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Abstract
Acoustic emission (AE) is a technique which has been widely used in geomechanics to study the progressive micro-cracking
behavior of rocks in response to different loadings. However, the study of the combined effects of thermal damage and specimen
size on the performance of rocks using the AE technique is still limited, which needs further investigation. This study experi-
mentally investigated the AE characteristics of a fine-grained marble with different thermal damages and specimen sizes. The
variation of AE counts in response to the rock deformation can divide the stress−strain relation into several stages. The AE
activity is limited in the initial deformation stage and multiplies at a stress level about 0.7 to 0.8 times the peak stress. However,
the AE signals in the initial stage become more prominent as the treatment temperature increases. The accumulated AE param-
eters (i.e., AE counts, AE hits, and AE energy) are found to decrease with the increase in the treatment temperature. The b-value,
which generally decreases as the stress approaches the peak strength, correlates well with the stress−strain relation. It is also found
that the b-value generally increases as the treatment temperature gradually increases, which is mainly attributed to the initially
generated thermal micro-cracks in the rock specimen. The real-time spatial distribution of AE events is in considerable agreement
with the failure mode observed in laboratory tests. Overall, the results in this study reveal that the AE technique is capable of
studying the micro-cracking behavior involved in the deformation process of rocks possessing different degrees of thermal
damage and with different specimen sizes.
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Introduction

Understanding and predicting the strength and deformation
behavior of rocks is an important topic in geomechanics,
which can facilitate cost-effective design and long-term stabil-
ity of engineering structures, such as deep tunnels for mining,
boreholes for oil or gas production, tunnels for the storage of

radioactive waste, and wells for the injection of carbon diox-
ides. Numerous laboratory test results have revealed that the
deformation (failure) of rocks is, to a large extent, attributed to
the closure, initiation, propagation, and coalescence of micro-
cracks inside the rock specimens (Bieniawski 1967; Brace
et al. 1966; Cai et al. 2004; Diederichs and Martin 2010;
Diederichs et al. 2004; Eberhardt et al. 1998; Lajtai and
Lajtai 1974; Martin and Chandler 1994; Wong and Einstein
2009a, b; Zhao et al. 2015). The associated micro-cracking
processes can divide the rock deformation into several distinct
stages from crack closure to crack coalescence (Brace et al.
1966; Martin and Chandler 1994). It is, therefore, of vital
importance to study the strength and deformation behavior
of rocks from a microscopic view.

In the last several decades, many researchers have studied
rock strength and the associated micro-cracking behavior
using various microscopic observation techniques. These
techniques include scanning electron microscope (SEM)
(Tapponnier and Brace 1976), X-ray computed tomography
(CT) (Vinegar et al. 1991), acoustic emission (AE) (Lockner
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et al. 1991), and high-speed camera (Wong and Einstein
2009a, b). Among these techniques, AE is a method which
has been proven to be useful particularly for studying the
progressive micro-cracking behavior of rock specimens during
loading (Chen et al. 2017; Fu et al. 2015; He et al. 2010; Jansen
et al. 1993; Lei et al. 2000; Liu et al. 2017; Meng et al. 2017;
Slatalla et al. 2010; Yan et al. 2016; Zhao and He 2017; Zhao
et al. 2013). Due to its high sensitivity to micro-cracking, AE
monitoring has also been used to provide early warning signals
with great success in the construction of large-scale engineering
structures, such as deep tunnels for hydropower stations or
mining (Alcott et al. 1998; Butt et al. 2000; Dai et al. 2016;
Goodfellow and Young 2014; Xu et al. 2016, 2017).

AE can be defined as the transient elastic wave generated by
the rapid release of energy from a source within a material
(Koerner et al. 1981; Mansurov 1994). The AE activity in a
rock generally initiates from micro-cracking which is associat-
ed with dislocations, grain boundary movement, or the initia-
tion, propagation, and coalescence of micro-cracks through and
between mineral grains (Eberhardt et al. 1998). It correlates
well with the micro-cracking behavior involved in different
stages of the stress–strain relation. A schematic illustration of
the AE method used for the examination of micro-crack devel-
opment in a rock specimen under loading is shown in Fig. 1.

The AE signal recorded by the AE transducer is first am-
plified in a pre-amplifier and then transferred to a data logger
and subsequently compute for analysis. A threshold value is
usually applied to the recorded AE data to filter out the back-
ground noises. AE parameters, such as (transient or accumu-
lated) AE count and AE hit, have been widely used to corre-
late the stress–strain relation with the micro-cracking process
in the rock specimen (Eberhardt et al. 1999; Lockner 1993;
Scholz 1968a). In addition, some waveform parameters in-
volved in the generation of an AE event, such as ring-down
count, energy, peak amplitude, rise-time, and event duration,

also provide useful information to further elucidate the micro-
cracking mechanisms associated with the macroscopic defor-
mation and failure of rocks (He et al. 2010; Zhao et al. 2014).
In general, one signal received by a transducer that exceeds
the threshold is termed as one hit. One signal received by at
least four transducers is termed as one event. The oscillation
number of a pulse signal crossing the threshold is the AE
count (short for AE ring-down count). The definitions of these
AE parameters illustrated in Fig. 1 can also be referred to in
Eberhardt et al. (1998).

The AE monitoring technique has been widely and suc-
cessfully used in recent years to investigate the brittle failure
and the associated micro-cracking behavior of various rock
types (see Table 1). For a meaningful comparison of previous
studies, the collected test data in Table 1 are exclusively based
on compressive loading tests on cylindrical specimens, while
test data of other specimen shapes are not included. The
reviewed rock specimens generally have a height-to-
diameter ratio of 2 to 2.5, with the diameter ranging from 20
to 75 mm. The number of sensors used in these studies ranges
from one to 32, while four and eight are the most common.
Some advanced analysis methods involving AE monitoring
have also been used in rock mechanics, including moment
tensor inversion, source location, b-value analysis, and fractal
characteristics.

Thermal damage is a factor which significantly affects the
rock strength and deformation behavior (Liu et al. 2017; Peng
et al. 2016a, b; Rong et al. 2018a, b; Sirdesai et al. 2017a, b, c,
2018a, b). The mechanical behavior and AE characteristic of
rocks are also greatly influenced by the specimen size
(Hawkins 1998). The combined influences of thermal damage
and specimen size on the physical and macroscopic mechan-
ical behavior of a fine-grained marble have recently been ex-
perimentally investigated by Rong et al. (2018c). Their results
show that the thermal damage and specimen size greatly
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Fig. 1 Illustration of transient elastic wave generation and acoustic emission (AE) characteristics during compressive loading of a rock specimen
(reproduced from Zhao et al. 2013)
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influence the physical and mechanical properties, such as P-
wave velocity, micro-crack density, stress–strain curves, rock
strength, Young’s modulus, and failure mode. The previous
experimental studies on the effects of thermal damage and
specimen size on the performance of rocks are comprehen-
sively reviewed in their study, which will not be presented
here. Interested readers can refer to the paper for more details.
In the present study, the AE characteristics of a fine-grained
marble with different thermal damages and specimen sizes are
investigated. The results of AE parameter, b-value evolution,
and source location are examined and analyzed.

Experimental design

Experimental setup

Themarble studied in this study is a fine-grainedmetamorphic
rock. It was collected from a mine located in Pingnan City of
Fujian Province, China, which is the same as that investigated
by Rong et al. (2018c). It is mainly composed of dolomite,
accounting for 96.0% of its total volume, with small amounts
of calcite and albite. It has a crystalloblastic texture and mas-
sive structure. The texture is relatively isotropic. No visible
fractures can be found in the rock sample; however, some dark
dykes are developed inside the sample. The grain size of the
fine-grained dolomitic marble ranges from 0.5 to 1.0 mm and
the porosity is about 1.8%.

Cylindrical specimens with a length-to-diameter ratio of 2
were prepared. Four diameters are associated with these pre-
pared specimens, including 25, 50, 75, and 100 mm. The
procedure for thermal treatment is the same as that used by
Rong et al. (2018c). A furnace was used to heat the specimens
to different temperatures (i.e., 25, 200, 400, and 600 °C), with
a heating rate of 10 °C/min. After reaching the predetermined
temperature, the specimens were kept in the furnace for 4 h
and then taken out to cool down to room temperature natural-
ly. When the specimen was heated to a higher temperature,
such as 800 °C, the integrity of the specimen was completely
destroyed and it could be broken by hand. Hence, the
predetermined temperatures in this study have been limited
to a maximum value of 600 °C.

In all uniaxial compression tests, the AE information was
recorded using AE detection model PCI-2 of the DISP series
manufactured by the American Physical Acoustics
Corporation. All uniaxial compression tests were loaded using
axial displacement-controlled loading at a rate of 0.075 mm/
min. Four AE piezoceramic transducers with a resonance fre-
quency range of 100 to 400 kHz were directly mounted onto
the circumferential surface of the specimen. As shown in
Fig. 2, two AE transducers (1# and 2#, 3# and 4#) were treated
as a group and installed symmetrically in a plane at about a
quarter of the height of the specimen. An orthogonal layout of
the two groups of transducers provided good coverage of the
specimen volume. To achieve a satisfactory acoustic coupling,
a thin layer of Vaseline was applied at the interface between

Table 1 Summary of recent acoustic emission (AE) studies on cylindrical rock specimens under compressive loading in laboratory tests

No. Rock type Specimen
size,
D * H (mm)

No. of
sensors

Gain (dB) Threshold
(dB or V)

Methods References

1 KURT granite 52 * 124.1 8 60 65a Moment tensor, b-value Kim et al. (2015)
2 North Africa gabbro 40 * 90 4 40 45a AE parameter Keshavarz et al. (2010)
3 Beishan granite 50 * 100 6 40 40a Source location, AE parameter Zhao et al. (2013)
4 Hwangdeung granite, Yeosanmarble 50 * 100 6 40 45a Moment tensor, source location Chang and Lee (2004)
5 Vosges sandstone 50.8 * 127 12 / / Moment tensor, source location Aker et al. (2014)
6 Biotite monzogranite 50 * 100 8 / 40a Source location, fractal analysis Zhang et al. (2015a)
7 Xinzhi sandstone 50 * 100 / / / Source location, AE energy Kong et al. (2016)
8 Strathbogie granite 22.5 * 45 / / / Cumulative AE counts Shao et al. (2015)
9 Halite, glauberite, and gypsum 50 * 100 4 30 60 or 40a AE parameter Zhang et al. (2015b)
10 Linyi granite 20 * 45 1 35 35a AE parameter Zhai et al. (2013)
11 Jinping marble 50 * 100 8 40 45a Source location Pei et al. (2013)
12 Lac du Bonnet granite 61 * 137.3 4 40 0.1b AE parameter Eberhardt et al. (1997)
13 Porphyry, granite, and concrete 50 * 100 32 20 45a Source location, b-value, fractal analysis Lei et al. (2004)
14 Granite, granodiorite, and pegmatite 61 * 137.3 4 40 0.1b AE parameter Eberhardt et al. (1999)
15 Red sandstone 50 * 100 8 / 33a Source location Yang et al. (2012)
16 Rock salt 75 * 150 8 40 35a Source location, fractal analysis Xie et al. (2011)
17 Beishan granite 50 * 100 8 40 30a Source location, cumulative AE counts Chen et al. (2015)
18 Kaliningrad and Tula rock salt 40 * 80 to 90 1 40 0.1b AE count rate Filimonov et al. (2001)
19 Zhenping marble 50 * 100 4 40 50a Source location, AE parameter Guo et al. (2015)
20 Dholpur sandstone 40 * 80 2 / 60 a AE parameter Sirdesai et al. (2018a)

“/” denotes that the data are not provided in the publication. Under “Threshold”, superscript a represents the data in the unit of dB and superscript b

denotes the data in the unit of V
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the specimen surface and the AE transducers (Pei et al. 2013;
Guo et al. 2015; Zhang et al. 2015b; Zhao et al. 2013)Two
loops of rubber band with width comparable to the AE
transducer diameter was used to fix the transducers. To
check the coupling between AE transducers and the
specimen surface, pencil lead fracture tests were conducted
before AE monitoring (Guo et al. 2015; Xiong and Wong
2017). Each AE transducer was calibrated to have a minimum
amplitude of 95 dB.

The sensitivity of the AE test is, to a large extent, con-
trolled by the gain and threshold of the system (Eberhardt
et al. 1998). The signals are pre-amplified for an effective
detection of small AE signals induced from micro-cracking
in the rock specimen during loading, and the gain is a
measure of the amplification provided by the system. On
the other hand, the threshold is used to filter out small
signals associated with background noise. Therefore, prop-
er choice of these two parameters is important for analyz-
ing AE characteristics. Based on the literature review
shown in Table 1, a gain within the range of 20 to 60 dB
is normally used in rock tests. In our study, the gain value
is set to 40 dB in the pre-amplifier. Two types of thresholds
in the units of dB or V are usually used, as shown in
Table 1. The threshold in the unit of V can be converted
to that in the unit of dB by using the following equation

tre dBð Þ ¼ 20log
tre Vð Þ
10−7

� �
−pre; ð1Þ

where tre(dB) and tre(V) are the thresholds in the units of
dB and V, respectively, and pre is the gain value of the pre-
amplifier in the unit of dB.

Based on the above, the threshold of 0.1 V in Table 1 cor-
responds to a threshold value of 60 dB. Therefore, the thresh-
old used in previous AE studies ranges from 30 to 65 dB. In
this study, the threshold was set to be 45 dB. As shown in later

sections, the assigned gain and threshold values are capable of
capturing the AE characteristics of rock specimens of different
diameters and treatment temperatures. Full waveform data
were sampled at a rate of 2 MHz.

AE data analysis

In this study, the AE parameters, including AE counts, AE
hits, AE hit rate, AE energy, and waveform data were recorded
during the uniaxial compression tests. To have a better
understanding of the combined influences of thermal
damage and specimen diameter on the AE characteris-
tics, two analyses based on b-value and source location
of AE activities were conducted. In the following sub-
sections, the principles of b-value analysis and source location
will be introduced.

b-Value

In the field of earthquake seismology, it is generally acknowl-
edged that events of large magnitude occur less frequently as
compared with those of small magnitude. Based on the
Gutenberg and Richter relationship (Gutenberg and Richter
1942), the b-value can be defined as the log-linear slope of
the frequency–magnitude distribution. Because the peak am-
plitude of AE signals is closely related to the magnitude of the
fracture, the b-value is considered as an effective index for
evaluation of the fracture process (Mogi 1962; Scholz
1968b). The b-value changes accordingly with the different
stages of fracture growth and it has been widely used in recent
years to estimate the development of the micro-cracking pro-
cess in rock mechanics (Kim et al. 2015; Lei et al. 2004). The
following equation is generally used to determine the b-value
as

logN ¼ a−bM ; ð2Þ

Fig. 2 Arrangement of AE
transducers (1#, 2#, 3#, and 4#)
attached to the cylindrical surface
of specimens of various
dimensions
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whereM is the Richter magnitude of events, which is basically
proportional to the logarithm of the maximum amplitude Amax

recorded in a seismic trace, N is the incremental frequency
(i.e., the number of events with magnitudes in the range of
M ±ΔM/2), and a and b are empirical constants. The param-
eter b denotes the widely used b-value.

The b-value can be used, to some extent, to reflect the
micro-cracking intensity in the material. In general, a high b-
value corresponds to a low micro-cracking rate. On the con-
trary, a low b-value means that a large amount of micro-cracks
is developed at this stage. In this study, the variation of b-value
with the normalized axial stress is examined to interpret the
micro-cracking process in the rock specimen. An average b-
value is calculated using the dataset recorded in the four AE
transducers to minimize the error.

Source location

The AE source location is used to retrieve the location of a
fracture source through comparing the arrival time of
the same P-wave received by different transducers. The
evolution of micro-cracks inside a rock specimen can be
reflected using the method of source location. The basic
principle of the non-linear iterative algorithm in this
study is that the location of the fracture source is deter-
mined through regressive computation for the time dif-
ference of the AE signal arriving at different transduc-
ers. The arrival time of each AE event is automatically
obtained by the software (AEWIN for PCI-2 software
version 1.30). According to the user’s manual, the ar-
rival time is defined as the time when the input signal
first exceeds a pre-set threshold and is recorded to have
an accuracy of ± 0.05 μs. It is generally assumed that
the velocity in the material is uniform. Hence, the P-
wave velocity is set to be a constant throughout the
entire course of a compression test. In this study, the P-wave
velocity was set to be 4.8 km/s (Rong et al. 2018c). However,
it should be noted that the velocity field is generally anisotrop-
ic, induced from the progressive deformation process. Thus,
the constant velocity assumption inevitably produced errors.
Based on the least squares method, the AE source residual is
minimized by continuously improving the AE source to esti-
mate the AE source position. The iterative process of the AE
source location is automatically conducted in the AEWIN
software.

The distance between the ith transducer and AE source is
estimated as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xið Þ2 þ y−yið Þ2 þ z−zið Þ2

q
¼ vp ti−tð Þ; ð3Þ

where (x, y, z) are the estimated coordinates of the AE source,
(xi, yi, zi) are coordinates of the ith transducer, t is the estimated
initiation time of the AE source, ti is the observed arrival time

at the ith transducer, and vp is the P-wave velocity in the rock
specimen.

The square of the deviation, Q, is expressed as

Q ¼ ∑
N

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x−xið Þ2 þ y−yið Þ2 þ z−zið Þ2

q
−vp ti−tð Þ

� �2
; ð4Þ

where N is the number of transducers.
The minimum value of the square of the deviation (Q) can

be obtained by iterative computations using the least squares
method. Three different iteration algorithms, namely the
Gaussian method, the modified Gaussian method, and the
downhill simplex method, are available for the computation.
In general, the minimum number of transducers forming an
array is determined by the spatial dimension to be measured.
For a cylindrical rock specimen, at least four transducers are
required to locate an AE source. As studied by Labuz et al.
(1988), four transducers can determine the locations of AE
sources with an estimated error of less than 5 mm.

Experimental results

The AE characteristics of rock specimens with different diam-
eters (25, 50, 75, and 100 mm) and different degrees of ther-
mal damage (25, 200, 400, and 600 °C) are compiled and
discussed in this section. The obtained AE parameters are first
examined, followed by an interpretation of the accumulated
AE parameters with temperature. The variation of b-value
with the normalized axial stress is then analyzed and
discussed. Finally, the micro-cracking evolution using the
source location method is examined.

AE characteristics of rock specimens

Specimens with a diameter of 25 mm

The stress–strain relations and the corresponding variations of
accumulated AE counts and AE hits with the axial strain for
specimens with a diameter of 25 mm are presented in Fig. 3.
The results reveal that the evolutions of accumulated AE
counts and AE hits can correlate well with the stress–strain
relations. For the specimen without thermal damage (25 °C)
(see Fig. 3a), almost no AE signals can be recorded in the
initial deformation stage. The AE signals initiate at a stress
level about 0.4 times the peak strength and multiply at about
0.8 times the peak stress. The accumulated AE counts show a
similar trend for specimens with thermal damage (see Fig. 3b–
d). However, with the increase in the treatment temperature,
the AE signals in the initial stage become more prominent,
especially for the specimen thermally treated at 600 °C. This is
mainly attributed to more micro-cracks being created at the
higher treatment temperature. These initially developed
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micro-cracks will, hence, become the preferential cracking
sites, leading to more dramatic AE activities in the initial de-
formation stage.

Occasional stress drops are observed on the stress–strain
curves in Fig. 3 (see the red circles). The corresponding AE
signals recorded at this stage also show a drastic increase. This
phenomenon is generally attributed to the dislocation or
breakage of minerals or grain boundary movement in the rock
specimen during loading. The sudden slip or breakage of min-
erals along the grain boundaries will induce a transient stress
relaxation, which will result in a sudden stress drop in the
stress–strain curve and lead to a large amount of AE activities.

Specimens with a diameter of 50 mm

Figure 4 shows the stress–strain relations and the correspond-
ing variations of accumulated AE counts and AE hits with the
axial strain for specimens with a diameter of 50 mm. The
results are considerably comparable with those of specimens
with a diameter of 25 mm. The evolutions of accumulated AE
counts and AE hits show good correlation with the stress–
strain behavior. Few AE signals are detected in the initial
deformation stage and the accumulated AE counts start to
multiply at a stress level about 0.8 times the peak strength.
Similarly, the AE signals in the initial stage will become more
prominent with the increase in the treatment temperature. In
addition, the phenomenon of Bsudden stress drop^ can also be

observed in the pre-peak or post-peak deformation of the spec-
imen, which corresponds to a quick AE signal increase. These
points denote the dislocation or breakage of minerals or grain
boundary movement in the rock specimen during loading.

On the other hand, more accumulated AE counts and AE
hits of specimens with a diameter of 50 mm can be observed
when compared with those of specimens with a diameter of
25 mm. The numbers of these two parameters for specimens
with a diameter of 50 mm are about 2 to 3 times greater than
those for specimens with a diameter of 25 mm.

Specimens with a diameter of 75 mm

The stress–strain relations and the corresponding variations of
accumulated AE counts and AE hits with the axial strain for
specimens with a diameter of 75 mm are shown in Fig. 5. The
results reveal that, similar to the results of specimens with
diameters of 25 and 50 mm, the evolutions of accumulated
AE counts and AE hits show good correlation with the micro-
cracking process in the rock specimens (i.e., stress–strain be-
havior). The AE signals initiate at a stress level about 0.3 to
0.4 times the peak stress and multiply at a stress level about
0.7 to 0.8 times the peak stress. A great increase of AE signals
in the initial deformation stage is also observed for the rock
specimen thermally treated under the temperature of 600 °C.
Meanwhile, the Bsudden stress drop^ phenomenon can also be
observed for specimens under the temperatures of 25, 200,
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and 400 °C, which denotes the dislocation or breakage of
minerals or grain boundary movement in the rock specimen.

When compared with the results of specimens with a di-
ameter of 50 mm, though the number of accumulated AE
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counts shows a slight decrease for specimens with a diameter
of 75 mm, the AE hits increases two- to three-fold. It is also
indicated that more AE signals will be generated in large
specimens as compared with small specimens.

Specimens with a diameter of 100 mm

Figure 6 presents the stress–strain relations and the corre-
sponding variations of accumulated AE counts and AE hits
with the axial strain for specimens with a diameter of 100 mm.
It is seen that the recorded AE parameters correlate well with
the micro-cracking process in the rock specimen during load-
ing. The evolution of AE parameters can divide the rock de-
formation into several stages, which is in good agreement with
the progressive failure in the stress–strain curve. Similar to the
specimens with other diameters, the AE signals in the initial
deformation stage will become more prominent with the in-
crease in the treatment temperature for specimens with a di-
ameter of 100 mm. In addition, the Bsudden stress drop^ phe-
nomenon, which denotes the dislocation or breakage of min-
erals or grain boundary movement in the rock specimen, can
also be observed (see the red circles in Fig. 6). The numbers of
accumulated AE counts and AE hits of specimens with a di-
ameter of 100 mm show a significant increase when compared

with those of specimens with other diameters. The results
reveal that more AE signals will be generated in large speci-
mens as compared with small specimens.

Relationships between accumulated AE parameters
with temperature

This section examines the variations of accumulated AE pa-
rameters, such as AE counts, AE hits, and AE energy, in
response to the change of treatment temperature. To have a
fair comparison of the test results, the AE parameters corre-
sponding to the peak strength point in the stress–strain curve
are examined for all the specimens.

Figure 7 presents the variations of accumulated AE counts
with the treatment temperature. The details are summarized in
Table 2. The results reveal that the accumulated AE counts
generally decrease as the treatment temperature gradually in-
creases. This is because more thermally induced micro-cracks
will be generated inside the rock specimen with the increase in
the treatment temperature. These initially generated micro-
cracks will weaken the rock (i.e., lower the rock strength
and Young’s modulus) (Rong et al. 2018c). Fewer AE signals
(i.e., micro-cracking) will be detected upon failure of the
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specimen, leading to a decrease of the number of accumulated
AE counts with increasing temperature.

The variations of accumulated AE hits with the treatment
temperature are also shown in Fig. 7. It is seen that, with the
increase in the treatment temperature, the accumulated AE hits
generally show a decreasing trend, which is mainly associated
with the initial thermally induced micro-cracks inside the rock
specimen.

It is generally accepted that the energy of an AE signal
represents a part of the energy released in the source. The
parameter is considered to be representative of the intensity
of anAE event and has becomewidely used to study the brittle
failure of rocks (Keshavarz et al. 2010; Kong et al. 2016;
Zhang et al. 2015a). In this study, the accumulated AE energy
corresponding to the peak stress of rock specimens is investi-
gated. Figure 7 also presents the variations of accumulated AE
energy in response to the change of treatment temperature.
The results reveal that the accumulated AE energy generally
shows a decreasing trend with the increase in the treatment
temperature. The results of accumulated AE energy are in
good agreement with those of accumulated AE counts and hits
as described above.

Variation of b-value along rock deformation

The b-value of rock specimens with different diameters and
different degrees of thermal damage is examined in this
section. As shown in Fig. 8, the b-value generally
shows a decreasing trend with the increase in the nor-
malized axial stress. The b-value can represent the in-
tensity of AE events in the material and a low b-value
corresponds to intensive AE activities. It is indicated
that the AE signals are not prominent in the initial de-
formation stage and gradually initiate and propagate up-
on approaching the peak stress.

The results shown in Fig. 8 also reveal that the b-value
generally increases with the increase in the treatment temper-
ature. The AE activities in rock specimens with lower treat-
ment temperature are more intensive than those with higher
treatment temperature. This phenomenon is mainly due to the
greater number of micro-cracks residing inside the rock spec-
imen with higher treatment temperature. These initially devel-
oped thermal micro-cracks will weaken the rock specimen and
lead to a less intensive micro-cracking (i.e., AE events) when
the specimen is mechanically loaded. The results are in good
agreement with the observations in uniaxial compression tests
(Rong et al. 2018c).

In addition, the b-value is sometimes found to drop sud-
denly and then recover to a higher value quickly (see the solid
circles in Fig. 8), which denotes drastic AE activities at that
stage. By comparing the deformation process of rock speci-
mens (i.e., Figs. 3, 4, 5, and 6), it is seen that these events
correspond well with these Bsudden stress drops^ in the
stress–strain curve. Hence, the phenomenon is mainly attrib-
uted to the dislocation or breakage of minerals or grain bound-
ary movement in the rock specimen.

Micro-cracking evolution

The real-time source location method can be used to determine
the micro-cracking evolutions of rock specimens during load-
ing, which provides a better visualization for interpreta-
tion of the micro-cracking process. As two examples,
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Fig. 7 Variation of different AE parameters with the treatment
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Table 2 Calculated AE parameters of rock specimens with different diameters and different treatment temperatures

D (mm) Accumulated AE energy (mV·μs) Accumulated AE hits Accumulated AE counts

T (°C) = 25 200 400 600 25 200 400 600 25 200 400 600

25 4663 6492 3395 4377 2442 2017 2640 2189 11,325 17,234 20,420 23,589

50 5779 4633 3454 2182 7791 6270 4264 4338 60,571 46,450 29,619 30,011

75 9983 8663 3901 3998 5183 5434 4859 4324 51,784 41,705 51,045 27,419

100 8044 5432 5960 2897 2831 3321 3727 3344 95,084 81,769 54,823 27,601

Average 7117 6305 4178 3364 4562 4261 3873 3549 54,691 46,790 38,977 27,155
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Figs. 9 and 10 present the evolutions of accumulated
AE events in the rock specimens at different deforma-
tion stages for a specimen with a diameter of 50 mm and no
thermal damage (25 °C) and for a specimen with a diameter of
100 mm and treated under the temperature of 600 °C,
respectively.

As shown in Fig. 9, the AE counts gradually initiate
and multiply as the specimen is loaded to failure. The AE
events cloud will finally form a general macroscopic fail-
ure plane in the specimen. For the rock specimen with a
diameter of 50 mm and without thermal damage, the
formed failure plane shown in the AE counts cloud is
generally oriented in the axial direction, representing
splitting failure (see the blue dashed line). This result is
in good agreement with that observed in laboratory tests,
as shown in Fig. 9c. It is indicated that the spatial distri-
bution of AE events correlates well with the failure plane
observed in uniaxial compression tests.

The results shown in Fig. 10 also reveal that the interpreted
failure plane in the AE counts cloud is comparable with that
observed in the uniaxial compression test. For the rock specimen
with a diameter of 100 mm and treated under the temperature of
600 °C, the failure is found to be associated with a single shear

failure plane, which is different from that of the specimen with a
diameter of 50 mm and without thermal damage. This observa-
tion is similar to previous laboratory test results on thermally
damaged rocks (Guo et al. 2015; Kong et al. 2016).

It is also seen from Fig. 10 that the number of located AE
counts for the rock specimen with a diameter of 100 mm and
treated under the temperature of 600 °C is lower than that for
the specimen with a diameter of 50 mm and without thermal
damage. This observation is in good agreement with the re-
sults from AE parameters studies mentioned above.

It is well known that the results of AE source location is
affected by many factors, such as source location algorithm,
determination of arrival time, setting of wave velocity, inho-
mogeneity of the specimen, specimen size, actual position of
the transducer, coupling agent, and ambient noise. To mini-
mize the results error of the AE source location, special atten-
tion should be paid to the above-mentioned factors. As point-
ed out by Labuz et al. (1988), at least four AE transducers
should be used to determine the locations of AE sources for
a cylindrical specimen. When four AE transducers are used,
there is no degree of freedom of the AE location system and
only a unique set of solutions can be achieved. However, by
comparing the located AE counts with the actual failure
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pattern, a result error of 10 mm is estimated for the AE source
location.

Conclusions

This paper experimentally investigates the acoustic emission
(AE) characteristics of a fine-grained marble with different
thermal damages and specimen sizes. The results in this study
reveal that the AE technique provides useful information on
the micro-cracking behavior involved in the deformation pro-
cess of rocks. Based on the test results, the following conclu-
sions can be drawn.

1. It is seen from the variation of AE counts in response to
the rock deformation that the stress−strain relation can be
divided into several stages. The AE activity is rare in the
initial deformation stage, which then multiplies at a stress
level about 0.7 to 0.8 times the peak stress. However, the
AE activities in the initial deformation stage are found to
be more prominent in the rock specimens which have
been thermally treated.

2. The AE parameters, such as accumulated AE counts, AE
hits, and AE energy, are found to generally decrease with
the increase in the treatment temperature. The b-value
generally decreases in the deformation process and corre-
lates well with the stress−strain relation. The b-value is
also found to generally increase with the increase in the
treatment temperature, which is mainly attributed to the
initially generated thermal micro-cracks in the rock spec-
imen. The spatial distribution of AE events is in

Fig. 9 Locations of accumulated AE events in a rock specimen (50 mm
diameter, no thermal damage) at different deformation stages. aComplete
stress−strain curve associated with the evolution of AE counts (the
numbers on the stress−strain curve denote different stress levels); b
spatial distribution of accumulated AE counts in the specimen (numbers
1 to 8 correspond to stresses at 10.3, 19.7, 30.1, 49.5, 58.6, 55.6, 60.3, and
29.7 MPa, respectively); c experimentally observed splitting fracture
approximately parallel to the loading direction

Fig. 10 Locations of accumulated AE events in a rock specimen
(100 mm diameter, thermally damaged under the temperature of
600 °C) at different deformation stages. a Complete stress−strain curve
associated with the evolution of AE counts (the numbers on the stress
−strain curve denote different stress levels); b spatial distribution of
accumulated AE counts in the specimen (numbers 1 to 8 correspond to
stresses at 5.1, 10.5, 15.2, 17.6, 20.8, 16.4, 13.9, and 10.3 MPa,
respectively); c experimentally observed shear fracture in the specimen

Acoustic emission characteristics of a fine-grained marble with different thermal damages and specimen sizes 4489



considerable agreement with the failure plane observed in
laboratory compressive tests.
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