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Thermal shock is common in fire disaster and blasting of rock engineering; moreover, the rock mass bears dynamic mechanical
disturbance frequently. In order to study the damage characteristics of thermal shock on physical and dynamic compressive
properties, the thermal shock damage of granite treated to different temperatures at different heating rates was obtained by
measure the ultrasonic wave velocity, and the internal structures were obtained by scanning electron microscopy experiments.
By using split Hopkinson pressure bar, the dynamic experiments on granite treated to 400°C and 600°C at heating rates of 1, 2,
4, 6, 10, 20, 30, and 40°C/min were carried out. Thereby, the damage characteristics of thermal shock on the physical and
dynamic compressive properties of granite were obtained. The results show that there is a heating rate threshold value between
6 and 10°C/min, which divides the thermal shock damage. Before the threshold value, the thermal shock does not appear. The
dynamic compressive strength, dynamic elastic modulus, and density decrease; however, peak strain increases as the thermal
shock damage increases. The researches of thermal effect on granite by heating with the heating rate below or equal to 6°C/min
could avoid thermal shock. The research could provide a theoretical foundation for rock engineering suffered thermal shock,
such as geothermal reservoir.

1. Introduction

Recently, thermal effect on rock properties including physi-
cal and mechanical properties has become into one of hot
topics in rock engineering for researchers [1–7]. Study of
thermal effect on physical and mechanical properties is crit-
ical for many rock applications, such as deep mining, rock
drilling, ore crushing [8], development and utilization of
geothermal energy [9], geological disposal of nuclear waste
[10–12], and the protection of buildings (over ground and

underground buildings) against fire or building restoration
and reconstruction after fire [13, 14]. In fact, most of rock
engineering, which is related to temperature, could subject
to thermal shock caused by blasting, fire, different thermal
gradients, and nuclear radiation. In addition, most of rock
engineering, which is connected to temperature, could also
suffered dynamic disturbance due to drilling, blasting, and
earthquake. Hence, to investigate the damage characteristic
of thermal shock on the physical properties and dynamic
properties of granite, which could offer a strong theoretical
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support and guidance for design, stability evaluation and
restoration of rock engineering, is urgent and highly
significant.

Investigations of thermal effect on physical properties of
rocks are mainly concentrated on density and porosity [15,
16]. The conclusions nearly conformed as follows: the density
decreases with the increasing temperature; the opposite phe-
nomenon comes to porosity. And the researches of thermal
effect on dynamic properties of rocks are primarily focused
on dynamic strength and elastic modulus [17–23]. The
scholars conducted that when the temperature increases, the
dynamic strength and elastic modulus all decrease with differ-
ent degrees which is related to the rock materials. All of them
just heated the rock specimens at a low heating rate to avoid
thermal shock. Nevertheless, the thermal shock is common
in deep rock engineering, such as deepmining and geothermal
energy extraction. When the exploitation depth increases, the
temperature increases with different geothermal gradients
varying from 30 to 50°C/km due to the different hydrogeology
and existing conditions, which could cause thermal shock and
finally change the value of stress in the rock mass. It is worth
noting that the geothermal gradient can be very high, even
reaching about 100°C/km in some specific places. Besides,
the thermal shock also occurs in blasting, fire, and nuclear
radiation. Considering on the fact of thermal shock in many
rock engineering, some researchers have involved in the heat-
ing rate effect on the physical and mechanical properties of
rocks. For example, by carried out the experiments on granites
which were heated with different heating rates (5°C/min, 20°C/
min, and 50°C/min) to different temperatures (20-400°C),
Thirumalai et al. [24] point out that thermal effect enhances
accordingly with the increasing heating rate at the same tem-
perature, namely, the thermal expansion increases gradually
as the heating rate increases. Richter et al. [25] showed the
same phenomenon by carrying out an experiment on gabbro
heated to 300°C with heating rates of 1 and 5°C/min, respec-
tively. That is, the higher the heating rate, the larger the expan-
sion coefficient. By carried out experiments, Yong et al. [26]
show that the heating rate is one of the important factors
affecting the rock properties. In addition, Li et al. [27] per-
formed tests in dynamic tensile mechanical properties of coal
sandstone under 800°C high temperature and therewith the
rapid cooling at different heating rates and state that the
dynamic tensile properties of sandstone gradually decrease
with increasing heating rate. They emphasize that the heating
rate is the key factor making a large difference to investigation
of the mechanical properties of materials, which can both sig-
nificantly affected the crystal texture or recombination and
influenced the macroscopic mechanical properties of rocks.
The thermal shock effect on the physical and mechanical
properties of rocks could though out the experiment on rocks
heated to different heating rates.

Although there are some scholars have researched the
heating rate effect on physical and mechanical properties of
rocks, they only focused on physical properties, static proper-
ties, and dynamic tensile mechanical properties. The thermal
shock on the dynamic compressive properties of rocks is
neglected; moreover, none of them studied from the point
view of damage. Hence, in order to put forward a strong the-

oretical foundation and guidance for design, stability evalua-
tion and restoration of rock engineering and make an insight
understanding on the damage characteristic of thermal shock
on the physical and dynamic compressive properties of gran-
ite; in this paper, the dynamic experiments on granite speci-
mens heated to different temperatures (400°C and 600°C)
with different heating rates (1°C/min, 2°C/min, 4°C/min,
6°C/min, 10°C/min, 20°C/min, 30°C/min, and 40°C/min).
The damage characteristic of thermal shock on the physical
and dynamic compressive properties of granite was analyzed
and discussed, which was involved in the density, dynamic
compressive strength, peak strain, and dynamic elastic
modulus.

2. Laboratory Experiment

2.1. Specimen Preparation. To avoid any variation due to nat-
ural anisotropy of specimens, the tested granite specimens
were cored from the same rock blocks obtained in Changsha,
China. There are no distinct layering, laminations or flaws
observed in the specimen surface, and the granite specimen
consists of 46.78% quartz, 37.84% feldspar, 9.64% mica,
5.70% montmorillonite, and 0.04% other components, as
shown in Figure 1. According to the requirements of the rock
mechanical testing procedures suggested by the ISRM [28], the
granite specimens used here were processed into a cylinder
with dimensions of Φ 50mm× 100mm and a cylinder with
dimensions of Φ 50mm× 25mm, which are used for static
and dynamic test, respectively. Particularly, in order to ensure
their parallelism, flatness, and finish, both ends of the speci-
mens were polished, controlling the parallelism within
±0.05mm and the surface flatness within ±0.02mm. Further-
more, the P-wave velocity of polished specimen was measured
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Figure 1: The components and appearances of granite specimens
at room temperature.

Table 1: The basic physical and mechanical properties of granite
specimen.

Rock type ρ (kg/m3) σs (MPa) E (GPa) V (m/s)

Granite 2546.72 102.83 25.06 4183.95

(note: ρ, σs, E, and V stands for the density, static compressive strength,
static elastic modulus, and P-wave velocity, respectively.).
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by using a rock and soil engineering quality detector, and then
specimens of similar P-wave velocities were selected in order
to guarantee the reliability of the experiment. The basic phys-
ical and static mechanical properties of specimen are given as
Table 1.

2.2. Test Apparatus. The main test apparatus used here is
variable-speed heating furnace, scanning electron microscopy,
electrohydraulic and servo-controlled material testing
machine, and split Hopkinson pressure bar. The variable-
speed heating furnace, which consists of a heating cabinet
and smart controller, is designed to have a rated power of
4 kW, a maximum temperature of 1200°C, and a maximum
heating rate of 40°C/min. The scanning electron microscope
of type EVO-MA10 is used to obtain the internal structure
of rock specimen. The electrohydraulic and servo-controlled
material testing machine (Instron 1346) mainly consists of
main body (a pressure device, compression bar, strut bars,
and support) and a control and data-processing device. The
split Hopkinson pressure bar consists of a spindle punch, an
emission cavity, a gas gun, an incident bar (φ 50mm× 2000
mm), a transmission bar (φ 50mm× 1500mm), an absorbing
bar (φ 50mm× 500mm), a signal recording device including
high dynamic strain indicator, and oscilloscope. The ultimate
strength, wave velocity, elastic modulus, Poisson’s ratio, and

density of the bar are 800MPa, 5400m/s, 240GPa, 0.28, and
7810kg/m3, respectively, as shown in Figure 2. The complete
stress–strain curve could be obtained due to the higher stiff-
ness of the high-strength alloy bar compared to that of the
rock specimen. The resistance strain gauges are bonded to
the incident bar and the transmitted bar, respectively, to
record the voltage signals. The distance between the strain
gauge and the end face of the test bar is 1004mm for both
the incident and the transmission bar. In addition, a stable
strain rate of half the sinusoidal stress wave is produced by a
spindle punch [29]. The incident, reflected, and transmitted
waves are measured by the signals recorded through strain
gauges fixed on the incident and transmitted bars. Correspon-
dently, the stress σ (t), strain ε (t), and strain rate ε• ðtÞ could
be calculated from the cross-sectional area AS of the specimen,
the cross-sectional area A0 of the pressure bar, the wave veloc-
ity C0 of the pressure bar, the elastic modulus E0 of bar, the
length L S of the rock specimen, the incident strain εI, the
reflected strain εR, and the transmitted strain εT, by using For-
mula (1).

σ tð Þ = A0
2AS

E εI + εR + εTð Þ,

ε tð Þ = C0
LS

ðt
0
εI − εR − εTð Þdt,

_ε tð Þ = C0
LS

εI − εR − εTð Þ:

8>>>>>>>><
>>>>>>>>:

ð1Þ

2.3. Experimental Method. For X-ray diffraction and static
experiments, the number of specimens should be no less
than three. For dynamic experiment, consideration on α-β
transition of quartz at around 573°C [30], the granite spec-
imens are divided into three large groups: one group for
heated (0°C/min), the second group are heated to 400°C,
heating rates of which are 1, 2, 4, 6, 10, 20, 30, and 40°C/
min, and the last group are heated to 600°C, heating rates
of which are 1, 2, 4, 6, 10, 20, 30, and 40°C/min. According
to the divided groups, the specimens are numbered accord-
ingly. Before thermal treatment, the basic properties of
granite specimens, including static compressive strength,
density, ultrasonic wave velocity, and static elastic modulus,
should be measured no less than three times. Then, the
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Figure 2: The split Hopkinson pressure bar system.
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specimens could be treated by using different heating
methods, and the methods are shown as Figure 3.

Once the target temperature is reached, the temperature
is kept constant for 2 hours for the purpose of uniform heat-
ing of the specimens, and the specimens are cooled in the
heating body slowly to avoid thermal shock. After cooled,
the density and ultrasonic wave velocity should be measured.
Finally, the internal structure of different thermal shock
treated granite specimens could be obtained by using scan-
ning electron microscopy. And the dynamic compressive
experiments could be carried out by using the split Hopkin-
son pressure bar.

For scanning electron microscopy experiment, firstly, the
specimen is processed into a cube with dimensions of 10mm
in lengths. Finally, the processed piece could be used for
scanning electron microscopy experiment at specified
multiplier.

3. Damage Characteristic of Thermal Shock

The macrorupture, loss of stability, and failure of materials
are closely related to the distribution of internal cracks and
the generation, propagation, and connection of microfrac-
tures. Figures 4(a) and 4(b) are the SEM images for internal
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Figure 4: The internal structures of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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structures of granite specimens heated at different tempera-
tures (400°C and 600°C) and heating rates (1, 4, 6, 10, 20, 30,
and 40°C/min), the heating rate of 0°C/min stands for
unheated granite specimen, and all the amplifications are
500. Considering on almost the same to internal structures
of granite specimens heated at heating rate of 1, 4, and
6°C/min, the images for internal structures of granite speci-
mens, which heated at heating rate of 2°C/min, are not given
in Figure 4. As are shown in Figure 4, when the temperature
and heating rate increase, different cracks including micro-
cracks, large cracks, secondary cracks, and interconnected
cracks appear in the internal structure of granite specimen
accordingly, which lies in the difference of the number and
size. At 25°C (0°C/min), there is not apparent crack in the
view. From 25°C to 600°C, the number and size of cracks
increase gradually because of the enlargement of thermal
stress which causes by the increasing temperature. At the
same temperature whether at 400°C or 600°C, when the
heating rate increases from 1 to 6°C/min, the internal struc-
ture is almost unchanged, but the number and size of cracks
increase as heating rate increases from 6 to 40°C/min.
Besides the change of internal structure, the surface appear-
ance also changes to some extent as temperature and heating
rate increase. Two obvious changes appear at the surface of
specimen when the temperature and heating rate increase,
which is the color change and surface crack, as are shown
in Figures 5(a) and 5(b). From 25 to 600°C, the color of spec-
imen gradually changes from gray to claybank, especially
when the temperature is 600°C, which is conformed to our

previous research [5]. The reasons of color change possibly
are the dehydration and oxidation of rocks [31]. Apart from
color change, there is another apparent change, namely, sur-
face crack appears with the increasing heating rate. At 400°C,
the surface crack appears when the heating rate equals to or
is higher than 30°C/min, but at 600°C, it appears when the
heating rate equals to or is higher than 20°C/min. Under
the same heating rate, the surface cracks appear earlier when
the treated temperature is higher. The reasons are there is
more defects in the internal of rock specimen at a high
temperature.

Damage, which could evaluate the case of the number
and size of material internal cracks to some extent, is a mac-
roscopic parameter that represents deterioration degree of
material. The larger the number and size of material internal
cracks, the larger the damage. Rock materials especially
granite, which contains initial defects, such as fissures, pores,
and microcracks, under external loads including thermal
stresses caused by temperature and thermal shock, could
form damage accumulation. The damage accumulation
resulting from new born cracks and initial defect propaga-
tion may affect the physical and dynamic compressive prop-
erties of granite. Due to different propagation velocities of
ultrasonic wave in different mediums, simple, and efficient,
the method of ultrasonic wave velocity testing is widely
adopted in nondestructive testing. In order to quantitative
research the damage characteristic of thermal shock and
the correlation among damage characteristic, physical, and
dynamic compressive properties of granite, damage variable
which counts by ultrasonic wave velocity is used here, as
shown in Formula (2) [22].

Regardless of the initial damage, which caused by the ini-
tial defects, the damage of untreated granite specimen is
considered as zero in this paper.

D = 1 − V2
n

V2
0
, ð2Þ

where D is the damage, V0 is the ultrasonic wave velocity
of specimen at 0°C/min, namely, the ultrasonic wave velocity
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Figure 6: Measurement of ultrasonic wave velocity.
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Figure 5: The surface appearances of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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of untreated granite specimen, and Vn is the ultrasonic wave
velocity of thermal shock treated granite specimen.

The ultrasonic wave velocity is measured before and after
thermal shock treatment by using a wave velocity measuring
instrument for geotechnical engineering, as shown in
Figure 6. By removing high discrete data, the damage of ther-
mal shock treated granite specimens are given in Table 2, the
data of which indicates that even at the same temperature
the damage is different as heating rate varies, and there is no
thermal shock at low heating rate.

Figure 7 shows the correlation between the heating rate
and damage of granite specimens at 400°C and 600°C. An
obvious phenomenon catches our eyes, in which the relation-
ship between damage and heating rate is divided into two
parts (part I and part II) both at 400°C and 600°C. In part I
(damage invariant region), the damage almost unchanged
when the heating rate increases, which indicates that there is

no thermal shock when the heating rate is smaller than or
equals to 6°C/min. The phenomenon confirms to the studies
of thermal effect on rock properties, in which they carried
out thermal treatment on rock specimens by using heating rate
below 5°C/min in order to avoid thermal shock [5, 9, 22, 23,
32, 33]. For example, Yin et al. [5] heated the granite specimen
to a target temperature with a heating rate of 2°C/min. At
400°C, when the heating rate is smaller than or equals to
6°C/min and is larger than 0°C/min, the damage is around
0.47 to 0.48, which is resulted from high temperature. When
the treated temperature is 600°C, the damage is about 0.74 at
heating rate ranging from 0 to 6°C. The water including free
and bound water evaporates, and the number and size of inter-
nal cracks increases as the temperature increases; therefore,
the damage increases accordingly. In part II (damage increas-
ing region), the damage increases gradually with the increas-
ing heating rate both at 400°C and 600°C, that is to say
thermal shock appears in this part. The enlargement of ther-
mal stress resulting from thermal shock brings about the
increase of the number and size of cracks at the same temper-
ature and finally leads the damage to increase. When the heat-
ing rate varies from 10 to 40°C/min, the damage increases
from around 0.6 and 0.82 to around 0.82 and 0.96 at 400°C
and 600°C, respectively. There is a threshold value between
6°C/min and 10°C/min, which divides the effect of heating rate
on the damage characteristic into two parts. Before the thresh-
old value, there is no thermal shock; after that value, the ther-
mal shock appears gradually. Especially, when the heating rate
is high, such as 40°C/min, the thermal shock and damage are
large.

4. Results and Discussion

4.1. Damage Effect on the Density. By measuring, the density
of different thermal treated granite specimens is given in
Table 3. When the heating rate is 0°C, namely, the specimen
is unheated, the damage is zero, and the density of granite
specimen is about 2546.72kg/m3. As is shown in Figure 8,
before the threshold value, namely, in part I (damage invariant
region), the damage is almost unchanged; hence, the density,

Table 2: Damage (D) of thermal shock treated granite specimens.

No. D No. D No. D No. D

D-0-1 0.00 D400-6-2 0.43 D400-40-3 0.80 D600-10-1 0.83

D-0-2 0.00 D400-6-3 0.51 D600-1-1 0.75 D600-10-2 0.83

D-0-4 0.00 D400-10-1 0.60 D600-1-2 0.73 D600-10-3 0.82

D400-1-1 0.48 D400-10-2 0.58 D600-1-3 0.73 D600-20-1 0.90

D400-1-2 0.46 D400-10-3 0.62 D600-2-1 0.74 D600-20-2 0.89

D400-1-3 0.50 D400-20-2 0.76 D600-2-2 0.73 D600-20-3 0.90

D400-2-1 0.47 D400-20-4 0.75 D600-2-3 0.76 D600-30-1 0.94

D400-2-2 0.43 D400-20-5 0.78 D600-4-1 0.75 D600-30-2 0.93

D400-2-3 0.50 D400-30-1 0.80 D600-4-2 0.73 D600-30-4 0.94

D400-4-2 0.49 D400-30-2 0.77 D600-4-3 0.74 D600-40-1 0.96

D400-4-3 0.45 D400-30-3 0.82 D600-6-1 0.74 D600-40-2 0.96

D400-4-4 0.50 D400-40-1 0.84 D600-6-2 0.73 D600-40-5 0.96

D400-6-1 0.47 D400-40-2 0.82 D600-6-3 0.75
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Figure 7: The damage of thermal shock treated granite specimens.
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which is about 2526.13 kg/m3 at 400°C and 2494.13 kg/m3 at
600°C, is almost unchanged as heating rate increases.
Although density is not too sensitive to temperature, the den-
sity decreases to varying degrees accordingly as the tempera-
ture increases, and the case is similar to some researches [6,
22, 34]. The reason for the decrease of density is the increase
of damage at higher temperature, which due to the water evap-
oration and the increasing number and size of internal cracks
caused by increasing temperature. After the threshold value, in
part II (damage increasing region), the thermal stress increases
due to the thermal shock, which makes the number and size of
cracks to increase, and finally leads to the increase of damage.
Therefore, the density decreases accordingly.

4.2. Damage Effect on Dynamic Compressive Properties. For
any valid dynamic experiments by using split Hopkinson pres-
sure bar, the experiments should be carried out under the con-

dition of one-dimensional stress and be satisfied with dynamic
equilibrium [22]. For the dynamic compressive experiments in
the paper, the transmitted stress is roughly the sum of the inci-
dent and reflected stresses, as is shown in Figure 9, which indi-
cates that the dynamic stresses on each side of the specimen
are balanced. The compressive properties of different thermal
shock-treated granite specimens including dynamic compres-
sive strength, σd, peak strain, εd, and dynamic elastic modulus,
Ed, are given in Table 4. The dynamic compressive strength of
granite specimen is about 169.66MPa at 25°C (0°C/min).

4.2.1. Damage Effect on Dynamic Compressive Strength.
Dynamic compressive strength, a strength mechanical param-
eter which could represent the ability to bear dynamic loads, is
one of the significant factors to evaluate the structural stability.
Considering on the importance of dynamic compressive
strength, some researchers have focused on the dynamic

Table 3: Density (ρ) of different thermal treated granite specimens.

No. ρ (kg/m3) No. ρ (kg/m3) No. ρ (kg/m3) No. ρ (kg/m3)

D-0-1 2546.40 D400-6-2 2517.85 D400-40-3 2500.96 D600-10-1 2483.47

D-0-2 2545.28 D400-6-3 2519.30 D600-1-1 2479.74 D600-10-2 2470.34

D-0-4 2548.47 D400-10-1 2510.70 D600-1-2 2488.36 D600-10-3 2474.59

D400-1-1 2522.72 D400-10-2 2513.80 D600-1-3 2475.22 D600-20-1 2466.42

D400-1-2 2519.41 D400-10-3 2511.30 D600-2-1 2486.24 D600-20-2 2467.53

D400-1-3 2521.53 D400-20-2 2509.03 D600-2-2 2480.13 D600-20-3 2462.25

D400-2-1 2526.12 D400-20-4 2510.36 D600-2-3 2476.45 D600-30-1 2461.20

D400-2-2 2519.03 D400-20-5 2508.59 D600-4-1 2480.41 D600-30-2 2462.93

D400-2-3 2520.44 D400-30-1 2508.72 D600-4-2 2482.95 D600-30-4 2463.05

D400-4-2 2518.74 D400-30-2 2509.68 D600-4-3 2476.85 D600-40-1 2459.72

D400-4-3 2527.85 D400-30-3 2505.54 D600-6-1 2486.74 D600-40-2 2462.51

D400-4-4 2520.93 D400-40-1 2502.07 D600-6-2 2478.53 D600-40-5 2457.55

D400-6-1 2526.57 D400-40-2 2504.65 D600-6-3 2480.25
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Figure 8: Damage effect on the density of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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compressive strength study by carried out laboratory
experiments [21, 22, 35]. Figures 10(a) and 10(b) are the
damage effect on the dynamic compressive strengths of
different thermal treated granite specimens at 400°C and
600°C, respectively. When temperature increases from
25°C to 600°C, due to the increase of damage, the dynamic
compressive strength decreases gradually. Similar to many
studies, the compressive strength no matter for static or
dynamic compressive strength decreases to some degree
as temperature increases [1, 4, 5, 22, 34, 36, 37]. At
400°C, before the threshold value (in part I, damage
invariant region), because of the unchanged damage as
heating rate increases, the dynamic compressive strength
is almost constant, around 143.86MPa. As the heating rate
continues to increase, reaches in part II (damage increas-
ing region), the damage increases gradually; thus, the
dynamic compressive strength decreases accordingly. 6°C/
min-40°C/min, when the damage increases from 0.47 to
0.82, the dynamic compressive strength decreases from
142.92MPa to 114.99MPa, a decrease of 27.93MPa. Simi-
larly, at 600°C, due to the two different parts of damage,
the dynamic compressive strength, which is unchanged
before the threshold value, is about 104.17MPa and, after
the threshold value the dynamic compressive strength
decreases from 104.17MPa to 71.85MPa as damage
increases from 0.74 to 0.96, a decrease of 32.32MPa. It
shows that the thermal shock damage indeed affects the
dynamic compressive strength.

4.2.2. Damage Effect on Dynamic Peak Strain. Dynamic peak
strain, a parameter which could reflect deformation extent
before peak during the material suffered to dynamic impact,
is also one of the important factors that affect the structural
stability. As is seen in Figures 11(a) and 11(b), when temper-
ature increases, the ductility enhancement [1, 5], hence, the
peak strain increases accordingly. The same to the damage

effect on dynamic compressive strength, during increasing
heating rate, the damage effect on the dynamic peak strain
is divided into two parts, namely, part I and part II, but some
differences still appear. In part I, on account of the almost
invariable damage, the peak strain remains constant, nearly
0:60 × 10−2 at 400°C and almost 0:75 × 10−2 at 600°C. In part
II, at both 400°C and 600°C, when the heating rate increases,
due to the increasing thermal stress caused by thermal
shock, the number and size of cracks increase; at this time,
the damage increases accordingly and finally leads the
dynamic peak strain to increase. After the threshold value,
the thermal shock increases as the heating rate increases.
When the heating rate increases from 6°C/min to 40°C/
min, the damage increases from 0.74 to 0.96; at this moment,
the dynamic peak strain increases from 0:60 × 10−2 to
0:85 × 10−2 at 400°C and from 0:75 × 10−2 to 1:20 × 10−2 at
600°C.

4.2.3. Damage Effect on Dynamic Elastic Modulus. Dynamic
elastic modulus could represent the elastic deformation
capacity of materials under impact loads; meanwhile, it is
one of the factors which are important to the structural sta-
bility too. Generally, the elastic modulus, both static and
dynamic, decreases when temperature increases [1, 4, 5, 22,
36, 37]. Similar to dynamic compressive strength and peak
strain, when the heating rate increases, the effect of thermal
damage on the dynamic elastic modulus could divided into
two parts (part I and part II), as shown in Figures 12(a)
and 12(b). Before the threshold value, in part I, whether at
400°C or at 600°C, the dynamic elastic modulus almost
remains unchanged due to the unchanged damage value
and is about 28.22GPa and 18.59GPa, respectively. How-
ever, both at 400°C and 600°C, after the threshold value,
the dynamic elastic modulus decreases gradually with the
rising heating rate because of the increasing damage caused
by the increasing thermal shock. At 400°C and 600°C, when
the heating rate increases, the dynamic elastic modulus
decreases from about 24.36GPa and 13.59 to 15.64GPa
and 8.75GPa, almost a decrease of 44.21% and 44.05%,
respectively. The dynamic elastic modulus decreases as ther-
mal shock damage increases, which is similar to the thermal
effect on dynamic elastic modulus as researchers have stated
[20, 22].

By carried out experiments on several igneous rocks
treated to 25 to 550°C, Richter et al. [25] enhance that
heating rate indeed affects thermal expansion. They dis-
cover that if the heating rate is smaller than or equal
to 2°C/min and the maximum temperature is smaller
than or equal to 250°C, the coefficient of thermal expan-
sion is almost constant. However, when the heating rate
is larger than 2°C/min and the temperature is larger than
35°C, new cracks are produced in rock specimen, which
leads the coefficient of thermal expansion to decrease.
The physical properties, such as the coefficient of thermal
expansion, change when heating rate > 2°C/min, which is
a little different to our research in this paper. In our
research, the threshold value of heating rate is between
6°C/min and 10°C/min, the case is similar to the other
researchers who indicate that below 5°C/min, and the
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Figure 9: Dynamic stress equilibrium of a typical specimen, D600-
2-2. (note: in., Re. and Tr. denote the incident, reflected, and
transmitted stresses, respectively.)
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Table 4: The compressive properties of thermal shock treated granite specimens.

No. _ε (s-1) σd (MPa) εd (10
-2) Ed (GPa) No. _ε (s-1) σd (MPa) εd (10

-2) Ed (GPa)

D-0-1 55.12 170.21 0.50 41.64 D400-40-3 62.41 112.30 0.85 15.25

D-0-2 52.34 167.33 0.55 39.89 D600-1-1 62.34 101.75 0.78 17.02

D-0-4 51.89 171.45 0.49 43.24 D600-1-2 65.56 106.25 0.70 19.01

D400-1-1 60.31 145.21 0.65 28.01 D600-1-3 58.21 100.75 0.72 19.95

D400-1-2 55.45 142.55 0.60 29.36 D600-2-1 56.55 107.25 0.77 19.62

D400-1-3 57.01 144.35 0.58 27.92 D600-2-2 58.31 104.33 0.75 18.42

D400-2-1 61.01 146.31 0.62 28.62 D600-2-3 60.45 102.55 0.70 18.42

D400-2-2 55.21 142.55 0.66 27.01 D600-4-1 55.23 104.23 0.74 17.45

D400-2-3 54.45 142.85 0.59 29.25 D600-4-2 57.34 105.71 0.77 19.27

D400-4-2 50.24 142.35 0.60 29.20 D600-4-3 52.15 101.58 0.75 18.50

D400-4-3 56.37 147.21 0.59 27.71 D600-6-1 61.25 108.45 0.73 19.07

D400-4-4 54.23 144.22 0.57 28.56 D600-6-2 60.34 102.95 0.74 17.14

D400-6-1 61.32 145.75 0.56 27.17 D600-6-3 64.21 104.28 0.82 19.19

D400-6-2 60.24 140.56 0.58 28.08 D600-10-1 62.45 97.42 0.86 12.04

D400-6-3 57.45 142.44 0.62 27.79 D600-10-2 55.48 92.25 0.85 13.32

D400-10-1 63.24 135.75 0.71 24.17 D600-10-3 57.34 94.46 0.87 15.41

D400-10-2 60.15 137.85 0.67 24.04 D600-20-1 63.75 84.75 1.01 10.13

D400-10-3 58.45 136.46 0.68 24.86 D600-20-2 65.26 86.24 1.05 9.28

D400-20-2 58.43 125.35 0.75 21.07 D600-20-3 60.45 82.91 1.03 12.93

D400-20-4 52.24 121.45 0.74 19.88 D600-30-1 54.23 74.25 1.14 11.91

D400-20-5 54.45 122.81 0.73 21.34 D600-30-2 59.45 75.64 1.08 7.09

D400-30-1 63.24 118.34 0.81 18.17 D600-30-4 65.56 78.26 1.19 10.92

D400-30-2 65.55 120.25 0.82 18.15 D600-40-1 67.45 72.52 1.18 7.84

D400-30-3 60.21 116.95 0.79 18.06 D600-40-2 68.26 73.24 1.20 8.69

D400-40-1 58.25 115.23 0.87 15.92 D600-40-5 62.55 69.78 1.22 9.72

D400-40-2 65.01 117.45 0.84 15.76

(note: _ε stands for the strain rate.).
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Figure 10: Damage effect on the dynamic compressive strength of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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heating process could avoid thermal shock [5, 9, 22, 23, 32,
33]. The differences may due to the different rock type and
components of rocks. In addition, considering on the dynamic
compressive properties are all related to thermal shock dam-
age and to obtain the dynamic compressive properties are
more different and expensive than thermal shock calculated
by ultrasonic wave velocity, we could roughly evaluate the rock
structural stability by the means of measure ultrasonic wave
velocity to some extent.

The research could provide a theoretical foundation for
rock engineering suffered thermal shock, such as geothermal
reservoir [38–44].

5. Conclusions

Based on the above results, analysis, and discussion, the con-
clusions were drawn as follows:

(1) There is a heating rate threshold value between 6 and
10°C/min, and thermal shock appears after the thresh-
old value

(2) The dynamic compressive strength, dynamic elastic
modulus, and density decrease accordingly when the
thermal shock damage increase, and the opposite phe-
nomenon comes to peak strain
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Figure 11: Damage effect on the peak strain of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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Figure 12: Damage effect on the dynamic elastic modulus of thermal shock treated granite specimens (a) T = 400°C and (b) T = 600°C.
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(3) For granite, the method for rock heating by using
heating rate below or equal to 6°C/min which could
avoid thermal shock
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