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h i g h l i g h t s

� Temperature significantly influence the dynamic behavior of granite.
� Density variation (within 5%) can be ignored during thermal treatment.
� Wave velocity and Young’s modulus decreases as temperature increases monotonously.
� Energy absorption ability varies as temperature increases with its maximum at 400 �C.
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a b s t r a c t

A systemic understanding of the thermal effects on the dynamic behavior of granite is significant to ther-
mal engineering applications such as waste disposal engineering and underground coal gasification. In
the present study, scanning electron microscope (SEM) tests were carried out to evaluate the thermal
effects on the geophysical properties of granite. The results show that the density decreases slightly as
the temperature increases from 25 �C to 400 �C but that it decreases sharply as the temperature increases
further to our maximum tested temperature of 800 �C. The defect rate increases slightly as temperature
increases from 25 �C to 400 �C and then increases sharply as the temperature further increases to 800 �C.
Next, ultrasonic wave tests were performed to evaluate the thermal effects on the wave velocity and P-
wave modulus. The results show that both the wave velocity and P-wave modulus decrease sharply and
linearly below the temperature of 400 �C, before deceasing nonlinearly as the temperature increases to
800 �C. Finally, split Hopkinson pressure bar (SHPB) tests were adopted to investigate the thermal and
loading rate coupling effects. The results show that the dynamic strength decreases linearly as temper-
ature increases but increases as the impact pressure increases. However, the dynamic energy absorption
capacity increases below 400 �C but then decreases as the temperature increases to 800 �C. The thermal
effects on energy absorption capacity are more obvious for granite under a smaller impact pressure.

� 2017 Elsevier Ltd. All rights reserved.

1. Introduction

A systemic understanding of thermal effects on the mechanical
behavior of granite is very important for thermal engineering
applications, e.g., the development and utilization of geothermal
energy, deep disposal of nuclear waste and volcano stability
assessment. The variation of physical and mechanical properties
of granite after high-temperature treatment has become a major
issue of interest in recent years [1–3].

The mechanical properties of rock (rock mass) have been exten-
sively studied [4–9]. Brace and Martin conducted triaxial testing
for six kinds of rock and found that the degree of damage increases
as the loading rate increases [10]. Grady et al. tested shale with dif-
ferent oil contents and found that the dynamic strength of oil filled
shale increased as the loading rate increased [11]. Moreover, the
rock was damaged in three patterns: the tensional pattern, shear
pattern and mixed pattern [11,12]. Dai et al. conducted Brazil split-
ting tests to investigate the dynamic tensional behavior of rock and
showed that the crack propagation in the rock is significantly
related to the loading rate [13]. Li et al. modified the traditional
SHPB setup and systemically tested the dynamic behavior of rock
under an intermediate loading rate [14,15]. Yin further concluded

http://dx.doi.org/10.1016/j.applthermaleng.2017.07.007
1359-4311/� 2017 Elsevier Ltd. All rights reserved.

⇑ Corresponding author.
E-mail address: wuzh0013@e.ntu.edu.sg (Z.J. Wu).

Applied Thermal Engineering 125 (2017) 94–103

Contents lists available at ScienceDirect

Applied Thermal Engineering

journal homepage: www.elsevier .com/locate /apthermeng

http://crossmark.crossref.org/dialog/?doi=10.1016/j.applthermaleng.2017.07.007&domain=pdf
http://dx.doi.org/10.1016/j.applthermaleng.2017.07.007
mailto:wuzh0013@e.ntu.edu.sg
http://dx.doi.org/10.1016/j.applthermaleng.2017.07.007
http://www.sciencedirect.com/science/journal/13594311
http://www.elsevier.com/locate/apthermeng


that the dynamic behavior of rock can be classified into four cate-
gories: the experiential model, element model, damage model and
combination model [16]. A detailed review of dynamic experimen-
tal techniques and mechanical behavior of rock was conducted
[17,18], but most of the previous research on the dynamic behavior
of rock was performed at room temperature.

The thermal effects on rock properties have attracted increasing
attention recently due to the development of deep earth engineer-
ing [19–21]. The variation in the mechanical properties, e.g., elastic
modulus, compressive strength and Poisson’s ratio, of granite
under different temperatures were investigated experimentally
[19]. Alm et al. investigated the mechanical behavior of thermally
treated granite and analyzed the micro-defect generation process
[20]. Liu and Xu measured the mechanical properties of granite
under high temperature and found the threshold value of physical
transformation [21]. Luo et al. introduced the thermal-mechanical
coupling equation to investigate the thermal effects on the micro-
defect of rocks [22]. Recently, image processing techniques have
been widely used to analyze the mechanisms underlying thermal
effects. Zuo et al. conducted scanning electron microscope (SEM)
tests to analyze the thermal crack initiation [23]. Micro-CT was
introduced to investigate the thermal damage and failure mechan-
ical behavior of granite after exposure to different high-
temperature treatments [3]. Most of the previous research on the
dynamic behavior of thermal-treated granite used only one or
two technologies, e.g., SEM, ultrasonic measurement or SHPB. Since
the mechanical properties of granite change markedly due to their
different natural constituent contents, it is inappropriate to com-
pare the experimental results obtained using different technolo-
gies on different granites. However, systemic research on the
dynamic behavior of thermally treated rock has not yet been
explored.

In this paper, the thermal effects on granite were observed by
scanning electron microscope tests, and a graphical analysis was
conducted to investigate the thermal effect on the defect rate. Sub-
sequently, the ultrasonic measurement was conducted to obtain
the thermal effects on the wave velocity and elastic modulus.
Finally, SHPB tests were performed to investigate the thermal
effects on the dynamic compressive stress-strain relationship,
dynamic compressive strength and dynamic compressive energy
absorption capacity of granite.

2. Rock sample

The rock samples in the present study are from Zhejiang Pro-
vince, China. These rocks consist mainly of mica, feldspar, quartz
and other minerals, which form an interlocking, somewhat equi-
granular matrix of feldspar and quartz with scattered darker mica,
as shown in Fig. 1(a). The rock was cored from a geological explo-
ration project at the depth of 50–70 m underground.

Fig. 1(b) shows two kinds of specimens prepared for the tests.
Cylindrical specimens with a diameter of 50 mm and a height of
25 mm were designed for the dynamic SHPB tests, while those
with a diameter of 50 mm and a height of 100 mm were designed
for the ultrasonic test. The integrity and homogeneity of the rock
samples were carefully examined, and two end surfaces of speci-
mens were ground with a maximal roughness of 0.05 mm.

3. Thermal treatment

The thermal treatments were performed in the rock mechanic
lab of Beijing University of Technology. Fig. 2 shows the heating
machine, which can supply a maximum of 1200 �C with a maxi-
mum error of ±1.0 �C. The heating program can be set according
to the experimental requirement, and it has a maximum heating
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Fig. 1. Rock specimen for ultrasonic and dynamic tests.

Fig. 2. Thermal treatment machine.
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