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ABSTRACT

The dynamic spalling characteristics of rock are important for stability analysis in rock engineering. This
paper presented an experimental investigation on the dynamic spalling characteristics of granite with
different temperatures and strain rates. A series of dynamic spalling tests with different impact velocities
were conducted on thermally treated granite at different temperatures. The dynamic spalling strengths
of granite with different temperatures and strain rates were determined. A model was proposed to
correlate the dynamic spalling strength of granite, high temperature and strain rate. The results show
that the spalling strength of granite decreases with increasing temperature. Moreover, the spalling
strength of granite with a higher strain rate is larger than that with a lower strain rate. The proposed
model can describe the relationship among dynamic spalling strength of granite, high temperature and
strain rate.

© 2024 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Tensile stress is generated by the reflection of a stress wave on
the joint and free surfaces of a rock mass (Li and Ma, 2009; Chen
et al,, 2015; Li et al., 2017; Xie et al.,, 2020; Huang et al., 2022).
The spalling failure of the rock mass induced by tensile stress
cannot be ignored because the tensile strength of the rock mass is
much lower than the compressive strength of the rock mass (Cai,
2010). In addition, the rock mass is generally influenced by the
high temperature in temperature-related rock engineering, such as
geothermal energy development and the underground disposal of
nuclear waste. High temperatures can influence the material
characteristics of a rock mass (Rang and Sun, 2012; Liu and Xu,
2013; Fan et al., 2017; Yin et al., 2021; Li et al., 2022). Therefore, it
is important to investigate the dynamic spalling characteristics of
rock masses at high temperatures for the safety of rock engineering.

The spalling method was generally utilized to investigate the
dynamic spalling characteristics of brittle materials (Khosravani
et al,, 2019; Erzar and Forquin, 2011; Huang et al., 2021a). The
tensile stress was generated by the superposition of a compression
wave and tensile wave in this spalling method. A spalling fracture of
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the brittle material occurred when the maximum tensile stress
exceeded the spalling strength (Erzar and Forquin, 2010; Zhu et al.,
2011). The advantage of the spalling method was that the brittle
material was always subjected to uniaxial tensile stress when
spalling occurred. The spalling method has been adopted to
investigate the spalling strength of brittle materials such as con-
crete (Klepaczko and Brara, 2001; Zhang et al., 2020; Wang et al.,
2021). Their research showed that the spalling strength of the
concrete was significantly affected by the strain rate. The spalling
method was adopted to reveal the spalling strength of brittle ma-
terials with different strain rates (Wu et al., 2005, 2018; Wang and
Yang, 2015). Their research showed that the spalling strength under
a higher strain rate was higher than that under a lower strain rate
for brittle materials. The spalling method was further developed by
combining it with a high-speed photography system to investigate
the spalling behavior of brittle materials (Klepaczko and Brara,
2001; Khosravani et al., 2019; Forquin et al., 2019; Lukic et al.,
2020). Previous research showed that the spalling method could
reliably obtain the dynamic spalling characteristics of brittle
materials.

The spalling characteristics of rock masses have been exten-
sively investigated (Mitelman and Elmo, 2016; Li et al., 2017, 2018;
Niu et al., 2018; Tao et al., 2019). A spalling test was applied to study
the spalling strength of a rock mass (Khan and Iran, 1987; Saadati
et al.,, 2016; Forquin et al., 2022). This research showed that the
dynamic spalling strength of the rock mass was higher than the
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quasi-static spalling strength of the rock mass. The relationship
between the spalling strength of the rock mass and its strain rate
was investigated based on spalling tests with different impact ve-
locities (Cho et al., 2003; Huang et al., 2021b). This research showed
that a larger spalling strength was achieved under a higher strain
rate for the rock mass. The spalling strength of the rock mass with
different pre-confining pressures was experimentally investigated
(Zhao et al., 2019). This research showed that the spalling strength
initially increased and then decreased with increasing pre-
confining pressure for the rock mass. Previous investigations
focused on the dynamic spalling characteristic of the rock mass at
room temperature. The rock mass was generally influenced by the
high temperature (Liu and Xu, 2015; Fan et al., 2018; Pathiranagei
and Gratchev, 2022). High temperature induced the generation of
microdefects in rock masses which affected the dynamic mechan-
ical properties of rock masses (Meyers 1994; Abdollahipour et al.,
2016;Abdollahipour and Marji, 2020; Lak et al., 2019; Wu et al,,
2022; Zhang et al., 2021). Therefore, the effect of high tempera-
ture on the spalling characteristics of rock masses needs to be
further explored.

In the present study, spalling tests with different impact ve-
locities were performed to study the spalling characteristics of
granite under heat treatment. The spalling strength of granite was
determined. The relationships among spalling strength, high tem-
perature and strain rate were revealed. A model was developed to
correlate the spalling strength of granite, temperature and strain
rate.

2. Procedure of spalling test

Spalling failure was generated by the superposition of the
incident compression wave and reflected tensile wave, as shown in
Fig. 1. The spalling test was performed to study the spalling char-
acteristics of the rock mass at different temperatures.

2.1. Specimen preparation

The cylindrical specimens adopted for the dynamic spalling test
were obtained from Fujian, China. The density of granite was
2665.3 kg/m> and the porosity of granite was 0.87%. The granite
was mainly composed of quartz, feldspar and biotite. The diameter
of the specimen was designed as 4.5 cm, which was much smaller
than the wavelength (at least 139 cm) to satisfy the one-
dimensional wave propagation theory. The length of the spec-
imen was designed as 120 cm, which ensured that the tensile stress
was generated by the wave superposition. The two free surfaces of
the granite bar were carefully ground to ensure coupling with the
incident bar and assure the complete reflection of the stress wave.
Macro-cracks in the rock mass could affect the experimental
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by reflected wave
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results, thus all granite bars were carefully checked to ensure that
there were no obvious macro-cracks. To avoid the contingency of
the experimental phenomenon caused by specimens, three speci-
mens were prepared under the same experimental conditions.

2.2. Thermal treatment

High temperature can influence the dynamic mechanical
properties of a rock mass, as shown in Fig. 2. Five temperatures of
25 °C, 100 °C, 200 °C, 300 °C and 400 °C were adopted in the
present study. Granite bars were uniformly heated to the set tem-
perature by the thermal treatment setup. According to previous
research, the heating rate was set to 2 °C/min to avoid the effect of
thermal shock on the mechanical properties of granite (Shao et al.,
2015; Yang et al., 2017; Rossi et al., 2018). Then, granite bars were
heated at the designed temperature for 4 h to ensure the same
temperature inside the granite bars. Finally, the granite bars were
naturally cooled from the set temperature to room temperature.

2.3. The dynamic spalling test

The dynamic spalling test utilized the superposition of the
compression wave and tensile wave to generate the tensile stress.
Spalling failure occurred when the maximum tensile stress excee-
ded the spalling strength of the material. Fig. 3 shows the dynamic
spalling system. The dynamic spalling system included the impact
subsystem and data collection system. In the impact subsystem, an
incident bar with a length of 2.5 m was applied for stress wave
propagation. A fusiform striker was applied to generate the stress
wave. The impact velocity of the fusiform striker is related to the air
pressure of the gas gun. The impact velocity increases as the air
pressure of the gas gun increases. The impact velocity can be
determined by the speed sensor. The impact velocities generated by
air pressure of 0.3 MPa, 0.35 MPa and 0.4 MPa were 5.52 m/s,
6.02 m/s and 6.53 m/s, respectively.

In the data collection subsystem, a LK2107 dynamic strain in-
strument and strain gauge were adopted to obtain the incident,
reflected and transmitted stress waves. The sampling rate of the
dynamic strain instrument increased as the sampling time
decreased. The higher sampling rate resulted in a shorter sampling
time. The lower sampling rate caused the collected stress waves to
have lower accuracy. Stress waves were obtained at a sampling rate
of 1 x 107 and a sampling time of 12 ms. Three groups of strain
gauges were used to obtain stress waves. A group of strain gauges
installed on the incident bar was used to obtain the incident stress
wave and reflected stress wave. In addition, a strain gauge was
adopted to generate trigger signals for the dynamic strain instru-
ment. The other two groups of strain gauges were installed on the
granite bar to obtain the propagation of the transmitted stress
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Fig. 1. Schematic diagram of tensile fracture generation caused by the stress wave.
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Fig. 2. Schematic diagram of dynamic tensile failure of rock mass with different temperatures.
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Fig. 3. The dynamic loading system combined with high-speed digital image correlation (H-DIC) for the dynamic spalling test: (a) Schematic diagram of dynamic spalling tests, and
(b) Experimental setup for the dynamic spalling test.

wave. To separate the compressive wave and tensile wave, the and Sun, 2012; Wu et al., 2018). Strain gauges were positioned at
strain gauge should be positioned close to the incident end (Rang distances of 20 cm and 60 cm from the incident end.
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In the data collection subsystem, a high-speed camera was used
to determine the location of the first spalling. The high-speed
camera was a Phantom VEO 710 L. The frame rate of the high-
speed camera decreased as the resolution increased. The location
of the first spalling cannot be determined for the lower frame rate.
To improve the accuracy of displacement determined by the image
and distinguish the first spalling from other spalling, a high-speed
camera with a resolution of 1024 x 80 pixels and a frame rate of
86,000 frames per second was used to collect the process of spal-
ling. The shooting area was the half of the granite bar near the free
end where the first spalling occurred. Digital image correlation
(DIC) was used to determine the displacement field of a specimen
by comparing the digital images taken before and during the dy-
namic spalling test (Zhao and Zhao, 2012; Chi et al., 2019; Li et al,,
2022). DIC analysis was applied to the obtained images to deter-
mine the location of the first spalling based on the displacement
field of the granite bar. A spatial resolution of 0.56 mm/pixel, a
subset size of 21 x 21 pixels and a step size of 4 pixels were used to
carry out DIC analysis.

Fig. 3 also shows the procedure of the spalling test for granite
bars with different heat treatments. The position of the incident bar
was adjusted before the spalling test to ensure that the incident bar,
striker and specimen were aligned. The incident bar was well
coupled with the specimen to avoid the concentration of stress. The
fusiform striker was pushed by gas gun and impacted the incident
bar. The incident stress wave was generated by the collision be-
tween the fusiform striker and the incident bar. At the interface
between the incident bar and the granite bar, the incident stress
wave was reflected and transmitted due to the difference between
the wave impedance of the incident bar and the granite bar. The
transmitted compression wave propagated into the granite bar. The
transmitted compression wave was reflected as the tensile wave at
the free end of the granite bar. The tensile stress was produced by
the superposition of the compression wave and tensile wave. The
spalling failure occurred when the maximum tensile stress excee-
ded the spalling strength of the high-temperature granite. The
high-speed camera was applied to obtain the process of spalling.
The DIC algorithm was performed on the obtained images to
determine the location of the first spalling.

3. Determination of dynamic spalling strength for high-
temperature granite

An attenuation of the stress wave occurs in the high-
temperature granite, which causes difference between the stress
wave at the location of the strain gauges and the stress wave at the
location of the first spalling. The propagation coefficient (attenua-
tion coefficient and wave number) is applied to predict the prop-
agation of the stress wave (Li et al., 2015, 2019; Niu et al., 2020; Fan
et al., 2021). Based on wave propagation theory, the strain and
stress in a high-temperature granite bar can be determined as

e1(x,t) = F 1 [E(w)e ] (1)
gi(x,t) =F 1| - p%z?l(w)e*yx (2)

where 1 and ¢ are the strain and stress generated by the incident
stress wave in the high-temperature granite bar, respectively; x is
the location of the cross-section for the high-temperature granite
bar; t is the time of stress wave propagation; & is the measured
strain pulse applied Fourier transformation; p is the density of the
high-temperature granite; « is the angular frequency; v is the

propagation coefficient; and F~! is the application of the inverse
Fourier transform.
The propagation coefficient can be expressed as

Y(©) = a(w) + ik(w) (3)

where « and k are the attenuation coefficient and the wave number
of the stress wave in high-temperature granite, respectively.

The attenuation coefficient and wave number can be expressed
as

d— —Re [m} (g‘pm (4)

k= —Im {ln% (llj;ig")} (5)

where ¢, is the positive wave produced by the direct impact of the
pendulum hammer, e, is the negative wave produced by the
reflection of the positive wave at the free end, [ is the wave prop-
agation distance, and F is the application of the Fourier transform
(Butt et al., 2015; Li et al., 2019; Wang et al., 2022a).

The incident stress wave propagates to the free end of the high-
temperature granite bar and is reflected as the reflected stress
wave. The strain and stress generated by the reflected stress wave
in the high-temperature granite bar can be expressed as

ex(t) = F~' [~ &i(w)e @] (6)
2
o(t) = F! [”%a(w)e*ﬂﬂf’”] 7)

where ¢, and o5 are the strain and stress generated by the reflected
stress wave in the high-temperature granite bar, respectively; and L
is the distance from the strain gauge to the free end.

The strain and stress in the high-temperature granite bar under
the superposition of the incident stress wave and the reflected
stress wave can be expressed as

e3(X,t) = e1(x%, 1) + e2(x, ) (8)

03(X’ t) =01 (X! t) + 0'2(X, t) (9)

where ¢3 and o3 are the strain and stress generated by the super-
position of the incident stress wave and the reflected stress wave in
the high-temperature granite bar, respectively.

The stress distribution can be determined based on Eq. (9). The
spalling strength is determined based on the stress distribution and
the location of the first spalling.

The strain rate of the spalling process can be expressed as

g=58 (10)
where ¢ is the strain rate, ¢ is the strain of spalling failure, and 1 is
the time between the tensile stress occurrence and spalling failure.
4. Results and discussion
4.1. The transmission wave in high-temperature granite bar

Fig. 4 shows the transmitted stress wave generated by the

striker with different impact velocities in the high-temperature
granite bar. In Fig. 4a—c, the impact velocities are 5.52 m/s,
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Fig. 4. Stress wave generated by different impact velocities in thermally treated
granite: (a) 5.52 m/s, (b) 6.02 m/s, and (c) 6.53 m/s.

6.02 m/s and 6.53 my/s, respectively. The amplitude of the trans-
mitted stress wave increases with increasing temperature, as
shown in Fig. 4. For example, the amplitude of the transmitted
stress wave increases from 7.45 x 1074 to 12.05 x 10~4 as the
temperature increases from 25 °C to 400 °C under an impact ve-
locity of 5.52 m/s, as shown in Fig. 4a. This is mainly because the
wave velocity of granite decreases as the temperature increases,
resulting in a decrease in the wave impedance of granite. The wave
impedance ratio of the incident bar and granite bar increases as the
temperature increases. The amplitude of the transmitted wave in-
creases as the wave impedance ratio increases (Wang et al., 2022b).
Therefore, the amplitude of the transmitted wave with a higher
temperature is larger than that with a lower temperature. The
amplitude of the transmitted stress wave under a higher impact
velocity is larger than that under a lower impact velocity for a fixed
temperature. For the granite bar with a heat treatment of 200 °C,
the amplitude of the transmitted stress wave obtained by the
striker with an impact velocity of 6.53 m/s is 11.21 x 10~% which is
30.2% larger than that of the transmitted stress wave obtained by
the striker with an impact velocity of 5.52 m/s.

4.2. Propagation coefficient of the high-temperature granite

The stress wave obtained by strain gauges is different from that
at the location of the first spalling because of the wave attenuation
in granite with heat treatment. The propagation coefficient
(attenuation coefficient and wave number) is applied to predict the
stress wave propagation. Fig. 5 shows the variation in the propa-
gation coefficient with increasing frequency in high-temperature
granite.

Fig. 5a shows the variation in the attenuation coefficient with
increasing frequency in granite under different heat treatments.
The attenuation coefficient increases with increasing frequency,
which indicates that the attenuation of the harmonic wave with a
higher frequency is faster than that of the harmonic wave with a
lower frequency. It is also observed that a higher temperature re-
sults in a larger attenuation coefficient. The attenuation of the
harmonic wave is faster in granite with higher temperature. The
wave attenuation caused by the high temperature should be
considered for the determination of the spalling strength.

Fig. 5b shows the variation in wave number with increasing
frequency in granite with different heat treatments. The wave
number increases with increasing frequency. It is also observed that
a higher temperature results in a larger wave number.

4.3. The first spalling of the high-temperature granite bar

Fig. 6 shows the typical variation in the displacement of the
heated granite bar as time increases. Fig. 6a shows the variation in
the displacement fields of the heated granite bar as time increases.
The displacement fields of the high-temperature granite bar in-
crease with increasing time. The displacement near the free end is
larger than that far from the free end.

Fig. 6b shows the relationship between the displacement
generated by the impact and the distance to the free end. The
displacement generated by the impact decreases as the distance to
the free end increases. When the time is 0.2552 ms, the displace-
ment for the distance of 10 cm to the free end is 0.603 mm, which
increases by 21.8% compared with 0.495 mm for the distance of
30 cm to the free end. It is also observed that the displacement
increases slowly as the distance to the free end decreases. Then, the
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Fig. 5. Propagation coefficient of stress wave in high-temperature granite for predic-
tion of the stress wave: (a) Attenuation coefficient, and (b) Wave number.

displacement increases sharply for a distance of 28.1 cm to the free
end. The displacement of the granite bar generated by impact
comes from continuous variation to discontinuous variation. This
result further indicates that the first spalling occurs at this location.

Fig. 7 shows the location of the first spalling for the thermally
treated granite bar. The spalling fracture is relatively flat and there
is no obvious scratch. The results indicate that the spalling fracture
is not subject to shear stress. The spalling fracture is approximately
perpendicular to the axis of the granite bar. The results indicate that
the tensile stress is parallel to the axis of the granite bar. It is also
observed that the location of the first spalling is at a distance of
23.5—32.7 cm away from the free end, which is in the superposition
range of the compression wave and tensile wave.

4.4. Dynamic spalling strength of high-temperature granite with
different strain rates

Fig. 8 shows the typical relationship between the stress distri-
bution of the granite bar and time. The compression wave first
propagates through the granite bar. The granite bar is mainly

(mm)
0.810

1=0.2346 ms

0.773
0.736
t=0.2552ms
0.699
1=0.2668 ms 0.662
0.625
+=0.2784ms 0.588
0.551
1=0.2900 ms
0.514
0477
+=10.3016ms
0.440
(@
0.9 Occurring the first spalling —0— {=0.2436 ms
‘ N} =0— 1= 0.2552 ms
1\ | =5 1=0.2668 ms
08 —v— 1=0.2784 ms
T m —o— 1=10.2900 ms
g — +r=0.3016 ms
5 0.7 1
: \
k=
5061
A =
0.5 1
04 T T T T
0 10 20 30 40

Distance to the free end (cm)
(b)

Fig. 6. Determination of the location of the first spalling: (a) Variation in the
displacement field for granite, and (b) Displacement evolution of granite experiencing
the first spalling.

subjected to compression stress. The incident compression wave
arrives at the free end of the granite bar and is reflected as the
tensile wave as time increases. Then, the reflected tensile wave
propagates to the incident end of the granite bar. Tensile stress is
generated by wave superposition. The range subjected to tensile
stress increases with increasing time. The maximum compressive
stress of the granite bar decreases as time increases, while the
maximum tensile stress of the granite bar increases as time in-
creases. The distance between the location of the maximum tensile
stress and the free end increases as time increases. The first spalling
failure of the granite bar occurs when the maximum tensile stress
exceeds the spalling strength.

Fig. 9 shows the relationship between the spalling strength of
high-temperature granite and strain rate. The spalling strength of
the granite with heat treatment increases with increasing strain
rate, as shown in Fig. 9. For the high-temperature granite at 100 °C,
the spalling strength of the granite under a strain rate of 12 s~ is
24.6 MPa, which increases 42.7% to 35.1 MPa under a strain rate of
25.1 s~ In addition, the spalling strength is obviously temperature
dependent. The higher temperature results in the smaller spalling
strength of the granite. For example, for a strain rate of 11.5 s~!, the
spalling strength of the granite is 22.1 MPa under a heat treatment
of 200 °C, it decreases by 19% to 17.9 MPa under a heat treatment of
400 °C.
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Fig. 7. Location of the first spalling for granite with high-temperature treatment under different impact velocities: (a) 5.52 m/s, (b) 6.02 m/s, and (c) 6.53 m/s.
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4.5. The model of dynamic spalling strength under high
temperature and strain rate effects

The experimental results show that the dynamic spalling
strength is related to the temperature and strain rate. A model
describing the relationships among the dynamic spalling strength,
the temperature and strain rate was proposed. The model is
expressed as

45

[3v]
(o3
1

Dynamic spalling strength (MPa)
= bt s
i " 1 L 1 L 1
\\

O 100°C
A 200°C
v 300°C
<400 °C

10 12 14 16 18 20 22 24 26 28

Strain rate (s

Fig. 9. Relationship between the dynamic spalling strength of the high-temperature
granite and strain rate.

O'Span(T, £) = ClTTp1 +agéP? 4+ aTéTp3ép4 (11)

where ospay is the spalling strength of the high-temperature
granite; ¢ is the strain rate; T is the temperature; and ar, a;, a;,
p1, P2, p3 and pg are the material parameters of the high-
temperature granite. The material parameters of the high-
temperature granite determined by the least square method are
listed in Table 1. The mode considers the three effects, including the
effect of temperature, the effect of strain rate, and the combined
effects of temperature and strain rate.
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Table 1
Material parameters of the function relationship determined by the spalling tests.
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sent model and that determined by the spalling test.

Fig. 10 shows the comparison between the spalling strength
determined by the present model and that determined by the
spalling test. The spalling strength decreases with increasing tem-
perature when the strain rate is constant. The spalling strength
increases with increasing strain rate when the temperature is
constant. The dynamic spalling strength rapidly increases under
combined effects of lower temperature and higher strain rate. In
addition, the spalling strength obtained by the present model is
similar to the spalling strength obtained by the spalling test, with

an accuracy of R* = 0.975.

5. Conclusions

The dynamic spalling characteristics of granite with different
temperatures and strain rates were investigated. Spalling tests with
different impact velocities were performed on high-temperature
granite. The influence of the high temperature on the dynamic
spalling strength of granite was investigated. A model was pro-
posed to correlate dynamic spalling strength of granite, high tem-
perature and strain rate. The main conclusions are drawn as

follows:

(1) The amplitude of the transmission stress wave is related to
temperature. The amplitude of the transmission stress wave
increases with increasing temperature.

(2) Based on the stress distribution determined by propagation
coefficient and first spalling location determined by high-
speed camera system, the dynamic spalling strength of
granite with different temperatures and strain rates can be
obtained.

(3) The dynamic spalling strength of the granite is significantly
influenced by the temperature. The dynamic spalling
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strength of the granite decreases with increasing
temperature.

(4) The dynamic spalling strength of the granite is sensitive to
strain rate. The dynamic spalling strength of the granite in-

creases with increasing strain rate.

(5) The proposed model can correlate the dynamic spalling
strength of granite, temperature and strain rate. The spalling
strength determined by the proposed model is similar to that
determined by the spalling test, with an accuracy of

R? = 0.975.
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