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Abstract In order to investigate the dynamic behavior of
medium-fine-grained Huashan granite treated by different
temperatures, the splitting tests on the granite specimens are
carried out using an improved split Hopkinson pressure bar
(SHPB). The dynamic force equilibrium condition in the spec-
imen is basically satisfied. The results show that with increas-
ing treatment temperature, the ultrasonic P-wave velocity de-
creases, while thermal damage accordingly increases. The
damage evolution follows the logistic curve model. For a tem-
perature at or below 500 °C, all the specimens break diamet-
rically into two halves at relatively low impact velocities. As
the impact velocity rises, the triangular crushed zones are ob-
served at the two loading ends of the specimen. When the
temperature exceeds 500 °C, the damage of the specimen
becomes severe, and even completely pulverized under high
impact velocity. There are good correlations between the split-
ting strength and the treatment temperature, the ultrasonic
P-wave velocity as well as the thermal damage. In addition,
the splitting strength is slightly abnormal at 100 °C, namely
the strength becomes lower than that at room temperature
with increasing impact velocity. Overall, the decay of
the splitting strength with thermal damage for the treat-
ment temperatures over 100 °C accords with the power
function. Moreover, the splitting strength of specimen is
sensitive to strain rate at high temperature, but the in-
creasing rates are different under different ranges of
temperature.
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Introduction

In general, rock falls into the category of brittle material. Its
tensile strength is typically smaller than the compressive
strength by an order of magnitude.When disturbed by dynam-
ic loads from blasting, earthquake or rockbursts, the under-
ground rock would be vulnerable to tensile failure [1, 2].
Tensile failure is also an important aspect in thermal fracturing
of rock. In addition, drill-and-blast excavation generates
dynamic waves in the rock mass that easily result in
tensile fracturing. Therefore, research on various methods
to measure dynamic tensile strength of rock materials, espe-
cially at/after high temperature, is important for their applica-
tion in rock mass engineering and the development in rock
mechanics [3].

The International Society for Rock Mechanics (ISRM) has
suggested several methods for measuring tensile strength of
rock [4]. Due to experimental difficulties in direct tensile test,
indirect methods serve as convenient alternatives to measure
the tensile strength of rock-likematerials, such as the Brazilian
disc test, the ring test and three-point bending test [5, 6]. These
indirect methods are much easier and less expensive than the
direct methods, and they have thus been widely used in labo-
ratory experiments.

As is well known, multi-field coupling problem of rock
under the effects of stress, temperature, and seepage has be-
come a new research topic. Over the past few decades, great
progress has been made in the characterization of rock tensile
failure: Yu pointed out the deficiencies of the traditional
Brazilian test, and proposed a corrected formula based on
the tensile stress at the center of specimen ends [7]. Wang
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et al. considered that the flattened Brazilian disc specimen had
some advantages over the traditional complete disc specimen
in the dynamic splitting test, and the size effect on the dynamic
tensile strength was mainly caused by the fracture process
zone ahead of the crack tip [2]. Cho et al. performed dynamic
tension tests on granite and tuff to study the strain rate depen-
dency of the dynamic tensile strength [8]. Vishal et al. inves-
tigated the static splitting strength of granite at the tempera-
tures from 30 °C to 250 °C, and indicated that the splitting
strength increased slightly for temperatures below 100 °C and
began to decrease for higher temperatures [9]. Liu et al. re-
ported that the dynamic splitting tensile strength of marble
was greatly affected by temperature based on the split
Hopkinson pressure bar (SHPB) tests on heat-treated speci-
mens [10]. As for the dynamic tensile strength of rock, Huang
et al. concluded that the saturated specimen had stronger rate
sensitivity than the dry specimen, and the water softening
factor decreased with the loading rate [11]. Wu et al. investi-
gated the dynamic tensile failure of rock under static pre-ten-
sion, and found that rock dynamic tensile strength decreased
with increasing the pre-tension, while the total tensile strength
of the rock was roughly independent of the pre-tension [12].
Gomez et al. used the SHPB to explore the dynamic tensile
property of granite with a pre-existing damage [13]. These
previous works have indicated that the dynamic tensile
strength of rock is influenced by many factors.

Due to its high compressive strength, low total porosity,
good thermal conductivity and thermal stability, granite has
been chosen as the host rock for many engineering applica-
tions like radioactive waste repository. However, to date, the
dynamic tensile behavior of heat-treated Huashan granite has
not been explored. In this study, the dynamic splitting tests on
the granite specimens treated by different temperatures are
carried out using the improved SHPB. The ultrasonic P-
wave velocity, the evolution of thermal damage and the failure
mode of the specimen are analyzed to characterize the dynam-
ic features of the granite. Moreover, the effects of treatment
temperature, thermal damage and strain rate on the splitting
strength of the specimen are investigated.

Specimen Preparation and Experiment Setup

Specimen Preparation

The rock specimens were prepared using Huashan granite
taken from the Huashan region of Shanxi province of China.
In general, Huashan granite has a gray and lumpy structure,
classified as medium-fine-grained biotite granite. The main
mineral compositions include microcline (41%), plagioclase
(27%), quartz (22%) and biotite (7%) and others. The uniaxial
compression strength and average density of the granite are
138 MPa and 2620 kg/m3, respectively.

Cylindrical cores with a diameter of 50 mm were drilled
from a big rock block. Then, the cores were cut into circular
discs with thickness of ~25 mm. The two end planes of each
specimen were ground to ensure that both planes were parallel
with accuracy of ±0.05 mm and both planes were perpendic-
ular to the longitudinal axis with accuracy of ±0.25o. These
dimensions of the discs used for the subsequent dynamic split-
ting tensile tests conform to the standard suggested by the
International Society for Rock Mechanics (ISRM) [4, 14].

In the present study, specimens were designed and grouped
into six sets, including one obtained at room temperature and
the other five treated at 100, 300, 500, 700, and 900 °C, re-
spectively. Each set was tested with three (average) impact
velocities (i.e. 5.4 m/s, 7.7 m/s and 13.7 m/s). In order to
reduce the discretization of test data, each combination of
temperature and impact velocity was tested on at least three
specimens. The quality and geometry for all the granite spec-
imens were carefully measured before and after heating.

Thermal and Testing Equipment

Granite specimens were heated in an electrical furnace (Fig. 1)
at a rate of 10 °C/min until the desired temperature was
reached. The temperature was maintained for 4 hours. Then,
the furnace was cooled down to room temperature in more
than 10 hours. All the treated samples were stored in a desic-
cator until they were tested.

Ultrasonic measurements of each specimen were complet-
ed using the contact transmission technique (Fig. 2) before
and after the thermal treatment. Signals from the wave gener-
ator were transmitted to the specimen at one end via a trans-
ducer, picked up by a second transducer attached to another
end of the specimen. The signals were then digitized and
saved on the computer for obtaining the ultrasonic P-wave

Fig. 1 High temperature electric furnace
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velocity (Vp). A constant pressure was systematically applied
to ensure a tight contact between the sample and the transduc-
ers. Vaseline was chosen as coupling agent between specimen
and transducers in order to transmit the ultrasonic energy to
the specimen.

As shown in Fig. 3, the SHPB system is composed of
elastic input (incident) and output (transmitted) bars with a
short specimen sandwiched between them (Fig. 3(b)). The
device incorporates a gas gun to accelerate the striker bar.
The impact of the striker at the free end of the input bar

develops a compressive longitudinal incident wave εi(t).
Once this wave reaches the interface between the input bar
and the specimen, a part of it, εr(t), is reflected, whereas an-
other part εt(t) goes through the specimen and transmits to the
output bar. These three basic waves are recorded by the strain
gauges mounted on the input and output bars. For the SHPB
system used in this study, the lengths of the striker bar, inci-
dent bar, and transmitted bar are 400, 2400, and 1200 mm,
respectively. The wave velocity of the bars is 5172m/s and the
elastic modulus is 210GPa.

Fig. 2 Schematic of ultrasonic
testing device

(a) Schematic of SHPB set-up

(b) Specimen state during testing

Fig. 3 The SHPB for dynamic
indirect tensile test
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The stress wave signals recorded in the SHPB tests are
shown in Fig. 4. It can be seen that the magnitudes of incident
wave for different treatment temperatures are very close under
the same impact velocity, and the wave shape is similar to a
bell-like waveform with a smoother and longer ramp.
However, the transmitted waves and reflected waves are quite
different. For example, at the treatment temperature of 700 °C
the signal recorded on the transmitted bar is small, while the
reflected wave signal accordingly becomes much stron-
ger compared to that at 100 °C. This is due to the
serious thermal damage of specimen at 700 °C, which
makes it difficult for the stress-wave to propagate
through the specimen.

Check of Dynamic Force Equilibrium

As mentioned above, granite is a brittle material with a low
tensile strength, and usually it fails promptly at a small strain.
Under high strain rate loading, if the loading waveform is not
properly designed, the specimenmay break at a moment when
the incident wave is still rising and the force equilibrium has
not been reached.

According to the wave propagation theory, the stress wave
can be calculated from the corresponding strain signals mea-
sured by the strain gauges using the superposition principle.
As thus, the stress in one section of the elastic incident bar is
calculated from the two waves propagating in opposite direc-
tions in this section. Once the waves are known at bar-
specimen interfaces, the forces at both faces of the specimen
are given by the following equations:

F1 tð Þ ¼ EA0 εi tð Þ þ εr tð Þ½ � ð1Þ

F2 tð Þ ¼ EA0εt tð Þ ð2Þ

where E and A0 are, respectively, the Young’s modulus and the
cross-sectional areas of the bars.

To ensure that the uniform stress state, i.e., F1(t) = F2(t),
could be achieved as early as possible in specimens and that
the amplitude of pulse oscillation could be reduced, soft rub-
ber with the diameter of 10mm and the thickness of 3 mmwas
employed as a pulse shaper through multiple trial tests [15]. In
a traditional SHPB test, the incident wave with a sharp rising
front may initiate undesired damage to the specimen upon
impact. Consequently, the forces on both sides of the disc
specimen are unequal, which is likely to result in misinterpre-
tation of data. The pulse shaper allows the wave enough time
to reverberate to-and-fro in the specimen, and this ideal bell-
shaped waveform (see Fig. 4) makes it possible to produce a
nearly uniform distribution of stress in the specimen after a
very short time, which is about three times of the round-trip of
stress wave in the sample [16].

Figure 5 shows the forces on the two loading sides of the
specimens at the impact velocity of 7.7 m/s. For treatment
temperatures ranging from 25 °C to 900 °C, the dynamic force
on one side of the specimen F1 is proportional to the sum
of the incident and reflected waves, and the dynamic
force on the other side F2 is proportional to the trans-
mitted wave. It can be seen that the dynamic forces on
both sides of the specimens are almost identical before
the specimen failure. The inertial effects are thus elim-
inated because there is no global force difference in the
specimen. Consequently, the obtained results in this
study are accurate and reliable.

Analysis of Physical Properties

Ultrasonic P-Wave Velocity of Specimen

Figure 6 plots the variation of ultrasonic P-wave velocity as a
function of treatment temperature for the specimens. A reduc-
tion of the (average) wave velocity is noticed after heating due
to the thermal damage. Before heat treatment, the velocities of
P-wave are concentrated in a range of 3000 m/s ~ 3500 m/s.
For specimens after heat treatment, it shows a slight decrease
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of velocity between 25 and 100 °C. The difference between Vp

before and after the treatment becomes obvious for tempera-
tures ranging from 100 °Cto 700 °C. Once the temperature
exceeds 700 °C, the ultrasonic P-wave velocity tends to re-
main stable, with an average value of 585 m/s at 900 °C. A

comparison of the relationship between ultrasonic P-wave ve-
locity and treatment temperature is given in Fig. 7. It is seen
that the overall changing trend of the four different granite
rocks is accordant, with a a sharp decrease at the temperatures
of 500–700 °C [10, 17, 18].
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The reason for the decrease of ultrasonic P-wave velocity is
explained as follows: On one hand, the temperature action
induces the evaporation of water, while it is well known that
the wave velocity of water is five times that of air. Moreover,
the microcracks resulting from gas expansion somewhat
prevent the wave propagation and make the energy of
wave attenuate rapidly. On the other hand, due to mineralogical
heterogeneity of rock or phase transition of quartz at the temper-
ature of 573 °C [19], the different coefficients of thermal expan-
sion of quartz and other minerals lead to the coalescence of
existing microcracks and initiation of new microcracks, which
also causes the decrease of the ultrasonic P-wave velocity.

Analysis of Specimen Thermal Damage

The velocity of elastic wave is closely related to the rock
damage. The relation between wave velocity and thermal
damage can be expressed as:

D ¼ 1−
ρ1c

2
1

ρ0c
2
0

ð3Þ

where D is damage parameter; ρ0 and ρ1 are, respectively, the
densities of granite specimen before and after heating;
c0 and c1are, respectively, the elastic wave velocities of
granite specimen before and after heating.

The logistic curve model was used in this study to correlate
the thermal damage of specimens and the temperature of heat
treatment. The model is originally used to delineate the pop-
ulation growth and is the basis of multi-species population
dynamics, for example, the Lotka-Volterra models [20].
Herein, the logistical model was written as:

D ¼ k
1þ eη−ζT

ð4Þ

where T represents heated temperature; η, ζ and k are constants.
Figure 8 shows the relation between the thermal damageD

and the treatment temperature T. It can be observed that with
the increase of treatment temperature, the thermal damage of

specimen gradually increases. For the temperature ranging
from 300 °C to 500 °C, there is a significant increase in ther-
mal damage. As the treatment temperature increases to
700 °C, the thermal damage D approximates to a value of
1.0, and the sensitivity of thermal damage to treatment tem-
perature greatly decreases. The parameters fitted from the test
data are listed below: η=3.26877, ζ=0.00828 and k = 1.00036.
The coefficient of correlation, R, is 0.989. It is seen that the
logistic model can well reflect the non-linearity of thermal
damage evolution of Huashan granite exposed to different
treatment temperatures.

Characteristics of Failure Mode

The typical specimens that were recovered after the tests of six
treatment temperatures ranging between 25 and 900 °C are
shown in Figs. 9, 10, and 11 for impact velocities of 5.4 m/s,
7.7 m/s and 13.7 m/s, respectively. It can be seen that with the
increase of the temperature and the same impact velocity, the
degree of specimen failure becomes more severe. For a
temperature ≤ 500 °C and an impact velocity of 5.4 m/s, all
the specimens were split into two halves along the loading
diameter after the tests (see Fig. 9). In addition to the main
fracture, there were also some secondary fractures on the re-
covered specimens. These secondary fractures were induced
by the load after the peak and will not affect the accuracy of
the results [11]. With the increase of impact velocity, the
microcracks did not have enough time to propagate and coa-
lesce until failure, and thus the phenomenon of stress concen-
tration took place. Before the formation of the main fracture,
the compressive stress may have exceeded the compressive
strength of granite, and the small triangle-shaped crushed zone
was produced. It is also seen that the higher the impact veloc-
ity, the larger the triangular crushed zone. In particular, for the
treatment temperatures above 500 °C, the granite specimens
generally broke into several pieces of fragments. With the
increase of the impact velocity of the striker bar upon the
incident bar, the loading rate for the specimen gets higher,
resulting in a higher stress concentration. This is why the
angle of the crushed zone is larger at higher impact velocity.

Characteristics of Splitting Strength

As described above, the classical SHPB equations do not apply
directly to this test due to the indirect load applied to the spec-
imen. The force applied to the specimen was calculated using
(equation (2)) with the transmitted bar measurements, and this
can be converted to the tensile stress by the equation below:

σt ¼ 2F2 tð Þ
πdL

¼ 2EA0 εt tð Þmax

πdL
ð5Þ
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where L and d are, respectively, the thickness and diameter of
specimen; εt(t)max is the peak value of transmitted wave, as
shown in Fig. 12.

To ensure the accuracy of the measurement results, some
testing techniques (e.g. stress equilibrium for sample and

slenderness ratio of sample) were adopted. The advantages
of the method for measuring tensile strength are that the tensile
failure is constrained to the center of the specimen and that the
short Brazilian disc specimen can be used allowing the spec-
imen to equilibrate over a transient period [21].

(a) T=25 C (b) T=100 C (c) T=300 C

(d) T=500 C (e) T=700 C (f) T=900 C

Fig. 9 Failure mode of specimen
at impact velocity of 5.4 m/s

(a) T=25 C (b) T=100 C (c) T=300 C

(d) T=500 C (e) T=700 C (f) T=900 C

Fig. 10 Failure mode of
specimen at impact velocity of
7.7 m/s
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Effect of Treatment Temperature on Splitting Strength

Figure 13 presents the relation of splitting strength of granite
to treatment temperature under different impact velocities. For
each velocity, the splitting strength decreases with the increase
of treatment temperature by a basically similar downward
trend. The splitting strength of granite exhibits rate dependen-
cy, namely that the splitting strength increases with the strain
rate (or impact velocity). At a low impact velocity of 5.4 m/s,
the strength for the temperature of 100 °C increases slightly
compared to that at room temperature (i.e. 25 °C). However,
as the impact velocity increases, the contrary is observed. The
larger the velocity is, the more obvious the phenomenon ex-
hibits. This probably is due to the metamorphism and thermal
expansion of internal mineral grains caused by heating. For a

low impact velocity, the load does not exceed the load-bearing
capacity of post-metamorphic mineral grains. In addition, the
closure of microcracks and microvoids due to thermal expan-
sion also leads to the slight increase of splitting strength. By
contrast, at high impact velocities, once the impact action
exceeds the load-bearing capacity of mineral grains, the rock
is vulnerable to breakage, resulting in lower tensile strength at
100 °C than that at room temperature.

The comparison of the splitting strength of heat-treated
Huashan granite with the granite rocks in other origins is
shown in Fig. 13 [22, 23]. Generally, the curves of splitting
tensile strength and treatment temperature show similar
trends, and three phases can be identified: (1) treatment tem-
perature between 25–100 °C, the splitting strength is volatile,
which is significantly influenced by the impact velocity or

(a) T=25 C (b) T=100 C (c) T=300 C

(d) T=500 C (e) T=700 C (f) T=900 C

Fig. 11 Failure mode of
specimen at impact velocity of
13.7 m/s
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loading rate; (2) between 100 °C to 500 °C treatment temper-
atures, the strength curve basically levels off or gradually
changes; and (3) at treatment temperature of 500 °C or above,
the splitting strength of granite decreases sharply.

Effect of P-Wave Velocity on Splitting Strength

In natural state, the velocity of ultrasonic P-wave is a compre-
hensive embodiment of the elastic coefficients, deformation
characteristics and damage degree of rock material. The rela-
tionship between the rock strength and the P-wave velocity is
statistically significant. The variations of splitting strength as a
function of P-wave velocity for impact velocities of 5.4 m/s,
7.7 m/s and 13.7 m/s are shown in Fig. 14. It is clear that the
splitting strength of granite decreases with decreasing ultra-
sonic P-wave velocity. Furthermore, the splitting strength is
directly proportional to the impact velocity in a certain range.

Effect of Thermal Damage on Splitting Strength

The relationship between the splitting strength and thermal
damage calculated from (equation (3)) is plotted in Fig. 15
for impact velocities of 5.4 m/s, 7.7 m/s and 13.7 m/s. It is
seen that with the increase of thermal damage, the splitting

strength of rock gradually decreases for the same impact ve-
locity. Once the damage exceeds 0.6, the decrease of splitting
strength is obvious. This is because the specimen is heavily
fractured by thermal stress, leading to the coalescence
and growth of microcracks and hence a considerable
decline in the tensile strength. However, the strain rate
effect still remains, as indicated by the increasing split-
ting strength of granite with the increase of the impact
velocity of the striker.

In order to eliminate the influence of moisture content and
better characterize the relation between splitting strength and
thermal damage under different impact velocities, curves are
fitted to the measured data above 100 °C, as shown in Fig. 15.
It can be observed that with the increase of thermal damage,
there is a rise in the decreasing rate of splitting strength.
The relation between the splitting strength and thermal
damage of the treated specimen can be expressed as a
power law equation:

σt ¼ aþ bDc ð6Þ

where σt is the splitting strength of granite; D denotes the
thermal damage; a, b and c are fitting constants.

The constants from best fit are listed in Table 1. It turns out
that the correlation coefficients, R, for three impact velocities
are all quite close to 1.0, which implies the curve model rep-
resented by (equation (6)) can quite well correlate the relation-
ship between the splitting strength of Huashan granite and the
thermal damage for different impact velocities.

Relation of Splitting Strength with Strain Rate

Figure 16 presents the scatter diagram of splitting strength in
terms of strain rate at different treatment temperatures. It indi-
cates that the splitting strength increases linearly with the in-
crease of strain rate for the same treatment temperature. The
increasing rate of splitting strength of specimens ex-
posed to treatment temperature at or below 500°C is
significantly higher than those at the temperatures of
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700 and 900 °C. Additionally, the strain rate also increases
with the increase of treatment temperature. As the treatment
temperature increases from 500 °C to 700 °C, the increase of
strain rate with temperature becomes very obvious, which
implies that even at higher treatment temperature (≥700 °C),
the splitting strength of granite still remains significant rate
effect.

Conclusions

In this paper, a series of dynamic splitting tests on heat-treated
Huashan granite have been performed to investigate its tensile
strength and failure mode. According to experimental results,
the major conclusions can be drawn as follows.

(1) At the treatment temperature of 500°C or below, the
specimens are all fractured into two nearly equal halves
divided along the loading diameter under low impact
velocity, whereas the triangular crushed zones appear at
the two loading ends of specimen with increasing impact
velocity. When the temperature exceeds 500 °C, the
damage of specimen becomes severe, and even pulver-
ized under high impact velocity.

(2) The influence of treatment temperature on ultrasonic P-
wave velocity is obvious. The value of Vp decreases with
increasing temperature, and the influence becomes neg-
ligible when the temperature reaches 700 °C. The ther-
mal damage of the granite can be fitted by a logistic
curve model. For the treatment temperatures ranging
from 500 °C to 700 °C, the damage shows significant
increase, and it approaches to 1.0 at the temperature of
700 °C or above.

(3) At constant impact velocity, the splitting strength de-
creases with the increase of the treatment temperature.
For the temperatures above 100 °C, the variation of split-
ting strength with thermal damage under different impact

velocities follows the power law equation. The splitting
strength of the tested granite shows rate dependency, and
it increases linearly with the increase of strain rate to
some extent.
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