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Abstract: High temperature treatment causes thermal damage to rocks in deep mining. To study the thermal effect on the energy
dissipation of rocks during the dynamic cyclic loading, cyclic impact loading experiments of heat-treated rocks were carried out
using the splitting Hopkinson pressure bar (SHPB) experimental system. The correlations among the energy dissipation, energy
dissipation rate, impact times, accumulated absorbed energy per volume, failure mode and temperature were analyzed. The results
show that the reflected energy under the first impact increases and finally exceeds the absorbed energy when the temperature
increases; however, the total reflected energy decreases above 200 °C. The absorbed energy under the first impact and the total
absorbed energy all decrease as the temperature increases, the rates of which decrease accordingly. And the same phenomenon
appears for the transmitted energy and the rate of the transmitted energy. On the contrary, the rate of the reflected energy increases
with the rising temperature. When the temperature increases, the fewer impact times are needed to destroy the sample. In addition,
the failure modes are different when the rock is treated at different temperatures; that is, when the temperature is high, even though

the absorbed energy is low, the sample breaks into powder after several impacts.
Key words: energy dissipation; granite; cyclic impact; compression; thermal treatment

1 Introduction

With the rapid development of the economy in the
country, more and more resources are needed, especially
mineral resources, nevertheless mineral resources are
gradually being exhausted. Thus, in recent years, it has
become necessary to enter into a large-scale development
of mineral resources, most of which involves deep
underground mining. The deep rock mass, which bears
high temperature, high stress and high dynamic
disturbance, is very different to the shallow rock mass.
Since problems associated with deep rock mechanics
became a research hot spot, lots of researchers have
devoted themselves to solving these problems [1-3].
Temperature plays an important role in rock engineering,
such as the deep mining, the disposal of highly
radioactive nuclear waste, the underground storage and
mining of petroleum and natural gas, the development

and utilization of geothermal resources, and the
post-disaster reconstruction of underground rock
engineering. However, it is needed to consider the
mechanical problems of rock under high temperatures
and cyclic impact loadings at the same time, such as
frequent drilling and blasting. The energy dissipation of
rock under thermal treatment and cyclic impact loading
still is blank. Hence, it is worthwhile to study the energy
dissipation of heat-treated rock under cyclic impact
loading.

Since temperature plays a key role in deep rock
practices, many researchers have investigated the effect
of thermal treatment on the physical and mechanical
properties of various rocks [4—8]. In recent years, LIU
and XU [9] investigated the thermal effect on the
mechanical behavior of rock and discovered that the
dynamic mechanical behavior of rock was greatly
related to temperature. And, some studies were devoted
to researching on the thermal effects on the dynamic
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strength of wvarious rocks [10—12]. However, as
PAVLOVIC [13] expounded, the maximum stress
depends on the material properties, structural geometry
and boundary conditions. Hence, the strength failure
criterion in terms of the nominal stress is not suitable for
a structure made of a brittle material. Instead, the failure
process for a brittle material can be described by the
elastic energy dissipated in the structure. In addition,
HUDSON et al [14] considered that the peak strength of
a sample is a function of the boundary conditions of the
test, and hence is not an inherent material property. As a
result, research on the energy dissipation in the process
of impact experiment could be a suitable way to
understand the failure mechanism of rock. But few
studies were focused on energy dissipation of
rock [15—17]. At different temperatures, YIN et al [18]
carried out the impact experiments of sandstone samples
with different axial pressures. The results showed that
temperature was a very important factor which affects
the energy dissipation of rocks.

When being subjected to dynamic or cyclic loads,
different materials respond in different ways. Some
materials become stronger and more ductile, while others
become weaker and more brittle [19]. There is much
difference between the dynamic and static mechanical
properties of rocks. Many researchers studied the
dynamic mechanical properties [20—22], but there was
less literatures focused on the dynamic cyclic loading.
Instead, research on the mechanical properties of rock
under static cyclic loads was more common [23—-25].

In this work, SHPB tests on granite subjected to
high temperature were carried out under dynamic cyclic
impact loading. The correlations among energy
dissipation, energy dissipation rate, accumulated
absorbed energy per volume, impact times, failure mode
and temperature were investigated and discussed.

2 Experimental

2.1 Sample preparation

The heat-treated granite samples were prepared for
testing. According to the standard requirements of the
International Society of Rock Mechanics (ISRM) [26],
the samples were made into cylinders with dimensions of
d50 mm X 50 mm and 450 mm x 100 mm, respectively,
by cutting and polishing, controlling parallelism within
+0.05 mm and the surface flatness within +0.02 mm.
Samples of similar wave velocity were selected,
numbered and heated to the designed temperatures. As
shown in Fig. 1, the rock sample is mainly composed of
quartz, biotite and potassium feldspar. After initial trials
in which the static strengths given in Table 1 were taken
into consideration, the appropriate incident energy is
around 60 J, and the air pressure is about 0.6 MPa.

At S _
Fig. 1 Petrographic microscopy image of granite (Qtz—Quartz;
Bt—Biotite; Kfs—Potassium feldspar)

Table 1 Static compressive strength of heat-treated granite

Temperature/°C Static compressive strength/MPa
25 84.57
100 80.60
200 74.86
400 55.58
600 47.59
800 38.41

2.2 Experimental apparatus

The experiment on the heat-treated rock under
cyclic impact loading can be achieved through the SHPB
experimental system in accordance with the suggested
method for dynamic rock testing [27], together with the
auxiliary devices, as shown in Fig. 2. The SHPB system
mainly includes a spindle punch, an emission cavity, a
gas gun, an incident bar (2000 mm in length), a
transmission bar of 1500 mm, an absorbing bar of
500 mm in length, a data-processing device and a signal
recording device. The suitable 450 mm bar is made of
high-strength alloy, with an ultimate strength of 800 MPa,
a wave velocity of 5400 m/s and a density of 7810 kg/m’.
The spindle punch plays an important role in producing a
stable strain rate of half sinusoidal stress wave. The
waves (incident wave, reflected wave and transmitted
wave) are measured by the signals recorded through
strain gauges which are fixed on the incident bar and
transmission bar. In addition, the heating furnace
(SX—4-10) designed for a rated power of 4 kW and a
maximum temperature of 1050 °C, mainly contains a
high-temperature furnace and temperature controller.
And the static experiment could be carried out by an
electro-hydraulic and servo-controlled material testing
machine of the type RMT—150. The rock and soil
engineering quality detector which is used for wave
velocity measurement mainly consists of an ultrasonic
emission and receiving transducer. The Vernier caliper
and electronic balance are for length, diameter and
quality measurement, respectively.
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Fig. 2 Splitting Hopkinson pressure bar (SHPB) experimental system

2.3 Experimental method

To guarantee that experiments on heat-treated rock
under cyclic impact loading could be carried out
successfully, the experimental method was designed as
follows. Six groups of samples for thermal treatment at
25, 100, 200, 400, 600 and 800 °C were designed. Each
group consisted of no less than five samples for the
dynamic experiment and two samples used for the static
test. In addition, the basic parameters of the rocks should
be measured before the thermal treatment, such as wave
velocity, length, diameter and quality. The values were
averaged after measuring more than three times. The
target temperature with the heating rate of 2 °C/min,
once reached, was kept constant for 3 h in order to
ensure uniform heating of the samples. Besides, the wave
velocity and the quality were measured again after the
rock samples were slowly cooled in the heating body.
After the thermal treatment, static experiments were
carried out at every classified temperature. In addition,
because of the existence of a threshold value in the cyclic
loading experiment [28], the cyclic loads should ensure
that various heat-treated samples could finally be broken
after several impacts. In order to find the appropriate
loading that could cause the heat-treated (800 °C) sample
to fail after undergoing impacts twice, a trial should be
carried out to determine the appropriate cyclic loads.
Finally, the cyclic impact loading experiments on the
heat-treated rocks could be carried out.

3 Energy calculation

It is notable that the test must be under the
one-dimensional condition, that is, the sample and bars
(incident bar and transmission bar) should be on the
same axis. Figure 3 shows that the dynamic stress on the
transmission bar, which is the sum of the incident and
reflected stresses, is absolutely equal to the dynamic
stress transmitted on the other side. Besides, it is
necessary to ensure that the air pressure and position of
the spindle punch in each experiment are the same.
Based on the one-dimensional stress wave theory,
the incident energy, Ei,., reflected energy, E.; and
transmitted energy, F,, could be respectively obtained
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Fig. 3 Dynamic stress equilibrium of typical SHPB test (o,
ot and oy, denote incident, reflected and transmitted stresses,
respectively)

through the incident stress, ,.(¢), the reflected stress,
Ow(?), and the transmitted stress, oy.(¢), by the following
formulas [29]:

inc — AO J‘to-iic (t)dt (1)
PoCo 7 °

At 2

E = Hdt 2

ref p()C() Joaref( ) ( )
A (2

E =—— t)dt 3

tra p()C() Ioatra( ) ( )

where Ay is the cross-sectional area of the elastic bar, pg
is the density of the bar, Cjis the longitudinal wave
velocity of the bar and ¢ is the time.

According to the energy conservation law, the total
input energy, which equals the incident energy, is the
sum of output energy of five parts:

L, L, E+E

in-total — Linc = Zout-total = Lrref tra

+Eabs + Ekin +E0th
“)
where E,, Exin and E.y, respectively, are the absorbed
energy, the kinetic energy of the rock sample and the
other dissipated energy, such as the energy loss between
the contact surface of the rock and bar; Ei;. o1 and Egyi-total
are the total incident and output energy during the
experiment, respectively. As ZHANG et al [30]
confirmed, the kinetic energy of the sample is small, no
more than 5% of the incident energy; meanwhile, the
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other dissipated energy which is less than the kinetic
energy can thus be ignored in this work, as shown in
Fig. 4. So, after eliminating the kinetic energy and the
other dissipated energy, Eq. (4) is simplified:

Ein-total = E Eout total — Eref + Etra + E (5)
From Eq. (5), the absorbed energy can be obtained

by

Ea ( ref + Etra) (6)

In addition, according to LI et al [31], energy
dissipation consists of three parts, namely breakage
energy dissipation, motion energy dissipation and others
such as thermal energy and friction energy. The energy
dissipation means energy dissipation of absorbed energy
in this work. Because breakage energy dissipation
accounts for almost 85% of the total, the remaining two
parts are treated to be equal. Thus, the absorbed energy
causing damage and breakage of the rock can be
calculated by Eq. (6).
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Fig. 4 Diagram of energy dispassion

For cyclic impact experiment, the total energy is
accumulated by the input energy of every impact times;
that is, the total energy is equal to the sum of incident
energy in every impact test, as shown in Eq. (7). And the
total reflected, absorbed, and transmitted energy are the
sum of the reflected, transmitted and absorbed energy in
every impact test, respectively, as given in Egs. (8), (9)
and (10):

Eroat = Eine D+ Eppe (2) -+
Bine (=) + B ()= Z ine (1) (7)
Erptatret = Evet (D + Erep (2) +++++
Epg(i=1)+ Epep (i) = Z E:(0) @®)
Etarra = Eia D+ Ey (2): 1+
B0+ Ey ()= 3 B 0 )

i=1
Etotal abs — Eabs (1) + Eabs (2) +eeet

abs(l 1)+Eabs(l) Z bs(l) (10)

i=l1
where Etotal: Etotal»refa Etotal-tra and Etotal»abs are the total

energy, the total reflected energy, the total transmitted
energy and the total absorbed energy, respectively; n
stands for the impact times.

The energy dispassion rates under the impact
loading including the rate of reflected, transmitted and
absorbed energy can be calculated by

E
Mo = x100% = [ T2 (1) / 07, (010 x100% (1)

nt

o= 22 X100% = [ 02,/ 03 01 x100% — (12)

int

=22 x100% = [ [0, 0/ 07, (O] x100%  (13)

nt

where #.f, #ua and n.s are the rates of reflected,
transmitted and absorbed energy under the impact
loading, respectively. And the total energy dispassion
rate under the cyclic impact loading can be expressed as
follows:

E z Eref (l)
Total-ref = —totalrel. X IOO%ZH— x100% ( 1 4)
E n
ol Z Einc (l)
i=1
E Z Etra (l)
Total-tra = MX 100%_i:1—x 100% (15)
total Z - (l)
E. Z Eabs (l)
Ttotal-abs = %—abs x100%= izl x100% ( 1 6)
total z Einc (l)
i=1

where iotal-refs Htotal-tra AN #rorar-abs are the rates of the total
reflected, transmitted and absorbed energy, respectively.

The accumulated absorbed energy per volume can
be obtained by

Z s (1)
Ep _T (17)

S

where E,, is the accumulated absorbed energy per
volume and V; is the volume of the rock sample.

4 Experimental results and analysis

The typical waves of different heat-treated rocks
under cyclic impact loading are shown in Fig. 5. And the
curves of the energy dissipation of rocks treated at
various temperatures under cyclic impact loading are
shown in Fig. 6.
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Fig. 5 Typical curves of heat-treated granite under cyclic impact loading: (a) 600 °C; (b) 800 °C (1, 2 and 3 denote the first, second
and third impacts, respectively)
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Fig. 6 Energy dissipation of heat-treated granite under cyclic impact loading: (a) 25 °C; (b) 100 °C; (c) 200 °C; (d) 400 °C;
(e) 600 °C; (f) 800 °C
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With the increasing impact times, the same
phenomenon occurs for rocks treated at 600 and 800 °C.
The amplitude of the reflected wave increases gradually
and the peak value appears later than the previous cycle.
On the contrary, the amplitude of the transmitted wave
decreases with the increasing impact times, yet the peak
value appears earlier than the original one. Because of
nearly the same incident wave, namely, the same incident
energy, the variation of the reflected and transmitted
wave is also a response of energy dissipation. The impact
process is a process of energy exchange between the rock
and exterior.

Certainly, there is an energy exchange accompanied
by deformation during the impact process. Under cyclic
impact loading, the transmitted energy, like the peak
stress, is related to the incident energy. Although samples
are not destroyed before the final cycle, experimental
results can also reflect the mechanical properties of the
sample to a certain extent. For rocks treated at various
temperatures from 25 to 800 °C, the slope of the elastic
stage, namely the elastic modulus, presents a declining
trend as the impact times increases. That is to say, with
the growing impact times, the elastic energy is finally
dissipated. As previously confirmed, the interior
structure of the rock changes markedly with the rising
temperature [32]. By using scanning electron microscopy
(SEM), it is found that holes, cracks, transcrystalline
cracks and thermal melting micro-pores emerge
gradually with the increasing temperature. Owing to the
rising temperature, the number and average opening
distance of the microcracks increase [33]. Thus, the
elastic modulus presents a declining trend and the elastic
energy dissipates with the increasing impact times.

As shown in Fig. 6, for rocks treated at low
temperature (25 or 100 °C), the reflected energy is less
than the absorbed energy. However, with the rising
temperature, the reflected energy grows gradually, and
finally exceeds the absorbed energy. The reflected energy
under the first impact goes up with the rising temperature,
but the transmitted energy and absorbed energy follow
different change laws compared with the reflected energy,
decreasing with the rising temperatures.

4.1 Energy dissipation

For the cyclic impact experiment, the incident wave,
namely the incident energy, must be consistent. Although
the incident energies for the experimental temperatures
varying from 25 to 800 °C are not the same, the values of
them are all around 60 J and the dispersion rate is no
more than 5% except for the incident energy at 200 and
800 °C, as shown in Fig. 7. Furthermore, the incident
energy for the same experimental temperature is nearly
the same, presenting a little discreteness. Hence,
although the incident energy presents a little difference,

the experiment results are reliable. The dispersion rates
corresponding to varying temperatures are given in
Table 2.
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Fig. 7 Incident energy and dispersion rate at different
temperatures

Table 2 Dispersion rates for varying temperatures

Temperature/°C Dispersion rate/%
25 2.11
100 0.22
200 6.29
400 —2.27
600 2.55
800 —5.34

Besides, in order to understand the thermal effect on
the energy dissipation under the cyclic impact loading
clearly and reduce the error caused by experiment as far
as possible, the final energy could be expressed as
follows:

Eﬁn :Eori (1_5) (18)

where Eg, is the final energy expressed by Eq. (18); E
is the energy of original experiment including incident,
reflected, transmitted and absorbed energy; ¢ stands for
the dispersion rate. After the transformation by Eq. (18),
the final incident energy is equal to the target incident
energy, Eir.ine, Which is 60 J.
4.1.1 Correlation between energy dissipation and
temperature

The varying correlation between the energy
dissipation at the first impact and different temperatures
is shown in Fig. 8. When the temperature increases, the
reflected energy under the first impact increases
accordingly; on the contrary, the absorbed energy and
transmitted energy under the first impact all show
decreasing trend with different changing laws. As is
known, absorbed energy is very effective when being
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used to break rock. Because the interior structure of rock
is damaged gradually with the rising temperature, less
absorbed energy is needed to destroy the rock treated at
higher temperature. Hence, the absorbed energy and
transmitted energy under the first impact decrease with
the rising temperature.

50
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Fig. 8 Correlation between energy dissipation under first
impact and temperature (Erp, Eya and E are reflected,
transmitted,

and absorbed energy under first impact,

respectively)

Figure 9 shows the correlation between the total
energy dissipation and temperature. Similar to the
absorbed and transmitted energy under the first impact,
the total absorbed energy and transmitted energy
decrease with the increasing temperature. When the
temperature exceeds 200 °C, different phenomenon
comes out to the total reflected energy compared to the
reflected energy under the first impact; that is to say, the
total reflected energy decreases gradually. The main
reason for the difference is that the total incident energy
of rock treated at lower temperature is much larger than
that of rock treated at higher temperature. Below 200 °C,
the reflected energy under the first impact is smaller than
the absorbed energy under the first impact. However, the
reflected energy under the first impact is larger than the
absorbed energy under the first impact when the
temperature reaches or exceeds 200 °C. At this time,
there are a lot of cracks in the interior of the rock sample.
The same phenomenon comes to the total reflected
energy.

In detail, when the temperature is below 100 °C,
dehydration takes place in holes in the interior of the
rock, and the interior structure changes accordingly.
When the temperature continues to increase to above
100 °C, some small fissures gradually develop into larger
fissures which are difficult to restore the original shape
even after cooling. Meanwhile, the mineral composition
and interior structure of the granite change obviously
at high temperature. For example, some of the mineral
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Fig. 9 Correlation between total energy dissipation and
temperature

substances contained in granite which are easily melted,
decompose and evaporate, causing the number and sizes
of cracks to increase at high temperature. In addition, the
pre-cracks continue to extend at high temperature.
Therefore, the absorbed energy and transmitted energy
show decreasing trend with the rising temperature, while
the reflected energy under the first impact increases with
the rising temperature.

As shown in Fig. 10, due to the same incident
energy at every impact, the #ya1, Hotal-tras Habst a0d Hrotal-abs
decrease accordingly. The more the cracks and interfaces
at high temperature, the greater the rate of reflected
energy, and thus #.r and 7uirr increase with the rising
temperature. The correlation between the energy
dissipation rate and temperature could be described by
linear equation as follows:
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Fig. 10 Correlation between energy dissipation rate and
temperature (#eer1, Hiral and 77,5 are energy dissipation rates
corresponding to Eq, Eyay and Eyg, respectively)
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4.1.2 Correlation between energy dissipation and impact
times
It is noteworthy that the reflected energy shows an
increasing trend with the increase of impact times, while
the transmitted energy and absorbed energy show an
opposite variation, as shown in Fig. 11.
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The change of the interior structure of rock caused
by the increasing impact times, such as the increasing
number and sizes of cracks, finally causes the transmitted
and absorbed energy to decrease and the reflected energy
to increase gradually at the same time. In the whole
impact experiments, the transmitted energy is small. For

rock that undergoes the same cyclic impact loading, the
reflected, transmitted energy and absorbed energy are
also different with the rising temperature.

4.2 Thermal effect on impact times and accumulated

absorbed energy per volume

As shown in Fig. 12, the impact times decreases
linearly as the temperature increases. When the
temperature increases, the interior structure of rock is
damaged gradually, which leads to less absorbed energy
needed to destroy the rock sample. Meanwhile, the
incident energy of every impact is almost the same, so
less impact times is needed to destroy the sample with
the rising temperature. The correlation between the
impact times and temperature agrees well with the linear
equation:

n=10.78-1.16x107T (20)

Because the damage accumulates with the increase
of impact times, the number, length and width of the
cracks increase accordingly, and the accumulated
absorbed energy increases with the growing impact times.
Then, the accumulated absorbed energy per volume
increases gradually, as shown in Fig. 13.
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Figure 14 shows the correlation between the
accumulated absorbed energy per volume and
temperature. Due to the damage of the interior structure
of the rock at high temperature, less absorbed energy is
needed to destroy the sample, hence the accumulated
absorbed energy per volume decreases with the rising
temperature. The linear correlation can be described by
the following equation:

E, =2999.92—3.64T 1)

aa
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j =

S
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Fig. 14 Correlation between accumulated absorbed energy per
volume and temperature

4.3 Correlation between absorbed energy and failure

mode

It has been stated that the slenderness ratio has an
effect on the failure modes of rock [34,35]. The size
effects on the rock’s mechanical characteristics are very
complicated, because of the variations in the composition
and structure of different rocks. That is to say, even at the
same slenderness ratio, the development and extent of

<

The main failure

path/
/e

600 °C

microcracks and their distribution can be different for
different types of rocks [36,37]. However, different from
the size effects, the effect of energy dissipation on the
failure modes of a rock is the same for different types of
rocks. So only one type of rock (granite) was chosen.
Furthermore, in order to study the effect of absorbed
energy on the failure modes of the rock, the same
slenderness ratio (1) and incident energy (60 J) were
chosen. Temperature plays a very important role in
affecting the fracture of rock [38]. Different temperatures
result in different impact times, and thus different
absorbed energy. Due to high temperature, less absorbed
energy is needed to destroy the rock sample, hence the
total absorbed energy decreases gradually with the rising
temperature, as shown in Fig. 9. At high temperature,
even though the total absorbed energy is low, the sample
breaks into powder, as shown in Fig. 15.

The rocks finally fail after several impacts but show
major differences with the rising temperature. When the
temperature is below 200 °C, the failure mode is the
same, and the rock breaks along a main failure path. As
the temperature continues to increase, reaching 200 °C,
there are two or more apparent failure paths. The greatest
difference appears above 400 °C, and the rock breaks
into powder and some small patches at 600 °C. The main
failure paths can still be seen from the real-time failure
photos. When the temperature is higher, reaching 800 °C,
the rock breaks into powder with no clear main failure
path as seen in the real-time failure photos. Because of
the large number of weakened interfaces, when the rock
heat-treated at high temperature (800 °C) absorbs enough
energy, the rock breaks into powder with no clear main
failure path. Owing to the increasing temperature, the
interior structure of the rock incurs varying degrees of

The main failure

Fig. 15 Real-time failure photos of heat-treated granite samples: (a;—a;) 25 °C; (b;—b;) 100 °C; (c;—c;) 200 °C; (d;—d;) 400 °C;

(e1—e3) 600 °C; (f,—f3) 800 °C
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damage. In other words, when the temperature increases,
the pores, microcracks and fissures all increase
accordingly. As XU et al [39] confirmed, rock porosity
increases with the rising temperatures. This is to say, the
weakening of the interior structure of the rocks is more
serious when the temperature increases. Therefore, less
absorbed energy is needed and then the different failure
modes emerge.

As shown in Fig. 16, the density of the rock prior to
thermal treatment presents some differences but the
fluctuation is small. The variation in the density of the
rock after thermal treatment may, to some degree, reflect
the changes in the interior structure. With the rising
temperature, the density decreases with a nonlinear
trend. Especially when the temperature reaches 600 and
800 °C, the range of decreasing density clearly becomes
large.

2700
2650
7. 2600
£
=
E 2550
8 2500 v
0 Before thermal treatment
2450 v After thermal treatment
—v— Average value
2400 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800
Temperature/°C

Fig. 16 Correlation between density and temperature

The density changes following the volume and
quality. When the temperature is below 200 °C, the water
contained in the rock evaporates. As a result, the quality
decreases and the volume is almost unchanged.
Therefore, the density decreases accordingly. But, when
the temperature continues to increase, reaching 200 °C or
higher, the thermal stress leads to the increase of the
number of pores, microcracks and fissures, and some
mineral particles begin to melt and decompose at high
temperature. Particularly when the temperature is
800 °C, the function of thermal stress shows even more
clearly. These are the reasons that the quality decreases
and volume increases at the same time. So, the higher the
temperature, the lower the density [40], and the larger the
porosity [41].
temperature, the density decreases with an accelerating

Furthermore, with the increasing
trend. The change of the density with the rising
temperature leads to the change of the mechanical
properties of rock, which finally affects the energy
dissipation and failure mode of the rock.

5 Discussion

According to the results above, it is obvious that the
different energy dissipation of rocks indeed results from
the varying temperature. In this work, although the
samples were sourced from the same rock mass,
variations in the results, to some extent, still occurred,
which may be due to differences in terms of
inhomogeneity and moisture conditions in the samples.
Meanwhile, in the test process, the rock sample may be
reabsorbed from the atmosphere. However, the variation
is small and can be ignored.

The energy is dissipated in the form of wave
propagation in the rock sample. Here, a simplified graph
of wave propagation in the interior of the sample is
shown in Fig.
microcracks in the sample. When the energy propagates
in the rock sample in the form of a wave, the wave
propagation can be divided into three different forms:
perpendicular to the interface of the microcrack (I),
oblique to the interface of the microcrack (II), and
parallel to the interface of the microcrack (III). As can be
seen in Fig. 17, when the incident wave comes across the
microcrack, that is, the incident energy comes across the
microcrack, the three components of the energy are
divided, namely, the absorbed energy, reflected energy
and transmitted energy. The same condition occurs in the
two interfaces of the microcrack. In the first propagation
form (I), the reflected energy propagates along the
opposite direction to that of the incident energy. And, the
reflected energy propagates along the direction which is
at a certain angle to the incident direction in the second
propagation form (II). When it comes to the third
propagation form (III), there is no reflected energy. The
absorbed energy is used to break the sample. Thus, when
the absorbed energy is high enough, the rock sample will
be broken after several instances of energy propagation
in the above forms.
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Fig. 17 Graph of wave propagates in interior of rock



Rong-hua SHU, et al/Trans. Nonferrous Met. Soc. China 29(2019) 385-396 395

6 Conclusions

(1) When the temperature increases, the reflected
energy increases accordingly and finally exceeds the
absorbed energy at 200 °C. Both the absorbed energy
under the first impact and the total absorbed energy
decrease with the rising temperature, and the same
phenomenon appears for the transmitted energy under
the first impact and the total transmitted energy.

(2) The reflected energy under the first impact
increases with the rising temperature, but the total
reflected energy decreases after 200 °C. The rates of both
transmitted energy and absorbed energy decrease when
the temperature increases. However, the rates of the
reflected energy under the first impact and the total
reflected energy increase with the rising temperature.

(3) The impact times decreases with the increasing
temperature. The accumulated absorbed energy per
volume increases when the impact times increases but
decreases when the temperature After
treatment at high temperature, although the absorbed
energy is low, the sample breaks thoroughly. Especially
when the temperature is 800 °C, the sample breaks into
powder.

(4) The deep rock mass is unable to bear much
dynamic disturbances. In order to ensure the stability of
the surrounding rock, the dynamic disturbance should be
reduced as much as possible.

increases.
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