure 13.

granular fractu
ATy

FIGURE 14 | Scanning electron microscopy image of granite at different conditions: (A) impact velocity of 11.5 m/s and (B) impact velocity of 13.5 m/s.
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As shown in Figure 13, the primary mineral components of
granite at normal temperatures are mica, quartz, feldspar, and
small amounts of silicate minerals. When the heating
temperature was 200°C, the diffraction intensity of mica
increased to 6,354 counts, which continued to decrease
with an increase in the heating temperature. When the
heating temperature was 800°C, the diffraction intensity
432 counts. With an increase in the heating
temperature, the diffraction intensity of feldspar first
decreased and then increased. When the heating
temperature was 400°C, the diffraction intensity reached a
minimum of 2,958 counts. Overall, the diffraction intensity of
quartz was correlated with the change in mineral
compositions, and the minimum diffraction intensity was
observed at 800°C.

When the heating temperature was 200°C, the main
mineral components in granite at normal temperature were
the same. However, the effect of temperature on the
diffraction intensity varied significantly; that is, the
diffraction intensity of mica was greater than that of the
other main mineral components, which exhibited similar
diffraction intensities. Meanwhile, the grain was not
structurally damaged, and the rock compressive strength
improved significantly. When the temperature rose to
400°C, the diffraction intensity of quartz increased due to
the effect of high temperature on the main mineral
composition and decomposition reaction of silicate
minerals. Between 400 and 600°C, a-quartz becomes (-
modification. Subsequently, the crystal expanded and led to
the formation of small cracks inside the rock, thereby
weakening the cementation force between grains and
decreasing the compressive strength of granite; this result
is consistent with the apparent morphology of the granite
specimen after the high-temperature treatment (Figure 1).
When the temperature reaches 800°C, feldspar changes from a
crystalline state to an amorphous state (Jia et al., 2021). Thus,
after the high-temperature treatment, the granite strength
decreases, failure strain increases, and the diffraction
intensity fluctuates significantly compared to that in the
normal temperature state. A change in the crystal
structures of feldspar and quartz deteriorated the
mechanical properties of the granite specimens. Meanwhile,
decreasing the diffraction intensity of mica promotes the
brittle-plastic transformation of granite specimens to a
certain extent, which is consistent with the results of
macroscopic mechanical experiments.

was

Analysis of Fracture Morphology After
Dynamic Impact

A tungsten wire scanning electron microscope (SEM) was used to
observe the fracture morphology of granite specimens after
impact compression failure at 25-800°C, and study the
influence of the impact rate and temperature on the fracture
failure form of granite. The fracture morphologies are shown in
Figure 14.

Fractal Characteristics and Energy Dissipation

Figure 14 shows that under dynamic impact compression
conditions, the fracture morphology of granite presents different
failure forms under different working conditions (temperature
grade and impact rate). At a constant temperature, intergranular
fractures tend to be dominant when the impact rate is 11.5 m/s.
With an increase in the impact rate, transgranular fractures
increase to 200°C, as shown in Figure 14. When the
temperature is 400°C, fine cracks appear on the rock. When
the temperature rises to 600-800°C, plastic failure characteristics
are observed (Liang et al., 2015; Tao et al., 2019).

A low shock rate, low incident energy, and the formation of a
crack that extends along the crystal boundary lead to an
intergranular fracture. Meanwhile, the impact velocity
increases, leading to a rise in the incident energy and dynamic
impact load time; in a short period of time, the internal atomic
bonds in the crystal with low energy consumption cannot be
damaged to produce a transgranular fracture. Although the
internal mineral composition and granite microstructure are
significantly correlated at high temperatures (such as between
25 and 400°C), the fracture morphology of the rock gives priority
to brittle fracture, does not exhibit ductile fracture characteristics,
and demonstrates a neat rock fracture morphology; meanwhile,
the irregular fracture of quartz and feldspar led to a line shaped
transgranular (conchoidal) fracture morphology, with a step
cleavage plane fracture. During 600-800°C, the fracture
morphology changed from a strip structure to a coarse block
structure. The high temperature changed the rock’s internal
structure, the sliding and separation phenomenon indicates
the brittle-to-plastic transformation of granite, which was
consistent with the macro mechanical characteristics.

CONCLUSION

In this study, the granite subjected to high-temperature treatment
was taken as the research object. The fragmentation morphology
and the energy dissipation of the rock after normal (25°C) and
high-temperature treatments (200°C, 400°C, 600°C, and 800°C)
were studied using the SHPB device, while the fragmentation
characteristics and dynamic mechanical properties of granite
were elucidated. The crushing characteristics and the energy
dissipation law of granite specimens affected by high
temperatures in the SHPB experiment were also studied, while
the temperature damage under different impact velocities was
discussed with regard to energy dissipation. The main
conclusions of this study are as follows:

1) Temperature and the strain rate affect the dynamic
mechanical properties of granite and the energy dissipation
during the failure process, which are closely related to the
threshold value of the heating temperature grade. In the
experiments conducted in this study, the threshold
temperature is 200°C. Below 200°C, the transmitted energy
first increases, and then decreases with an increase in the
temperature grade; meanwhile, the transmitted energy
exhibits an opposite change trend.
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2) With an increase in the temperature grade, the failure mode of
the rock changes from splitting failure to compression failure;
the impact rate of ascension, which increases the energy
density, tends to decrease the broken blocks of granite.
Meanwhile, the fractal dimension increases with a rise in
the energy consumption and density. Moreover, strain rate
effects, broken blocks, changes in the fractal dimension, and
the influence of temperature on rock mechanical
characteristics are closely related; thus, these characteristics
can reflect both the rock crushing processes to some extent.

3) From the perspective of energydissipation characterization of
the rock damage degree, a quadratic non-linear relationship is
observed with temperature. When the heating temperature
range is 25-200°C, Drqy)<0; this reflects the effect of
temperature on the rock’s mechanical properties of the
reinforcement. Meanwhile, the damage degree increased with
arise in the temperature, which is consistent with the influence
law of temperature on the dynamic compressive strength.

4) High temperatures affect the compositional characteristics of
granite and change its mechanical properties. A decrease in
the muscovite content and the transformation of quartz and
feldspar crystals led to the gradual deterioration of the
mechanical behavior of granite. At a same temperature
level, it is observed that the higher the impact velocity, the
higher is the proportion of transgranular fractures. With an
increase in the heating temperature, the fracture morphology
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