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Abstract Understanding the wave propagation
behaviour in rock masses with different temperatures
and geological conditions is of great significance for
the stability and safety evaluation of deep rock engi-
neering, e.g., enhanced geothermal system, nuclear
waste disposal. However, the response and mecha-
nism of ultrasonic waves through granites after ther-
mal treatment are still poorly understood. In order
to determine the combined effects of heating tem-
perature and grain size on wave propagation across
granites, a series of laboratory ultrasonic tests were
performed with the pulse transmission method, com-
bined with scanning electron microscopy observation.
The testing results indicate that heating temperature
and grain size have a combined impact on wave prop-
agation across the tested granites. The wave velocity,
transmitted coefficient, peak power spectral density
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and accumulative energy are generally negatively cor-
related with heating temperature regardless of grain
size. The effect of grain size on wave propagation is
more pronounced at low temperatures. Basically, the
crack evolution is the main reason for the seismic
response of granite after thermal treatment. A dam-
age factor defined by the change of microcrack area
in this paper is proposed and adopted to consider the
combined effect of heating temperature and grain
size. The peak power spectral density of the low-fre-
quency wave and the transmission coefficient of the
high-frequency wave are appropriate as the optimal
wave indicators for evaluating the deterioration of
granites at high- and low-damage stages, respectively.
The findings in this study are of great importance for
site selection and stability assessment in rock engi-
neering activities under high temperatures, especially
for the development of deep-seated hot dry rock.

Article Highlights

e The multi-frequency seismic responses of granites
with different grain sizes after thermal treatment
are comprehensively studied.

e The mechanism of microcrack evolution under the
combined effects of heating temperature and grain
size are experimentally analysed.

e The wave indicators for evaluating the deteriora-
tion of granites are proposed by considering the
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relationship between wave attenuation and dam-
age.

Keywords Thermal treatment - Grain size - Wave
propagation - Microcrack evolution - Damage

1 Introduction

Multiple deep rock engineering activities are carried
out in high-temperature conditions and complex geo-
logical environments, e.g., geothermal energy devel-
opment (Hu et al. 2019) and nuclear waste disposal
(Dwivedi et al. 2008). Thermal fractures generally
develop in rocks under high temperatures, which is
the main reason for rock deterioration (Yang et al.
2017). Rock microstructure, e.g., grain size, con-
siderably influences the fracture behaviour of rocks
(Shao et al. 2015). Elucidating the fracture behav-
iour of rocks is essential to rationally utilize thermal
resources and effectively prevent thermal disasters.
Additionally, seismic wave parameters such as wave
velocity and amplitude could be used for fracture
detection and stability assessment of rock masses
(Chen et al. 2017; Zhu et al. 2020). Although the
effects of temperature and grain size on rock prop-
erties and fracture behaviour have been extensively
investigated (Zhao et al. 2018; Feng et al. 2021; Zhai
et al. 2022), the response and mechanism of ultra-
sonic waves through granites under the combined
effects of heating temperature and grain size are still
poorly understood. Therefore, it is of great signifi-
cance to investigate the ultrasonic wave propagation
through granites with different grain sizes after ther-
mal treatment.

Many features of ultrasonic wave propagation have
been proven to be affected by the heating temperature
of rocks, e.g., wave velocity (Griffiths et al. 2018),
waveform (Inserra et al. 2013), spectral amplitude
(Chaki et al. 2008) and power spectral density (PSD)
(Dehghani et al. 2020). Among these topics, the evo-
lution of ultrasonic wave velocity induced by thermal
stress is the earliest and most widely studied. Menen-
dez et al. (1999) used ultrasonic pulse transmission
techniques to measure P-wave velocities along three
orthogonal directions and found that the anisotropies
of acoustic velocities in thermally damaged and intact
granites are comparable. Fan et al. (2017) performed a
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series of ultrasonic tests to investigate thermal effects
on the wave velocity and P-wave modulus, finding
that they decline monotonously with increasing tem-
perature. Zhang et al. (2021a, b) stated that P- and
S-wave velocities at six various frequencies decrease
with increasing temperatures from 25 to 500 °C, and
the reduction amplitude of the P-wave is larger than
that of the S-wave. Inserra et al. (2013) studied the
change in transmitted waveforms for granites under
different temperatures and concluded that there are
no dramatic variations when the temperature is lower
than 500 °C. Spectrum analysis of ultrasonic waves,
derived from the Fourier transformation, is another
important way to study wave propagation (Cerrillo
et al. 2014). Chaki et al. (2008) conducted ultrasonic
testing of granites at temperatures from 100 to 600 °C
and reported that there is a regular decrease in the
central spectral amplitude and complete dissipation
of ultrasonic energy below 500 °C. Dehghani et al.
(2020) reported that thermal treatment has no signifi-
cant influence on frequency components but plays a
role in reducing the peak value of the PSD. Addition-
ally, a signal processing approach (i.e., wavelet analy-
sis and filtering) is utilized to analyse the distribution
characteristics of ultrasonic energy with high resolu-
tion (Zhang et al. 2019). Sun et al. (2022) employed
the wavelet packet decomposition method to evaluate
the energy proportions in each sub-band for ultrasonic
waves across granites at high temperatures from 200
to 600 °C and found that the fractured cores reduce
the proportion of high-frequency energy with increas-
ing temperature.

It is worth noting that the attributes of mineral par-
ticles, especially grain size, should be considered as
crucial parameters that directly affect the wave propa-
gation behaviour across granites. Vajdova et al. (1999)
found a negative correlation between the average
grain size (from 0.03 to 0.11 mm) and mean P-wave
velocity, which can be explained by the scale problem
of signal frequency and the elastic properties of mate-
rials. Sajid et al. (2016) performed several ultrasonic
wave experiments to determine the P-wave velocities
of granites with different grain sizes and found that
there is a nonlinear correlation between wave veloc-
ity and grain size. Furthermore, the mechanism of
the effect of grain size on the acoustic properties of
rocks has received much attention. Micro-cracks gen-
erally originate at the mineral particle boundary tip,
and the generation and extension of cracks induced
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by differences in grain size vary considerably, thereby
influencing the physical properties of rock samples
(Tian et al. 2020). Machek et al. (2007) quantitatively
and qualitatively investigated the influence of grain
microstructure and boundary on the magnitude and
anisotropy of wave velocity based on the SEM-EBSD
method and reported that the grain size of the rock
forming minerals controls the amount of microporos-
ity. Li et al. (2020) found that the shape and size of
individual mineral grains play a key role in determin-
ing the microcrack characteristics (i.e., length and
orientation) through the fluorescent dye impregnation
technique.

Considering the fact that both temperature and
grain size have a significant effect on wave propaga-
tion, some scholars have studied the combined effects
of the two on rock deterioration in recent years.
Among the limited efforts, Tian et al. (2020) and Yin
et al. (2021) conducted numerical and experimental
studies on the mechanical characteristics of granites
with different grain sizes after heat treatment, finding
that the mechanical properties of the coarse-grained
granite are more deteriorated than those of the fine-
grained granite. Ersoy et al. (2021) reported that fine
crystals are more resilient to thermal stress since they
expand hinged during heating, whereas coarse crys-
talline rocks undergo severe thermal damage. How-
ever, the response and mechanism of ultrasonic waves
to the combined effects of temperature and grain size
have not been investigated yet. And the evaluation
metrics and characterization methods based on ultra-
sonic wave propagation for this combined effect have
still not been proposed.

In this study, ultrasonic wave transmission experi-
ments are performed to investigate the combined
effects of heating temperature and grain size on
ultrasonic wave propagation across granites. Based
on the Fourier transformation and wavelet packet

decomposition methods, the characteristic ultrasonic
wave features, i.e., wave velocity, transmission coeffi-
cient, peak PSD and accumulative energy, are utilized
to describe the wave propagation behaviour. Scan-
ning electron microscope (SEM) and image threshold
technology are applied to investigate the development
of thermally induced micro-cracks and to quantitively
characterize the damage degree at the microscopic
scale. According to the sensitivity of propagation fea-
tures, the evaluation indicators of ultrasonic waves
with different central frequencies are proposed for
evaluating the deterioration of granites. The findings
in this study are of great significance for site selection
and stability assessment in geothermal engineering in
granite masses.

2 Experimental equipment and method
2.1 Sample preparation

Granite is a heterogeneous entity composed of
diverse mineral grains, which is usually classified
as coarse- (>5 mm), medium- (1-5 mm) and fine-
grained (< 1 mm) granite based on the average grain
size of the constituent mineral grains (Qiu 1991). In
this study, granites from three origins were carefully
selected to represent rocks of different grain sizes.
According to the average grain size, the rock samples
were classified into three types: fine-grained gran-
ite (FG), medium-grained granite (MG) and coarse-
grained granite (CG). Their corresponding origins are
Laizhou, Shandong Province, Suizhou, Hubei Prov-
ince and Rizhao, Shandong Province, respectively.
Table 1 shows the average grain sizes and mineral
compositions of FG, MG and CG. Notably, the min-
eral compositions of the three sample types selected
are highly similar, which mitigates the potential

Table 1 Grain sizes and contents of constituted minerals in FG, MG and CG specimen

Sample  Average Mineral composition
grain size/
mm
FG 1.2 Potassium feldspar phenocryst (12.5 mm, 17%); Potassium feldspar (3.5 mm, 20%); Plagioclase (3.5 mm,
40%); Quartz (3.5 mm, 20%); Mica (0.5 mm, 3%)
MG 34 Potassium feldspar (3.5 mm, 37%); Plagioclase (3.5 mm, 40%); Quartz (3.5 mm, 20%); Mica (0.5 mm, 3%)
CG 5.0 Potassium feldspar (1.2 mm, 33%); Plagioclase (1.3 mm, 45%); Quartz (1.3 mm, 20%); Mica (0.5 mm, 2%)

Note that the average grain size of granite is estimated based on the particle size and content of the constituted minerals
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impact of different mineral compositions on thermal
fracture behaviour. All samples were manufactured
into short cylinders of @ 50 mmXx50 mm by cor-
ing and turning to meet ASTM standards (D2845-08
2008) for ultrasonic testing. Three parallel testing ses-
sions were conducted on rock samples of each group
to mitigate the influence of grain size discrepancies
on the experimental results.

2.2 Experimental apparatuses and procedures

In this study, a programmable high-temperature heat-
ing furnace (as shown in Fig. 1a) facilitated the heat-
ing process of thermal treatment. The temperatures of
the granite samples were set to increase from room
temperature to the target temperature of 200, 400,
600, or 750 °C at a constant heating rate (i.e., 9 °C/
min) and to be constant for a sufficiently long period
(i.e., 3 h). After that, the granite specimens were
cooled in the air to room temperature. The determi-
nation of the heating rate and constant temperature
time refers to previous work (Ersoy et al. 2021) to
minimize thermal shock and obtain sufficient thermal
fracture.

Ultrasonic measurements were performed on gran-
ites after heating by using the ultrasonic test system
(see Fig. 1b), which consists of an Olympus pulser/
receiver (model 5077PR), a Tektronix digital oscillo-
scope (model DPO 2012B), and a pair of ultrasonic
transducers (i.e., a transmitter and a receiver). A high-
voltage pulse is provided by the Olympus pulse gen-
erator to the selected transducer at the corresponding
central frequency, generating ultrasonic waves out-
ward. The ultrasonic signal through the rock sam-
ple is received by the transducer and converted into
an electrical signal, which is then transmitted to the
Olympus pulse receiver. Attached to the Olympus
pulser/receiver, the Tektronix digital oscilloscope is
used to digitize, present and record a section of the
entire transmitted signal at a constant sampling fre-
quency (i.e., 125 MHz). In addition, two types of inci-
dent waves with a central frequency of 0.1 MHz (LF
wave) and 1.0 MHz (HF wave) were applied in the
ultrasonic tests on the same specimens, considering
the equipment available in our laboratory and refer-
ring to previous research findings (Yang et al. 2019,
2020). The introduction of LF and HF waves helps
to clarify the effects of incident wave bandwidth on
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Fig. 1 The experiment apparatuses: a Muffle furnace; b ultrasonic test
system; ¢ scanning electron microscopy (SEM) machine
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wave propagation of thermally damaged granites with
different grain sizes. Note that the ultrasonic tests
were repeated three times to ensure the accuracy of
the experimental data.

The micro-structural variations of minerals in rock
samples were identified by performing SEM analy-
sis to understand the effect of heating temperature
and grain size on crack evolution. A desktop SEM
machine (model Phenom XL) in a low-vacuum envi-
ronment was used to capture the microscopic frac-
ture morphology of the granite, combined with an
electron backscattered diffraction (EBSD) scanning
technique, as shown in Fig. 1c. The EBSD technique
was used for high-speed phase mapping and crystal-
lographic studies of the granite specimens. The SEM
analysis was conducted on fresh sections of granites
before and after heating in this study. It should be
emphasized that the scanning area before and after
heating is the same to track the evolution of micro-
cracks. Before the SEM analysis, a manual holder
was applied to stabilize the granite to obtain clear
images while suppressing the charging effect on the
sample surface. Furthermore, the SEM observation
magnification was chosen to be 265 times with a view
range of 1.01x1.01 mm.

2.3 Analysis methods

The full wave train of an ultrasonic signal is com-
posed of the primary wave and the later arrival (Sang
et al. 2020). The primary pulse signal carries a large
amount of information in response to the rock struc-
ture, which has an important role in characterizing
the ultrasonic wave propagation behaviour through
granites (Benavente et al. 2020). In this study, the
primary wave was captured to exclude the multi-
ple fusion influence of reflected and refracted waves
caused by inhomogeneous media and structural inter-
faces within the rock sample.

2.3.1 Wave velocity

According to the ultrasonic pulse transmission tech-
nique recommended by ASTM Standard (D2845-08
2008), the ultrasonic longitudinal wave velocity of
granite after high-temperature treatment can be calcu-
lated by

L
VvV =
s (1)

where L is the total length of the rock specimen,
which is measured by a Vernier calliper with an accu-
racy of 0.01 mm, ¢ is the travel time of the signal
through the rock specimen determined by the take-off
point, where the signal voltage first declined dramati-
cally, and ¢, is determined by the system delay time
between the transmitting and receiving sensors. The
take-off point of the ultrasonic wave (see Fig. 2a), is
determined by a self-programmed code to ensure the
accuracy of the travel time.

2.3.2 Wave transmission

The transmission behaviour of ultrasonic waves could
be influenced by the development of micro-defects in
rock samples. When evaluating the wave transmis-
sion property, the ultrasonic wave through granites at
room temperature is regarded as the reference pulse.
Wave transmission capacity is generally described by
the transmission coefficient, which is defined as the
ratio between the amplitude of the transmitted wave
and the reference wave (Yang et al. 2019). The wave
amplitude is the voltage difference between the wave
crest and trough of the primary pulses, as shown in
Fig. 2a. Thus, the transmission coefficient T could be
calculated by the wave amplitude through granites
before and after heating:

A

T 2

-
where A, and A, are the wave amplitudes of the pri-
mary ultrasonic wave through high-temperature and
room-temperature treated granites, respectively.

2.3.3 Spectral analysis

Rock material is a natural low-pass filter for ultra-
sonic waves, with the role of frequency-selective
absorption (Yang et al. 2020). Spectrum analysis
can provide information on the frequency character-
istics of ultrasonic waves through granites. The PSD
of an ultrasonic signal is defined as the signal spec-
tral power over a unit frequency band. The results of
Dehghani et al (2020) have shown that PSD is more
closely related to the damage degree and microcrack
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Fig. 2 Examples of data
processing: a Tapering pro-
cess of original ultrasonic
signal and determination
of take-off point; and b
12-layer wavelet packet
decomposition schematic
diagram
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evolution induced by thermal loading compared to
the frequency amplitude. The PSD is generally esti-
mated by the periodogram method (Zhou and Xie
2004). The waveform signal f (n) in the form of dis-
crete points obtained by sampling can be transformed
into the frequency spectrum signal F(w) using the
discrete Fourier transform (Wang et al. 2019). The
power spectrum signal P(w) can be calculated as

N-1
Fl@) =Y fme?™ /N, 0<o<N-1

"0 3)

2
P(@) = lim %

@ Springer

(b)

where N is the number of discrete points. Addition-
ally, based on the study of Yang et al. (2019), the
original signal was processed by adding a Hann
window (as shown in Fig. 2a) to highlight the low-
frequency information and filter the irrelevant high-
frequency information of original signals.

2.3.4 Wave energy

The dispersion and dissipation extent of wave
energy in a specific frequency band is highly
dependent on the evolution of fractures with char-
acteristic scale (Fjer et al. 2013; Ding et al. 2020).
Therefore, recording the distribution of signal
energy over sub-bands is helpful to understand the
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change in the crack scale. To ensure the high resolu-
tion of the sub-band and avoid energy loss, wavelet
packet decomposition is introduced to achieve mul-
tiple decompositions of ultrasonic signals (Galiana-
Merino et al. 2013). The energy of the reconstructed
signal for each frequency band E; ; can be expressed
as

Ej = / s = Y
=1

where s, is the reconstructed signal of the kth band
in the jth layer, with k=0, 1, 2, ..., 2 —1, and y, , rep-
resents the amplitude of the discrete sampling with
the number m. The accumulative energy E|, of the sig-
nal and the energy ratio per sub-band # are calculated
by Eq. (5) and (6), respectively:

2/—1
Ey= ) Ey
k=0

“

®

E.
n = %100%
0

(6)

The ‘db7’ wavelet was chosen in this study
because of the lower reconstruction error and a bet-
ter division of frequency bands (Liang et al. 2020).
In our ultrasonic tests, the sampling frequency is

LF wave
6000
—a— CG
—— MG
5000 | —a— FG
I
E 4000 -
2
3
23000 |
")
>
]
% 2000 -
=
1000 F
0 100 200 300 400 500 600 700 800

Temperature (°C)

(2)

125 MHz, and the corresponding Nyquist frequency
is 62.5 MHz. As indicated by Sun et al. (2022), the
signal bandwidth should be several times the sub-
band bandwidth to effectively display the energy dis-
tribution of ultrasonic wave signals in the frequency
spectrum. Thus, after many attempts, the layers of
wavelet decomposition were chosen as 12 and 11 for
the ultrasonic wave with incident frequencies of 0.1
and 1.0 MHz, respectively. Figure 2b shows the wave-
let decomposition result of the ultrasonic wave with
an incident frequency of 0.1 MHz. It can be seen that
the 12-layer decomposition could generate 4096 (2'%)
sub-bands, and the bandwidth of each frequency band
is 15,258.8 Hz. The wavelet decomposition result
of the ultrasonic wave with the incident frequency
of 1.0 MHz is similar to that shown in Fig. 2b, the
number of sub-bands produced is 2048 (2'!), and the
bandwidth of each frequency band is 30,517.6 Hz.

3 Testing results
3.1 Thermal effects on wave propagation
3.1.1 Wave velocity

Figure 3a, b present the LF and HF wave veloci-
ties of granites with various thermal treatments

HF wave

6000

—i— CG

5000 |

4000

3000 |

Wave velocity (m/s)

1000 -

0 100 200 300 400 500 600 700 800
Temperature (°C)

(b)

Fig. 3 Variation in wave velocity of ultrasonic wave through granites with different grain sizes and heat treatment temperatures: a

LF wave; and b HF wave
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and grain sizes, respectively. For the LF wave, it
could be concluded that the wave velocities of FG,
MG and CG granites continued to decrease with
increasing temperature. The wave velocity of CG
and MG granites dropped slowly with the increase
in temperature from 25 to 200 °C, while that of FG
granite decreased sharply. When the temperature
increased from 200 to 400 °C, the wave velocity
of the granite declined moderately. The greatest
reduction in wave velocity occurred in the tempera-
ture range of 400—-600 °C. This phenomenon could
be elucidated by the progressive development of
microcracks within the rock and the diminishing
connection among the constituent particles. As the
elastic wave passed through the heated rock, the
internal traveling wave resistance increased, result-
ing in a significant decrease in the wave velocity
(Sun et al. 2022). However, the downward trend
of the wave velocity became subtle when the
temperature exceeded 600 °C. For the HF wave,
there was a similar tendency for the wave veloc-
ity to decrease gradually with increasing tempera-
ture, while the largest decrease was also observed
between 400 and 600 °C. For instance, after heat
treatment at 200, 400 and 600 °C, the wave veloc-
ity of the CG granite declined by 13.8%, 37.4% and
76.6%, respectively. Compared to the LF wave, the

LF wave
1.2

-a- CG
—*— MG

1O} . FG

0.6

0.4

02

Transmission coefficient

0.0

0 100 200 300 400 500 600 700 800
Temperature (°C)

(a)

HF ultrasonic wave was more severely attenuated
and had a more dramatic reduction in wave velocity
across thermally damaged rocks, which is in good
agreement with the literature (Zhang et al. 2021a,
b).

3.1.2 Transmission coefficient

Figure 4 shows the transmission coefficients of ultra-
sonic waves with different central frequencies across
CG, MG and FG granites versus thermal treatment
temperature. For the LF wave, the transmission coef-
ficient generally tended to rise from 25 to 200 °C and
then fell with increasing temperature. For instance,
when the thermal treatment temperature was 200 °C,
the transmission coefficient of the LF wave through
MG granite increased slightly by 7.1% compared to
that at room temperature. A similar trend of a mod-
erate rise in the mechanical properties of rocks up
to 200 °C has also been reported (Jiang et al. 2018;
Kumari et al. 2019). This could be understood as the
improvement of rock properties caused by the pro-
gressive closure of primary cracks inside the speci-
men due to the crystal expansion. In contrast, there
is a different pattern of variation in the HF wave.
The transmission coefficients of HF waves through

HF wave
-sa— CG
1.0 = MG
—A—- FG
08}
g0.
e
=
206
)
=
2
2 041
g
w
502t
B
o
0.0 -

0 100 200 300 400 500 600 700 800
Temperature (°C)

(b)

Fig. 4 Transmission coefficients of ultrasonic wave across granites with different grain sizes and heating temperatures: a LF wave;

and b HF wave
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granites tended to decrease with increasing tem- related to frequency dispersion and scattering effects,
perature from 25 to 600 °C and changed slowly over as discussed in detail below.

600 °C. It is widely recognized that the dramatic

decline in the transmission coefficient can be primar- 3.1.3 Power spectral density

ily attributed to the heightened levels of transmission

and reflection behaviour that take place across mul- Based on the fast Fourier transform (Cerrillo et al.
tiple interfaces within the medium. Moreover, ther- 2014) and Eq. (3), the PSD is calculated and derived
mal effects on the transmission coefficient are highly from the original waveform. The form of variation
related to the frequency of ultrasonic waves, which is in the power spectrum is similar when ultrasonic

waves through granites with different grain sizes.

LF wave, FG %0 LF wave
/Peak PSD — 25°%C —i— CG
N [~ —— 200°C 70 F
E 60 — 400°C
- I — 600°C < 60
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z = S0t
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; 40 2 40 -
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=9 [ . d':
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& 10 -
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0 gy — TP — — O 1 1 1 1 1 1 1
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o C ~requency shitt 200°C 46} ——MG
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Fig. 5 Power spectrum properties of ultrasonic waves through respectively. Note that the power spectral density of the HF
rock samples under high temperatures: a and ¢ For the power wave across FG granites at temperatures of 600 and 750 °C is
spectral density of LF and HF waves through FG granites extremely small, which is not easy to indicate in the figure, but
versus frequency, respectively; b and d for the peak PSD of does not affect the overall trend

LF and HF waves across granites with different grain size,
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Therefore, we performed a case study of the FG gran-
ite. The PSD versus frequency curves of LF and HF
waves across FG granite after five temperature treat-
ments with different gradients are shown in Fig. 5a,
c, respectively. The PSD of the wave signal was con-
centrated in the low-frequency region and tended to
zero in the high-frequency region. The PSD magni-
tude of the LF wave increased moderately as the tem-
perature rose up to 400 °C. Above 400 °C, the PSD
magnitude decreased substantially. However, the
dominant frequency of LF waves always fluctuated
within a narrow range of approximately 0.1 MHz.
For the HF wave, there was a continuous reduction
in the PSD magnitude with increasing temperature.
The PSD of the HF wave manifested so small beyond
600 °C that it was difficult to observe. The dominant
frequency of HF waves through granites after heat-
ing decreased significantly with increasing tempera-
ture. An apparent occurrence of spectral drift could
be observed, which is consistent with results reported
in previous studies (Chaki et al. 2008). Note that an
obvious high-frequency filtering phenomenon could
be seen at room temperature. This was confirmed by
the fact that the dominant frequency of the LF wave
is around 0.1 MHz, which is close to its central fre-
quency, whereas that of the HF wave is 0.55 MHz, far
less than its central frequency. It may be accounted
for rock features as low-pass filters, which are more
severe for HF waves (Yang et al. 2020).

Figure 5b, d demonstrate the peak PSD, which is
the maximum value of the entire power spectral den-
sity profile, of LF and HF ultrasonic waves through
granites with different thermal treatments and grain
sizes, respectively. For the LF wave, the results
showed that the peak PSD increases slightly initially
and then decreases rapidly with increasing tempera-
ture, which is similar to the variation of transmission
coefficient. The temperature of the trend transition is
related to grain size. Concretely speaking, the peak
PSD of the LF wave across FG granite rose steadily
with increasing temperature until 400 °C (increased
by about 20%), while that across CG and MG gran-
ites increased only to 200 °C (an increase of approxi-
mately 17%). In contrast, a steady decline in the peak
PSD of HF waves could be found with increasing
temperature. When the temperature increased from
room temperature to 600 °C, the peak PSD of FG
granite decreased from 45.7 to 0.02 W/Hz, and its
attenuation amplitude was significantly higher than

@ Springer

that through CG and MG granites. When the heating
temperature was higher than 600 °C, the measured
peak PSD was too small to analyse.

3.1.4 Energy distribution and accumulation

Based on the wavelet packet decomposition method,
the wave energy distribution and accumulation are
obtained by Egs. (6) and (5), respectively. Figure 6a,
¢ present the energy distribution curves of LF (first
sixteen sub-bands) and HF waves (first forty-two
sub-bands) across FG granites after heating treat-
ment, respectively. Owing to the low-pass filtering
characteristics of rocks, the energy ratio of high-
frequency sub-bands is extremely low and the wave
energy is focused on a few low-frequency sub-bands.
Thus, to analyse the energy distribution efficiently,
only the sub-bands with an energy ratio higher than
0.1 (effective sub-bands) were presented. The energy
distribution could be analysed from two aspects: the
dominant frequency band (maximum energy ratio
position) and the bandwidth (range of effective fre-
quency bands). For the LF wave, as the temperature
increased, the dominant frequency band slowly trans-
ferred to the lower frequency region accompanied by
an increase in the maximum energy ratio. However,
the bandwidth of the LF wave had no change as the
temperature increased from 25 to 600 °C (all are 14
sub-bands), and decreased to 9 sub-bands at 750 °C.
This could be explained that the LF wave has a long
wavelength and responds significantly to large-size
cracks, which develop slowly and limitedly under
low-temperature conditions.

For the HF wave, the decentralized energy distri-
bution apparently became concentrated with increas-
ing temperature. The bandwidth of the HF wave
at room temperature was considerably larger with
forty-two sub-bands while the maximum energy ratio
of that was relatively less (15%), meaning a decen-
tralized energy distribution of the HF wave at the
initial state. As the temperature rose to 750 °C, the
bandwidth dropped steeply to seven sub-bands, with
a maximum energy ratio of 42%, reflecting an obvi-
ous energy concentration behaviour. It also could be
seen that as the temperature rose from 25 to 750 °C,
the dominant frequency band of the HF wave shifted
from high (22nd sub-bands) to low frequencies (2nd
sub-bands). The obvious concentration trend of the
HF wave energy with increasing temperature could be
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Fig. 6 Energy distribution and accumulation of waves through
rock specimen after heat treatment: a and b For the energy dis-
tribution in each frequency band and the accumulative energy

explained that cracks in the specimens gradually initi-
ate and develop to a larger scale, resulting in a shift of
wave energy to lower frequencies.

There is a significant difference in the energy dis-
tribution between HF and LF waves, which may be
attributed to the different evolution of the characteris-
tic scale fracture. For instance, when the temperature
increased from 25 to 200 °C, the energy distribution
of the LF wave changed less, while the energy of the
HF wave concentrated to lower frequencies, indicat-
ing an abundance of small-size cracks sensitive to HF
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of LF waves across granites, respectively; ¢ and d for the
energy distribution and accumulative energy of HF ultrasonic
waves, respectively

waves developing progressively. In addition, at the
temperature from 600 to 750 °C, the bandwidth of the
LF wave decreased from 14 to 9 sub-bands with an
increased maximum energy ratio (about 10%). How-
ever, the dominant frequency band of the HF wave
shifted from the 4th to the 2nd sub-band with the
constant bandwidth and a slight decrease in the maxi-
mum energy ratio, corresponding to the transition of
cracks expanding from microscopic to macroscopic
scales.
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Figure 6b, d illustrate the variation in accumula-
tive energy of LF and HF ultrasonic waves through
granites with various grain sizes after five differ-
ent thermal treatment levels, respectively. It could
be seen that the change regularity of the accumula-
tive energy is similar to the transmission coefficient
and the peak PSD. Generally speaking, there was a
moderate increase in the accumulative energy of the
LF wave when the thermal treatment temperature
was below 200 °C. Beyond 200 °C, the accumula-
tive energy declined sharply with increasing temper-
ature, in which the maximum decrease occurred in
the temperature interval of 400-600 °C. For the HF
wave, the accumulative energy declined moderately
with increasing temperature. When the temperature
increased from 25 to 600 °C, the accumulative energy
of the HF wave dropped markedly by approximately
99%, while the decreasing trend became quite subtle
beyond 600 °C. By comparison, it could be drawn that
the central frequency plays a significant role in wave
energy behaviours. For instance, when the tempera-
ture was less than 200 °C, the accumulative energy of
the LF wave increased slightly, while under the same
condition, that of the HF wave declined. This could
be explained by the fact that primary defects close
due to the crystal expansion, which highly affects the
LF wave rather than the HF wave.
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3.2 Effects of grain size on wave propagation
3.2.1 Wave velocity

Figure 7a, b exhibit the variations in LF and HF wave
velocities through granites with different grain sizes
after thermal treatment, respectively. Regardless of
the central frequency of ultrasonic waves, the wave
velocities of granites showed a V-shaped trend with
increasing grain size, which is consistent with results
reported in previous research (Sajid et al. 2016).
Moreover, the variations in wave velocities among the
three kinds of samples declined with increasing tem-
perature. For instance, the LF wave velocities of CG,
MG and FG granites were 4007, 3341 and 5115 m/s
at room temperature of 25 °C, respectively. At a
heating temperature of 750 °C, the LF wave veloci-
ties of CG, MG and FG granites were 955, 868 and
1011 m/s, respectively. It means that the wave veloci-
ties of granites are highly dependent on the grain size,
especially at lower temperatures. The vast differences
in velocities under low-temperature conditions may
be caused by the presence of primary fractures related
to grain size. As the temperature increased and ther-
mal cracks developed, the fracture differences gradu-
ally eliminated, and wave velocities of rocks with dif-
ferent grain sizes tended to be the same.
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Fig. 7 Variation in wave velocity of granites with different grain sizes after thermal treatment: a and b For LF and HF waves,

respectively
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Fig. 8 Transmission coefficients of waves across granites with different grain sizes after thermal treatment: a LF wave; and b HF

wave

3.2.2 Transmission coefficient

Figure 8a, b illustrate the transmission coefficients of
LF and HF waves across thermally damaged granites
with increasing grain size, respectively. The correla-
tion between grain size and transmission coefficient
was highly dependent on heating temperature and
central frequency. When the temperature was 200 °C,
the transmission coefficients of LF waves across gran-
ites varied with the grain size. The transmission coef-
ficients of MG (1.07) and CG (1.04) granites were
greater than 1, indicating that rock properties were
reinforced due to the crack closure caused by crystal
expansion at this temperature (i.e., thermal enhanc-
ing). In the contrast, the transmission coefficient of
FG granite (0.97) was less than 1, which means that
under the same condition, the occurrence of thermal
cracking is more likely than that of crack closure (i.e.,
thermal degrading). This result indicated that the
competitive relationship between thermal enhancing
and degrading is influenced by grain size. With fur-
ther increase in the temperature, the thermal rupture
intensified and the transmission coefficients of rocks
with different grain sizes were less than 1. As the
temperature rose to 400 °C, the transmission coeffi-
cient was non-linearly related to the grain size. That
is, the transmission coefficients of LF waves through
MG granites were smaller than those through FG and

CG granites. This may be attributed to the aggravated
structural fracture in the MG granite, as demon-
strated in the SEM observation below. The transmis-
sion coefficient was negatively correlated with grain
size beyond 600 °C. For the HF wave, variations in
transmission coefficients are significantly differ-
ent. The transmission coefficients of the HF waves
through heat-treated granites were always less than
1 and tended to decrease with increasing grain size.
The dependence of the transmission coefficient on
grain size was more apparent at temperatures below
400 °C. It is noteworthy that, the transmission coef-
ficient of the HF wave beyond 600 °C was quite small
and fluctuated within a narrow range, thus the effect
of grain size on the transmission coefficient could be
ignored at high temperatures.

3.2.3 Peak PSD

Figure 9a, b present the evolution of peak PSD with
increasing grain size for LF and HF ultrasonic waves
across granites after different thermal treatments,
respectively. The peak PSD of LF ultrasonic waves
showed a subtle declining trend with increasing grain
size. However, it is observed that the peak PSD of
the LF wave through the MG granite at 400 °C is
smaller than that through FG and CG granites, which
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Fig. 9 Difference in the peak PSD of waves through granites with different grain sizes after heating: a and b for LF and HF waves,
respectively. Note that the peak PSD across granite at 600 °C and 750 °C are similar and minor, without affecting the overall pattern

is similar to the transmission coefficient. In contrast,
the peak PSD of HF ultrasonic waves decreased sig-
nificantly with increasing grain size while the differ-
ence was more apparent at lower temperatures. For
instance, at room temperature, the peak PSD of the
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Fig. 10 The average accumulative energies of waves through
granites with different grain sizes after heating: a LF waves;
and b HF waves, respectively. Note that peak PSD and accu-
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HF waves through FG granites was several times
larger than those through MG and CG granites, which
were 45.7, 5.7 and 3.7 W/Hz, respectively. In com-
parison, the peak PSDs of the HF waves through CG,
FG and MG were 0.02, 0.01 and 0.006 W/Hz at the
temperature of 600 °C, respectively.
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mulative energy of HF waves across granites at 600 °C and
750 °C is extremely small, which is not easy to indicate in the
figure, but does not affect the overall trend
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3.2.4 Accumulative energy

Figure 10a, b show the accumulative energy of LF
and HF ultrasonic waves through granites after ther-
mal treatment from 25 to 750 °C versus grain size,
respectively. The accumulative energy of LF waves
decreased steadily with increasing grain size, except
for the specificity of the MG granite at 400 °C. For
the HF wave, the drop in the accumulative energy
with increasing grain size was greater, especially at
temperatures below 400 °C. For instance, after heat-
ing at 200 °C, the accumulative energy of the HF
wave across FG granites was 36% and 44% larger
than those of MG and FG granites, respectively.
In addition, it could be observed that the evolution
of accumulative energy and peak PSD are similar,
which indicates a uniform response of grain size to
the frequency and energy characteristics of ultrasonic
waves.

3.3 Microcrack evolution

Figure 11 shows the SEM images of CG granite speci-
mens with increasing temperatures. When the heating
temperature was 200 °C, it could be seen that crack
extension and closure occur simultaneously. The
intergranular micro-cracks initiated and expanded
from the tip of primary defects, meanwhile, the pre-
existing defects closed due to the crystal expansion.
As the temperature increased to 400 °C, the genera-
tion and propagation of transgranular cracks implied
an intensified destruction of the rock microstructure,
accompanied by an attenuation of ultrasonic wave
parameters. When the temperature reached 600 °C,
transgranular cracks further developed and connected
with intergranular cracks. The micro-crack network
was formed basically, causing the crystal to break up
and the particle size to dwindle, thereby aggravating
the attenuation of ultrasonic wave properties. With
the further increase in heating temperature (such as
750 °C), the network of cracks spread all over the
rock. Compared with the observed images under
600 °C (Fig. 11c), only the width of cracks increased
slightly. This phenomenon may be the reason for the
small change in wave parameters after thermal treat-
ment above 600 °C. Previous researches (Griffith
et al. 2018; Zhai et al. 2022) showed the intergran-
ular-transgranular-macroscopic crack transformation

pattern under the effect of thermal, which is consist-
ent with the observations in this study.

As mentioned above, when the heating tempera-
ture is extremely high (e.g., 600 °C), the effect of
grain size on crack evolution diminishes, owing to the
cutting of crack networks (see Fig. 11c, d). Figure 12
shows SEM images of FG, MG and CG granites
before and after heating at the temperature of 200 °C.
When the grain size was relatively small (FG gran-
ite), i.e., 1.2 mm, minerals basically maintained their
original crystalline forms, which could be explained
that small crystals are more resilient to thermal stress
(Ersoy et al. 2021). With an increase in grain size
to 3.4 mm (MG granite), intergranular micro-cracks
appeared to expand obviously, accompanied by the
closure of intergranular cracks. As the grain size
rose to 5 mm (CG granite), the extension length of
intergranular micro-cracks in the specimens became
larger, thereby reducing ultrasonic wave properties
(as shown in Fig. 10). The experimental results on
the greater development of intergranular cracks with
increasing grain size are in agreement with previ-
ous researches (Shao et al. 2014; Nicco et al. 2020),
reporting that narrow cracks develop into networks
extensively in granites with a grain size of 1-7 mm,
while that are few in granites with grain size less
than 1 mm. The mechanism could be illustrated by
Eberhardt et al. (1999), who found that longer grain
boundaries and larger intergranular cracks could pro-
vide more continuous paths for growing cracks to
propagate along.

The development of cracks in granites of FG and
MG at 400 °C is demonstrated in Fig. 13a, b, respec-
tively. It could be seen that transgranular cracks ini-
tiated and propagated steadily while the closure of
primary cracks still occurred when the grain size
was 1.2 mm (FG granite). As the grain size increased
to 5 mm (CG granite), further development in the
length of transgranular cracks could be observed (see
Fig. 11b), leading to a decrease in wave properties.
By comparison, an unusual observation in Fig. 13b is
that transgranular cracks have been penetrated to sep-
arate the edge particle of mineral crystals when the
grain size was 3.4 mm (MG granite), thus causing the
relatively small wave parameters (Figs. 8a, 9a). This
phenomenon is not found in samples with a grain
size of 5 and 1.2 mm. It means that the matching of
transgranular crack extension length and crystal size
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Fig. 11 The SEM images
of the CG granite before
(left column) and after
(right column) heating
treatment at different
temperatures: a 200 °C, b
400 °C, ¢ 600 °C, d 750 °C
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Fig. 12 The SEM images
of granites with different
grain sizes before (left
column) and after (right
column) heat treatment at
200 °C: a FG, b MG, ¢ CG
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Fig. 13 The SEM images
of granites with different
grain sizes before (left
column) and after (right
column) heat treatment at
400 °C: a FG; and b MG

played a nonnegligible role in crack penetration. The
conclusions of Sabri et al. (2016) and Feng et al.
(2021) on the non-linear relation between rock prop-
erties and grain sizes (1-5 mm) also support the spec-
ificity of MG granite (3.4 mm) in this study.

4 Discussion

Findings in this paper reveal that the propagation
behaviour of ultrasonic waves and the microcrack
evolution in granites are highly dependent on the heat-
ing temperature and grain size. Specifically, the ultra-
sonic wave parameters across the granite decrease as
the heating temperature and grain size increase, while
the length and density of micro-cracks are larger. The
existence of micro-cracks is generally considered to
be the main reason for the attenuation of ultrasonic
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waves (Jiang et al. 2018; Sun et al. 2022). This could
be explained by the dispersion theory that the wave
energy is converted into thermal energy and thus dis-
sipated when the stress wave propagation through
discontinuities, e.g., micro-cracks and micro-pores.
In addition, the further growth of micro-cracks makes
the rock more fragmented and the stress waves more
significantly dispersed, leading to more energy dissi-
pation and amplitude attenuation.

Apart from heating temperature and grain size, the
seismic responses of granites are affected by the cen-
tral frequency of the incident waves. It could be seen
that the characteristics of LF and HF waves across the
same specimen after heat treatment tests are various,
i.e., possible with or without thermal enhancement.
There may be a competitive mechanism between
crack closure and extension in response to thermal
action, and the enhancement or degradation of rock
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properties depends on the outcome of this competi-
tion (Zhao et al. 2018; Zhai et al. 2022). For instance,
the properties of LF waves increase from 25 to
200 °C (see Fig. 4a), which could be attributed to the
dominant role of crack closure. By comparison, it is
noticeable that there is a continuous attenuation trend
of the HF wave (as shown in Fig. 4b), which implies
that crack extension may be dominant. In fact, simi-
lar results can be found from previous researches on
the physical and mechanical parameters of rocks, e.g.,
P- and S-wave velocity (Jiang et al. 2018; Kumari
et al. 2019; Ersoy et al. 2021). It is hard to explain
the difference between rock properties, but the results
in this paper are related to the frequency of incident
waves, which is known that the HF wave propaga-
tion is mainly influenced by the development of
micro-cracks rather than crack closure (as shown in
Fig. 6). To sum up, it is advisable to describe ther-
mal enhancing in terms of specific parameters and
determine whether crack closure or extension domi-
nates combining more macroscopic and microscopic
parameters.

The above SEM results interpret the microscopic
mechanism of the crack evolution under the com-
bined effect of heating temperature and grain size.
On this basis, the experimental results of ultrasonic
attenuation in Sect. 3 could be well understood. To
quantify the deterioration degree of rock microstruc-
tures caused by the crack evolution of granites with
different grain sizes after heating, we define the dam-
age factor by the change of microcrack area. The
SEM images are binarized with Imagel] software to
highlight the changes in micro-cracks. The thresh-
old segmentation of greyscale images is determined
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Fig. 15 The damage factors of granites: a Versus temperature
and grain size; and b projection interval in the temperature-
grain size plane

Fig. 14 The thresholding process of SEM images: a Binarization; and b denoising and smoothing

@ Springer



131 Page 20 of 25

Geomech. Geophys. Geo-energ. Geo-resour.

(2023) 9:131

by the minimum cross-entropy threshold iteration
method, followed by a final denoising and smoothing
of the images. The whole processing of SEM images
is illustrated in Fig. 14. And the damage factor D is
calculated as:

Sior — S,

D=1- u (7)
Stot - SO

where S, , is the total area of the processed images, S,

and §,, are the area of black pixels (microdefects) in
the processed images before and after heating treat-
ment, respectively. The presented values of the dam-
age factor for each sample are the average of three
processed images.

The damage factor defined by the variation of
micro-cracks in the binarized image can strongly
reflect the combined effects of heating temperature
and grain size on the attenuation of wave properties.
Figure 15a represents the damage factors of granites
versus temperature and grain size. It could be con-
cluded that the damage factor rises moderately with
increasing temperature and grain size, corresponding
to a continuous decreasing trend of wave characteris-
tic parameters (see Sect. 3). The damage zone could
be equally classified into five degrees, as shown in
Fig. 15b. When the damage factor is relatively low
(e.g., D=0.005), the grain size is negatively linearly
related to temperature in determining damage. As
the damage factor increases (0.01 <D <0.015), the
damage isoline is bending, especially in the medium
grain size range. At this damage phase, granites with
medium grain sizes (around 3 mm) have greater
damage values for the same temperature conditions,
which is consistent with the smaller wave param-
eters of MG granite at 400 °C in previous ultrasonic
tests (see Figs. 8, 9). When the damage factor is high
(D=0.02), the damage isoline converges to a straight
line perpendicular to the temperature, indicating that
the damage factor is mainly controlled by heating
temperature and the effect of grain size is limited.
Note that the damage factor determined by the change
of micro-cracks in this study is relatively small com-
pared to those defined by macroscopic parameters
such as wave velocity, AE counts, elastic modulus,
strength and permeability (Chaki et al.2008; Zhu
et al. 2017, 2020; Gautam et al. 2018; Zhang et al.
2021a, b; Hu et al. 2022). This could be explained
by the fact that the increment of microdefects area
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consistently occupies only a minor proportion of the
specimen section, while it can cause a rapid destabi-
lization of the rock. Similar findings were observed
for the damage factor defined by the void space area
in the sliced CT image (Yang and Liu 2007; Ma et al.
2016). Moreover, the selection of the observation
scale also needs to be taken into account when deter-
mining the percentage of microcrack area, although
it may influence the accuracy rather than the overall
trend (Qin and Xu 2016). It is preferable to consider
the influence of the observation scale in exploring the
accurate characterization of damage factors by micro-
scopic parameters in the future.
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Fig. 16 The relationship between ultrasonic wave attenuation
ratios and damage factors: a and b For the LF and HF ultra-
sonic wave, respectively
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The results of ultrasonic transmission experiments
showed that the evolution of various characteris-
tic parameters of ultrasonic wave signals is different
under a given grain size and heat treatment tempera-
ture. Besides, the influence of the central frequency
on wave attenuation is also significant. These results
implied that there are differences in the sensitivity of
ultrasonic wave characteristic parameters with vari-
ous central frequencies to the damage degree under
the combined influence of heating temperature and
grain size. In order to pick out a suitable evaluation
indicator for optimizing the accuracy of non-destruc-
tive testing in rock stability assessment, the attenua-
tion ratio of wave parameters as a function of dam-
age degree is shown in Fig. 16, where the attenuation
ratios of wave parameters a; are defined as:

o= WPy, — WP,,; ®)
WPy,

where WP,; and WP, ; are the measured values of
wave characteristics parameters across granites at
room temperature and high temperature, respectively,
i includes V, T, P, and E (i.e., the wave velocity,
transmission coefficient, peak PSD and accumula-
tive energy, respectively). Regardless of the central
frequency, the attenuation ratio of the wave veloc-
ity is quadratically related to the damage factor. For
the other three characteristic parameters, after many
attempts, an exponential function could give the best
approximation (as shown in Fig. 16), which is in a
form of

a,=axexp(bxD)—c ©))

where constant a, b, ¢ and the correlation coefficients
R? for three types of wave properties are determined
after the best fitting and are listed in Table 2. For the
LF wave, the up-concave fitting curves (a and b>0)
indicated that the increasing rate of the attenuation

ratio grows with increasing damage. It could be con-
cluded from Fig. 16a that the peak PSD maintains the
largest change magnitude among the three wave char-
acteristic parameters for the same damage increment
condition. For the HF wave, the attenuation ratio
increases at a gradually decreasing rate as the damage
factor increases (a and b <0), with the greatest varia-
tion rate of transmission coefficient.

Notably, our SEM observations (see Fig. 13) sug-
gested that the penetration of transgranular cracks ini-
tially occurs in the MG granite (3.4 mm) at 400 °C
(damage value of 0.013 in Fig. 15), indicating severe
destruction of the internal structure and a reduction in
the bearing capacity of the rock (Zhang et al. 2018). It
could be seen from Fig. 16 that when the damage fac-
tor is greater than 0.013, the wave attenuation ratios
of LF waves increase sharply, and those of HF waves
tend to 1 (complete attenuation), reflecting the inten-
sified deterioration of rock properties. Similar find-
ings were observed for the physical and mechanical
properties of rocks after the temperature threshold
(Yin et al. 2021; Feng et al. 2021). Therefore, based
on the deterioration degree of the rock structure, the
response of wave attenuation ratio to damage could
be simply divided into two stages, i.e., low- (below
0.013) and high- (over 0.013) damage stages, as
shown in Fig. 16. At different damage stage, distinct
evaluation indicators should be applied to meet the
research purpose and accuracy requirements (Jin et al.
2019; Hu et al. 2022). During the high-damage stage,
the rock is gradually destabilized and the internal
structure is locally broken, hence it is desired to char-
acterize the damage degree precisely by wave param-
eters with high sensitivity to ensure the safety of the
rock. After comparison, the peak PSD of the LF wave
has the highest sensitivity to damage among all char-
acteristic parameters. At the low-damage stage, we
pay more attention to thermal rupture from a con-
servative estimate of engineering stability. It can be

Table 2 Constants and

: N Fitting equation LF wave HF wave

correlation coefficients for axexp

different ultrasonic wave (bxD)—c ar ap ag ar ap ag

parameters after best fitting
a 0.10 0.33 0.14 —1.01 -0.90 -0.70
b 105.26 71.43 98.04 —113.64 —85.25 —40.0

-0.15 -0.59 -0.26 1.09 1.15 1.28

R? 0.99 0.98 0.98 0.97 0.80 0.97
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seen that the transmission coefficient of the HF wave
attenuates continuously in the low-damage region
and is much more sensitive than the other three wave
parameters. Above all, according to the sensitivity of
propagation features, the peak PSD of the LF wave
and the transmission coefficient of the HF wave are
eventually selected as the optimal stress wave indi-
cators for evaluating the damage state of granites at
high- and low-damage stages, respectively.

Many deep geotechnical engineering activities
are carried out under high temperatures and com-
plex geological conditions. The findings in this paper
could provide guidance for site selection and stability
assessment in geothermal engineering applications.
The selection of rocks with reasonable grain sizes
has a significant impact on improving geothermal
engineering productivity. For example, CG and FG
granites may be more favourable choices for geother-
mal energy development objects than MG granites
(as shown in Fig. 13), since the maximum tempera-
ture of the surrounding rock may reach approximately
400 °C due to the geological occurrence conditions
(Hu et al. 2019). In addition, the transmission coef-
ficient of LF waves can serve high-temperature pro-
jects such as underground coal gasification mining
at temperatures beyond 600 °C (Xiang et al. 2018),
while the transmission coefficient of HF waves is
more suitable for low-temperature (less than 200 °C)
projects such as nuclear waste storage (Li et al. 2011),
as illustrated in Fig. 16.

5 Conclusions

The main conclusions of this paper are summarized
as follows:

(1) Heating temperature and grain size have a
remarkable impact on wave propagation across
the granites. With increasing temperature, the
wave velocity, transmitted coefficient, peak PSD
and accumulative energy generally decrease, and
the dominant frequency and energy concentra-
tion area shift from the higher to lower frequency
region. The wave velocity decreases first and then
increases with increasing grain size, while the
transmitted coefficient, peak PSD and accumula-

@ Springer

tive energy are linearly negatively correlated with
grain size. The effect of grain size on wave prop-
agation is more pronounced at low temperatures.

(2) The seismic responses of heated granites are
affected by the bandwidth (central frequency) of
the incident waves. The wave attenuation of high-
frequency waves is stronger than that of low-
frequency waves. The propagation features of
low-frequency waves, especially the peak PSD,
could present a slight increase with increasing
temperature in the low temperature range (from
25 to 200 °C). There is no such phenomenon for
the high-frequency wave.

(3) The crack evolution is significantly influenced by
the combination of grain size and heating tem-
perature, which determines the wave propaga-
tion behaviour of granites. At low temperatures,
the effect of grain size on the development of
intergranular or transgranular cracks should be
considered. While at high temperatures, thermal
cracks extend in the form of networks regardless
of grain size.

(4) A damage factor defined by the change of micro-
crack area is proposed and adopted to consider
the combined effect of heating temperature and
grain size on wave propagation. The peak PSD
of the low-frequency wave and the transmission
coefficient of the high-frequency wave are appro-
priate as the optimal wave indicators for evaluat-
ing the deterioration of granites at high- and low-
damage stages, respectively.
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