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Abstract: The mechanical behaviors and energy dissipation characteristics of 
heat-treated granite were investigated under repeated impact loading. The granite samples 
were firstly heat-treated at the temperature of 20°C, 200°C, 400°C, and 600°C, 
respectively. The thermal damage characteristics of these samples were then observed 
and measured before impact tests. Dynamic impact compression tests finally were carried 
out using a modified split-Hopkinson pressure bar under three impact velocities of 12 m/s, 
15 m/s, and 18 m/s. These test results show that the mineral composition and the main 
oxides of the granite do not change with these treatment temperatures. The number of 
microcracks and microvoids decreases in the sample after 200°C treatment. The 
mechanical properties of a sample after 600°C treatment were rapidly deteriorated under 
the same impact velocity. The average of peak stress is much smaller than those after 
20°C, 200°C and 400°C treatments. The heat-treated samples have an energy threshold 
each. When the dissipated energy of a sample under a single impact is less than this 
threshold, the repeated impacts hardly lead to further damage accumulation even if its 
total breakage energy dissipation (BED) density is large. Under the same number of 
repeated impacts, the cumulative BED density of a sample after 600°C treatment is the 
largest and its damage evolves most quickly. The total BED density of the sample after 
200°C treatment is the highest, which implies that this sample has better resistance to 
repeated impact, thus having less crack initiation and growth. 
 

Keywords: Granite, heat treatment, repeated impact, dynamic response, energy 
dissipation. 

1 Introduction 
The influence of high temperature on the mechanical properties of rock has become an 
important research direction in rock mechanics. Geological engineering activities, such as 
the safe disposal of nuclear waste material [Sundberg, Back, Christiansson et al. (2009)], 
underground coal gasification [Roddy and Younger (2010)], geothermal resources 
extraction [Siratovich, Heap, Villeneuve et al. (2016)], rock drilling [Nasseri, Tatone, 
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Grasselli et al. (2009)] and the underground compressed air energy storage [Ren, Zhuang 
and Rabczuk (2017); Zhou, Xia, Du et al. (2015); Zhou, Xia, Zhao et al. (2017a)], are 
related to the thermal-mechanical properties of rock. Therefore, studying the influence of 
temperature on the physical and mechanical properties of rock is of significance to the 
design of rock structures and the safety assessment of underground rock engineering. 
In the past decades, a number of scientists have studied the mechanical properties [Zhou, 
Xia and Zhou (2017)], energy dissipation characteristics [Zhuang, Huang, Liang et al. 
(2014); Xia, Zhou, Zhang et al. (2015)], damage constitutive models [Zhou, Zhuang, Zhu 
et al. (2018); Zhou, Xia, Zhao et al. (2017b)] and fracture peculiarity [Rabczuk and Ren 
(2017); Hamdia, Silani, Zhuang et al. (2017)] of rocks under static or quasi-static loading. 
In particular, [Zhou, Xia, Hu et al. (2015)] investigated the deformation characteristics of 
basalt rocks subjected to cyclic temperature and uniaxial stress. They found that the 
basalt broke within a small number of cycles when the maximum stress was 80% of the 
uniaxial compressive strength (UCS). There was a hardening phenomenon when 
maximum stress was 65% of the UCS and the highest temperature was 60°C. Rabczuk et 
al. [Rabczuk, Goangseup, Stephane et al. (2010)] proposed a new particle method for 
description of crack growth, which was suitable for representing the evolution of cracks 
in rock materials under static or dynamic loading. In addition, Crosby et al. [Crosby, 
Gullett, Akers et al. (2018)] investigated the mechanical behavior of salem limestone 
containing thermally-induced microcracks. They found that microcracks lowered the 
strength and stiffness of the material at higher strain rates. Although similar incident stress 
pulses were imparted to the samples, higher strain rates were observed for increasing levels 
of damage. Dynamic compression tests on Longyou sandstone after 25°C, 250°C, 450°C 
and 600°C treatments were conducted using split Hopkinson pressure bar (SHPB). It was 
found that there was an increase in strength at 450°C due to the closure of original 
cracks/voids caused by the baking effect of clay minerals [Huang and Xia (2015)]. Fan et al. 
[Fan, Wu, Wan et al. (2017)] reported a negative linear relationship between the dynamic 
strength of granite and the treatment temperature under the same loading rate. Liu et al. 
[Liu and Xu (2013)] performed dynamic compression tests on marble with five impact 
velocities using SHPB. They reported that the peak stress of the sample heat-treated at 
100°C showed an upward trend compared with 25°C under the same impact velocity, while 
the peak stress decreased when the treatment temperature of sample exceeded 400°C. These 
previous studies have focused on the effect of temperature on the mechanical properties of 
rock under static or single dynamic load. 
In rock engineering practices, such as drilling, cutting, and blasting, rock was subjected 
to high temperature action and usually destroyed by multiple dynamic loads. Therefore, 
this study focuses on the thermal damage mechanism, strength and deformation 
properties along with energy dissipation law of Huashan granite. X-ray diffraction (XRD), 
X-ray fluorescence (XRF) spectrometry analysis and scanning electron microscope (SEM) 
observation of the heat treated samples were performed. The mineral compositions of the 
granite material were measured at different temperatures and the thermal damage 
mechanism of an uncompressed granite sample was analyzed. Subsequently, the repeated 
impact tests in a modified SHPB system were carried out on the samples after different 
temperature treatments. The stress-strain curves were obtained and the variations of the 
peak stress, peak strain, elastic modulus and energy dissipation of the granite under 
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coupling effects of high temperature and dynamic loading were investigated. 

2 Experiment setup 
2.1 Sample preparation and heat treatment 
The samples for this experiment were made from a fine-grained biotite granite in the 
Huashan area of Shanxi Province (China). The granite blocks were taken from the same 
horizon. After coring, cutting and grinding, the blocks were then processed into Φ70×35 
mm cylinder samples according to the recommendation of the International Society of 
Rock Mechanics [Ulusay (2014)]. The depth of parallelism of the two ends of the sample 
was controlled within ±0.05 mm. Such a quality control can improve the experimental 
accuracy and reduce the effect of end-face on the test results.  
Before heat treatment, the longitudinal P-wave velocities of all samples were measured 
using an acoustic detector, whose transducer frequency is 50 kHz, sampling interval is 
0.1-200 μs, record length is 0.5-4 K, frequency band width is 1-500 kHz, and emission 
voltage 500/1000 V. Ultrasonic measurements on each sample were completed using the 
contact transmission technique before and after the heat treatment. Signals from the wave 
generator were transmitted to the sample at the left end via a sensor and picked up by a 
second sensor attached to the right end of the sample. Some vaseline was smeared on the 
surface between the transducers and sample for close contact. The signals were then 
digitized and saved in a computer for obtaining the ultrasonic P-wave velocity. Those 
samples with similar P-wave velocities were selected for the heat treatments. 
The heating equipment used in this study is a box-type resistance furnace. This stove 
consists of heating element and thermostat. Its maximal heating temperature is 1000°C. 
Four temperatures of 20°C, 200°C, 400°C, and 600°C were selected for the heat 
treatment of the granite samples. The following heating procedure was used for the heat 
treatment: The sample was placed into the electric heating chamber, and then heated to 
the target temperature at a rate of 10 °C/min and maintained for 2h at this specified 
temperature to ensure uniform temperature inside and outside the sample. Finally, the 
power of the heating equipment was turned off, and the sample was naturally cooled 
down to room temperature. This obtained the heat-treated samples at different 
temperatures, as shown in Fig. 1. 

 

    
(a) T=20°C        (b) T=200°C        (c) T=400°C       (d) T=600°C 

Figure 1: Granite samples after different temperature treatments 
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2.2 Microscopic observation layout 
XRD and XRF techniques were used to analyze the mineral composition of granite after 
different heat treatments. The maximum voltage of the X-Ray diffraction analyzer is 60 
kV, the angle reproducibility is ±0.0001°, and the effectiveness is greater than 94%. For 
the X-ray fluorescence spectrometer, its micro-analysis minimum is 0.5 mm, goniometer 
is θ/2θ, relative error is less than 0.1%. In addition, SEM (JSM-6490LV) was used for the 
observation of micro-fractures that were induced as a result of the heat treatment. The 
SEM point resolution is 3 nm, the acceleration voltage is 0.5~30 kV, and the 
magnification of 5-300000. 

2.3 Principle of SHPB test 
The repeated impact tests were conducted using a modified SHPB device, as shown in 
Fig. 2. This device consists of main body, energy source and measurement systems. Main 
body mainly contains launch tube, projectile, incident bar, transmitted bar and buffer. The 
energy source system mainly contains air compressor, pressure vessel. The measurement 
system contains velocity and dynamic strain measurement setup. The projectile, incident 
and transmitted bars are made of 48CrMoA and have the elastic modulus of 210 GPa, the 
density of 7850 kg/m3, and the wave velocity of 5170 m/s. The sampling frequency of 
dynamic strain amplifier is 1MHz. The resistance strain gauge was used in the tests, 
whose sensitivity coefficient is 2.08, the gate length is 3 mm, and the acquisition 
frequency is 2 MHz.  
 

 
Figure 2: Schematic of modified split-Hopkinson pressure bar 

When the projectile strikes the incident bar at a certain velocity, a compressive pulse σi(t) 
is generated in the incident bar and this pulse propagates along the elastic bars. The 
magnitude of the pulse is determined by the velocity of the projectile, the duration of the 
pulse is determined by the length of the projectile, and the shape of the pulse is 
determined by the shape of the projectile and the material of the shaper. When the pulse 
reaches to the interface between the incident bar and the rock sample, it is partially 
reflected to form a tensile pulse σr(t) in the incident bar, and partially transmitted through 
the sample to generate a compressive pulse σt(t) in the transmitted bar. The incident wave 
εi(t), the reflected wave εr(t), and the transmitted wave εt(t) signals can be measured by 
the strain gauges mounted to the elastic bar. According to the one-dimensional stress 
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wave theory, the average stress, strain and strain rate of the sample are calculated by the 
following formulae [Zhou, Xia, Li et al. (2012)]: 
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where c is the wave velocity in bars and ls is the original length of sample; Ae and As are the 
cross-sectional areas of bars and sample, respectively; E is the elastic modulus of the bars. 
According to stress wave theory, the incident energy EI, the reflected energy ER and the 
transmitted energy ET can be calculated from the incident wave σi(t), the reflected wave 
σr(t) and the transmitted wave σt(t) as follows: 
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where, ρeCe is the wave impedance of the elastic bar and τ is the duration of stress wave. 
Based on the energy conservation law, the total energy dissipation, EA, is expressed as 

A I R T- -E E E E=                                    (7) 

The breakage energy dissipation (BED) shares a main proportion (about 90%) in the total 
energy dissipation [Zhang, Sun, Hao et al. (2000)], thus the friction energy between the 
elastic bars and sample, the kinetic energy of fragment and others (such as thermal 
energy and sound energy) can be neglected [Li, Mao, Lu et al. (2014)]. That is, BED is 
approximately equal to EA. 
To reduce the effect of sample size, the BED density (i.e., energy dissipation per unit 
volume) is defined as 
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in which, Vs is the sample volume; n is the impact number. The cumulative BED density 
(ω) is just the total BED density (ϖ) when n is equal to the total number of repeated 
impacts (N). 

2.4 Scheme of repeated impact 
Three velocities are pre-designed for the repeated impact compression tests on the granite. 
The first impact velocity is V0=12.0 m/s, the second impact velocity is V0=15.0 m/s and 
the third impact velocity is V0=18.0 m/s. The granite samples were heat-treated at the 
temperature of 20°C, 200°C, 400°C and 600°C, respectively. For each treatment 
temperature and impact velocity, 3-5 samples were tested to ensure at least three effective 
data. To achieve the repeated impacts with constant amplitude under the same velocity, 
the pressure and the position of projectile in the pressure chamber keep unchanged. This 
can ensure the same energy of the incident waves. In order to eliminate the dispersion 
effect of the incident wave and to achieve uniform stress state in the loading direction of 
the samples as early as possible, a soft rubber with the diameter of 10 mm and the 
thickness of 3 mm was adopted as pulse shaper [Frew, Forrestal and Chen (2002)]. 
Meanwhile, both ends of the sample were smeared with vaseline to guarantee that the 
sample could be in full contact with the elastic bars. 
Fig. 3(a) shows the incident, reflected and transmitted waveforms shaped with soft rubber 
pulse shaper. Each impact has almost the same amplitude and duration of the incident 
wave, thus the purpose of repeated impact with constant amplitude is basically achieved. 
Fig. 3(b) shows the typical dynamic stresses on both ends of the sample during impact 
loading. It can be seen that the sum of incident and reflected waves well match with the 
transmitted wave before the peak point is reached. This meets the requirement of stress 
equilibrium on both ends of the sample. Consequently, the test results in this study are 
reliable and valid. 
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(b) Check of dynamic stress equilibrium 

Figure 3: Typical waveforms and dynamic stresses on both ends of sample 

3 Analysis of thermal damage characteristics 
3.1 XRD and XRF analysis 
Fig. 4 presents the X-ray spectra of the heat-treated granite samples at different 
temperatures. The main minerals in the granite are recognized as quartz, microcline, 
plagioclase, and biotite. The mineral composition of the granite kept unchanged with the 
increase of treatment temperature. In addition, no other minerals appeared during the 
whole heating treatment. 
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  (c) T=400°C                              (d) T=600°C 

Figure 4: X-ray diffraction spectra of samples heat-treated at different temperatures 

The results of X-ray fluorescence spectrometer in Fig. 5 show that the main oxides hardly 
change with temperature. This indicates that the fracturing of covalent bonding or 
metallic bonding has not yet taken place. It may be inferred that the crystal structure and 
chemical composition of the main minerals were relatively stable as the treatment 
temperature increased from 20°C to 600°C.  
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Figure 5: Variations of mineral element content of granite with treatment temperature 

3.2 SEM study 
Fig. 6 shows the microscopic images of rock samples at different treatment temperatures. 
There were randomly distributed flaws (microcracks and microvoids) in the sample at room 
temperature of 20°C (see Fig. 6(a)). According to Fig. 6(b), the number of microcracks and 
microvoids did not increase or even decreased in the sample after 200°C treatment (or, 
simply, the 200°C sample). This is because the expansion of mineral grains results in 
crack/void closure, improving the contact between internal particles [Huang, Yang, Tian et 
al. (2017); Ding, Ju, Song et al. (2016)]. Compared with the 200°C sample, the width of 
cracks in 400°C sample increased slightly (Fig. 6(c)). It is due to the damage of mineral 
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crystalline structure owing to the loss of constitution water and crystal water [Zhang, Sun, 
Hao et al. (2016)]. As for the 600°C sample, the cracks coalesced and its width increased 
significantly (e.g., Fig. 6(d)). The destroy of mineral framework and phase transition of 
quartz [Glover, Baud, Darot et al. (1995)] contributed to this phenomenon.  

  
 (a) T=20°C                        (b) T=200°C 

  
  (c) T=400°C                        (d) T=600°C 

Figure 6: SEM observations of granite after different high-temperature treatments 

4 Analysis of strength and deformation characteristics 
The basic parameters of representative samples in the tests are listed in Tab. 1. T1, T2, T3 
and T4 denote that these samples were treated at 20°C, 200°C, 400°C and 600°C, 
respectively. The -1, -2 and -3 represent the first impact velocity (12.0 m/s), the second 
impact velocity (15.0 m/s), and the third impact velocity (18.0 m/s), respectively. For the 
same heat-treated samples, the total number of repeated impacts (N) decreases with the 
increase of impact velocity. Under the same impact velocity, the total number of repeated 
impacts is the largest for the 200°C sample and the smallest for the 600°C sample. 
However, the samples after 20°C and 400°C treatments have very close total number. 
Therefore, both impact velocity and treatment temperature control the N value of the 
sample. The longitudinal wave velocity is more sensitive with the increase of temperature. 
As seen in Tab. 1, the longitudinal wave velocity gradually shows a decrease along with 
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the rising temperature. 

Table 1: Parameters and test results of rock samples 

Sample 
No. 

ls 
(mm) 

d 
(mm) 

ρ 
(g/cm3) 

c0 
(m/s) 

ch 
(m/s) 

N 
ϖ 
(J/cm3) 

T1-1 35.02 68.37 2.61 5833 5833 18 0.311 
T1-2 35.80 68.42 2.63 5833 5833 4 0.133 

T1-3 35.07 68.37 2.60 6034 6034 2 0.179 

T2-1 35.00 68.38 2.61 5738 4730 24 0.612 

T2-2 35.13 68.35 2.62 5833 4930 10 0.469 

T2-3 35.04 68.34 2.61 5738 4730 7 0.582 

T3-1 35.94 68.42 2.62 5645 3302 12 0.221 

T3-2 35.61 68.53 2.62 5645 3211 4 0.148 

T3-3 35.70 68.54 2.62 5738 3500 2 0.177 

T4-1 35.05 68.35 2.60 5932 1215 3 0.101 

T4-2 35.11 68.45 2.60 6034 1316 2 0.113 

T4-3 35.03 68.31 2.62 5932 1250 1 0.139 

4.1 Shape of repeated impact stress-strain curve 
The stress-strain curves under repeated impacts with different velocities are shown in Fig. 
7 for the 400°C treated sample. This figure shows that both peak stress and peak strain 
(the maximum strain on the stress-strain curve) of the sample at the 1st impact increase 
with the increase of impact velocity. It is observed that stress-strain curves vary with 
velocity and exhibit a significant loading rate effect. The stress-strain curves at the 1st-9th 
impacts gradually rise under the impact velocity of 12.0 m/s. Further, the stress-strain 
curves gradually move to the right with impact number (see Fig. 7(a)). However, the peak 
stress and the elastic modulus at the 11th impact are still greater than that at the 1st impact. 
This indicates that the repeated impacts under low impact velocity do not cause the 
significant damage of rock. This is probably because the applied load does not reach the 
crack initiation stress threshold [Eberhardt, Stead and Stimpson (1999)]. Under the 
impact velocity of 15.0 m/s, the stress-strain curves rise during the initial impacts, and 
then gradually move to the right, see Fig. 7(b). The peak stress and the elastic modulus 
increase first and then decrease. The stress-strain curves do not appear to rise under the 
impact velocity of 18.0 m/s, which reflects the constant deterioration of rock strength.  
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       (a) V0=12.0 m/s, T=400°C            (b) V0=15.0 m/s, T=400°C 

 
(c) V0=18.0 m/s, T=400°C 

Figure 7: Stress-strain curves of the same temperature treatment samples under different 
impact velocities 

The dynamic stress-strain curves of the samples after 20°C and 200°C treatments show 
the similar characteristics with impact velocity. The total number of repeated impact of 
the 600°C treated sample under the impact velocity of 12.0 m/s is 3, while the 
corresponding impact numbers of the samples after 20°C, 200°C and 400°C treatments 
are 18, 24 and 12, respectively. It indicates that the damage of the 600°C treated sample 
increases rapidly and the crack initiation stress threshold is significantly lower than those 
of the 20°C, 200°C and 400°C treated samples. 
The stress-strain curves of the heat-treated samples under the striking velocity of 15.0 m/s 
are shown in Fig. 8. Combined with Fig. 7(b), the stress-strain curves of the samples after 
20°C, 200°C, and 400°C treatments are similar. Their stress-strain curves rise firstly and 
then move to the right with the increase of impact number. However, the stress-strain 
curves of the 600°C treated sample are obviously different. With an increase in impact 
number, the stress-strain curves shift rightward and no rising phenomenon is observed. 
The averaged strain rate (the ratio of the strain at peak stress to the time required to reach 
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the peak stress) is also significantly larger than those of the other three. These differences 
indicate that the treatment temperature has significant effects on the responses of sample 
under repeated impacts. 

  
  (a) T=20°C, V0=15.0 m/s              (b) T=200°C, V0=15.0 m/s 

   

(c) T=600°C, V0=15.0 m/s 

Figure 8: Stress-strain curves of different temperature treatment samples under the same 
velocity 

4.2 Variation of peak stress, peak strain and elastic modulus 
The analyses of both reliability and long-term stability of rock engineering are closely 
tied to the structural safety and damage. Therefore, the mechanical properties of rock 
structures under high temperature and high loading rate conditions have become a focus 
in practical engineering. The peak stress of the samples after different temperature 
treatments changes with impact number. Fig. 9(a) shows this change when the striking 
velocity is 15.0 m/s. The peak stresses of the samples after 20°C, 200°C, and 400°C 
treatments increased firstly and then decreased with the increase of impact number. The 
compaction effect in the first several impacts makes the peak stress increase, while the 
impact-induced damage softening effect in the later impacts makes the peak stress of the 
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sample be continuously reduced until failure. The peak stresses of the samples after 20°C 
and 400°C treatments have similar trends, whose peak stress increases at the 2nd impact. 
The peak stress of the 200°C treated sample shows an increasing trend at the 1st-5th 
impact. However, the peak stress of the 600°C treated sample is significantly smaller than 
those of the other three at the 1st impact. No increase is observed in peak stress, showing 
faster deterioration characteristics of strength. 
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(c) Plot of elastic modulus with impact times 

Figure 9: Variation of mechanical parameters during repeated impact 

The peak strains of the samples after 20°C, 200°C and 400°C treatments are slightly 
reduced at the initial impacts, as shown in Fig. 9(b). The reason is that the compaction 
effect counteracts or even outstrips the damage softening effect, resulting in the closure 
of partial microcracks and the enhancement of sample densification. With an increase in 
impact number, the damage softening effect plays a dominant role and leads to the 
gradual increase of peak strain. The peak strain of the 600°C treated sample is obviously 
larger than those of the other three and increases with the increase of impact number. This 
indicates that the damage-softening effect is dominant during the whole repeated impacts 
and the compaction has little effect. 
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The secant slope between the two points on the ascending section of stress-strain curve is 
taken to calculate the elastic modulus of sample as [Liu and Xu (2015)] 

1 2

1 2
cE σ σ

ε ε
−

=
−

                                  (10) 

where σ1 and σ2 are the stresses equal to 40% and 60% of the peak stress, respectively, 
while ε1 and ε2 are the corresponding strains.  
The elastic modulus of the heat-treated samples with impact number under the velocity of 
15.0 m/s is shown in Fig. 9(C). The difference among the elastic moduli of the 20°C, 
200°C, and 400°C samples is not significant at the 1st impact, but the elastic modulus of 
the 600°C treated sample is much lower than those of the other three. This indicates that 
the deformation resistance of the 600°C treated sample reduces greatly [Wang and Hao 
(2017)]. For the samples after 20°C, 200°C, and 400°C treatments, the elastic moduli 
increase at the initial impacts due to compaction, and then decrease because of the 
damage-softening effect. Being different from the other three, a rapid decline is observed 
in the elastic modulus of the 600°C treated sample. This shows a significant weakening 
phenomenon induced by temperature. It is obvious that the elastic modulus of the 200°C 
treated sample decreases slowest compared to the other samples.  
The variations of average peak stress, peak strain and elastic modulus with treatment 
temperature are shown in Fig. 10. It is seen that the average peak stress and elastic 
modulus increase slightly at the temperature of 200°C, and then decreases as the 
temperature rises. The average peak strain shows a contrary trend, and its value at 600°C 
increases by 100.6% compared to that at 20°C.  
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Figure 10: Variations of average mechanical parameters as a function of heat treatment 
temperature 

5 Analysis of energy dissipation characteristics 
5.1 Effect of loading rate on energy dissipation 
Fig. 11 shows the relationship of total BED density (ϖ) with impact velocity. The total 
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BED densities of the samples after 20°C, 200°C and 400°C treatments under the impact 
velocity of 12.0 m/s are greater than those under the impact velocities of 15.0 m/s and 18.0 
m/s. The previous analysis of stress-strain curves shows that no obvious damage is 
observed in the samples heat-treated at 20°C, 200°C, and 400°C under the impact velocity 
of 12.0 m/s. It is due to the small applied stress. However, the dissipated energy during the 
repeated impacts is mainly used for the accumulation of internal damage of rock. This 
means that a larger total BED density does not necessarily represent the increase in rock 
damage. Therefore, it is not completely accurate to measure the internal damage of sample 
by using the total BED density under the condition of repeated impact loading. 
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Figure 11: Relationship of total BED density with impact velocity 

In order to accurately reflect the effect of loading rate on energy dissipation, the averaged 
BED density ( Nϖ ), the ratio of total BED density to the total number of repeated 
impacts) is adopted herein. Fig. 12 shows the change of the averaged BED density with 
impact velocity for all samples. The averaged BED density increases with the increase of 
impact velocity. Although the total BED densities of the 20°C, 200°C and 400°C samples 
under the impact velocity of 12.0 m/s are larger, their averaged BED densities are smaller 
than those under the impact velocities of 15.0 m/s and 18.0 m/s because of more impact 
number. From the perspective of damage, a crack initiation stress threshold may exist for 
the sample after each thermal treatment. Similarly, an energy threshold may exist for the 
heat-treated sample accordingly because the dissipated energy is mainly used for the 
increase of internal damage of rock. That is to say, even though the total BED density of 
the sample is larger, the repeated impact does not cause a significant increase of internal 
damage to sample when the energy dissipation of the sample under a single impact is less 
than its energy threshold. On the contrary, the internal damage continues to increase until 
failure and the total BED density of the sample increases with the increase of impact 
velocity.  
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Figure 12: Relationship of average BED density with impact velocity 

Being different from the samples after 20°C, 200°C and 400°C treatments, both total and 
averaged BED densities of the sample after 600°C treatment increase with the increase of 
impact velocity. It is also noted that the crack initiation stress threshold of this sample is 
lowest and its internal damage increases under the impact velocity of 12.0 m/s. Therefore, 
the BED density of the 600°C treated sample under the impact velocity of 12.0 m/s is 
greater than its energy threshold, which results in an increase in the total BED density 
and a corresponding decrease in total number of repeated impacts with the increase in 
impact velocity.  
The total BED density increases with the increase of impact velocity after the heat-treated 
samples reach their respective energy thresholds. At the same time, the larger the total 
BED density, the larger the amount of damage is. As shown in Figs. 13(a) and 13(b), the 
sample after 200°C treatment exhibits an axial splitting failure under the velocity of 15.0 
m/s and a mixed failure mode of axial splitting and crushing under the velocity of 18.0 
m/s. The final damage degree of the 600°C treated sample also increases with the 
increase of impact velocity, as shown in Figs. 13(c) to 13(e). Its failure mode is an axial 
splitting under the impact velocity of 12.0 m/s and a mixed failure mode under the impact 
velocities of 15.0 m/s and 18.0 m/s. However, the pieces and debris increase significantly 
with a more serious failure degree under the impact velocity of 18.0 m/s compared to the 
impact velocity of 15.0 m/s. When the velocity continues to increase, the BED density 
increases, the damage degree of sample becomes severer, and the corresponding 
gradation of fragments is better [Hong, Zhou, Yin et al. 2009]. 
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(a) T=200°C, V0=15.0 m/s     (b) T=200°C, V0=18.0 m/s 

   
  (c) T=600°C, V0=12.0 m/s   (d) T=600°C, V0=15.0 m/s  (e) T=600°C, V0=18.0 m/s 

Figure 13: Failure modes of heat-treated samples under different impact velocities 

5.2 Effect of temperature on energy dissipation 
Fig. 14(a) shows the relationship of BED density (EV) with the impact number under the 
velocity of 15.0 m/s. Because the compaction effect results in the closure of partial 
microcracks, and the mechanical properties are enhanced to some extent and the EV 
values of the samples after 20°C, 200°C and 400°C treatments at the 2nd impact are 
smaller than those at the 1st impact, and then increase with an increase in impact number. 
The continuous impacts lead to constant accumulation of internal damage of the samples. 
For the same impact number, the BED density of the 600°C sample is significantly 
greater than those of the samples after 20°C, 200°C and 400°C treatments. No downward 
trend is observed in the curve.  
Fig. 14(b) shows the change of the cumulative BED density (ω) with impact number 
under the velocity of 15.0 m/s. For the same impact number, the sample has the smallest 
ω after 200°C treatment and the largest ω after 600°C treatment. Under the same incident 
energy and impact number, a greater cumulative BED density implies a lower energy 
transfer efficiency. This means that more energy is dissipated by the sample for the 
initiation and growth of internal cracks. This is confirmed by the macroscopic 
morphology of the samples after different temperature treatments at the 2nd impact (see 
Fig. 15). After the 2nd impact, the longitudinal but not penetrating crack appears at the 
lateral sides of the 20°C and 400°C treated samples. There are no visible cracks at the 
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ends of the 200°C treated sample, but the 600°C treated sample is noticeably damaged 
after the 2nd impact with a small amount of pieces and debris. 
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(a) Plot of BED density with impact number     (b) Plot of cumulative BED density 
with impact number 

Figure 14: Evolution of BED density and cumulative BED density during repeated 
impact 

   
    (a) T=20°C, V0=15.0 m/s       (b) T=200°C, V0=15.0 m/s 

   
           (c) T=400°C, V0=15.0 m/s         (d) T=600°C, V0=15.0 m/s 

Figure 15: Failure modes of heat-treated samples at the 2nd impact 
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Under the same impact velocity, the total BED density (ϖ) reflects the difficult or easy 
degree of sample failure. Tab. 1 and Fig. 14(b) show that the total BED density of the 
200°C treated sample is the largest, which is 3.53 times and 3.17 times that of the 
samples after 20°C and 400°C treatments, respectively. This indicates that the initiation 
and growth of cracks of the 200°C treated sample is more difficult. It has a stronger 
resistance to repeated impact, illustrating a significant microcrack restoration/healing 
effect. The value of the 600°C treated sample is the smallest which is only 24% that of 
the 200°C treated sample. This is because the heat treatment of 600°C results in a 
decrease in cohesion between the minerals and the evolution of internal damage becomes 
easier, which can be proved from the experimental results of SEM. 

6 Conclusions 
In this study, the thermal damage characteristics of Huashan granite before dynamic 
loading were experimentally analyzed, and the repeated impact tests with a modified 
SHPB device were carried out on the heat-treated granite samples. The effects of loading 
rate and treatment temperature on the dynamic stress-strain curves and energy dissipation 
characteristics of the samples were studied. Following conclusions are drawn based on 
these studies: 
(1) The mineral composition and main oxides of the granite do not change with the 
increase of treatment temperature. The number of microcracks and microvoids decreases 
in the 200°C treated sample. The cracking in the 400°C treated sample increases 
significantly, and many opening cracks can be detected in the 600°C treated sample.  
(2) Compared to the samples after 20-400°C treatments, the 600°C treated sample has a 
lower crack initiation stress threshold and exhibits faster deterioration of mechanical 
properties. This shows a significant temperature weakening phenomenon. A critical 
temperature is found to be in the range of 400°C to 600°C for the tested granite. 
(3) Each heat-treated sample has an energy threshold. When the energy dissipation under 
a single impact is lower than this threshold, the damage induced by repeated impacts is 
not significant though its total BED density is larger. The averaged BED density can well 
characterize the effect of loading rate on energy dissipation and sample damage. 
(4) Under the same impact number, the cumulative BED density of the 600°C treated 
sample is the highest and the sample is most easily damaged. For a fixed impact velocity, 
the total energy BED density of the 200°C treated sample is the largest, which has a 
strong resistance to repeated impact loading, showing a significant restoration/healing 
effect of microcracks. 
 
Acknowledgments: This study was financially supported by the National Natural 
Science Foundation of China (51579062, 51379147), which is gratefully appreciated. 

References 
Crosby, Z. K.; Gullett, P. M.; Akers, S. A.; Graham, S. S. (2018): Characterization of 
the mechanical behavior of salem limestone containing thermally-induced microcracks. 
International Journal of Rock Mechanics & Mining Sciences, vol. 2018, pp. 54-62. 



 
 
 
294  Copyright © 2019 Tech Science Press       CMC, vol.59, no.1, pp.275-296, 2019 

Ding, Q. L.; Ju, F.; Song, S. B.; Yu, B. Y.; Ma, D. (2016): An experimental study of 
fractured sandstone permeability after high-temperature treatment under different 
confining pressures. Journal of Natural Gas Science & Engineering, vol. 34, pp. 55-63. 
Eberhardt, E.; Stead, D.; Stimpson, B. (1999): Quantifying progressive pre-peak brittle 
fracture damage in rock during uniaxial compression. International Journal of Rock 
Mechanics and Mining Sciences, vol. 36, pp. 361-380. 
Fan, L. F.; Wu, Z. J.; Wan, Z.; Gao, J. W. (2017): Experimental investigation of 
thermal effects on dynamic behavior of granite. Applied Thermal Engineering, vol. 125, 
pp. 94-103. 
Frew, D. J.; Forrestal, M. J.; Chen, W. (2002): Pulse shaping techniques for testing 
brittle materials with a split hopkinson pressure bar. Experimental Mechanics, vol. 42, pp. 
93-106. 
Glover, P. W. J.; Baud, P.; Darot, M.; Meredith, P. G.; Boon, S. A. et al. (1995): α/β 
phase transition in quartz monitored using acoustic emissions. Geophysical Journal of the 
Royal Astronomical Society, vol. 120, pp. 775-782. 
Hamdia, K. M.; Silani, M.; Zhuang, X. Y.; He, P. F.; Rabczuk, T. (2017): Stochastic 
analysis of the fracture toughness of polymeric nanoparticle composites using polynomial 
chaos expansions. International Journal of Fracture, vol. 206, pp. 215-227. 
Hong, L.; Zhou, Z. L.; Yin, T. B.; Liao, G. Y.; Ye, Z. Y. (2009): Energy consumption in 
rock fragmentation at intermediate strain rate. Journal of Central South University, vol. 
16, pp. 677-682. 
Huang, Y. H.; Yang, S. Q.; Tian, W. L.; Zhao, J.; Ma, D. et al. (2017): Physical and 
mechanical behavior of granite containing pre-existing holes after high temperature 
treatment. Archives of Civil & Mechanical Engineering, vol. 17, pp. 912-925. 
Huang, S.; Xia, K. W. (2015): Effect of heat-treatment on the dynamic compressive 
strength of Longyou sandstone. Engineering Geology, vol. 191, pp. 1-7. 
Li, M.; Mao, X. B.; Lu, A. H.; Tao, J.; Zhang, G. H. (2014): Effect of specimen size on 
energy dissipation characteristics of red sandstone under high strain rate. International 
Journal of Mining Science and Technology, vol. 24, pp. 151-156. 
Liu, S.; Xu, J. Y. (2013): Study on dynamic characteristics of marble under impact 
loading and high temperature. International Journal of Rock Mechanics & Mining 
Sciences, vol. 62, pp. 51-58. 
Liu, S.; Xu, J. Y. (2015): Effect of strain rate on the dynamic compressive mechanical 
behaviors of rock material subjected to high temperatures. Mechanics of Materials, vol. 
82, pp. 28-38. 
Nasseri, M. H. B.; Tatone, B. S. A.; Grasselli, G.; Young, R. P. (2009): Fracture 
toughness and fracture roughness interrelationship in thermally treated westerly granite. 
Pure & Applied Geophysics, vol. 166, pp. 801-822. 
Rabczuk, T.; Ren, H. L. (2017): Peridynamic formulation for the modelling of 
quasi-static fractures and contacts in brittle rocks. Engineering Geology, vol. 225, pp. 
42-48. 
Rabczuk, T.; Zi, G.; Bordas, S.; Hung, N. X. (2010): A simple and robust 



 
 

Mechanical Response and Energy Dissipation Analysis                        295 

 

three-dimensional cracking-particle method without enrichment. Computer Methods in 
Applied Mechanics & Engineering, vol. 199, pp. 2437-2455. 
Ren, H. L.; Zhuang, X. Y.; Rabczuk, T. (2017): Dual-horizon peridynamics: a stable 
solution to varying horizons. Computer Methods in Applied Mechanics & Engineering, 
vol. 318, pp. 762-782. 
Roddy, D. J.; Younger, P. L. (2010): Underground coal gasification with CCS: a 
pathway to decarbonising industry. Energy & Environmental Science, vol. 3, pp. 400-407. 
Siratovich, P. A.; Heap, M. J.; Villeneuve, M. C.; Cole, J. W.; Kennedy, B. M. et al. 
(2016): Mechanical behaviour of the Rotokawa Andesites (New Zealand): Insight into 
permeability evolution and stress-induced behaviour in an actively utilised geothermal 
reservoir. Geothermics, vol. 64, pp. 163-179. 
Sundberg, J.; Back, P. E.; Christiansson, R.; Hökmark, H.; Ländell, M.; Wrafter, J. 
(2009): Modelling of thermal rock mass properties at the potential sites of a Swedish 
nuclear waste repository. International Journal of Rock Mechanics & Mining Sciences, 
vol. 46, pp. 1042-1054. 
Ulusay, R. (2014): The ISRM Suggested Methods for Rock Characterization, Testing and 
Monitoring: 2007-2014. Springer International Publishing, vol. 15, pp. 47-48. 
Wang, Z. L.; Hao, S. Y. (2017): Study on dynamic compressive mechanical properties 
and failure modes of heat-treated granite. Latin American Journal of Solids and 
Structures, vol. 14, pp. 657-673. 
Xia, C. C.; Zhou, S. W.; Zhang, P. Y.; Hu, Y. S.; Zhou, Y. (2015): Strength criterion for 
rocks subjected to cyclic stress and temperature variations. Journal of Geophysics & 
Engineering, vol. 12, pp. 753-763. 
Zhang, Z. X.; Kou, S. Q.; Jiang, L. G.; Lindqvist, P. A. (2000): Effects of loading rate 
on rock fracture: fracture characteristics and energy partitioning. International Journal of 
Rock Mechanics & Mining Sciences, vol. 37, pp. 745-762. 
Zhang, W. Q.; Sun, Q.; Hao, S. Q.; Geng, J. S.; Lv, C. (2016): Experimental study on 
the variation of physical and mechanical properties of rock after high temperature 
treatment. Applied Thermal Engineering, vol. 98, pp. 1297-1304. 
Zhou, S. W.; Xia, C. C.; Du, S. G.; Zhang, P. Y.; Zhou, Y. (2015): An analytical 
solution for mechanical responses induced by temperature and air pressure in a lined rock 
cavern for underground compressed air energy storage. Rock Mechanics & Rock 
Engineering, vol. 48, pp. 749-770. 
Zhou, S. W.; Xia, C. C.; Hu, Y. S.; Zhou, Y.; Zhang, P. Y. (2015): Damage modeling of 
basaltic rock subjected to cyclic temperature and uniaxial stress. International Journal of 
Rock Mechanics & Mining Sciences, vol. 77, pp. 163-173. 
Zhou, S. W.; Xia, C. C.; Zhao, H. B.; Mei, S. H.; Zhou, Y. (2017a): Numerical 
simulation for the coupled thermo-mechanical performance of a lined rock cavern for 
underground compressed air energy storage. Journal of Geophysics & Engineering, vol. 
14, pp. 1382-1398. 
Zhou, S. W.; Xia, C. C.; Zhao, H. B.; Mei, S. H. (2017b): Statistical damage 
constitutive model for rocks subjected to cyclic stress and cyclic temperature. Acta 



 
 
 
296  Copyright © 2019 Tech Science Press       CMC, vol.59, no.1, pp.275-296, 2019 

Geophysica, vol. 65, pp. 1-14. 
Zhou, S. W.; Xia, C. C.; Zhou, Y. (2017): A theoretical approach to quantify the effect 
of random cracks on rock deformation in uniaxial compression. Journal of Geophysics & 
Engineering, vol. 15, pp. 3. 
Zhou, S. W.; Zhuang, X. Y.; Zhu, H. H.; Rabczuk, T. (2018): Phase field modelling of 
crack propagation, branching and coalescence in rocks. Theoretical & Applied Fracture 
Mechanics, vol. 96, pp. 174-192. 
Zhou, Y. X.; Xia, K.; Li, X. B.; Li, H. B.; Ma, G. W. (2012): Suggested methods for 
determining the dynamic strength parameters and Mode-I fracture toughness of rock 
materials. International Journal of Rock Mechanics & Mining Sciences, vol. 49, pp. 
105-112. 
Zhuang, X. Y.; Huang, R. Q.; Liang, C.; Rabczuk, T. (2014): A coupled 
thermo-Hydro-mechanical model of jointed hard rock for compressed air energy storage. 
Mathematical Problems in Engineering, vol. 2014, pp. 1-11. 


