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Determination of dynamic mode I fracture toughness of rock at
ambient high temperatures using notched semi-circular bend method
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Abstract: To investigate the influence of loading rate and high temperature on the dynamic fracture toughness of rock,
dynamic fracture tests were carried out on notched semi-circular bend specimens under four temperature conditions
based on the split Hopkinson pressure bar system. Experimental and analytical methods were applied to investigating
the effect of temperature gradient on the stress waves. A high-speed camera was used to check the fracture
characteristics of the specimens. The results demonstrate that the temperature gradient on the bars will not significantly
distort the shape of the stress wave. The dynamic force balance is achieved even when the specimens are at a
temperature of 400 °C. The dynamic fracture toughness linearly develops with the increase of loading rate within the
temperature range of 25—400 °C, and high temperature has a strengthening effect on the dynamic fracture toughness.
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1 Introduction

Studying the dynamic properties of rock
materials at ambient high temperatures has drawn
much attention in the rock mechanics community
because rocks and rock structures are vulnerable to
the coupling effects of high temperature and
dynamic disturbance in civil and underground
engineering, such as the fire and explosion accident
in stone buildings, rock tunnels and underground
mines [1—-6], and the exploitation of geothermal and
oil—gas resources [7,8].

Up to now, the dynamic compressive [9—15]
and dynamic tensile [16,17] properties of rocks at
ambient high temperatures have been widely studied
based on the split Hopkinson pressure bar (SHPB)
system. However, the dynamic fracture properties
of rock materials at ambient high temperatures
remain far from being understood [18,19]. ZHANG

et al [18] tested the dynamic fracture toughness of
Fangshan gabbro and Fangshan marble at high
temperatures (100—330 °C) by using short rod (SR)
specimens. YIN et al [19] estimated the dynamic
fracture toughness of Changsha granite at different
high temperatures (20—400 °C) based on the
discrete element method (DEM). However, their
results are still quite limited to cover all situations.
For example, the crack propagation process of the
SR specimen is hard to be experimentally observed,
because the SR specimen is based on the chevron
crack. While for YIN et al [19], although they
successfully conducted the dynamic fracture study
based on the DEM, careful parameter calibration,
which is usually very hard in most situations, is
inevitable in a numerical study for the reliability of
numerical results. Besides, physical mechanisms
should wusually be investigated through indoor
experiments, which are the most reliable way to
obtain the physical properties of rock materials.
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Moreover, there i1s a lack of available
technology for carrying out the dynamic fracture
test at ambient high temperatures. LIU and
XU [9,10] devised a test method to study the
dynamic compressive properties of rocks at ambient
high temperatures. Their method comprises four
test procedures: (1) heat the specimen in an electric
furnace; (2) transfer the specimen to a heating
furnace on the SHPB system to compensate for the
heat loss of the specimen; (3) assemble the SHPB
system rapidly to sandwich the specimen between
the incident and transmitted bars; (4) load the
specimen before the heat influences the mechanical
properties of the steel bars. However, a review of
the literature [20—30] indicates that the specimens
used for the dynamic fracture tests are usually
complex in geometry, which makes the method
difficult to conduct.

YIN et al [16] presented a new method to test
the dynamic properties of rocks at ambient high
temperatures. The method allows the specimen to
be heated with the bars and avoids complex test
procedures. However, due to high temperature, the
basic properties, such as elastic modulus, of the
bar will be changed. And, the waveform and
propagation of the stress wave will be affected to
some extent. In this work, the method was adopted
to test the dynamic mode I fracture toughness of
granite at ambient high temperatures using the
notched semi-circular bend (NSCB) specimens
based on the SHPB system. The effect of
high-temperature gradient on the propagation of the

stress wave was analyzed and the modified stress
waves were used to calculate the dynamic fracture
toughness of the rock at ambient high temperatures.

2 Experimental

2.1 Specimen description

The granite, which is well-known as Fujian
(G654 granite, used in this study was collected from
Changtai County, Zhangzhou City, Fujian Province,
China. Significantly, the Zhangzhou basin is rich in
hot dry rock and has a high potential geothermal
developing value [31]. The mechanical properties
of the granite in natural conditions are shown in
Table 1. The granite has a density of 2795 kg/m’,
P-wave velocity of 5069 m/s, uniaxial compressive
strength of 174.78 MPa, mode I fracture toughness
of 1.349 MPa-m’>, and mode II fracture toughness
of 3.45 MPa-m®® [32,33]. This granite is usually
regarded as an isotropic material and is widely
applied to the mechanical tests for different
purposes [32—34].

Figure 1 shows the photographs and the
configuration of the prepared NSCB specimens.
The manufacturing of the specimens rigidly
followed the recommended methods of the
international society for the rock mechanics
(ISRM) [23,35]. The radius (R) of the fabricated
specimens is 25 mm, the thickness (B) is 25 mm,
the crack length (@) is 8.33 mm, the crack width (¢)
is 1 mm, and the span of the supporters (S) is
34 mm.

Table 1 Mechanical properties of granite in natural conditions [32,33]

pl(kg-m™) Py/(ms!) o/MPa oJ/MPa

Kic/MPa-m®%)  Kjc/(MPa'm®®)  E/GPa u

2795 5069 11.63 174.78

1.349 3.45 28.94 0.2

p: Density; Pv: Longitudinal wave velocity; o Tensile strength; oc: Uniaxial compressive strength; Kic: Mode 1 fracture toughness;

Knc: Mode 11 fracture toughness; E: Elastic modulus; u: Poisson’s ratio
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Fig. 1 Photograph of prepared NSCB specimens (a), and configuration of NSCB specimens (b)
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2.2 Experimental setup

An SHPB system (improved by LI et al [36])
was used for carrying out the dynamic fracture
tests. The SHPB system is located at the School of
Resources and Safety Engineering, Central South
University, China. A schematic diagram of the
SHPB system is shown in Fig. 2. The SHPB system
contains a gas gun, a cone-shaped striker, an
incident bar, a transmitted bar, an absorption bar, a
damper, and a heating box. The length of the
incident bar is 2 m and the length of the transmitted
bar is 1.5 m. All of the bars are 50 mm in diameter
and made of Cr40 alloy steel. At a normal
temperature (25 °C), the density and elastic
modulus of the alloy are 7810 kg/m® and 211 GPa,
respectively. Strain gauges were employed in the
middle of the incident and transmitted bar to collect
the strain signals with an acquisition rate of
10° samples per second. A high-speed camera was
synchronously coupled with the SHPB system to
catch the failure characteristics of the NSCB
specimen with a frame rate of 100000 frame/s and a
resolution of 192x192.

For a dynamic fracture test, an NSCB
specimen was sandwiched between the incident
and transmitted bars. The electric furnace was then

‘ Incident bar -
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turned on to heat the specimen with a heating rate
of 10°C/min [9,16]. When the designated
temperature (100, 200, and 400 °C) was reached,
the temperature was kept at this value for 1 h to
ensure that the whole specimen attained the same
temperature field. The electric furnace allowed the
incident and transmitted bars to pass through the
furnace body, and the specimen and bars can be
heated together. After the heating procedures, a
con-shaped striker was launched from the gas gun,
generating a half-sine incident wave as the elastic
collision of the striker and the incident bars. The
incident wave propagated along the incident bar,
and when it came into contact with the specimen,
the reflected and transmitted waves would be
generated accordingly. When the fracture tests were
carried out at the normal temperature (25 °C), the
forces (P) on both sides of the specimen can be
written as [23]

P1=AE(eite)=A(oitor), Pr=AEe=Aoy (1
where 4 is the cross-sectional area of the steel bars;
E i1s the elastic modulus of the steel bars; ¢, &
and g are the incident, reflected, and transmitted
strain signals, respectively; oi, or and oy are the
incident, reflected, and transmitted stress signals,
respectively.
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Fig. 2 Schematic diagram for SHPB system
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3 Data processing

3.1 Effect of temperature gradient on stress wave

It should be noted that when the bars were
heated with the NSCB specimen, the -elastic
modulus of the bars will be changed due to high
temperature. Therefore, Eq. (1) cannot be directly
used for calculating the forces on the specimen.
The temperature distributions on the incident and
transmitted bars were measured and shown in Fig. 3
when the furnace was heated to 100, 200, and
400 °C, respectively, and kept at the temperature for
1 h. The bars maintained the highest temperature in
the furnace chamber, but when moving away from
the furnace chamber, the temperature of the bars
decreased exponentially. In the middle part of the
steel bars, the temperature was very close to normal
temperature. According to the Practical Manual for
Engineering Materials [37], the elastic modulus for
Cr40 alloy steel at different temperatures is shown
in Table 2. The elastic modulus of the steel bars
is 211 GPa when the steel is at 25 °C. However,
it decreases to 186 GPa when the temperature
increases to 400 °C. Therefore, because there
is a temperature gradient on the incident and
transmitted bars, the forces calculated based on
Eq. (1) must not be the true forces on the specimen.

Before the dynamic fracture tests, the law of
temperature gradient on the stress waves should be
investigated so as to derive the true forces on the
specimen. However, it is very hard to directly
measure the stress waves on the steel bars when the
bars are at high temperatures. Therefore, an indirect

method was used herein to test the influence of
temperature gradient on the stress wave. As shown
in Fig. 4, the incident bar is slightly separated from
the transmitted bar, which allows the reflection
of the incident wave at the right free surface.
Figure 5(a) presents the voltage signals obtained by
the strain gauge on the incident bar when the SHPB
device works at a normal temperature (25 °C) and
the air pressure is 0.4 MPa. It can be seen from
Fig. 5(a) that the stress wave signals for the three
independent impacts (Specimens 25-1, 25-2, and
25-3) are similar, which suggests the repeatability
of the test results. Figure 5(b) shows the comparison
between the incident wave and the reflected wave
for 25-1, where the time-zero of the incident and
reflected waves is shifted into the points when the
waves begin to change. Based on the principle of
one-dimensional stress wave theory, the amplitude
reflected wave will be entirely equal to the incident
wave. However, from Fig. 5(b), the amplitude of
the incident wave is slightly lower than that of the
reflected wave, which can be mainly attributed to
the natural attenuation of the stress wave.

The same procedures were carried out when
the furnace was heated to 100, 200, and 400 °C,
respectively. The comparison between the incident
and reflected waves is presented in Fig. 6.
Intuitively, the difference between the incident and
reflected waves will be more and more pronounced
with the increase in temperature. However,
according to Fig. 6, the reflected signals are seemed
to be less dependent on temperature and there is no
obvious difference between the incident and
reflected waves at different temperatures.
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Fig. 3 Temperature distributions in incident and transmitted bars
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Table 2 Elastic modulus for Cr40 alloy steel at different
temperatures [37]

7/°C E/GPa
25 211
100 208
200 202
300 195
400 186

The effect of temperature gradient on the stress
waves can be analytically investigated when the
temperature distributions on the incident and
transmitted bars are known. According to the one-
dimensional stress wave theory, when a P-wave
vertically incidents from medium 1 to medium 2,
the relation of the incident stress (o), reflected
stress (or) and transmitted stress (i) will be written
as

A, — pic 4
o =Peh—pad o

plcljl ";/ZczAz 2)
c = P24

t PiC A+ pycydy

where A4; and A, are the cross-sectional area of
media 1 and 2, respectively; o1 and p» are the

Strain gauge

\I
| =

Cone-shaped striker Incident bar

1 H%ztmg ,

density of media 1 and 2, respectively; ¢ and ¢
are the P-wave velocity of media 1 and 2,
respectively.

For the steel bars, it can be assumed that the
density and cross-sectional area are constant. Thus,
a simplified form of Eq. (2) is

¢, —c
c,=2"%4
¢ +e, 3)
2c,
o, =
¢ +c,

For Eq. (3), the value of ¢ can be found from

c=+\Elp 4)

The best fit of elastic modulus and temperature
is E=—0.000087%—0.032717+211.92123, R?>=0.9998.
Thus, Egs. (3) and (4) can be used to calculate the
stress waves on the bars if the bars are divided into
several segments, as described in Fig. 7. In Fig. 7,
the length of the element (/;) is set according to the
wave velocity (¢;) and the time interval (A?), i.e.,
l=ciAt, where At is equal to the acquisition rate of
oscilloscope [16]. Because the length of each
element is divided based on the wave velocity of
each segment, the time of wave to pass any element
is both Az.

Strain gauge

— fpunel

Transmitted Absorption
bar bar

Fig. 4 Schematic diagram for testing effect of temperature gradient on incident waves
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Fig. 5 Stress wave signals for Specimens 25-1, 25-2, and 25-3 (a), and comparison between incident and reflected

waves for Specimen 25-1 (b)
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Fig. 6 Comparison between incident and reflected
waves for 100 °C (a), 200 °C (b), and 400 °C (c)

Without loss of generality, it is supposed that
there is a Cr40 steel bar, with a length of 4 m and a
diameter of 50 mm, heated to a high temperature of

3041

400 °C at its middle position, as shown in Fig. 8.
The temperature distribution on the left and right
parts was the same as the temperature distribution
of the incident bar in Fig. 3, and the temperature
distribution on its cross-section area was uniform. A
half-sine stress wave (i) was vertically incident to
the bar from the left cross-section. We could
observe the variation of the stress wave when it
passes through measuring Points 1, 2, and 3. When
it propagates from Point 1 to Point 2, it may
describe the propagation of an incident wave from
the normal temperature part to the high-temperature
part of the bar. And, when it propagates from Point
2 to Point 3, it may describe the propagation of a
transmitted (reflected) wave from the high-
temperature part to the normal temperature part of
the bar.

Figure 9(a) shows the stress histories collected
from measuring Points 1, 2, and 3. The stress wave
recorded at Point 1 can be regarded as the
waveform that had not been affected by the
temperature gradient. When the stress wave
propagated from Point 1 to Point 2, a decrement in
the amplitude of the stress wave is observed. This
phenomenon is understandable because the elastic
modulus of the bar would decrease with the
increase in temperature. So, the actual stress waves
on the right- and left-hand sides of the specimen
should be less than those collected by the strain
gauges. When the stress wave transmits from Point
2 to Point 3, we could observe that the amplitude of
the stress wave increases again. The reason why the
stress wave increases again is that, according to
Eq. (3), the transmitted wave tends to increase
when it propagates from the section with low
P-wave velocity to the section with a higher P-wave
velocity.

Figure 9(b) compares the stress waveforms
recorded at measuring Points 1, 2, and 3. It can be
observed that the temperature gradient on the bar
only results in a slight decrement of the amplitude
of the stress wave at Point 2, and the shape of the
stress wave at Point 3 is less affected by the
temperature gradient, which may help to discuss

Segments 1 2 3 e i-1

i i+l oo n-2 n—1 n

Fig. 7 Schematic diagram of element division of steel bar

l=c;At
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Fig. 8 Schematic diagram of Cr40 steel bar subjected to high temperature at its middle position
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Fig. 9 Effect of time on stress waveform: (a) Wave history; (b)
2,and 3

why the reflected wave is insensitive to the
high-temperature gradient. Significantly, it seems
that the stress wave at Point 3 is entirely equal to
that at Point 1. Although no distinct difference can
be observed from the figure, the amplitude of the
stress wave at Point 3 is 0.1% less than that at
Point 1.

Therefore, based on the above analyses, we
could estimate the stress wave at Point 2 through
the stress wave at Point 1 or Point 3. It can
be assumed that there is a relationship between the
measured and the actual stress waves [16]:

O'A:/lTO'M (5)

where om and oa are the measured and actual stress
wave, respectively; At is the temperature-dependent
factor.

Figure 10 shows the comparison between the
stress waveform obtained from measuring Point 2
and that calculated from Eq. (5), where the At is set
as 0.982. It can be seen that Eq. (5) is sufficiently
precise to predict the stress waveform at high
temperatures. The same analyses were conducted
when supposing the steel bar was heated to 100 and
200 °C, respectively, and the obtained Ar for 100
and 200 °C is 0.998 and 0.994, respectively. It
should be noted that a similar procedure is also
conducted by YIN et al [16] to correct the stress
wave. However, they neglected the wave reflection

Comparison between stress waves at measuring Points 1,

0 -
_20 -
<
a
2
3 —40
=
7
_60 -
— Point 2
-=~Eq. (5)
_80 L 1 1 1 i 1
0 50 100 150 200 250
Time/us

Fig. 10 Comparison of stress wave of measuring Point 2
and prediction of Eq. (5)

between the adjacent elements, which overestimates
the effect of the temperature gradient on the stress
waves. If the refection is neglected, in this work,
the obtained correction factors are 0.996, 0.989, and
0.969 for 100, 200, and 400 °C, respectively, which
is the same as the results obtained by YIN et al [16].

From the above analysis, we could notice
that although the tests were performed at a high
temperature of 400 °C, the effect of the temperature
gradient on the stress wave is limited. For indoor
tests, when the experiment temperature is less than
or equal to 400 °C, we may estimate the forces on
both sides of the specimen by substituting Eq. (5)
into Eq. (1):
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P =B, Pt =P, (6)

where B" is the actual force on the left hand of
the specimen, and sz is the actual force on the
right hand of the specimen.

3.2 Dynamic force balance verification and

calculation of dynamic fracture toughness

The dynamic force balance should be verified
before the calculation of the dynamic fracture
toughness. Figure 11(a) shows the signal history
collected by the strain gauges on the incident and
transmitted bars when an NSCB specimen is loaded
at 400 °C. The time-zero of the incident reflected
and transmitted forces are shifted into the right and
left cross-section of the incident and transmitted
bars, respectively. Figure 11(b) shows the typical
force histories, where the forces are calculated
based on Eq. (6). It can be seen from Fig. 11(b) that
the dynamic force equilibrium is achieved when the
specimen is at ambient high temperature of 400 °C.
The result further manifests that the tests are valid.
Therefore, the inertial effects are negligible, and the
average dynamic load (P ) on the NSCB specimen
can be expressed as

P(t) :%[RR O +B (O]=R"()=F () (7

The dynamic stress intensity factor (Ki) can be
calculated on the quasi-static formula [35]:
P(t)Nma v

2RB !

K()= ®)

where Y1 is the mode I normalized stress intensity
factor for NSCB specimen as [35]

Y1i=—1.297+9.5164+(—0.47-16.457f)a+

and a=a/R, =S/(2R).

Before the calculation of dynamic fracture
toughness (Kiq), the fracture process of the NSCB
specimen should be reviewed to verify the fracture
mode of the specimen. The typical fracture process
and the fracture surfaces of the NSCB specimens at
different temperatures are shown in Fig. 12. From
Fig. 12, the cracks initiate at the crack notch at
60—71 pus from the prefabricated notch for all
temperature group specimens. And, after further
5 us, the cracks almost entirely pass through the
ligament of the specimens and divide the specimens
into two identical parts. One can also notice the
smooth fracture surfaces of the specimens, which
strongly indicates that the mode I fracture occurs.
The fracture behaviors are the same as the fracture
characteristics of the NSCB specimen described in
Ref. [38].

From the above analyses, the effectiveness of
the fracture tests is verified and the dynamic
fracture toughness and the loading rate of the
specimens can be determined. Based on Eq. (8), the
dynamic mode I stress intensity factor (SIF) history
of the NSCB specimen can be derived, and a typical
dynamic SIF history is shown in Fig. 13. According
to the ISRM method [23], the loading rate (KI) is
obtained from the slope of the linear regime of the
SIF—time curve, and the peak value of the curve is
regarded as the dynamic fracture toughness (Kiq) of
the NSCB specimen. It should be noted that some
literature [39,40] indicated that the crack initiation
time is not synchronized with the peak load.
However, the cracks are found to nearly penetrate
the specimens within 5 ps. The peak value of SIF
occurs at 72 us (Fig. 13), and even if the crack
onset time is 67 ps, the peak SIF (9.17 MPa-m®?)

(1.071434.4015)0? is only 1.44% larger than that at 67 s
(0.2<0<0.6, 0.5<p<0.8) (9)  (9.04 MPa-m"). Besides, in a numerical study, XU
a , , 150 Fb
0.06® o | Reflected ®) Y
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Fig. 11 Typical signal history (a) and dynamic force equilibrium (b) for test at 400 °C
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Fig. 12 Typical fracture photographs and fracture surfaces of dynamic NSCB tests at different temperatures:

(a) T=25 °C; (b) T=100 °C; (c) T=200 °C; (d) T=400 °C

107"k =9.17 MPa-m®3
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Fig. 13 Determination of dynamic fracture toughness and
loading rate of NSCB specimen

et al [41] indicated that the time difference between
the fracture onset and peak force is 4.62—5.95 us,

which demonstrates that the moment of crack
initiation almost synchronizes with the peak force.
Therefore, using the peak value of the SIF as the
dynamic mode I fracture toughness would not
profoundly overestimate the dynamic mode I
fracture toughness. And, for all of the NSCB
specimens, the dynamic force equilibrium and
fracture mode are rigidly checked.

4 Results and discussion

The obtained dynamic fracture toughness and
loading rates of NSCB specimens at different
temperatures are shown in Table 3. The restored
NSCB specimens after dynamic impact are shown
in Fig. 14. The loading rates for these specimens
were 199.3-254.6 GPa-m®>-s™". It can be observed
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Table 3 Dynamic fracture toughness of NSCB specimens at different high temperatures

Specimen  K;/(GPa'm®3:s™") K /(MPa-m®%) Specimen K /(GPa'm®%s™") K /(MPa-m"3)
25-1 121.6 6.45 200-1 148.9 7.58
25-2 254.6 9.78 200-2 199.3 10.1
25-3 319.3 10.77 200-3 373.6 14.55
25-4 343.9 12.62 200-4 390.1 14.33
25-5 446.1 14.34 200-5 420.4 15.31
25-6 460.0 14.76 200-6 452.0 18.4
25-7 460.8 15.49 200-7 495.0 16.54
25-8 546.0 17.43 200-8 508.2 18.01
100-1 148.5 6.39 400-1 122.2 7.34
100-2 224.8 8.84 400-2 203.7 9.17
100-3 328.1 12.46 400-3 275.6 10.78
100-4 383.4 13.99 400-4 323.2 14.34
100-5 386.4 15.01 400-5 391.9 15.32
100-6 414.6 14.56 400-6 415.8 16.04
100-7 458.2 15.82 400-7 457.6 15.43
100-8 526.4 16.78 400-8 469.3 17.26

17.5¢
15.0
2; 125}
g 10.0 -
;3 751
Fig. 14 Restored NSCB specimens after being subjected Sor
to dynamic impact at different temperatures: (a) Specimen 2.5¢ Quasi-static
25-2, loading rate 254.6 GPa-m®-s™!; (b) Specimen @

100-2, loading rate 224.8 GPa-m®*s™!; (c) Specimen
200-2, loading rate 199.3 GPa-m®>-s’!; (d) Specimen
400-2, loading rate 203.7 GPa-m®3-s™!

that there was no obvious difference whether the
specimens were at 25 °C or 400 °C. The specimens
were uniformly fractured into four pieces and the
fracture patterns for the specimens were similar.
Figure 15 shows the variation of the dynamic
fracture toughness and loading rate for NSCB
specimens at different temperatures, where the
quasi-static value is obtained from Ref. [32]. It can
be seen from Fig. 15 that the dynamic fracture
toughness increases linearly with the increase of
loading rate. This phenomenon can also be
found [42,43]. LI et al [42] carried out a dynamic
study to test the mode I fracture properties of Barre

0 100 200 300 400 500
K/(GPa-m°®3-s7")

Fig. 15 Dynamic fracture toughness versus loading rate

of Fujian granite at different temperatures

granite after being subjected to microwave
irradiation. They claimed that the dynamic fracture
toughness increases linearly with the loading rate,
and, although the microwave irradiation showed an
obvious weakening effect on the fracture toughness
under the same loading rate, the slopes of the
regression curves are constant. YAO et al [43]
conducted a series of dynamic fracture tests on two
thermally treated mortar samples, and their results
also pointed out that the dynamic fracture toughness
linearly develops as the loading rate increases, and,
under the same loading rate, the dynamic fracture
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toughness decreased with an increase in heat-
treatment temperature. They expressed that the
decrement of dynamic fracture toughness under the
same loading rate was due to the development of
micro-cracks and voids at different temperature
phases.

In this work, the experimental results indicate
that the temperature has a strengthening effect on
the dynamic fracture toughness of the granite,
which is counter-intuitive because the thermal
treatment would usually decrease the rock dynamic
fracture toughness [44,45]. The quasi-static tests
(such as those described in Refs. [46—49]) also
showed the negative effects of thermal treatment on
the fracture toughness of rocks. For this granite,
the static mode I fracture toughness under natural
conditions is 1.349 MPa-m®> [32]. However, the
mode I fracture toughness of this granite decreases
to 0.935 MPa-m®® when the temperature increases
to 400 °C [32], which demonstrates that there exist
essential differences between the rock properties
after and at ambient high temperature.

The scanning electron microscope (SEM)
images of the granite after being subjected to
different temperatures are presented in Fig. 16.
When the temperatures are 25 and 100 °C, no

obvious thermal cracks are observed, which

suggests that no thermal damages occur when the
granite is heated to the 100°C. When the
temperature increases to 200 and 400 °C, apparent
thermal cracks emerge, which demonstrates that the
thermal damages occur in the temperature stages.
However, the micrographs after high temperatures
might not reflect the nature of rocks at ambient high
temperature, because the thermal damages can
occur in the heating stage or cooling stage or both
depending on the rock types and temperature
conditions [50—52]. For instance, DAOUD et al [52]
investigated the AE characteristics of three intrusive
igneous rocks during cyclic heating and cooling
treatment, and the results indicated that thermal
damage can occur at both the heating and cooling
stages for Slaufrudalar Granophyre, but, for
Santorini Andesite and Seljadalur Basalt, the
thermal damage generates mainly at the cooling
stage. Although the temperature could motivate the
extension and the formation of microcracks,
the high temperature could also motivate the
evaporation of free water and the closure of primary
cracks, which may both have certain positive
effects on the rock strength. While, for the granite
used in the study, the thermal damage might not
have occurred yet even when the temperature
reaches 400 °C. This is why the temperature shows

Fig. 16 Micro-photographs of specimens after being subjected to different temperatures: (a) 25 °C; (b) 100 °C;
(c) 200 °C; (d) 400 °C
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a strengthening effect on the dynamic fracture
toughness.

However, the temperature may have both the
strengthening effect and the weakening effect on the
rock dynamics strength. LIU and XU [10] indicated
that the temperature strengthens the dynamic
compressive strength of sandstone in a temperature
range of 25-400°C. Whereas, when the
temperature 400 °C, the
temperature shows a weakening effect on the
dynamic compressive strength. YIN et al [16]
showed that the dynamic tensile strength of
sandstone in the temperature range of 100—500 °C
is higher than that at 25 °C under the same loading
rate. However, the dynamic tensile strength of the
sandstone at 600 °C is smaller than that at 25 °C
under the same loading rate. PING et al [17] also
indicated that the dynamic tensile strength of
sandstone first increases within the temperature
ranges of 25—400 °C and then decreases as the
temperature further increases to 800 °C.

Thus, it can be concluded that there is a
temperature threshold for rocks. When the
temperature is lower than the threshold, the rock
will be strengthened. However, when the temperature
increases to over the threshold, the rock strength
will be weakened. In the literature [10,16,17], the
temperature threshold is in the temperature range
of 400-600 °C. It is worth mentioning that the
o—f phase transition of quartz occurs at around
573 °C [46,53]. The thermal effect on the dynamic
properties of rocks at high temperatures will be
reversed when the temperature exceeds this
temperature point.

In this work, only the dynamic fracture
toughness of granite at four temperature (25, 100,
200, and 400 °C) was tested. It is possible to carry
out dynamic fracture tests when the temperature is
higher than 400 °C. However, when the specimen is
heated to over 400 °C, the steel bars may be
tempered, and its elastic parameters may be
permanently changed. Therefore, to prolong the
service life of the system, the fracture tests were
only conducted within the temperature ranges of
25-400 °C. However, considering that in an
enhanced geothermal system (EGS), the hot dry
rock at temperatures of 150—350 °C is high enough
to generate power [54], the test results are still
meaningful. Figure 17 shows the comparison
between the test results presented in this study and

increases to over

the results obtained by ZHANG et al [18] and YIN
et al [19]. From Fig. 17, it is observed that the
dynamic fracture toughness depends mainly on the
loading rate.

Many factors affect the variation of dynamic
fracture toughness during the dynamic test. Different
rocks may display different fracture behaviors at
ambient high temperatures. And, different specimen
sizes and geometries may yield different dynamic
fracture toughness values [55—57]. Therefore, more
dynamic fracture studies on different rock types,
specimen sizes, and specimen geometries are still to
be carried out in the future to verify the results
presented in the text.
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Fig. 17 Comparison between dynamic fracture toughness

of different rocks at different temperatures

5 Conclusions

(1) Analytical results reveal that the amplitude
of the stress wave decreases when it propagates
from the normal temperature part to the high-
temperature part of the bar. However, the stress
wave will grow again when it further propagates
from the high-temperature part to the room
temperature part of the bar.

(2) Although the steel bars and the NSCB
specimens are both at ambient high temperatures,
the dynamic tests forces balance can be achieved,
which further demonstrates that the test method is
valid.

(3) The fracture tests show that the
temperature has a strengthening effect on the
dynamic fracture toughness for the granite, and the
dynamic fracture toughness increases linearly
within the loading rate of 121.6-546.0 GPa-m®’-s".

(4) This work may have certain implications
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for designing the high-temperature rock structures
and the dynamic fracturing in hot dry rock.
However, further research should be made on the
different types of rocks and different types/sizes of
specimens to verify the results drawn in the study.
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