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Abstract: Brazilian splitting acoustic emission (AE) tests were conducted on the granite specimens that were heated at
the temperatures from 50 to 600 °C to investigate the mechanical and damage characteristics of granite under high
temperatures and splitting load in deep drilling. The results indicate that temperature variations significantly alter the
mechanical characteristics and AE properties of granite, thereby influencing the evolution of fractures. At the temperature
above 500 °C, the tensile strength of granite decreases significantly and the proportion of shear-induced damage modes
increases. Furthermore, the rate of fracturing also exhibits a noticeable increase. Damage parameter mutation points on
the damage parameter evolution curves of hit counts and energy counts were defined to determine the rock damage
precursor. Mutation points based on hit counts arrive earlier than rock instability signals. The greater the damage is, the
earlier the mutation points arrive. This time difference can be used to identify rock destabilization signals.
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1 Introduction

Deep earth drilling is crucial for understanding

deep earth structure, evolutionary processes
relevant to life, and exploring deep-seated
resources [1-3]. As drilling depths increase,

subsurface temperatures rise, negatively influencing
deep-seated rock formations and leading to changes
in their physical and mechanical attributes. These
changes render deep rocks unstable, impeding
drilling and posing risks of engineering
disasters [4,5]. Therefore, investigating the tensile
properties, damage evolution, and failure modes of
rocks under high-temperature conditions is
important [6,7].

As temperatures rise, granite formations
develop defects that lead to damage. The mineral

composition and crystal phase of granite undergo
changes, forming micro-cracks that reduce its
tensile strength [8—10]. Empirical investigations by
SHA et al [11] and GAO et al [12] have identified
400 °C as a pivotal temperature threshold marking a
substantial diminution in the tensile strength of
granite, with a pronounced decline manifesting
at 573 °C. Furthermore, studies conducted by WU
et al [13] have elucidated that temperatures
exceeding 500 °C lead to a rapid escalation in the
porosity of granite. Additionally, ZHAO et al [14]
and YIN et al [15] reported that temperature affects
the quantity and type of microcracks in granite,
leading to a deterioration in its physical and
mechanical properties. Understanding the relationship
between tensile strength and internal damage in
granite is important for comprehending its
failure mechanisms. LIANG et al [16] established a
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quantitative relation between tensile strength and
internal damage in granite across temperatures,
utilizing wave velocity as an indicator. However,
these investigations have not fully correlated the
mechanical characteristics of rocks with the damage
evolution process or effectively identified the
precursor information on rock fracture and the
internal rupture modes.

Acoustic emission (AE) technology represents
a powerful tool for addressing the aforementioned
issues. AE technology was developed in the 1960s,
and it has been widely adopted for monitoring and
assessing rock damage progression since then. As
internal fractures develop, strain energy is released,
rapidly emitting elastic waves, known as AE
events [17,18]. This connection between AE events
and fracture extension allows for real-time
monitoring of acoustic signals related to internal
rock rupture and damage development [19,20]. A
myriad of parameters derived from AE signals can
be harnessed to elucidate the damage evolution
within rocks, including but not limited to peak
frequency, rise time/amplitude (RA), average
frequency (AF), AE ring counts, and energy.
Notably, during rock splitting failures, peak
frequency signals in AE exhibit correlations with
the scale of fractures, with smaller fractures being
associated with higher peak frequencies [21].
Furthermore, low-frequency signals tend to exhibit
greater frequency and carry more substantial
energy in comparison to their high-frequency
counterparts [22]. The RA and AF values can be
used to determine the dominant fracture modes,
such as the tensile damage during Brazilian
splitting [23,24]. Different damage variables can be
obtained by analyzing the AE ringing counts and
energy counts. The variables are used to understand
the relationship between mechanical properties and
damage development, allowing the formulation of
equations that capture the evolution of rock damage
and its impact on deformation properties. The
interplay between the mechanical properties of
rocks and damage development can be further
elucidated through the analysis of different damage
variables derived from AE ring counts and energy
counts, thereby enabling the formulation of
equations that encapsulate rock damage evolution
and its consequent impact on deformation
properties [25]. Moreover, the AE parameters allow

for the identification of precursors indicating rock
instability. For instance, ZHANG et al [26] found
that high ring counts, protracted durations, and
elevated energies can indicate impending rock
instability.
In our investigation, we employed AE
technology to study the relationship between
mechanical characteristics and damage evolution of
granite subjected to splitting loads at different
temperatures. We analyzed damage variables and
identified mutation points in the damage parameter
derived from AE signals, which help us deeply
understand the precursors that indicate granite
destabilization. This approach can enhance the

safety and efficacy of deep earth drilling operations.
2 Experimental

2.1 Specimen preparation

The granite specimens used in this study were
sourced from formations within the Dingziwan
region, located in the Wangcheng—Zhuzhou Fracture
Zone (F Xiang-00030). Characterized by a grayish-
white color, these specimens possess a massive
structure with a medium-coarse grain texture.
Mineralogically, the specimens are composed
predominantly of alkaline feldspar (approximately
41 wt.%), followed by intermediate-acid
plagioclase (approximately 26 wt.%), and quartz
(approximately 27 wt.%). Secondary minerals
include muscovite and biotite, comprising about
Swt.% and 1 wt.%, respectively, as illustrated in
Fig. 1. The size of the mineral particles in these
specimens ranges from 0.5 to 2.5 mm.

Preparatory to conducting the test procedures,
the samples were meticulously fashioned into disc-

Fig. 1 Microscopic mineral composition of granite (Qtz—
Quartz; Chl-Chlorite; Pl-Plagioclase; Kfs—K-feldspar;
Bt—Biotite; Ms—Muscovite)
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shaped specimens, following the international
standard for rock mechanics, with each disc
possessing a diameter of 50 mm and a height of
25 mm.

2.2 Heat treatment of specimens

Prior to heating, the seven samples were
pre-treated to remove surface moisture. This
involved a drying process at 50 °C for 24 h, which
for the purposes of this study, is defined as room
temperature. The specimen surfaces were then
finely polished to achieve uniformity.

Following this preparation, the samples were
heated in a muffle furnace at a rate of 5 °C/min to
target temperatures of 100, 200, 300, 400, 500, and
600 °C. After reaching each target temperature,
the samples were maintained at a constant
temperature for 3 h before the furnace was turned
off, allowing them to cool naturally to room
temperature. Once cooled, each sample was
carefully retrieved, labeled, and a uniform layer of
white paint was applied to their bases to aid in
further morphological analyses. Notably, the
samples did not exhibit visible fractures on their
surfaces up to the maximum temperature of 600 °C,
as illustrated in Fig. 2.

2.3 Tensile strength mechanical test program and
parameter setting

The Brazilian splitting test was executed on

the specimens utilizing the YDW-100 rock-

splitting testing machine. The loading protocol was

(a) 50 °C

(e) 400 °C

® 500 °C

displacement-controlled, administered by a
hydraulic press machine, operating at a controlled
loading rate of 0.05 mm/min. For the concurrent AE
data collection, a DS5 series Full Information AE
signal analyzer, manufactured by Beijing Softland
Times Science & Technology Co., Ltd, was
employed. Two RS—5A sensors were meticulously
positioned diagonally across the two opposing end
faces of each specimen. These sensors boasted a
frequency range spanning 50 to 800 kHz. Specific
parameter configurations included a detection
threshold set at 40 dB, a sampling frequency of
3 MHz, a resonance frequency of 225 kHz, and a
sampling length of 5 kb.

To facilitate consistent AE signal acquisition
while mitigating the risk of sensor dislodgement

during the loading process, Vaseline was
judiciously selected as the coupling agent.
Additionally, insulating tape was judiciously

applied to securely affixing the sensors to the
specimen. The detailed test arrangement, sensor
installation method, and precise sensor placement
are visually elucidated in Fig. 3.

It is imperative to underscore that throughout
the testing regimen, meticulous synchronization
between the rock mechanics test system and the AE
monitoring system was diligently upheld. This
synchronization served to ensure the precise
temporal alignment of mechanical data acquisition
and AE data capture, thus contributing to the
reliability and coherence of the experimental data
set.

(d) 300 °C
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Fig. 2 Surface morphology of granite after heating at different temperatures
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3 Results and discussion

3.1 Brazilian splitting morphology and tensile

strength analysis of granite

In the course of the Brazilian splitting test, the
specimen underwent cleavage, effectively separating
into two distinct fragments along the loading
direction, originating from the point of contact
between the upper and lower wire gaskets. Sub-
sequent to this fracture event, the broken sections,
upon being juxtaposed, revealed the presence of a

Displacement
control

Signal

YDW-100 rock tensile !
lines

splitting testing machine

(e) 400 °C

Amplifier

(f) 500 °C

conspicuous through crack centrally positioned
within the specimen. The morphological depiction
of this damage manifestation is presented in Fig. 4.

Observations gleaned from this experimental
framework indicate that an escalation in the target
temperature yields a corresponding augmentation in
the extent of cracks and debris near the fracture
plane. Concomitantly, the stress level requisite for
triggering splitting failure exhibits a progressive
diminishment, and the sound emitted during the
damage process evolves from being sonorously
crisp to markedly subdued.

gl |

AE

Steel wire Sensors

FT Stess 11

Computer

AE test equipment console

(¢) 200 °C

(2) 600 °C

Fig. 4 Surface morphology of granite after splitting at different temperatures
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From a macroscopic perspective concerning
mechanical properties, it becomes evident that the
tensile strength of granite experiences a progressive
decline with increasing temperature, primarily
attributable to thermal-induced damage phenomena.
This decline is notably discernible within the
temperature range of 200—300 °C, during which the
expulsion of strongly bound water occurs.
Moreover, crystallization water precipitates from
the rock matrix at approximately 400 °C. These
thermal processes precipitate a deleterious impact
on the microstructural integrity of mineral
constituents and subsequently attenuate inter-
mineral bonding [27].

Simultaneously, the expansion of mineral
particles due to thermal effects engenders structural
thermal stress effects. This leads to the
manifestation of grain boundary fractures,
intragranular cracks, or transcrystalline fractures
within the rock matrix, resulting in the disruption of
its originally intact structure and the consequent
impairment of the rock’s structural integrity.
Furthermore, temperatures exceeding 573 °C
induce a transformation in the quartz minerals
present in granite, transitioning them from the « to
f phase, causing certain fragments to detach from
the specimen [28,29].

Moreover, it is noteworthy that at temperatures
lower than 400 °C, internal crystallization within
the specimen provokes the closure of certain
primary microfractures. Conversely, temperatures
exceeding 400 °C prompt an intensification of
high-temperature mineral crystal expansion, thereby
amplifying damage within the specimen.
Consequently, specimens subjected to treatment at
600 °C exhibit a heightened degree of damage and a
precipitous drop in tensile strength. Interestingly,
the microfractures within the specimens display an
initial reduction followed by an increment in
density as the temperature escalates.

The numerical values reflecting the tensile
strength of granite specimens at each designated
temperature are presented in Table 1. Notably, there
is a decrease in tensile strength from 7.68 to
6.09 MPa, representing a 20.7% reduction when the
temperature is elevated from 50 to 200 °C.
Subsequently, from 200 to 300 °C, the tensile
strength experiences a further decline, decreasing
by 25.8% from 6.09 to 4.52 MPa. This substantial
decrease in tensile strength during this interval is

primarily attributed to damage ensuing from the
release of tightly bound water and gases within the
specimen, in conjunction with the influence of
structural thermal stress.

Table 1 Tensile strength of granite at each temperature

Heating temperature/°C Tensile strength/MPa

50 7.68

100 4.7
200 6.09

300 4.52
400 4.29

500 4.25

600 2.62

Comparatively, the alteration in tensile
strength is less pronounced for specimens subjected
to temperatures of 400 and 500 °C, with the tensile
strength of the former exhibiting a mere 5.1%
reduction relative to the 300 °C specimens, and the
latter recording a marginal 0.9% decrease in
relation to the 400 °C specimens. The reduction in
tensile strength is mitigated during this phase, as the
thermal expansion of mineral particles results in the
closure of primary microcracks through extrusion.
Consequently, the decline in tensile strength is
moderated and, in certain instances, may even
exhibit an increase.

The final stage, wherein temperatures ascend
from 500 to 600 °C, witnesses a substantial drop in
tensile strength. Specifically, the tensile strengths
plummet from 4.25 to 2.62 MPa, representing a
dramatic 38.4% reduction. During this period, the
transformation of quartz phases engenders a
significant deterioration in the tensile strength of
specimens treated at 600 °C.

3.2 Analysis of Brazilian splitting process of
granite

The stress—time curves of granite subjected to
varying elevated temperatures under Brazilian
splitting conditions were ascertained in the course
of this investigation, as illustrated in Fig. 5.

The stress evolution within the specimen can
be demarcated into three discernible stages.

(1) Compaction phase: The initial stage is
characterized as the compaction phase. As the
indenter descends following the application of load,
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Fig. 5 Time—stress curves of Brazilian splitting of granite
at different temperatures

stress incrementally ascends, exhibiting a
discernible up-concave trajectory. During this phase,
stress generation commences at the interface
between the steel wire spacer and the specimen,
leading to localized deformation and stress
concentration at the point of contact. Concurrently,
primary microcracks within the specimen gradually
diminish as the indenter displacement increases.

(2) Linear elastic regime: Subsequent to the
compaction phase, the stress enters a linear elastic
stage. Upon the conclusion of the microcrack
compaction phase, stress exhibits a rapid and linear
growth pattern. This phase is marked by the
emergence of numerous new cracks within the
specimen, which proceed to propagate.

(3) Failure instability phase: The final stage is
characterized as the failure instability phase. This
stage typically encompasses the interval where
stress levels approach 90% of the peak strength.
Notably, stress within this stage continues to exhibit
linear growth, indicative of pronounced brittle
damage.

3.3 AE frequency characteristics under splitting
load

Internal and external loads cumulatively store
energy within rocks through deformation processes.
Subsequent rock damage and failure events release
this stored strain energy in the form of elastic stress
waves, thereby giving rise to the phenomenon of
AE [30-32]. Consequently, AE signals emanating
from rocks during testing serve as indicators of
microcrack development within the rock matrix.

The peak frequency of AE signifies the
frequency at which the energy spectrum reaches its
maximum point. This peak frequency can be
approximated as the principal frequency of the
signal and categorized into two main groups: low-
frequency signals (ranging from 100 to 200 kHz)
and high-frequency signals (exceeding 350 kHz).
The utilization of peak frequency facilitates the
assessment of microcrack expansion within
rocks [33,34], with higher signal frequencies
correlating with smaller rupture source scales. In
indoor rock rupture AE signals, frequencies
typically exceed 100 kHz, while signals between
350 and 500 kHz are infrequent. This phenomenon
can be attributed to the inverse relationship between
the frequency of the signal and the scale of the
rupture source. Rupture sources of a small scale
generate signals characterised by high frequency
and low energy. The detection of such signals is
impeded by the phenomenon of attenuation and the
thresholds set by the AE system. Consequently,
special attention should be directed toward signals
exceeding 350 kHz due to the abundance of
small-scale fracture signals originating from the
controlled fractures encountered in the Brazilian
splitting tests.

Figure 6 graphically depicts the correlation
between peak AE frequency and stress over time
under temperature conditions during
Brazilian splitting tests. In this illustration, Regions

various

I, II and III correspond to the compaction stage,
linear elastic stage, and failure destabilization stage,
respectively.

During the compaction stage, the generation of
low-frequency signals can generally be attributed to
the closure of microfractures or joint surfaces
within the rock, as well as the sliding of the
specimen during compression. At the linear elastic
stage, the emergence of low-frequency signals is
linked to the formation, propagation, and
transfixion of microfractures within the rock,
exacerbating its structural damage and giving rise to
an increased prevalence of shear failure modes.
Consequently, a substantial number of low-
frequency signals are produced. Conversely, the
presence of high-frequency signals signifies the
development of small-scale cracks. Table 2 provides
a breakdown of the proportion of low-frequency to
high-frequency signals for each test specimen at
different testing stages.
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Fig. 6 Trend of stress and peak AE frequency with time for granite under splitting load at different temperatures:
(a) 50 °C; (b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 400 °C; (f) 500 °C; (g) 600 °C

For specimens subjected to temperatures
between 50 and 400 °C, their peak frequencies
during the compaction stage all fall within the
low-frequency signal range. During the later stages
of the linear elastic phase, there is a significant

increase in low-frequency signals, accompanied by
the appearance of a greater number of high-
frequency signals. This observation suggests that
exposure to temperatures between 50 and 400 °C
facilitates the development, accumulation, and
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Table 2 Proportion of low-frequency signals (100— 200 kHz) and high-frequency signals (above 350 kHz) of granite at

compaction stage, linear elastic stage, and failure destabilization stage at different temperatures

Proportion of low-frequency signal/%

Proportion of high-frequency signal/%

temI::r?tllllli soc Compaction Linear elastic Failure destabilization ~Compaction Linear Failure
stage stage stage stage clastic stage destabilization stage
50 100.0 82.5 76.3 0.0 0.0 0.0
100 37.5 51.4 60.4 0.0 0.8 5.4
200 89.3 77.1 77.5 0.0 23 2.7
300 89.9 66.6 75.7 0.0 5.1 4.8
400 72.9 71.9 75.1 0.6 2.7 3.5
500 85.3 87.9 90.7 0.4 0.0 1.6
600 90.6 78.7 85.9 0.7 0.8 2.1

penetration of internal microfractures within the
granite specimens, ultimately resulting in the
formation of larger-scale cracks that contribute to
specimen damage.

In contrast, specimens exposed to temperatures
of 500 and 600 °C generate a higher number of
low-frequency signals during the compaction stage,
with a limited presence of high-frequency signals at
this point. Subsequently, at the linear elastic stage,
both low and high-frequency signals increase in
number and reach their peak levels at the time of
failure. This pattern indicates that temperatures
exceeding 500 °C intensify internal damage within
the granite specimens. Such elevated temperatures
induce a greater number of fractures throughout all
phases of testing, with fractures expanding more
rapidly, ultimately leading to the accelerated
destruction of the granite specimens. These findings
are congruent with the concurrent results indicating
lower tensile strength under such conditions.

3.4 Analysis of failure modes based on AE

The combination of RA and AF values is a
common approach utilized in rock mechanics to
assess whether rock failure occurs under tensile or
shear conditions [35]. In the context of AE analysis,
the RA value represents the reciprocal of the
gradient of the signal waveform and can be
computed by dividing the rise time by the signal’s
amplitude within the AE parameter framework. On
the other hand, the AF value denotes the ratio
AE ring counts and the duration,
representing the average frequency of AE events.
When these values are plotted in the RA—AF
distribution, a discernible diagonal line emerges,
serving as a criterion for distinguishing between

between

tensile and shear failure modes (JCMS-III b5706,
2003). Specifically, regions above and below this
dividing line correspond to tensile and shear failure
intervals, respectively [36]. Notably, transitions in
AF values from high to low are indicative of the
progressive development of larger cracks [37].
Figure 7 illustrates the distribution of RA
and AF values of granite specimens at different
stages of compaction process, encompassing the
compaction stage, linear elastic stage, and failure
destabilization stage, all subjected to temperature
treatment ranging from 50 to 600°C. To
complement this analysis, Tables 3 and 4 provide
comprehensive data regarding the distribution
frequencies of AE signals for each specimen, along
with the corresponding percentages of signals
located within the shear failure region, across the
various testing stages, namely the compaction stage,
linear elastic stage, and failure destabilization stage.
Granite specimens subjected to varying
temperature treatments consistently exhibited a
noteworthy pattern characterized by elevated AF
values and diminished RA values. A substantial
concentration of data points was observed within
the tensile failure region, closely aligned with the
longitudinal axis. In contrast, a comparably sparse
distribution of data points was evident within the
shear failure interval, predominantly manifesting
during the failure destabilization stage. Within the
context of Brazilian splitting tests, it was evident
that tensile cracking constituted the dominant
fracture mode within the granite specimens,
whereas shear cracking played a sub-dominant role.
Remarkably, this fracture pattern remained
unaltered across the spectrum of temperatures tested,
suggesting that the prevailing mechanical loading
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Fig. 7 Distribution of RA and AF values in AE signal of granite under splitting load at different temperatures: (a) 50 °C;
(b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 400 °C; (f) 500 °C; (g) 600 °C

occurrences with rising temperatures, with the bulk
of shear failures becoming prominent near the
threshold of peak stress intensity. Notably, within
the realm of acoustic emission analysis, high-
frequency signals typically signify the initiation of

conditions exerted a more profound influence on
fracture mode determination, rather than structural
alteration.

Intriguingly, Table 3 revealed a gradual
escalation in the percentage of shear cracking
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Table 3 Proportion of granite AE signal at compaction
stage, linear elastic stage, and failure destabilization
stage at different temperatures

Distribution proportion/%

Heating
. . ) Failure
temperature/ Compaction Linear elastic .
oC destabilization
stage stage
stage

50 5.08 8.13 86.79
100 12.1 9.86 78.04
200 21.02 21.09 57.89
300 19.37 32.77 47.86
400 11.71 31.92 56.37
500 13.22 13.64 73.14
600 15.32 15.67 69.01

Table 4 Proportion of granite AE signals in shear mode
at compaction stage, linear elastic stage, and failure
destabilization stage at different temperatures identified
by RA—AF distribution

Proportion located in

Heating shear mode/%
temperature/ Compaction Linear Failure
°C elastic  destabilization
stage
stage stage
50 0.23 0.46 1.54
100 1.85 1.94 0.33
200 2.25 1.89 5.39
300 1.63 1.22 6.29
400 0.96 1.41 3.78
500 0.69 1.73 10.98
600 1.69 0.55 6.52

small fractures, while low-frequency signals are
indicative of the emergence of larger fractures.
High-frequency signals are characterized by
abbreviated rise time, shorter duration, heightened
amplitudes, and a greater number of AE ring counts,
whereas low-frequency signals exhibit contrasting
characteristics. Consequently, high-frequency signals
manifest lower RA and elevated AF when compared
to their low-frequency counterparts.

Consequently, the analytical findings outlined
in Section 3.3 elucidate that as the treatment
temperature escalates, there is a discernible
augmentation in the proportion of low-frequency
signals, thereby yielding an expanded dataset
characterized by high RA and diminished AF. This
substantiates the assertion that the proportion of

shear damage mode within the granite amplifies
concomitantly with the escalating treatment
temperature during the process of splitting failure.

It is worth noting that an increasing prevalence
of the shear damage mode during the rock’s failure
process corresponds to a more pronounced internal
damage evolution within the rock matrix [24]. This
corroborates the assertion that the internal damage
within the granite specimen experiences progressive
intensification with the increasing treatment
temperature.

3.5 Analysis of damage evolution of granite
3.5.1 Ring count characteristics of granite splitting
failure

AE ring counts refer to the quantification of
oscillations exhibited by the ringing pulse as it
surpasses the threshold signal within a unit of time.
This metric exhibits heightened sensitivity to the
deformation and structural degradation of rock
specimens and, consequently, serves as an indicator
of damage accumulation throughout the course of
rock splitting failures [38]. It is important to note
that an elevated ring count corresponds to a greater
degree of internal damage within the rock under
equivalent conditions [39]. To visualize these
dynamics, Fig. 8 presents time-dependent profiles
encompassing load variation, AE ring count, and
cumulative energy during the Brazilian splitting
tests conducted on granite specimens subjected to
diverse heat treatment temperatures.

To enhance the clarity of trends within the
graphical representation, the axes corresponding to
ring counts and cumulative energy have been
adjusted non-linearly. Notably, the following
observations can be derived from the figure.

(1) In the temperature range of 50—400 °C, the
AE signals exhibit relatively low quantities and
diminished intensities, with AE ring counts rarely
exceeding 100. During the compaction stage, the
occurrence of both ring counts and energy signals is
limited and fragmented. As loading progresses into
the linear eclastic stage, there is a discernible
breakdown in the connection among mineral
particles, leading to the expansion of primary
cracks, the emergence of secondary cracks, and the
gradual convergence of these fissures. Consequently,
the extent of rock damage steadily increases,
thereby resulting in a corresponding augmentation
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of AE signals. Throughout the failure
destabilization stage, the internal fractures within
the granite rapidly propagate and expand,
culminating in an intensive surge in signal
occurrence, particularly exemplified by a rapid

escalation in AE ring counts near the peak stress
intensity. These observations collectively indicate
that thermal damage within the rock is relatively
subdued within this temperature range. Specifically,
during the compaction stage, internal damage
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exhibits limited development under lower stress
conditions. However, as higher stresses are
encountered upon transitioning into the linear
elastic stage, damage progression becomes more
pronounced. Ultimately, during the failure
destabilization stage, damage accelerates to attain
its zenith, accompanied by an instantaneous release
of a substantial amount of energy, leading to the
catastrophic failure of the specimen. It is evident
that, within this temperature interval, the observed
AE signal trends consistently underscore the
incremental thermal damage within the granite as
temperatures rise.

(2) Conversely, at heating temperatures of 500
and 600 °C, AE signals are distributed densely
throughout the entire loading process, characterized
by the pervasive occurrence of high-intensity AE
ring count signals. This conspicuous pattern
signifies that thermal damage beyond the threshold
of 500 °C leads to a rapid deterioration in the
mechanical properties of granite specimens.

3.5.2 Energy evolution characteristics of granite
splitting failure

Among the suite of AE parameters, the
parameter known as “energy” assumes a pivotal
role as it provides a measure of the relative energy
or intensity released during an AE event. Notably,
the magnitude of this energy can be viewed as a
direct reflection of the scale of crack formation
within the rock. Consequently, it serves as a vital
indicator for characterizing the failure of the
internal microstructure of the rock [40]. To facilitate
the interpretation of key trends, Fig. 8 portrays the
temporal evolution of cumulative energy, ring
counts, and stress, with the axes pertaining to
cumulative energy and ring counts subjected to
logarithmic scaling for enhanced visualization.

Within the schematic representation, Regions I,
II and III distinctly demarcate the compaction stage,
linear elastic stage, and failure destabilization stage,
respectively. During the compaction stage, the
frequency of energy signals is relatively sparse, and
the overall magnitude of released energy remains
modest. This observed phenomenon is attributed to
the inadequacy of the applied load at this stage to
disrupt the internal cohesion, primary pore
networks, and pre-existing cracks within the granite
specimen. Furthermore, the load conditions are
insufficient to generate new  microcracks.
Consequently, the majority of the energy imparted

by the applied load accumulates internally within
the specimen, with only a fraction being liberated to
generate discernible energy signals.

It is in the transitional phase spanning from the
linear elastic stage to the failure destabilization
stage that a notable escalation in energy signals is
observed, accompanied by a  significant
amplification in the overall level of energy release.
This shift in energy dynamics aligns with the
progressive development of rock damage and the
concurrent formation of fractures.

The assessment of crack formation size is
facilitated by amalgamating temporal patterns in
accumulated energy, ring counts, and stress
variations. For instance, instances where cumulative
energy data exhibit a rapid upswing, concomitant
with the generation of elevated ring count signals,
indicate the initiation of larger-scale fractures
within the granite. Additionally, as the specimen
approaches its upper limit tensile strength, a
synchronized surge in both accumulated energy and
ring counts to a higher order of magnitude serves as
a conspicuous indicator that the rock’s damage
threshold has been reached, and the specimen is
poised for destabilization. This coalescence of
increased energy and ring counts signifies the
culmination of damage progression within the rock
and heralds the imminent failure of the specimen.
3.5.3 Damage evolution characteristics of granite

splitting failure

Under the influence of stress, continuous
damage unfolds within the rock mass, ultimately
culminating in its structural failure [41]. The AE
characteristics exhibited by a material serve as a
direct reflection of the ongoing generation and
progression of internal damage. Recognizing the
intrinsic interplay between damage variables and
material structures [42], the Brazilian splitting test
provides a viable avenue for scrutinizing the
damage  processes experienced by  high-
temperature-treated granite. This, in turn, facilitates
the application of damage theory to formulate a
comprehensive granite damage model [43].

In this context, the damage variable, D,
assumes the role of quantifying the state of material
degradation. D is established through the division
of the cumulative AE ring counts, represented as C.
It is postulated that the specimen, in its pristine
state, possesses no initial damage, signifying D=0.
The formulation for calculating the damage variable
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D is expressed as
D=C/Cy )

where D signifies the damage variable value of the
specimen at the loading time ¢, C represents the
cumulative ring counts recorded at the specified
loading time ¢ and Cp corresponds to the
cumulative AE ring counts observed when the
entire section of the nondestructive rock sample
undergoes complete failure [44].

By employing Eq. (1), the damage values for
individual specimens at each juncture of the
splitting process are meticulously computed.
Consequently, a comprehensive damage evolution
curve encompassing the entire testing procedure is
meticulously constructed, as depicted in Fig. 9. It is
noteworthy that the damage variable D operates
within the range of 0—1, wherein proximity to the
value of 1 indicates a higher degree of incurred
damage and brings the specimen closer to the
threshold of structural failure.
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Fig. 9 Damage evolution curves of granite specimen
under splitting load at different temperatures

The damage curve can be delineated into three
distinct phases, as depicted in Fig. 9. The initial
phase, denoted as the calm phase, exhibits a gentle
curve slope, signifying a relatively sluggish growth
rate of the damage variable. Subsequently, the
second stage, designated as the acceleration stage,
is characterized by a notably steeper curve slope,
indicative of a rapid escalation in damage
progression within a concise timeframe (Table 5).
Finally, the third stage, termed as the steep increase
period, is typified by an abrupt surge in the damage
variable, resulting in its proximity to the critical

value of D=1. At this juncture, internal fractures
have successfully traversed the specimen,
precipitating its structural failure and the
concomitant release of a substantial energy burst.
By fitting all the curves using the exponential to
obtain the function y=a”, the damage development
proxy a can be obtained. The a values for all
specimens are listed in Table 6. The larger the value
of a, the intenser the damage is.

Table 5 Slope of granite damage variable vs time curves
at second stage

Heating temperature/°C Duration/s D Slope/1073
50 73 0.07079  0.97
100 64 0.09182 1.44
200 117 0.15783  1.35
300 107 0.10698  1.00
400 65 0.10491 1.61
500 10 0.03074  3.07
600 18 0.03794  2.11

Table 6 Values of a in curve-fitting exponential function
of granite damage variables

Heating temperature/°C a/107
50 0.4
100 4
200 26
300 21
400 11
500 47
600 46

In the first stage, damage variables for
specimens exposed to temperatures ranging from 50
to 400 °C exhibited negligible growth within the
initial 200 s of experimentation. It was only after
this duration that damage variables gradually
commenced their ascent. Conversely, the curves for
specimens subjected to 500 and 600 °C exhibited a
sustained, albeit modest, increase in the damage
variable from the commencement of testing,
signifying the immediate onset of the damage
development. During the second stage, at
50—400 °C, the duration extended beyond 60 s. The
slope maintained a modest increase, ranging from
0.79%107 to 1.61x1073. Within this temperature
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range, both 100 and 200 °C specimens exhibited
similar trends, while the 300°C specimen
experienced a decrease in slope, followed by an
ascent to higher levels at 400 °C. This suggests a
modest overall increase in damage up to 400 °C, as
well as within 100—200 °C. Conversely, at 300 °C,
the damage was mitigated due to thermal expansion
of internal particles and the closure of
microfractures. Notably, upon surpassing 500 °C,
the duration of the second stage was substantially
shortened to approximately 20 s, accompanied by a
significant amplification in slope.

The a values for specimens from 50 to 400 °C
remained at a relatively low level throughout the
entirety of testing, while those for specimens at 500
and 600 °C displayed a notable increase (see
Table 6). This suggests that beyond 500 °C, internal
fissures undergo substantial expansion, leading to a
significant decrease in specimen strength.

Additionally, AE hit counts and energy counts
serve as pivotal indicators of rock damage and
play a vital role in damage prediction and early
warning [45]. Damage parameters, specifically Dui
and Denergy are computed from AE hit counts and
energy counts, respectively, using the following
equations:

Dhi=E nit/ Enit (2)
Denergy:Et,enerrgy/ Eenergy (3 )

where Eipi and Ejenerrgy represent the cumulative
number of hits and cumulative energy of AE at the
stress state at time ¢, while Eini and Eiencrgy
correspond to the cumulative number and energy of
AE impacts of the specimen at peak stress.
Specifically, when Eni and Eienergy assume a
value of 0, the specimen remains undamaged,
whereas a value of 1 signifies a loss of load—
bearing capacity.

The AE hit and energy counts under the
splitting load are graphically depicted in Fig. 10.

Both Duit and Denergy €xhibit gradual and steady
increase during the loading process, followed by a
pronounced upswing in a brief period just prior to
specimen failure. The juncture at which the damage
parameter experiences a rapid ascent in the curve is
termed as the damage parameter mutation point,
with all Dy mutation points occurring earlier than
those Of Denergy. Furthermore, the temporal gap
between the appearance of these two mutation
points increases with rising temperature. This

phenomenon underscores the predictive lag in rock
instability when relying on the energy-based
damage parameter evolution law compared to AE
hit counts. This discrepancy can be attributed to the
presence of inherent damage in untreated granite,
characterized by internal micro-fractures. During
the loading process, these fractures store energy,
and with increasing temperature, the quantity and
scale of internal granite fractures increase. This
accumulation of energy, characterized by low
amplitude, is subsequently released only during
instances of stress concentration upon damage
initiation. Consequently, AE ring counts become
active earlier than damage progression.

Leveraging this insightful pattern, the damage
parameter mutation point emerges as a valuable
precursor indicator of impending rock damage and
instability. Moreover, the temporal disparity in the
appearance of distinct damage parameter mutation
points facilitates early prediction, thereby proving
pivotal for the prediction and warning of rock
stability in practical engineering applications.

4 Conclusions

(1) The influence of temperature on the
physical and mechanical properties of granite
becomes particularly conspicuous when the heating
temperature exceeds 500 °C, resulting in a
significant reduction of tensile.

(2) The damage characteristics of granite at
varying temperatures are determined through
analysis of AE frequency and RA—-AF values.
Results indicate that with increasing temperature,
there is an increase in shear damage modes,
augmented crack propagation, and internal damage
within the granite.

(3) AE ring counts and cumulative energy
provide valuable insights into the dynamic
evolution of tensile damage in granite. The size of
the fissure formation can be determined by
assessing the magnitude of energy and ring count
increases. A pronounced increase in both metrics
serves as an indicator that rock damage is nearing
its threshold, foreshadowing the impending
destabilization of the specimen.

(4) The damage parameter curves based on
impact counts and energy counts are plotted
separately, based on which the damage parameter
mutation points are defined. The results show that
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Fig. 10 Evolution of damage parameters based on AE hit counts and AE energy counts in granite at different
temperatures: (a) 50 °C; (b) 100 °C; (c) 200 °C; (d) 300 °C; (e) 400 °C; (f) 500 °C; (g) 600 °C

the mutation points based on hit counts always
arrive earlier than that based on energy counts. This
suggests that the AE hit counts are significantly
active before rock destabilization. The greater the

rock damage is, the earlier the mutation points
based on impact counts arrive. This temporal
discrepancy may be utilized to detect signals
indicative of rock destabilization.
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