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With the development of modern society, geomaterials are widely used for infrastructure. +ese materials often experience
dynamic loading and high temperature, which significantly influences the mechanical behaviour of the materials. +is research
focuses on the effects of the loading rate and high temperature on rock mass in terms of rockmechanism. A state-of-the-art review
of rock mechanism under coupled dynamic loads and high temperatures is conducted first. +e rock mechanism under static and
dynamic loads is introduced.+emarble is taken as the rock material for the test, while the split-Hopkinson pressure bar system is
used to take the dynamic tests. In addition, the principles of the split-Hopkinson pressure bar are introduced to obtain the
dynamic parameters. +e fracture patterns of the uniaxial compressive strength test and the Brazilian tensile strength test are
obtained and compared with those well documented in the literature. Some curves for the relationships among the loading rate,
strain, temperature, compressive or tensile strengths are explained. It is conduced that with the increase of the loading rate, the
rock strength increases, while with the increase of the temperature, the rock strength decreases.

1. Introduction

It is well known that the rock materials are widely used in
many geostructures, such as foundations, tunnels, dam, and
slops. However, the physical and chemical properties of the
rock materials will be changed if they experience a high-
temperature environment. +is change will eventually affect
the rock behaviours. In addition, rock mass in a deep tunnel
or deep mine might be disturbed by explosion, earthquake,
and sudden and natural disasters [1]. In this condition, the
rock mass is experiencing an impact, i.e., dynamic loading.
Although the dynamic behaviour of the rock mass has been
intensively studied, the knowledge on the mechanism of the
rock mass under dynamic loads is still limited us to a better
understating of the dynamic behaviour of rock mass.
Moreover, for rock mass under the coupled condition of high
temperature and dynamic loading, the mechanism of rock
failure will be more complicated.+us, it is necessary to study
the rock behaviour under coupled high temperatures and

dynamic loading. To better understand the background of the
study on the dynamic behavior of rock after heat treatment, a
literature review is conducted in the following section. +e
main experimental equipment, i.e., split-Hopkinson pressure
bar, is introduced [2, 3].+en, static and dynamic tests for the
rock after heat treatment are reviewed.

2. State-of-the-Art Review of Rock
Mechanism under Dynamic Loads and
High Temperatures

+is section mainly reviews the rock fracture studies under
high temperatures and dynamic loads. As the split-Hop-
kinson pressure bar (SHPB) is the most widely used tech-
nique to carry out the rock fracture mechanism under
dynamic loads, the development of the technique is reviewed
first. +en, many dynamic tests, such as the uniaxial com-
pression test and Brazilian tensile strength test using SHPB,
are reviewed. Among them, the influence of the loading rate
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on the rock strength is intensively studied. After that, the
rockmechanism under temperatures is reviewed.+e review
focuses on the physical properties of rock after high-tem-
perature treatment and the static and the dynamic rock
mechanism of rock under high temperature. Since the
numerical studies of the dynamic rock fracture and frag-
mentation have been intensively studied and reviewed by the
authors and more details can be found in the literature
[4–14], the numerical studies of rock mechanism under high
temperature are not reviewed herein.

2.1. Experimental Study of Rock Mechanism under Dynamic
Loads

2.1.1. Development of the Split-Hopkinson Pressure Bar.
As for the rock under dynamic loading, sources of dynamic
loads could be explosion, impact, and seismic events [2, 3].
For research on the dynamic mechanism of rock, the split-
Hopkinson pressure bar might be the most widely used
technique [15–19]. +us, the development of the split-
Hopkinson pressure bar is introduced first. Kolsky used a
pressure bar to test the pulse waveform, and it was the first
time to measure the mechanical properties of rock under
dynamic loads [20]. Kolsky improved the Hopkinson bar
system, which is mainly divided into striker, incident bar,
and transmission bar. As the system is comprised of several
separated components, the system was called split-Hop-
kinson bar system [21]. +en, the system is used to study the
rock mechanism at the strain rates within 101 ∼ 104S− 1.
Some of the brittle materials, such as rock, are heterogeneous
and contain defects such as crack texture. +erefore, large
enough materials are needed to reduce the impact of ma-
terial’s heterogeneity. As the size of the specimen increased,
a larger diameter pressure bar was needed, so the large-
diameter Hopkinson bar developed rapidly since the 1970s.
+e adoption of the large-diameter Hopkinson bar chal-
lenges the traditional theoretical assumptions of Hopkinson
bar, i.e., one-dimensional stress wave hypothesis and uni-
form hypothesis. In addition, wave dispersion, stress un-
evenness, and cross section friction are the main problems
needed to be solved for the large-diameter Hopkinson bar.
+e dispersion problem is caused by the ignorance of the
inertia motion of particles in the Hopkinson bar with a large
diameter [22]. For section friction, butter is generally applied
to both ends of the specimen to reduce friction [22].
Moreover, since constant strain rate loading is very im-
portant for studying the constitutive relations under dy-
namic loads of rocks, many scholars have studied the
realization of constant strain rate loading by the SHPB. For
the first time, Samanta added a pad at the front end of the
incident bar to realize constant strain rate loading [23]. +e
pad is made of the same material and size as the sample.
Frew et al. pasted a copper sheet on the front end of impact
bars to realize constant strain rate loading [24].

2.1.2. Rock Mechanism under Dynamic Loads. Most rock
experiments techniques for carrying out the rock dynamic
tests are developed from those techniques for static tests. At

present, the standard dynamic experiment methods rec-
ommended by the international society of rock mechanics
are uniaxial compression test, the Brazilian disk test, and
semidisc with the prefabricated crack test. Tedesco et al.
applied the Hopkinson pressure bar to conduct an impact
test on cement and studied the influence of loading rate on
cement strength [25]. Galvez et al. conducted impact tests on
ceramic materials with the application of the Hopkinson
pressure bar, and the study showed that the loading rates
influence the tensile strength of the materials significantly
[26]. Sukontasukkul et al. have studied the effect of loading
rate on the damage of concrete using SHPB [27]. +ey
concluded that the specimens subjected to impact loading
were found to suffer higher damage than those subjected to
static loading. Uniaxial and triaxial compressive strength
tests have been conducted by Zhao, and the results showed
that compressive strength will increase due to the increased
loading rate [28]. Zhang et al. studied the influences of the
loading rate on the rock fracture process and concluded that
the number of cracks increases with the increasing loading
rate [29]. Many researchers indicate the same conclusion
that the loading rate significantly influences the behaviour of
the brittle materials [27–34]. Wang et al. studied the fracture
process of rock under high pressure by the Hopkinson
pressure bar, and the study showed that the tensile strength
and elastic modulus of rock under high strain rate were
several times higher than those under static condition [35].
Dai et al. proposed a method for measuring dynamic mode-I
rock fracture parameters using a cracked chevron notched
semicircular bend (CCNSCB) specimen loaded by a split-
Hopkinson pressure bar (SHPB) apparatus [31]. Zhou et al.
studied the mechanical behaviour of rock under both dy-
namic and static loads from the theoretical and experimental
perspectives [36]. +e theoretical and experimental results
show that when the stress wave front propagation is rela-
tively slow, the disk can reach a stress equilibrium and the
disk is split by the loading diameter [36]. When the force
wave front is relatively fast, the Brazilian disk is not suitable
for calculating the tensile strength of rock due to the uneven
distribution of stress [36]. Mahanta et al. studied the effects
of strain rate on fracture toughness and energy release rate of
gas shales [33]. Peng used the split-Hopkinson pressure bar
to conduct the Brazilian disc test and concluded that the
time required to achieve a uniform stress state in specimen
for the half-sine incident pulse is noticeably shorter than that
for the perfectly rectangular incident pulse [37].

2.2. Experimental Study of Rock Mechanism under High
Temperatures

2.2.1. Static Rock Mechanism under High Temperatures.
In deep geotechnical engineering, such as deep mining, deep
burial treatment of radioactive nuclear waste, coal gasifi-
cation and exploitation, and utilization of geothermal re-
sources, the physical and mechanical properties of rock are
all affected by the high-temperature environment. Due to
complex physical and chemical changes in the high-tem-
perature environment, the physical and mechanical
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behaviours of rock are different from those of normal
temperature. +us, the influence of temperature on rock
mechanical properties has been widely studied worldwide.
+e influence of temperature on rock is mainly manifested
in the following two aspects. On the one hand, the tem-
perature field has an influence on the physical behaviour of
rock. On the other hand, the change of thermodynamic
parameters related to rock deformation affects the tem-
perature field. On the contrary, the change of temperature
field affects the mechanical properties of rock. Generally,
when the temperature increases, the mechanical properties
of the rock become weak, and the stiffness, compressive
strength, tensile strength, elastic modulus, and other pa-
rameters of the rock will be reduced. At the same time, the
increase of the temperature will also change the mineral
composition of the rock, resulting in the increasing of the
microfractures and joint fractures. +en, the study for
physical property and the static rock mechanism under high
temperature is reviewed as follows.

Van der Molen summarized the mechanical properties
of rocks in high-temperature environments and analysed the
changes of granite while it experiences high temperature
under high confining pressure [38]. It is concluded that the
porosity between the particles in the granite decreases when
the temperature reaches 200°C, and the porosity between
granite particles expands when the temperature is between
200°C and 840°C. Heard measured the thermal expansion
coefficient and permeability of quartz, and the studies have
shown that temperature has a significant effect on the
thermal expansion coefficient of rocks. +e higher the
temperature, the higher the thermal expansion coefficient
[39]. Yan studied the effects of high temperature on density,
P-wave velocity, uniaxial compressive strength, and elastic
modulus for granite, tuff, and breccia [40]. Fengchen studied
the change law of the physical properties of sandstone with
temperature and found that the bulk density of sandstone
decreased with increasing temperature, and the porosity and
permeability gradually increased with increasing tempera-
ture [41]. Zhao and Chen et al. studied the thermal ex-
pansion behaviour of limestone [42, 43]. It was found that
the thermal expansion behaviour of limestone has a non-
linear relationship with temperature, and the porosity in-
creases with temperature.

2.2.2. Dynamic Rock Mechanism under High Temperatures.
During mining for deep resources, excavation for the deep
tunnel by blasts, and gas explosion in mine coal, the un-
derground rock mass is in the extreme environment of
impact load and high temperature. +us, it is essential to
study the rock mechanism under dynamic loading and high
temperature. Li used an experimental system with the
function of coupling dynamic loads and high temperatures
to carry out the rock behaviour test for siltstone and con-
cluded that dynamic peak strength of siltstone increases with
the increase of temperature in the range of 20°C–100°C and
decreases with the increase of temperature when it exceeds

100°C [44].Yin carried out uniaxial dynamic compression
experiments on sandstone cooled under the action of high
temperature from room temperature to 800°C by using
SHPB and analysed the change rule of rock density, lon-
gitudinal wave, and strength with temperature [45]. In
addition, they also analysed the dynamic fracture charac-
teristics of sandstone after high temperature from the failure
form of sample and fragments.+e results show that with the
increase of temperature, the mechanical parameters such as
density, P-wave velocity, and peak strength of the sample
decrease gradually. Yin studied the dynamic mechanical
properties of granite under the condition of temperature
compression coupling. +e results showed that the dynamic
strength of granite decreased with the increase of temper-
ature, while the peak strain increased with the increase of
temperature [46]. Xu and Liu carried out impact com-
pression experiments of marble at different temperatures
and loading rates [47]. +e results show that the peak
strength and peak strain of marble increase with the increase
of loading rate at different temperatures. When the tem-
perature rises to 800°C, the peak strength of marble becomes
less obvious with the change of loading rate +e modulus
decreases with the increase of temperature. When the
temperature rises to 1000°C, the modulus of elasticity shows
a basically constant trend with the increase of loading rate.
Liu analysed the dynamic splitting tensile test of marble after
high-temperature treatment and found that the tensile
strength of marble after high-temperature treatment is
significantly higher than that under static condition. Under
the same impact pressure, the tensile strength of marble
increases first and then decreases with the increase of
temperature [48].

3. Materials and Methods

3.1. Preparation for the Rock Specimen. In this research, the
marble from Gejiu Kafang tin mine in Yunnan Province of
China is used to study the rock behaviour under the high
temperatures and dynamic loads. +e strata in the mining
area are mainly divided into Triassic (t2 g) hydrochloride
rock strata. +e fold structure in the sampling area is mainly
anticline, and the fault structure in the mining area is mainly
east-west fault. +e rock material is taken from the depth of
700m in the mine. According to the geometry suggested by
ISRM, the samples are made into cylinders with 50mm in
the diameter and 100mm in length for the uniaxial com-
pressive strength test under static loading. +e sample with
40mm in the diameter and 40mm in length are made for the
Brazilian tensile strength test under static loading and
compressive strength test under dynamic loading.

3.2. Principles for the Rock Tests under Static Loads.
Figure 1 depicts the geometrical model for the uniaxial
compressive strength (UCS) test and the Brazilian tensile
strength (BTS) test under static loads. For the UCS test as
illustrated in Figure 1(a), it includes two loading plates under
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the top and bottom of the rock specimen, while the sample is
placed between the two loading plates. During testing, the
two loading plates will move at a constant speed, as the
loading plates contact the rock sample, the compressive
stresses are produced immediately and propagate along the
length of the specimen. After the stress increases and reaches
the strength of the rock, fractures are produced. +e
compressive strength can be calculated according to

σc �
P

A
, (1)

where P is the force on the top and bottom of the sample and
A is the cross-sectional area of the top and bottom of the
sample.

For the tensile strength test under static loading, the BTS
test is used to obtain the tensile strength of the rock as il-
lustrated in Figure 1(b). Since Akazawa and Carneiro
[49, 50] developed the Brazilian disc test independently at
almost the same time, the Brazilian disc test has gained its
popularity for calculating the tensile strength and toughness.
It is also widely used to study rock fracture initiation and
propagation. Hondors [51] gave a complete stress solution
for disc under diametral compression valid for both plane
stress and plane strain conditions.+is stress solution is then
widely used to verify the numerical results of Brazilian disc
test [52, 53].

Figure 1(b) shows the geometrical model of the BTS test.
As shown in Figure 1(b), two plates are placed between the
specimens. +e two plates will move toward each other. +e
loads from the plates could be assumed to be radially applied
over a short strip of the circumference with a radius of 2α, as
shown in Figure 1(b). A complete stress solution along the
loading diameter is given by Hondros as follows:

σxx �
P

πRtα
1 − (r/R)2 Sin 2α

1 − 2(r/R)2Cos 2α +(r/R)4

⎧⎨

⎩

− tan− 1 1 +(r/R)2

1 − (r/R)2
tan(α) ,

(2)

σyy � −
P

πRtα
1 − (r/R)2 Sin 2α

1 − 2(r/R)2Cos 2α +(r/R)4

⎧⎨

⎩

+ tan− 1 1 +(r/R)2

1 − (r/R)2
tan α ,

(3)

where P is the applied load, R is the disc radius, r is the
distance from the centre of the disc, t is the disc thickness, 2α
is the angular distance of load arc, and σxx and σyy are the
stresses along with the horizontal and vertical directions,
respectively.

+us, taking into account the specimen thickness t, the
tensile strength can be calculated by (3) [54]:

σt �
2P

π Dt
, (4)

where σt is the tensile strength, P is the applied load, and R is
the diameter.

3.3. Principles of Split-Hopkinson Pressure Bar (SHPB).
Figure 2 shows the conventional split-Hopkinson pressure
bar (SHPB), which comprises a striker bar, an incident bar,
and a transmission bar. +e sample is placed between the
incident and transmission bars during the dynamic exper-
imental process. In the SHPB dynamic experiments, a gas

(a)

r

σxx

σyy

2α

y

P

P

D
x

(b)

Figure 1: Geometrical model for UCS and BTS test. (a) Geometrical model for UCS test. (b) Geometrical model of BTS test.
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gun is used to launch the striker bar at the incident bar.
Meanwhile, the elastic compression wave is produced to
travel in the incident bar towards the sample. During the
interaction between the striker bar and the sample, an elastic
compression wave transmits into the transmission bar while
an elastic tensile wave is reflected in the incident bar. It can
be seen from Figure 2 that there are two strain gauges on the
incident bar and the transmission bar. +e incident strain
pulse εi and reflected εr are measured by strain gauges on the
incident bar, while the transmitted εt strain pulse is mea-
sured from the strain gauge on the transmitted bar.

Figure 3 shows the schematic diagram of the Hopkinson
pressure bar during the dynamic test, and this diagram is
used to explain the principle of the test. When the striker bar
hits the incident bar, a compressive stress pulse wave of
approximately one-dimensional propagation is generated in
the incident bar. When the stress propagates to the interface
where the incident bar and the transition bar are in contact
(the 1-1 interface in Figure 3), a part of the compressive
stress pulse wave continues to propagate into the sample,
and the other part is reflected into the incident bar since the
material of the sample is different from the incident bar in
terms of wave impedance.

When the compressive stress pulse wave propagating
into the rock sample reaches the contact surface of the
sample and the transmission bar (the 2-2 interface in Fig-
ure 3), reflection and transmission are generated. A portion
of the compressive stress pulse wave is reflected back into the
sample at interface 2-2, while the other portion is trans-
mitted into the transmission bar. When the compressive
stress pulse wave is reflected back and forth for 3 to 6 times
through the interfaces 1-1 and 2-2 in the rock sample, the
stress equilibration is established in the rock sample.

In Figure 3, the cross-sectional area of the incident bar
and the transmission bar is A0. +e cross-sectional area and
length of the specimen areA and L.+e stress at the interface
of 1-1 is σ1(t), while the stress at the interface of 2-2 is σ2(t),
and the stress of the specimen is σ(t). +e wave velocity and
the elastic modulus of the incident bar and the transmission
bar are C0 and Eo, respectively, and the strain of the incident
wave in the incident bar is εi and the reflected wave strain is
εr. +e transmission wave in the transmission rod is εt. +e
mass velocity at the interface of specimen 1-1 is u1, and the
particle velocity at the interface of specimen 2-2 is u2. If the

average strain in the specimen is ε, the strain rate is _ε. Based
on the continuity condition of displacement and the one-
dimensional stress hypothesis of stress wave, the following
equations can be achieved.

Velocity on the interface1-1 is

u1(t) � C0 εi(t) − εr(t) . (5)

Velocity on the interface 2-2 is

u2(t) � C0εt(t), (6)

Strain rate in the rock sample is

_ε(t) �
u1(t) − u2(t)

L
�

C0

L
εi(t) − εr(t) − εt(t) . (7)

Strain during time t is

D � f(ε, _ε). (8)

Stress on 1-1 interface is

Aσ1(t) � A0E0 εi(t) + εr(t) . (9)

Stress on 2-2 interface is

Aσ2(t) � A0E0εt. (10)

Average stress in specimen is

σ(t) �
σ1(t) + σ2(t) 

2
�

A0E0

2A
εi(t) + εr(t) + εt(t) .

(11)

When the stress pulse wave propagates several times to
and fro in the specimen, the stress equilibrium state is
established. In this case, the three strains are equal as shown
in equation (8):

εi + εr � εt. (12)

+us, by submitting (8) to (1)∼(7), the following
equations can be achieved:

_ε(t) � −
2C0

L
εr(t), (13)

ε(t) � −
2C0

L


t

0
εr(t)dt, (14)

Striker bar Incident bar 

Specimen

Transmission bar

Data collection from strain
gauges

Analysis

Stress-strain curves 

Strain gauges

Figure 2: Schematic of conventional split-Hopkinson pressure bar (SHPB).
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σ(t) �
A0E0

A
εt(t). (15)

Equations (12)∼(15) can be used to calculate stress,
strain, and strain rate in the research.

4. Rock Behaviours under Static Loading with
Various High Temperatures

In this research, a chamber-type electric resistance furnace
(Figure 4) is employed to heat the rock sample to a specific
temperature for testing the rock behaviour experiencing
various high temperatures and under different loading rates.
+e temperatures are set as indoor temperature (25°C),
100°C, 200°C, 400°C, 600°C, and 800°C, respectively. Figure 5
illustrates the cooled and dried rock samples after experi-
encing the above high temperatures. As illustrated in
Figure 5(a), the colour of the marble sample lightened to a
certain extent after cooling at a temperature of 100°C∼400°C,
but the volume and surface flatness did not change signif-
icantly. After experiencing the high temperature of 600°C,
the colour of the rock gradually turns gray and white, and the
surface flatness changes slightly. At 800°C (Figure 5(b)), the
colour changes significantly, i.e., the marble turns white.
Moreover, the volume of the specimen expands and obvious
cracks appear. In addition, the surface of the specimen
becomes very rough. +is indicates that the specimen is
damaged under the action of temperature and the internal
structure of the rock has undergone obvious deterioration.

4.1. Uniaxial Compressive Strength (UCS) Test. As illustrated
in Figure 6, YAW-2000 computer-controlled automatic
pressure testing machine is used to carry out the UCS test
and BTS test under static loads. In order to mitigate the end
effects due to the frictions initiating from the two loading
contacts, i.e., contacts of the sample ends and the loading
plates, some lubricating oil is placed on the loading contacts.
At the beginning of the testing, the loading plate is moving at
a speed of 0.002 mm · s− 1. After the loading plate contacts
the specimen, the loading plate is then applying the load of
1 kN · S− 1 to the specimen until the specimen fails.

+e averages of the rock parameters obtained from the
test are recorded in Table 1, while Figure 7 shows the rock
fracture patterns of the UCS test for those specimens under

different temperatures. From the indoor temperature to
600°C, the rock fracture patterns are not significantly
changed as the temperature increases. +e rock mainly
fractures along an inclined line or the vertical line which
demonstrated typical characteristics of brittle materials
under compression. According to the numerical study of the
rock fracture process in the UCS test by a hybrid finite-
discrete element method, the fractures are a mix of mode I-II
damage (Figure 7(h)), i.e., mixed pure mode I fracture
(Figure 7(g)) and pure mode II fracture.

Table 1 lists the obtained average compressive strength,
strain on the vertical direction, and the Young modulus. +e
three parameters are significantly influenced by the increase
of the temperature. With the increase of the temperature,
those three parameters decrease significantly.

Figure 8 illustrates the stress-strain curves for those rock
samples under various temperatures, while in general, as
illustrated in Figure 8, the shape of the stress-strain curve is
roughly the same, and each curve has experienced four
stages: compaction stage, elastic stage, plastic deformation
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Figure 3: Schematic diagram of the rock sample under impact by SHPB.

Figure 4: XH7L chamber-type electric resistance furnace.
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stage, and failure stage. In other words, the overall change
trend for each curve is the same. When the marble tem-
perature increases gradually, the slope of the compaction

stage, i.e., the straight line of each curve, decreases, which
indicates that the elastic modulus decreases with the increase
of the temperature. +is trend is confirmed by the elastic
modulus in Table 1. For the specimen under the high tem-
perature beyond 400°C, the peak stress of the rock decreases
obviously, and the time to reach the peak stress increases,
which indicates that the temperature has a great influence on
the strength of the rock. As the temperature of the specimen
increases gradually, the axial strain tends to increase, which is
mainly due to the weakening and ductility of the material
brittleness. By comparing the stress-strain whole-process
curves in the above temperature ranges, it can be seen that
with the increase of temperature, the brittleness, ductility, and
peak strength of the rocks decrease. +e curves still show the
characteristics of brittle material failure process.

Figure 9 shows the relationship between the uniaxial
compressive strength and the temperature. +e tempera-
tures have a significant impact on the strength of the rock. As
can be seen from Figure 9, the strength of the rock decreased
significantly from approximately 78MPa to 20MPa with the
increase of the temperature from the indoor temperature to
800°C.

4.2. Brazilian Tensile Strength Test. Figure 10 illustrates the
fracture patterns for the BTS test under different temper-
atures. +e specimens mainly fracture along the loading
diameter, and the main fractures separate the specimen into
two halves. +e fracture pattern is not significantly influ-
enced by temperature.

Table 2 gives the tensile strength of the rock under
different temperatures, while Figure 11 illustrates the cor-
responding curve.

Figure 6: YAW-2000 computer-controlled automatic pressure
testing machine.

25°C 100°C 200°C 400°C 600°C

(a) (b)

Figure 5: Rock sample for uniaxial compressive strength test after undergoing various temperatures. (a) Rock sample after experiencing the
temperature from 25°C to 600°C. (b) Rock sample after undergoing 800°C.

Table 1: Rock parameters obtained from the uniaxial compressive
test under various temperatures.

Temperature (°C) Compressive
strength σ (MPa)

Strain ε
(10− 3)

Young’s
modulus E (GPa)

25 80.6 2.12 34.7
100 74.5 2.15 31.8
200 65.4 4.03 29.6
400 48.3 5.92 22.93
600 49.6 11.2 19.34
800 34.2 14.64 4.6
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As shown in Figure 11, the average results of static
splitting tensile strength experiments show that the splitting
tensile strength of marble at each temperature has a large

dispersion. In general, the splitting tensile strength of marble
is 6.98MPa at room temperature. After that, the tensile
strength kept floating around 6.5MPa until it reached about

(a) (b) (c) (d) (e)

(f )

Mode II damage
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0.3

0.2

0e + 00

(g)

1e + 00

0.7

0.3

0e + 00

Mixed-mode I-II damage

(h)

Figure 7: Fracture patterns for the UCS test under different temperatures: (a–f) experimental results; (g) mode II damage [55]; and
(h) mixed-mode I-II damage [55]. (a) 25°C. (b) 100°C. (c) 200°C. (d) 400°C. (e) 600°C. (f ) 800°C.
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600°C. For the temperature of 800°C, the tensile strength of
marble is only 3.40MPa, about 43% decrease compared that
at room temperature.

5. Rock Behaviours under Dynamic Loading
and Different Temperatures

Figure 12 illustrates the HSPB system used for dynamic rock
behaviour tests. +e main components are gas gun, striker,
incident bar, transmission bar, and dynamic strain meter
system. Firstly, the striker is accelerated by gas gun to impact
one end of the incident bar. +en, a dynamic compressive
strain wave is induced in the incident bar and propagates
toward the other end of the incident bar. Some portion of the
compressive strain wave will be reflected at the interface
between the incident bar and the specimen, and the reflected
wave will turn into a tensile wave.+e remaining portion will
propagate into the specimen still as compressive strain wave.
As the transmitted compressive strain wave reaches the
interface of the specimen and the transmission bar, the disk
is subjected to dynamic loading.

+e rock material for the dynamic compression strength
is the same as that used for the static test in the last section.
+e diameter of the cylinder is 50mm, while the length is
40mm. +e temperature gradient of this experiment is di-
vided into six degrees, i.e., 25°C, 100°C, 200°C, 40°C, 600°C,
and 800°C. +e heating rate of the resistance furnace is set as
10°C/min. When the temperature reaches the prescribed
temperature, it is then heated at a constant temperature for
another three hours to obtain marble samples under uni-
form high temperature. +en SHPB experiment under high
temperature is carried out. In the experiment, impact speed
is set as 10m/s, 12.5m/s, and 14.5m/s, respectively.

(a) (b) (c)

(d) (e) (f)

Figure 10: Rock fracture patterns for BTS test under various temperatures. (a) 25°C. (b) 100°C. (c) 200°C. (d) 400°C. (e) 600°C. (f ) 800°C.

Table 2: Tensile strengths of the rock under different temperatures.

Temperature (°C) 25 100 200 400 600 800
Tensile strength σ (MPa) 6.82 6.64 6.44 6.8 6.48 3.4
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Figure 11: Tensile strength of the marble under different
temperatures.
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5.1. Dynamic Uniaxial Compressive Strength (UCS) Test for
Rock Specimens under Various Temperatures. Figure 13 il-
lustrates the fragments produced by the dynamic UCS test.
+e strain rate significantly influences the test results in
terms of the fragment size and size distribution. +e larger
the strain rate is, the finer the fragments produced for the
specimen under the same temperature are. In addition, with
the temperature increases, the size of the fragments de-
creases under the same loading rate.

Table 3 shows the influences of the impact strain rate, peak
stress, peak strain, and Young’s modulus by the impact speed
and the temperature. In general, for a specific temperature, with
the increase of the impact speed, the strain rate, peak stress, peak
strain, and Young’s modulus also increase. On the contrary, for
a specific impact speed, with the increase of the impact speed,
the strain rate increases, while the peak stress, peak strain, and
Young’s modulus decreases. More details for the relationship
among those parameters are analysed from Figures 14–18.

Flash light

Transmission bar Momentum bar

Momentum trap
Specimen SG2

(Tr. data)

Wheatstone
bridge

HS camera

Computer

Oscilloscope

Gas gun Striker
Time counter

Incident bar

SG1
(In. and Re. dada

and triggering HSC)

Dynamic strain meter
8 channels-1MHz

Figure 12: SHPB system (the schematic of the SHPB is adopted from Zhang and Zhao (2013) [56]).
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Figure 14 illustrates the stress-strain curves for the rock
under different impact speed and temperatures. All the
curves show a typical brittle rock failure process. Take the
curves under the temperature of 25°C as an example
(Figure 14(a)). +e curves could be divided into four stages:

(i) OA: as the strain increases, the existing micro-
fractures are closed. +e duration of this stage is
very short.

(ii) AB: the stage of AB is considered as linear elastic
and deformation is fully recoverable.

(iii) BD: the stage of BD is the nonlinear elastic stage.
During this stage, the fracture propagates stably. If
the load is removed, the fracture propagation will be
stopped.

(iv) DF: DF is the unstable fracture propagation stage. D
is the yielding point, and beyond this point, the

permanent deformation develops and it is not re-
coverable even if the load is removed.

Compared with those figures (Figures 14(a)–14(f )), all
the curves demonstrate the same trend although under
various loading rates and high temperature. For an indi-
vidual figure in Figure 14, it is indicated that with the in-
crease of the loading rate, the rock strength increases.
Compared with curves in different figures, it is indicated that
with the increase of the temperature, the rock strength
decreases.

Since the peak stress, peak strain, and Young’s modulus
of the brittle materials are significantly influenced by the
strain rates and the temperature, relationships among them
are discussed according to Figures 15–17. As illustrated in
Figures 15 and 16, with the increase of temperature, the peak
stresses of the rock specimens under three different impact
speeds decrease dramatically (Figure 15), while with the

(A) (B) (C)

(a)

(A) (B) (C)

(b)

(A) (B) (C)

(c)

Figure 13: Rock fragments produced by the UCS test under coupled temperatures and strain rates. (a) I 25°C: (A) 84.7 s− 1, (B) 87.1 s− 1, and
(C) 127.8 s− 1. (b) II 400°C: (A) 104.7 s− 1, (B) 07.1 s− 1, and (C) 137.8 s− 1. (c) III 600°C: (A) 200.7 s− 1, (B) 217.1 s− 1, and (C) 57.8 s− 1.
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increase of the strain rate, the peak stresses increase fast
(Figure 16). +e relationship between dynamic peak stress
and temperature change of marble specimens at different
impact velocities can be fitted as shown in the following
equations:

10.0m/s σ � − 0.28
T

100
 

3
+ 2.5

T

100
 

2
− 23.4

T

100
 

+ 205.72 R
2

� 0.978,

12.5m/s σ � − 0.73
T

100
 

3
+ 7.77

T

100
 

2
− 40

T

100
 

+ 230.85 R
2

� 0.986,

14.5m/s σ � − 0.24
T

100
 

3
+ 0.85

T

100
 

2
− 0.06

T

100
 

+ 240.20 R
2

� 0.989.

(16)

Figure 17 illustrates the peak strain-temperature curves
of rock under different impact loads. In general, with the
increase of the temperatures, the peak strains increase. For
the impact velocity of 10m/s, the peak strain increases al-
most linearly. For the impact velocities of 12.5m/s and
14.5m/s, the peak strains increase fast when the temperature
is beyond 400°C.

+e relationship between the dynamic peak strain of
marble specimen under different impact velocities and the
change of temperature can be fitted as follows:

10.0m · s− 1 σ � − 8.76
T

1000
 

3
+ 10.4

T

1000
 

2
+ 4

T

1000
 

+ 2.64 R
2

� 0.959,

12.5m · s− 1 σ � 119.56
T

1000
 

3
− 130.45

T

1000
 

2

− 46.43
T

1000
  + 3.18 R

2
� 0.999,

14.5m · s− 1 σ � 42.54
T

100
 

3
− 34.13

T

1000
 

2

− 10.91
T

1000
  + 10.19 R

2
� 0.871.

(17)

Figure 18 illustrates the relationship between Young’s
modulus and the temperature under three different impact
velocities. Before 200°C, with the increase of the tempera-
ture, Young’s modulus is not influenced. However, after
200°C, Young’s modulus decreases dramatically.

+e relationship between the dynamic modulus of
elasticity of marble specimens with different impact veloc-
ities and the change of temperature can be fitted as follows:

10.0m · s− 1σ � 0.41
T

100
 

3
− 5.89

T

100
 

2
+ 18.49

T

100
 

+ 20.34 R
2

� 0.975,

(18)

Table 3: Parameters obtained during the dynamic compressive strength tests.

Temperature T (°C) Impact speed V (m/s) Strain rate ∗ ε (s− 1) Peak stress σd (MPa) Peak strain εd (10− 3)
Young’s modulus

Ec (GPa)

25
10.0 96.09 199.73 3.56 25.39
12.5 108.44 224.68 4.15 33.10
14.5 117.90 246.70 11.25 36.00

100
10.0 100.12 191.14 1.77 33.21
12.5 108.08 196.26 6.87 30.02
14.5 118.08 205.76 8.99 31.96

200
10.0 118.70 152.99 3.05 34.56
12.5 122.44 168.14 8.1 30.73
14.5 135.93 240.71 12.91 28.68

400
10.0 122.63 146.69 6.02 29.86
12.5 139.37 161.15 8.48 15.44
14.5 161.25. 213.27 11.38 23.12

600
10.0 135.29 85.16 6.42 5.48
12.5 160.19 104.29 9.96 12.26
14.5 174.05 151.90 13.7 13.50

800
10.0 206.78 33.00 8.14 1.92
12.5 215.47 35.91 18.03 2.63
14.5 222.66 59.44 18.87 3.48
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Figure 14: Stress-strain curves of rock under different impact speeds and different temperatures. (a) 25°C. (b) 100°C. (c) 200°C. (d) 400°C. (e)
600°C. (f ) 800°C.
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12.5m · s− 1 σ � 0.043
T

100
 

3
− 53.50

T

100
 

2

− 2.29
T

100
  + 33.92 R

2
� 0.963,

(19)

14.5m · s− 1 σ � − 0.039
T

100
 

3
+ 0.33

T

100
 

2
− 4.29

T

100
 

+ 36.58 R
2

� 0.997.

(20)

5.2. Dynamic Tensile Strength Test for Rock Specimens under
VariousTemperatures. For the dynamic tensile strength test,
the impact velocities for bullet are 5m/s, 7m/s, and 9m/s,
respectively. +e temperatures for rock specimens are still
set as 25°C, 100°C, 200°C, 40°C, 600°C, and 800°C. +e
specimen cylinder for the dynamic BTS test is prepared with
a diameter of 50mm and a height of 40mm. +e signals
obtained by SHPB during the dynamic test can be processed
by (12)–(14).

Figure 19 illustrates the rock fracture process during the
dynamic BTS test. As can be seen from Figure 19 under
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Figure 15: Peak stress-temperature curves of rock under different
impact speeds and different temperatures.
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Figure 16: Peak stress-strain rate curves of rock under different
impact speeds and different temperatures.
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Figure 17: Peak strain-temperature curves of rock under different
impact speeds and different temperatures.
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Figure 18: Young’s modulus-temperature curves of rock under
different impact speeds and different temperatures.
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various temperatures, in the process of marble failure under
different temperature conditions under high strain rate, the
marble specimen first breaks into two parts along the radial
(impact loading) direction, accompanied by a small amount
of debris. In addition, some secondary cracks are produced

at the loading end, forming a nearly triangular fragmented
block. With the increase in temperature, the area of trian-
gular breakage increases gradually. With the increase of the
temperature, the fragments produced by the impact loading
increase.

50μs 90μs 150μs 250μs

(a)

50μs 90μs 150μs 250μs

(b)

50μs 90μs 150μs 250μs

(c)

50μs 90μs 150μs 250μs

(d)

Figure 19: Failure process of marble under temperature from 200°C to 800°C obtained by a high-speed camera. (a) 200°C. (b) 400°C.
(c) 600°C. (d) 800°C.
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Figure 20: Stress-strain curves for the rock under different dynamic loads and temperature during dynamic BTS tests. (a) 25°C. (b) 100°C.
(c) 200°C. (d) 400°C. (e) 600°C. (f ) 800°C.
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+e stress-strain curves for the specimens under dif-
ferent loading rates and various temperatures are illustrated
in Figure 20. For all the curves, they indicate that the impact
speed of the bullet significantly influences the tensile
strength of the rock. However, with the increase of the
temperature, the tensile strength (peak stress) decreases. As
can be seen in Figure 20(a), the peak strength is about
20MPa at the impact speed of 5m/s and room temperature,
while it is only about 5.8MPa (Figure 20(f )) at the same
impact speed but under the temperature of 800°C. +us, the
temperature has an obvious influence on the tensile strength
of the specimen. In addition, under the same temperature,
for all the curves, the peak stress of the curve with a higher
impact speed is much larger than that with a lower impact
speed. +us, the loading rate severely influences the tensile
strength of the rock specimen.

6. Conclusions

+is research has studied rock behaviour under the coupled
dynamic loads and high temperatures. +e SHPB system is
used to carry out the test under different temperatures. +e
influences of the loading rate and the temperature are
analysed. It is concluded that

(i) Under static loading, with the increase of temper-
ature, the compressive strength of rock decreases.
Before 400°C, the strength is not significantly
influenced by the temperature, while after 400°C,
the temperature plays a critical role in the rock
strength under static loading.

(ii) Under the same impact velocity, the peak strength
of marble decreases with the increase of tempera-
ture. However, with the increase of temperature, the
peak strain of marble under high temperature in-
creases. +e dynamic elastic modulus of marble
decreases with the increase of temperature, while
the dynamic peak strength of marble decreases with
the increase of temperature.

(iii) For the BTS test, the tensile strength increases with
the increase of the loading rate. However, the tensile
strength decreases with the increase of the
temperature.

(iv) +e failure modes of the dynamic BTS test are
similar to those under static loading. +e specimen
is split into two halves along the loading diameter.
Many fragments are produced at the top and bottom
loading areas. With the increase of the loading rate,
more fragments at the loading area are produced.
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