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Damage characteristics of thermally treated granite under uniaxial
compression: Insights from active and passive ultrasonic techniques
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Abstract: To explore the effects of thermal treatment on cracking processes in granite, granite samples were thermally
treated at 25-400 °C and then loaded under uniaxial compression. Active ultrasonic testing and passive acoustic emission
(AE) monitoring were combined to monitor the damage characteristics of the samples. The uniaxial compression strength
(UCS) of the sample treated at 200 °C shows no apparent change compared with that of the nonheated sample, while the
UCS increases at 300 °C and decreases at 400 °C. As the temperature increases from 25 to 400 °C, the initial P-wave
velocity (V) decreases gradually from 4909 to 3823 m/s, and the initial ¥, anisotropy ¢ increases slightly from 0.03 to
0.09. As the axial stress increases, ¢ increases rapidly in the crack closure stage and unstable cracking stage. The
attenuation of ultrasonic amplitude spectra also shows an obvious anisotropy. Besides, the main location magnitude of
AE events decreases after thermal treatment, and low-frequency AE events and high-amplitude AE events increasingly
occur. However, there is insufficient evidence that the treatment temperature below 400 °C has a significant effect on the
temporal characteristics, source locations, and b-values of AE.
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thermal expansion of mineral grains, thermally

1 Introduction

Granite is one of the most common rocks in the
Earth’s upper crust. This material is also commonly
encountered at high-level radioactive waste (HLW)
storage sites and in enhanced geothermal system
(EGS) reservoirs [1-2]. Due to the difference in the
thermal expansion coefficients and anisotropy of

induced microcracks in rocks occur under high-
temperature treatment [3 — 4]. An increase in
thermally induced microcracks causes rock volume
expansion, increases in porosity and permeability
[5 = 7], and decreases in P-wave velocity (V,),
strength, and fracture toughness [8-9]. The effect of
high temperatures can even change the mineral
composition of rocks (especially the o-f quartz
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transition at 573 °C), which can drastically weaken
rocks. High temperatures typically deteriorate the
mechanical properties of rocks. However, mildly
heated rock may be strengthened rather than
weakened due to mineral expansion, the closure of
initial pores, water evaporation, and the increasing
textural complexity [10]. Changes in the rock
microstructure at high temperatures significantly
change the physical and mechanical properties of
the rock, and 300-400 °C is considered to be the
critical temperature range for thermal damage to
granite [10 — 12]. Above this temperature, the
physical and mechanical properties of granite
change significantly [13 - 14]. In practical
engineering, there are few cases in which granite
can be exposed to temperatures higher than 400 °C.
For example, the reservoir temperature in EGS does
not typically exceed 400 ° C at depths exceeding
3000 m [15]. Therefore, the changes in the physical
and mechanical properties of granite below 400 °C
are worthy of intensive study.

In laboratory tests, the acoustic emission (AE)
monitoring technique is generally employed to
study the initiation and propagation of cracks in
brittle materials and has been widely used to
evaluate various material damage states [16 — 18].
The temporal characteristics of AE can be used to
indicate cracking activities [19] and determine stress
thresholds [20 — 21]. The AE source location can
indicate the location of cracking activities [22]. and
AE frequency-amplitude characteristics [23-26] and
considered precursors of rock
failure [27 —29]. AE characteristics have also been
extensively studied to reveal the effect of high-
temperature treatment on rock failure processes [30].

The active ultrasonic technique, which is
commonly used in geophysics, is another ideal
technique for identifying crack growth in rocks.
GHAZVINIAN [31] used the ultrasonic velocity to
identify the crack initiation threshold. SHIROLE
et al [32] used four types of ultrasonic transducers
with different dominant frequencies to study the
evolution of the amplitude, frequency, and velocity
of ultrasonic waves and noted that the changes in
the amplitude and average frequency of ultrasonic
waves can be used to characterize rock damage and
identify crack initiation stress (o,) and crack
damage stress (o.). With the development of
ultrasonic methods in rock mechanics [32-33], the

b-values are

combination of passive AE monitoring and active
ultrasonic testing has provided a reliable approach
for assessing fracturing and the attenuation
characteristics of rocks [24, 34-35].

To better understand the effects of thermal

treatment on the damage evolution of granite

samples, uniaxial compression tests  were
conducted, and active and passive ultrasonic
techniques were employed in combination as

monitoring methods. First, granite samples were
heated to the target temperature (25, 200, 300 and
400 °C) and were then slowly cooled to 25 °C to
generate thermally induced microcracks. An axial
load was then applied to the samples until failure.
AE characteristics (e. g., temporal evolution, b-
values, and amplitude-frequency characteristics of
AE events), combined  with
characteristics (e.g., evolution of V, in different ray
paths, V, anisotropy &  and attenuation
characteristics) were used to characterize the
damage evolution of heated granite samples under
uniaxial compression.

ultrasonic

2 Experimental methods and procedures

2.1 Sample preparation

Granite samples were collected from Yanshan
County, Jiangxi Province (northern Wuyi Mountain
area in Southeast China), which is rich in mineral
and geothermal resources [36]. The average density
of the granite is 2.80 g/cm’, and the porosity is
0.41%. X-ray diffraction (XRD) analysis of granite
powder samples shows that the granite is composed
of 51% feldspar, 32% biotite, 16% quartz, and a
small amount of hornblende [23]. Cylindrical
samples with a diameter of 40 mm and height of
80 mm were prepared using a hollow coring drill.
The precision of the samples complies with ISRM
recommendations [37]. We kept some samples at
room temperature (25 °C) and heated the remaining
samples to 200, 300 and 400 °C using a KSL-1200X
muffle furnace. To prevent thermal shock to the
granite samples caused by rapid heating [38], the
granite samples were heated at a constant rate of
5 °C/min to the target temperature. After thermal
treatment, each temperature was kept constant for
2 h to ensure thermal equilibrium in each sample.
Finally, the samples were cooled naturally to room
temperature (25 °C) in the furnace, and the cooling
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rate was less than the heating rate [39-40]. Table 1
lists the physical parameters of the granite samples
before and after thermal treatment. The subscripts
‘1’ and ‘2’ for the length L, diameter D, and mass
m indicate the values obtained before and after
thermal treatment, respectively.

Table 1 Physical parameters of the granite samples
before and after thermal treatment

L/ L/ D/ D
mm mm mm mm

G25 25 80.62 — 4028 — 286.10 —

G200 200 80.52 80.55 40.27 40.28 285.80 285.60
G300 300 79.95 79.96 40.29 40.29 283.90 283.70
G400 400 80.57 80.63 40.19 40.22 284.70 284.40

No. T7/°C m/lg  mg

2.2 Loading setup and procedure

In this study, the axial loading rate was
200 N/s, and a load of 40 kN was reached. Then a
constant axial strain rate (2x107° s™') was maintained
until the sample failed. A copper foil sheet
(0.05 mm thick), a polytetra fluoroethylene sheet
(0.05 mm thick) and MoS, smeared between them
were selected as the antifriction materials. The
copper foil was next to the sample surface to
of MoS, [41]. One
piezoelectric transducer was mounted in each

prevent the intrusion
sample holder, allowing V, to be measured, as
shown in Figure 1. Two axial linear variable
differential transformers (LVDTs) and one lateral
LVDT were attached to the sample to measure axial
and lateral strains, respectively.

2.3 Active and passive ultrasonic monitoring

Active and passive ultrasonic techniques were
used to study variations in V, and AE during rock
failure. As shown in Figure 1, eight piezoelectric
transducers with diameters of 4 mm (PICO
transducer made by PAC, resonant frequency of
500 kHz, operating frequency range of 200 — 750
kHz) were mounted using silicone grease on the
sample, and two piezoelectric transducers (Nano30
transducer made by PAC; resonant frequency of
300 kHz and operating frequency range of 125 -
750 kHz) were mounted in sample holders to
measure V, in the axial direction. Two transducers
mounted in sample holders were only used to
measure V, and not for AE source location.

As shown in Figure 1, the AE signals and
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Figure 1 Schematic diagram of (a) axial loading and
transducer array and (b) active and passive ultrasonic
monitoring systems

pulser interface unit (PIU)-generated signals from
the 10 transducers were preamplified by 50 dB
(Channels 1, 3, 5, 7, 9, 10) and 30 dB (Channels 2,
4, 6 and 8) and then digitized at a sampling rate of
10 MHz with a sampling length of 1024 points
(102.4 ps) for each event. Raw AE signals were
bandpass filtered from 30 to 800 kHz. The analog-
to-digital (A/D) system had a dynamic range of
16 bits. Continuous AE signals from ten channels
were recorded by a Richter'® continuous acquisition
system and then on the hard disk of a PC.

The PIU can generate a 500 V pulse to each
transducer to act as an active source for sequential
V, surveys, and the remaining nine transducers were
used as receivers. One V, survey was conducted
before loading, and the surveys were conducted
every minute during loading. In each V, survey, the
ultrasonic waves were stacked twice to improve the
signal-to-noise ratio (SNR).

Eight transducers on the sample surface were
used to continuously detect AE waveforms.
Background noise was acquired at the beginning of
the experiment to determine the trigger threshold.
Since two gain values (50 dB and 30 dB) were used,
two trigger thresholds (0.03 V and 0.01 V) were
applied to trigger AE events, respectively. If the
waveform amplitudes of four or more channels
exceeded the thresholds within the time window
(480 sample points), an AE event was recorded with
a length of 1024 sample points. The P-wave arrival
time of each waveform was automatically picked,
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and the collapsing grid search algorithm was
applied to locate AE events. A time-dependent
transversely isotropic (TTI) velocity model [31]
based on the 10-channel ultrasonic velocities was
established for AE source location.

3 Results and analysis

3.1 Mechanical behavior

The stress — strain curves of granite samples
treated at different temperatures are shown in
Figure 2. The uniaxial compression strength (UCS)
of granite samples treated at 200 °C showed little
variation compared with that of samples treated at
25 °C, and the UCS increased at 300 °C and then
decreased at 400 °C, which is consistent with the
findings in previous studies [38, 42]. The peak axial
strain shows a slight increase with increasing
temperature, and all stress — strain curves illustrate
typical nonlinear brittleness. The initial nonlinear
deformation of the stress—strain curve at 400 °C is
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Figure 2 Stress—strain curves of the granite samples from
uniaxial compression experiments: (a) Axial strain
(square) and lateral strain (diamond); (b) Volumetric
strain (circle)

more significant than that of other curves due to the
closure of preexisting microcracks, indicating the
significant growth of thermally induced cracks from
300 to 400 °C.

There are several stress thresholds in the
progressive failure process of brittle rocks, termed
crack closure stress (o.), 0., o, and UCS.
Additionally, the progression of rock failure can be
divided into four failure stages based on these stress
thresholds: crack closure, elastic deformation, stable
crack growth, and unstable cracking [43 — 45].
Table 2 shows the corresponding strength and
deformation parameters of granite samples after
thermal treatment. o, was obtained from the
maximum value of volumetric strain, and o and o,
were determined by the lateral strain response
(LSR) method [46] and axial strain response (ASR)
method [47], respectively. The strain-based stress
thresholds of each sample are presented in Table 2.
The o, o, and o, increased gradually before
300 °C and decreased at 400 °C, which indicates
that thermal treatment affects the stress thresholds
as well. The elastic modulus (£) of granite was
47.62 GPa at 25 °C, and E increased gradually to
4796 GPa and 5031 GPa for treatment
temperatures of 200 and 300 °C, respectively. £
decreased to 46.72 GPa at 400 °C, which is lower
than that at 25 °C. The stress threshold and £ trends
are consistent with the UCS trends; however, there
is no apparent change in Poisson ratio (v).

Table 2 Strength and deformation parameters of granite
samples after thermal treatment

o/ o/ 0./ ucs/ E/
MPa MPa MPa MPa '  GPa

G25 25 31.01 127.18 198.06 232.51 0.21 47.62
G200 200 35.30 134.05 201.54 23231 0.20 47.96
G300 300 3991 163.52 257.01 26193 0.21 50.31
G400 400 30.68 100.60 186.07 220.95 0.24 46.72

No. T7/°C

3.2 Characteristics of active and passive signals

in different damage stages

Figure 3 presents the AE and V, evolution
trends during the uniaxial compression tests. In
Figures 3(a) — (d), the axial stress, V, values for
different ray paths, AE rate, and cumulative AE for
different temperatures are plotted versus time. The
different colors of the dots represent the V, values
for different ray paths. The radial and axial
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Figure 3 Evolution of AE and /, under uniaxial compression at various temperatures: (a) 25 °C; (b) 200 °C; (c) 300 °C;
(d) 400 °C

directions of the sample were defined as horizontal calculated based on the arrival time of the ultrasonic
(0°) and vertical (90°). Four pairs of transducers waveforms. Due to the presence of antifriction
were arranged face-to-face in the lateral direction of ~ materials (copper sheet, polytetrafluoroethylene,
the samples, with ray paths 1-3, 2-4, 5-7 and 6-8. and MoS,), the vertical P-wave velocities could not
The V, survey was performed with 1 kN preload and be obtained before loading.

was then performed every minute during loading, Based on the determined stress thresholds (o

ccr

with each survey lasting approximately 12 s. V, was o, and o) shown in Table 2, the loading process
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was defined as four stages (Stages 1 to 4). As shown
in Figure 3, no AE event was detected in Stage 1.
From the V, survey with 1 kN preload, the mean P-
wave velocities of samples treated at 25, 200, 300
and 400 °C were 4910, 4667, 4231 and 3823 m/s,
respectively. With increasing axial stress, V,(90°)
increased faster than V,(0°) in Stage 1. The rapid
increase in V,(90°) can be explained by the closure
of microcracks and micropores with increased axial
stress. However, the predominantly vertical
microcracks were rarely affected by the axial stress,
which resulted in a smaller increase in V,(0°) than in
V.(90°). In addition, due to the increase in thermally
induced microcracks caused by thermal treatment,
the growth rate of V,(90°) increased with the
treatment temperature.

Once the internal cracks were closed, the
samples displayed linear elastic deformation. In
Stage 2, the first located AE event was triggered in
all four tests, and only several AE events occurred
in this stage. Compared to the trends observed in
Stage 1, V, increased more slowly, and V,(0°)
reached a plateau. The plateau stage of V,(0°) in
Figure 3 was also reported by LI et al [48],
indicating a relative balance between preexisting
crack closure and stress-induced crack initiation.

During the stable crack growth stage (Stage 3),
the number of AE events increased from the
initiation of microcracks to the beginning of
volumetric strain reversal, indicating an increase
in microfracture activity. V,(0°) decreased after the
plateau period. V,(90°) increased slowly, and the
fluctuation in V,(90°) before and after reaching the
peak can be observed due to the competition
between crack closure and opening.

In the stage from the initiation of unstable
cracking to rock failure (Stage 4), the aggravation of
crack nucleation, propagation, and coalescence led
to a rapid increase in the number of AE events. Over
90% of the AE events were concentrated in this
period, and the AE rate increased severely as the
sample failed. The V,(0°) and V,(90°) results display
a downward trend in this stage. The decline in
V,(0°) is more obvious than that for V,(90°), which
is caused by the Poisson effect under uniaxial stress.
Additionally, in all tests, the V, values measured
in the ray path 2-4 direction decreased to the
minimum because the macroscopic fractures of the

samples were perpendicular to the direction of this
ray path.

3.3 P-wave velocity anisotropy of active signals

typically
homogeneous isotropic material. However, granite

Granite s considered to be
experiences stress-induced anisotropy under an
external load. Thermally induced microcracks can
enhance the anisotropy of granite [33, 49]. Since the
closing and opening of microcracks can be affected
by stress and thermal treatment, it is critical to
quantitatively distinguish the anisotropy of granite
caused by stress or thermal stress. Figure 4(a) shows
the ultrasonic waveforms (ray path 2—-4) for sample
G25 during uniaxial loading. The transmission
1 min. The

waveform 1S

interval for adjacent surveys is
wavelength of each ultrasonic
204.8 ps, and the amplitude is normalized. The
colors of the waveforms change from blue to red,
indicating the first survey to the last survey (survey
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Figure 4 (a) The ultrasonic waveforms for ray path 2-4
during the uniaxial loading of sample G25; (b) The
evolution of V,(90°) and V,(0°) during uniaxial
compression experiments at various temperatures
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1 to survey 35). Figure 4(b) shows the evolution of
V(90°) and V,(0°) during uniaxial loading. Both
V(90°) and V,(0°) decrease with the increase of the
treatment temperature.
The parameter ¢ was proposed by THOMSEN
[50] to characterize the V, anisotropy and can be
conveniently approximated as:
< V2 (9097, (0°) )
Ve (0°)

where V,(90°) is the vertical P-wave velocity and
V,(0°) is the horizontal P-wave velocity.

Figure 5 shows that the initial V, anisotropy ¢
values of samples treated at 25, 200, 300 and 400 °C
were 0.03, 0.05, 0.08 and 0.09, respectively. As the
axial stress increased, ¢ increased rapidly until the
axial stress reached o.. The increase in & growth
rate is positively related to the temperature, which is
due to the combined effect of the increased crack
density and water escaping in thermally treated
samples [51]. Because there was no confining
pressure, microcracks parallel to the vertical
direction could not be completely closed in the
crack stage. microcracks
parallel to the horizontal direction were primarily
closed. In other words, the difference in crack
closure in different directions is the main reason for
the variations in ¢. The imbalance in V, in different
directions was magnified by thermal treatment.
Thus, ¢ increased with the increase of treatment
temperature.

As the axial stress exceeded o, & slowly
increased (Stage 2). In Stage 3, ¢ displayed a stable
growth trend until the axial stress reached o In
Stage 4, ¢ increased rapidly. The maximum ¢ values

closure Conversely,

1.0

[ S— S
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Stage 2 Stage3  Stage 4

0.8
0.6
@

0.4

0.2

200 °C
\25 °C

¢ 0.2 0.4 0.6 0.8 1.0

Normalized axial stress
Figure 5 Evolution of V, anisotropy & at various
temperatures

of samples treated at 25, 200, 300 and 400 °C were
0.69, 0.64, 0.98 and 0.72, respectively. Note that the
final ¢ value at 400 °C was lower than that at
300 °C. The probable reason is that the time interval
of the V, survey was 1 min; therefore, V,(0°) close
to or at the failure point may not have been recorded.

In summary, the number of microcracks inside
granite samples increases during thermal treatment,
which leads to a slight increase in the initial ¢. In
addition, with increasing axial stress, the growth
trend of & exhibits good correspondence with crack
growth processes. The increase in thermally induced
microcracks contributes to an increase in the stress-
induced ¢.

3.4 Source locations of passive signals

Since the existence of thermally induced cracks
increases the V, anisotropy ¢ of the samples during
uniaxial loading, it is important to adopt an
appropriate velocity model based on the AE source
location for rock samples with abundant cracks. We
built the TTI velocity model to locate AE events
based on the ¥, values along different ray paths and
reduce the location error of AE
Figures 6(a) — (d) show the source location of AE
events and photographs of the failed samples. The

sources.

sphere represents the AE event; the size and color of
the sphere indicate the SNR and time from the
beginning of the tests, respectively. Over 90% of the
AE events occurred in Stage 4, and larger AE events
occurred on the surface of the samples, which
indicates that damage began at the sample surface
due to spalling.

To investigate the effect of thermal treatment
on the magnitude of AE events, the location
magnitude M, is defined as follows:

n

>(7,-d,)

M, =1g| @)

n

where n is the number of transducers; d, is the
distance between the AE source location and the
transducer; W, is the amplitude of the waveform.
The location magnitudes M, of AE events
ranging from —4.5 to — 1.5 were divided into 30
parts equally, and the proportions of all magnitudes
were counted separately, as shown in Figure 6(e).
AE events with magnitudes ranging from —3.3 to
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Figure 6 (a)—(d) Source locations of AE events and photographs of failed samples; (¢) Magnitude statistics for AE events

at different temperatures

-3.1 accounted for the largest proportion (20.71%)
of all magnitudes at 25 °C. After thermal treatment
at 200, 300 and 400 °C, AE events with amplitudes
ranging from —3.7 to —3.3 accounted for the largest
proportions, with values of 28.16%, 14.69% and
21.07%, respectively. The existence of thermally
induced microcracks resulted in a reduction in the
main location magnitude.

3.5 b-value analysis for passive signals

The magnitude distribution of natural
earthquakes follows the Gutenberg-Richter (G-R)
law [52]:

lgN=a—bM 3)

where M is the magnitude of earthquakes; N is the
number of ecarthquake events with magnitudes
greater than M; and a and b are constants. The G-R
law can also be applied to assess the statistical
results for AE events from laboratory experiments
[27]. The parameter b, the so-called b-value, is an
important precursor that reflects the fracturing
processes of rocks [53]. In general, a low b-value
indicates a larger proportion of high-magnitude AE
events, and a high b-value indicates a larger
proportion of low-magnitude AE events [54].

The location magnitude M, was adopted as a
simple estimation to calculate b-values in this paper
[34], and we selected 0.05 as the magnitude
interval. The time-dependent b-values were
calculated by wusing the maximum likelihood
estimation (MLE) method [55—56]. b-values were
estimated using a running window of 1000 events
and a step of 500 events.

Figure 7 shows the evolution characteristics of
the AE rate and b-value for granite samples
subjected to uniaxial compression. As shown in
Figure 7(a), two stress drops occurred for sample
G25. The first stress drop corresponds to a rapid
decline in the b-value to 1.52, and the second stress
drop corresponds to the final failure of the sample,
where the b-value decreased to
value of 1.41. Similar phenomena can be seen in
Figures 7(b) - (d), and the decreased b-values
correspond to the stress drops for each sample. The
observed fluctuations in b-values are due to the
unstable cracking process. The global minimum

its minimum

b-values of granite samples treated at 25, 200, 300
and 400 °C were 141, 1.37, 1.46 and 1.47,
respectively. The effect of thermal treatment on the
b-value cannot be observed due to the limited
thermal damage below 400 °C.
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Figure 7 Stress, AE rate and b-value of granite samples during uniaxial loading at various treatment temperatures:

(a) 25 °C; (b) 200 °C; (c) 300 °C; (d) 400 °C

3. 6 Spectral characteristics of active and passive

signals

Vertical (90°) ultrasonic waves (ray path 9-10)
and horizontal (0°) ultrasonic waves (ray path 2-4)
recorded during the uniaxial compression tests were
adopted for amplitude spectrum analysis to evaluate
the cracking process. In this study, 100 sample
points (10 ps) for each ultrasonic waveform were
sectioned by wusing a Hanning window. The
amplitude spectrum was calculated using fast
Fourier transform (FFT). The relative changes in
different directions in attenuation were investigated.

As shown in Figure 8, the dominant frequency
(90°)
approximately 300 kHz, and the

of  wvertical ultrasonic ~ waves  was
dominant
frequency of horizontal (0°) ultrasonic waves was
approximately 500 kHz. The differences in the
dominant frequency are primarily due to the
different types of transducers used.

Figures 8(a)—(d) show that the amplitude of the
dominant  frequency of  vertical

waveforms increases with increasing stress level,

ultrasonic

especially from the beginning of tests to o, where
axial compaction is the main influential mechanism

[24]. As depicted in Figures 8(e)—(h), the amplitude
spectrum of the horizontal ultrasonic waveforms
attenuates from the beginning of loading to rock
failure. The slight increase in V,(0°) in the initial
stage does not significantly increase the ultrasonic
amplitude.

Next, the FFT algorithm was adopted to
calculate the dominant frequency of AE signals.
Figure 9 shows that the dominant frequency of AE
signals was mainly distributed in the range of 400—
600 kHz with small amplitudes in the initial stage of
loading. The amplitudes of AE events increased
with increasing loading level, and a small number of
high-frequency and a large number of low-
frequency AE events occurred in the final loading
stage. As the temperature increased, the high-
decreased, while the
frequency signals increased, which reflects the

frequency signals low-

obvious impact of thermal treatment on the AE
frequency features.

4 Discussion

Previous studies have shown a positive
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correlation between the UCS and V, values of rocks

at room and various empirical
equations have been developed to simply estimate
the UCS of rocks by using V, [57 - 58]. ZHANG
et al [59] found inconsistencies in the changes in

UCS and V, in sandstone after thermal treatment

temperature,

based on a study of 18 kinds of sandstones. In this
study, it also was found that with the increasing
temperature, V, decreased monotonically, but UCS
increased first and then decreased. To verify
whether  this
phenomenon for granite, the UCS and V, values of

inconsistency is a common

granite after high-temperature treatment were
recorded and normalized (the UCS and V, values at
various temperatures divided by those at room

temperature, respectively) as shown in Figure 10.

The granite samples shown in Figure 10
all experienced slow heating (<5 °C), temperature
maintenance and cooling (rapid or slow cooling).
There are two UCS
and V, decreases

trends with increasing

temperature, monotonically.
Furthermore, the relationship between V, and UCS
is plotted in Figure 11, and granite is divided into
type I (UCS decreases monotonically and V,
decreases) and type II (UCS increases first and then
decreases, and V, decreases).

A series of physical and chemical reactions
will occur as rocks undergo high-temperature
treatment. At the target temperature (up to 400 °C)
in this study, chemical changes (e.g., quartz o —f
transformation at 573 °C) are unlikely to occur [10—
11, 51], and the changes in physical characteristics



J. Cent. South Univ. (2022) 29: 4078-4093

4089

(a) - ®- Wuyi granite, 5 °C/min, SC (this study)
-~ Yueyang granite, 5 °C/min, SC * [38]
- £~ Macheng granite, 5 °C/min, RC * [60]
—<— Shandong granite, 2 °C/min, RC * [61]
—&— Suizhou granite, 5 °C/min, RC-1 cycle * [62]
—o— Suizhou granite, 5 °C/min, RC-10 cycle * [62]
—ea— Suizhou gramte 5 °C/min, RC-30 cvcle *62]
- Rizhao granite, 5 °C/min, SC [11]
- - Taizhou granite, 5 °C) /min, RC [42]
—&- Macheng granite, 5 °C/min, SC * [60]

UCS/UCSgy
S 2 =
[o)} [>] (e}

=
~

—&- Shandong granite, 2 °C/min, SC * [61]
—&- Suizhou granite, 5 °C/min, RC-5cycle * [62]
& Suizhou granite, 5 °C/min, RC-20 cycle * [62]

1 1 1 1 1
O0RT 100 200 300 400 500
7°c

=
[\
T

(b) - - Wuyi granite, 5 °C/min, SC (this study)
- ¢- Yueyang granite, 5 °C/min, SC * [38]
- £ Macheng granite, 5 °C/min, RC * [60]
—< Shandong granite, 2 °C/min, RC * [61]
—&— Suizhou granite, 5 °C/min, RC-1 cycle * [62]
—o— Suizhou granite, 5 °C/min, RC-10 cycle * [62]
—a— Suizhou granite, 5 °C/min, RC-30 cycle * [62]
- A~ Rizhao granite, 5 °C/min, SC [11]
- - Laizhou granite, 5 °C/min, RC [42]
—=- Macheng granite, 5 °C/min, SC * [60]

0.8

~5- Shandong granite, 2 °C/min, SC * [61]
~&- Suizhou granite, 5 °C/min, RC- Scycle * [62]
B Sulzhou granite, 5 °C/min, RC- 20 cycle * [62]

0.2 '
0 RT 100 200 300 400 500

7ee
Figure 10 UCS and V, values of granite after high
temperature treatment (RT denotes room temperature of
20-25 °C; SC and RC denote slow cooling and rapid
cooling, respectively; * means average value; different

cycles for Suizhou granite samples denote the numbers of
heating and rapid cooling cycles)

(e.g., water loss, mass loss, and cracking activities)
are the main changes for granite. The temperature
ranges from 25 to 400 °C can be divided into three
phases to better understand the mechanisms of the
thermal effect on granite.

Phase I (25-200 °C): The thermal expansion of
mineral grains results in a slight reduction or the
closure of preexisting cracks inside the granite,
which leads to improved strength [11]. Thermally
induced microcracks are generated and thus
decrease the strength of the granite [14]. The escape
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Figure 11 Relationship between the P-wave velocity and
UCS of granite after high temperature treatment (The
solid and dashed lines denote type I and type II granite,
respectively; * means average value)
of absorbed water at 100 — 110 °C temporarily
increases the effective stress and strength of granite
[12, 63]. The UCS of granite does not change
significantly due to the aforementioned competition
among these mechanisms as the temperature
increases from 25 to 200 °C.

Phase II (200-300 °C): The preexisting cracks
close due to thermal expansion, thermally induced
microcracks increase, and bound water escapes [51].
The strengthening effect of water escape on UCS is
greater than the weakening effect of the increase in
thermally induced microcracks, resulting in an
increase in UCS.

Phase III (300 — 400 °C): The increase in
thermally induced microcracks enhances cracking
activities. Structural water and crystal water escape,
which results in damage to the crystal mineral
structure [12]. UCS thus decreases as the treatment
temperature increase from 300 to 400 °C. The
temperature range of 300 -400 °C is an important
threshold for assessing the thermal damage of
granite, as noted in Refs. [12, 42, 64].

The Wuyi granite analyzed in this study is a
type II granite. Specifically, as the temperature
increased from 25 to 200 °C, UCS did not change
significantly, even with the competition among the
aforementioned mechanisms. In the range of 200 -
300 °C, the strengthening effect of water escape on
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UCS was greater than the weakening effect of the
increase in thermally induced microcracks, resulting
in an increase in UCS. The UCS at 400 °C
decreased below room temperature, indicating that
the weakening effect of
microcracks is dominant.

thermally induced

The characteristics of active ultrasound and AE
are closely related to these mechanisms. The
increase in thermally induced microcracks and the
escape of water inside the granite lead to a gradual
decline in V¥, with increasing temperature. During
the loading process, the combined action of
thermally induced cracks and stress-induced cracks
increases ¢, the proportion of small-magnitude AE
and the proportion of low-
frequency AE events increases. The b-value does

events increases,
not display an apparent change, likely because the
thermal treatment below 400 °C does not change the
brittle behavior of the granite samples.

5 Conclusions

In this study, active ultrasonic and passive AE
techniques were adopted to study the fracturing
processes of thermally treated granite under uniaxial
compression. The V,, €, and spectral characteristics
studied by active
ultrasonic monitoring. The temporal evolution of
AE events, and amplitude-frequency
characteristics studied by passive AE
monitoring. The detailed conclusions are as follows:

1) Ultrasonic waves are more sensitive to
subtle changes in granite after thermal treatment
than before treatment. Although the UCS of granite
is almost unchanged after the 200 °C treatment, the
initial ¥, decreases from 4909 to 4667 m/s. In
addition, the initial anisotropy ¢ increases slightly
from 0.03 to 0.05. After the 300 and 400 °C
treatments, the UCS is 112.65% and 95.03% of the
UCS at 25 °C, respectively. Additionally, the initial
V, decreases to 4231 and 3823 m/s, respectively, and
the initial anisotropy ¢ increases to 0.08 and 0.09,

of ultrasonic waves were
b-values,
were

respectively.

2) The granites treated at temperatures below
400 °C display obvious brittle characteristics. The
main location magnitude of AE events decreases
from [-3.3- =3.1] to [-3.7— =3.5]. The amplitude—
frequency characteristics of AE events indicate that
low-frequency AE events and high-amplitude AE

events increase with increasing temperature.
However, it is difficult to observe apparent thermal
effects for temporal characteristics, source locations,
and time-dependent h-values for AE events.

3) Axial stress influences the development of
stress-induced microcracks, and the combined
action of preexisting cracks (including thermally
induced cracks) and stress-induced cracks leads to
changes With
increasing axial stress, V, (90°) and V, (0°) first
increase and then decrease. The anisotropy ¢ also
exhibits different modes (rapid increase, stable
increase, and rapid increase again) of increase at
different loading stages due to crack closing and
opening under axial stress.

4) The amplitude of the dominant frequency of

vertical

in ultrasonic and AE features.

ultrasonic waves increases with the
increasing stress level, and the amplitude of the
dominant frequency of horizontal ultrasonic waves
attenuates due to cracking along the axial axis.

We conducted uniaxial compression tests,
which represent the stress state of rock masses such
as mine pillars in practical engineering. Since an
engineering rock mass is generally under triaxial
stress conditions, our next objective is to use
ultrasonic and AE monitoring techniques to study
the corresponding rock fracturing and instability

precursors under triaxial conditions.
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