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SUMMARY

Uniaxial compression tests with combined acousto-optical monitoring techniques are con-
ducted on flawed granite specimens, with the aim of investigating the fracture-related acoustic
emission (AE) event rate characteristics at the unstable cracking phase in flawed rocks. The
interevent time (IET) function F(7) is adopted to interpret the AE time-series from damage
stress (0 ¢q) to ultimate failure, and photographic data are used to evaluate unstable cracking
behaviours in flawed granite. The results show that a high AE event rate is always registered
but intermittently interrupted by macrofracturing at the unstable cracking phase. The reversed
U-shaped curve relation between the AE event rate and the loading time is documented in
unstable flawed granite for the first time. The acoustic quiescence has a mechanismic linkage
and quantitative correlation with stress drop, and this synchronous acousto-mechanical be-
haviour is a typical result of the initiation, growth and coalescence of macrocracks initiated
from the flaw tips. Moreover, the reactivation and intensification of fracture process zones
(FPZs) by increasing loads are the dominant mechanism triggering unstable crack growth in
flawed granite.

Key words: Fracture and flow; Geomechanics; Image processing; Instability analysis; Time-

series analysis.

1 INTRODUCTION

The fracture-related acoustic emission (AE) activity in natural and
engineered materials (such as rocks) is of much concern to seis-
mologists, physicists and engineers. Exploring the temporal rate of
the fracture-related AE activity in a stress-induced unstable rock
mass enables us to reveal the physical processes of the instability
and failure, which has important consequences for natural or in-
duced hazards such as landslides, rockbursts, earthquakes or cliff
collapses (Sethna et al. 2001; Salje & Dahmen 2014; Colombero
et al. 2018). A good example elucidating the temporal rate of the
AE activity in an unstable rock was recalled from the previous
works (Lennartz-Sassinek et al. 2014). Based on the experimen-
tal observations, subcritical crack growth at the unstable cracking
phase of intact Clashach sandstone was described as a character-
istic acceleration of the AE event rate and concomitant increased
spatial clustering of AE events in the vicinity of an incipient failure
plane. This characteristic acceleration of the AE event rate obeys a
time-reversed Omori’s law [F'(7) ~ (¢, — ¢)~? in which F(t) char-
acterizes the AE event rate, ¢ is the failure time, 7 is the loading
time and p is the power-law exponent] (Main 2000; Kun ez al. 2013;
Goebel et al. 2014; Lennartz-Sassinek et al. 2014) with the power-
law exponent p of approximately 1.0, which underlay the failure
forecast. Another excellent example involved the unconfined fail-
ure of intact Dionysos marble (Triantis & Kourkoulis 2018). When

the failure of intact Dionysos marble was approached, the precursory
AE time-series characterizing unstable crack growth was observed
to obey the time-reversed Omori’s law with the power-law exponent
p of 1.20.

The previous experimental studies mainly focused on intact
rocks. However, natural rocks usually contain numerous pre-
existing flaws, such as joints, faults and fissures (Zhou et al. 2018a,
2018b, 2020a; Weng et al. 2019). Due to the presence of these
natural discontinuities, the failure mechanism of flawed rocks is
significantly different from that of intact rocks (Horii & Nemat-
Nasser 1985; Bobet & Einstein 1998; Hamiel et al. 2006; Zhou
et al. 2020b). Compared with intact rocks such as Clashach sand-
stone (Lennartz-Sassinek et al. 2014), a multipath failure mode
evolving from the pre-existing flaws was commonly observed (Yin
et al. 2014; Zhou et al. 2018a, 2018b, 2020b). This greatly con-
tributes to the rupture progressivity of flawed rocks and the con-
comitant complexity of the AE characteristics. Previously obtained
knowledge of intact rocks cannot be simply applied to interpret the
unstable cracking behaviours of flawed rocks. This reason consti-
tutes the necessity to study the AE characteristics in an unstable
flawed rock and the associated cracking behaviours. In recent years,
a number of experimental studies have been conducted to explore
the fracture-related AE characteristics in flawed rocks. For example,
Moradian et al. (2016) investigated the characteristics of the AE pa-
rameters at the different cracking levels in Barre granite containing
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two parallel flaws. Huang et al. (2017, 2018) adopted the AE mon-
itoring technique to detect the crack propagation behaviours in red
sandstone containing a single oval cavity and in granite containing
non-coplanar holes, respectively. Wong & Xiong (2018) presented
a method for the mesoscale—macroscale interpretations of uncon-
fined fracture processes in Carrara marble containing a single flaw
based on the acousto-optical observations. These previous studies
mainly focused on the acoustical behaviours in response to the in-
creasing loads and to the momentary strain energy releases occurred
in specimens. However, the temporal rate of the AE activity in a
stress-induced unstable rock mass was not still comprehensively
investigated. As a result, the relation between the AE event rate
and the increasing loads (also momentary strain energy releases)
at the unstable cracking phase of flawed rocks remains unclear
presently.

In this paper, we conduct a set of uniaxial compression tests on
flawed granite specimens containing a pair of pre-existing flaws.
We monitor the AE activity and the respective load induced in the
run-up to ultimate failure. We are mainly concerned with the AE
event rate characteristics at the unstable cracking phase. The con-
tinuous photographic data captured optically by the VIC-2D digital
image correlation (DIC) measurement system are another important
experimental output. Correlating the AE event rate characteristics
with a growing crack (reflected by photographic data) is considered
to be a very good approach to investigate the mechanism trigger-
ing unstable crack growth in flawed granite. Uniaxial compression
tests performed in this study enable a concomitant and continu-
ous monitoring of acousto-optic-mechanical (AOM) data by the
different systems including the AE system, the DIC measurement
system, and the material testing system (MTS), and thus the poten-
tial correlations among the AOM characteristics in the deforming
specimens can be revealed. This paper is organized as follows: Ex-
perimental technique and data processing are illustrated in Section
2. Experimental results are analysed in Section 3. The course of
the analyses in Section 3 follows the route of solving three impor-
tant problems: (1) How to reliably identify the onset of unstable
crack growth? (2) What are the AE event rate characteristics at the
unstable cracking phase? 3) What are the damage conditions in
flawed granite at the unstable cracking phase? To deal with these
three problems one by one, Section 3.1 proposes a criterion to
identify the time-series from damage stress to ultimate failure in
flawed granite, Section 3.2 reveals the AE event rate characteris-
tics in unstable flawed granite and Section 3.3 explores the damage
progressions in unstable flawed granite. The quantitative correla-
tions of acoustic quiescence with stress drop in unstable flawed
granite are discussed in Section 4. Potential correlations among the
AOM characteristics, along with the high-energy AE events gener-
ated by the macrofracturing, and the comparison of experimental
results between the intact and flawed rocks, are also discussed in
Section 4. The implications of the experimental results are de-
scribed in Section 5, and the main conclusions are finally drawn in
Section 6.

2 EXPERIMENTAL TECHNIQUE AND
DATA PROCESSING

2.1 Granite specimen and flaw configuration

The samples tested in this study were granite specimens that were
cored from the same rock block of a quarry in Zhangzhou city in Fu-
jian Province, China. Laboratory test results indicated that the unit

weight, uniaxial compression strength and Young’s modulus of the
granite are 27.73 kN m™ £0.07, 183.56 MPa & 2.44, and 36.82 GPa
=+ 0.18, respectively. The prismatic specimen, the size of which was
approximately 160 mm x approximately 80 mm x approximately
27 mm (6:3:1), was prepared by saw cutting. Pre-existing flaws, an
analogy to natural discontinuities such as joints, faults and fissures
in rock masses, were incorporated into the granite specimens, with
the aim of guiding mechanically the generation of new cracks. In
natural rocks, pre-existing flaws usually appear in sets or groups
with similar orientations and characteristics but with a remark-
able length discrepancy (Gratchev et al. 2016; Zhang et al. 2019).
Therefore, the flaw configuration in specimens was designed as
the two parallel non-isometric pre-existing flaws with a variety of
flaw length ratios. The flaw length ratio, Ry, referring to the ratio
of the length 2a, of flaw b to the length 24, of flaw a, as shown
in Fig. 1(a), ranges from 1.0 to 3.0 at an interval of 0.5. The cen-
tre of flaw a is aligned vertically with the centre of flaw b. The
2-D crack growth is our interpretation. To that end, the flaws run
through the specimens (Moradian ef al. 2016). Fig. 1(a) shows the
geometry characteristics for R; = 1.0, where the flaw length 2a, (=
2a,) is equal to the ligament length 25 (16 mm), and the flaw width
is 1.00 mm, the tip radius is about 0.50 mm. The flaw inclination
angle o is equal to 45°, enabling this study to account for actual
rock mass behaviours in, for example partially benched pillars with
angular discontinuities (Esterhuizen ef al. 2011; Yang et al. 2014),
on the laboratory scale. Table 1 shows the detailed geometrical pa-
rameters for different flaw configurations. Pre-existing flaws were
prefabricated using an OMAX water jet. A total of three gran-
ite specimens for each flaw length ratio were prepared and tested
in the laboratory, aiming at demonstrating the repeatability of the
present experiments. In this paper, the artificially created fracture
is described as a flaw, while a newly generated macrofracture is
designated as a macrocrack (Zhang et al. 2019). As such, microc-
racks refer to cracks that could not be observed unaided with eyes
alone.

2.2 Experimental procedure

The specimens were uniaxially loaded in an MTS815 Flex Test GT
rock mechanics testing system. A photograph of the test setup is
shown in Fig. 1(b). The data were collected with a program called
MTS FlexTest 60, which recorded the load, displacement and time
electronically. The axial load was imposed on the surface of pris-
matic specimens at a constant loading rate of 0.05 mm min™' until
the specimen failed. The loading rate of 0.05 mm min™' corresponds
to the strain rate of about 5.21 x 107%s™!, which belongs to the
quasi-static loading condition (Niu et al. 2020).

In addition to the load—displacement measurements, the experi-
mental observations also involved acoustic emissions (Lockner et
al. 1991; Amitrano et al. 2005; Fortin et al. 2006; Aggelis et al.
2013a; Davidsen et al. 2017; Colombero et al. 2018; Wang et al.
2018), as shown in Fig. 1(c). The AE activities in the deforming
specimens were monitored by using the AE system manufactured
by PAC (Physical Acoustic Corporation). A total of four AE sensors
with a resonance frequency of approximately 150 kHz and a fairly
flat response from 0 to 400 kHz were used. The numbers, from 1
to 4, in Fig. 1(a) show the locations of the AE sensors. Among
them, Sensors 2 and 3 were attached on the reverse side of the pho-
tographed surface. The AEWin software with a hit-based mode was
used for acquisition of the AE parameters. For the hit-based mode,
the hit is defined from the continuous data file due to the nature
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Figure 1. (a) Geometrical parameters of flaw configuration in a double-flawed granite specimen with R = 1.0 and locations of the attached AE sensors (From
1 to 4), (b) photo of the test setup, (c) AE desktop and (d) digital video desktop. Panel (a), 2a; denotes the length of flaw a, 2a, represents the length of flaw b,

a denotes the flaw inclination angle and 20 represents the ligament length.

Table 1. Flaw geometry in double-flawed granite specimens.

R 2a; (mm) 2a; (mm) 2b (mm) a(9)
1.0 16 16 16 45
1.5 16 24 16 45
2.0 16 32 16 45
2.5 16 40 16 45
3.0 16 48 16 45

of burst signals produced by rock fractures (Moradian et al. 2016)
and thereby, the data acquisition (DAQ) system saves as much in-
formation as is reasonably required. The AE hardware was set up
with a pre-amplification of 40 dB, sampling rate of 3 MHz, sample
length of 3 k and a bandpass filtration of 20400 kHz (Moradian
et al. 2016). To avoid ambient noise (Aggelis et al. 2013a), the
threshold is set to be 45 dB. Only the AE signal over the thresh-
old of 45 dB can be registered as an AE event. The PDT (peak
definition time), HDT (hit definition time) and HLT (hit lockout
time) defines the detection of AE events for hit-based mode. Three
criteria of PDT = 300 us, HDT = 800 us and HLT = 1000 us
were established for the detection of AE events generated from the
specimens (Moradian et al. 2016). One important factor affecting
the detected AE signals is the coupling between the sensors and
surfaces of the specimens. To ensure a solid bond, adhesive tape
was used to attach the sensors directly to the cleaned specimen sur-
faces. Vaseline was applied on the surface where the sensors were
attached. The efficiency of the coupling and the AE data acquisi-
tion parameters was verified by pencil lead break (PLB) and auto
sensor testing (AST). In the present experiments, the AE acquisi-
tion system was not saturated, and the number of the AE events
during the stress drop phase was not undercounted. Every sensor
individually detects the AE event as an AE hit. All AE events
with at least 1 hit (1 recording sensor) were considered for further
processing.

The DIC measurement system in Figs 1(b) and (d) was used to
capture the real-time cracking processes of the specimen at a speed
of 50 fps (Yin et al. 2014; Ji et al. 2016; Li & Einstein 2017,
Zhang et al. 2019; Zhou et al. 2020c). The resolution of the camera

was 1504 x 1128 pixels, and the length—pixel ratio of the imaging
system was calibrated as 0.209 mm pixel™. To better understand
the damage progression characteristics, the area of interest (AOI,
the rectangle with black line in Fig. 2a) in the captured image was
analysed by DIC software to obtain its strain distributions. The AOI
is commonly targeted as the area where significant macrofractur-
ing events such as macrocrack initiation, growth and coalescence,
occur, as shown in Fig. 2(b). The basis of the DIC calculation is
the matching of speckled patterns at a small square area (called a
subset, bounded by the dashed lines in Figs 2a and b) in the AOI
between two digital images captured before and after deformation.
When the intensity patterns of the two subsets in the two digital
images are best matched by DIC, the two subsets are regarded as
the same subset, before and after deformation (Lin & Labuz 2013),
as shown in Fig. 2. Then, the displacement and the strain between
the centre points of the two subsets (namely, the original subset in
Fig. 2(a) and the displaced subset in Fig. 2b) are determined. DIC
processing continues with a selection of a new subset until the deter-
mination of the global strain field in the AOI. One important factor
affecting the correlation between the two subsets is the matching of
speckle patterns. To ensure good matching, speckles were produced
artificially by spraying white and black paint onto the photographed
surface before the tests. However, the artificial speckles mask, to
some extent, the white patching phenomena (a typical optical effect
of fracture process zones, FPZs) that appear on the photographed
surface of the specimen. To better detect the white patches, one
specimen per flaw length ratio was free of artificial speckles. The
calibration of the DIC calculation was completed by Zhang et al.
(2019).

During the tests, the MTS, the DIC measurement system and
the AE system were manually triggered almost simultaneously to
obtain the temporal correlation of the AOM data. Despite all this,
there still exists the time lapse among different systems. The time
lapse between the MTS and the DIC measurement system can be
identified through the comparison of the time measurements of the
first data points. Moreover, the time lapse between the MTS and
the AE system can be defined as the difference of time measure-
ments between the last large stress drop and the last high-energy
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(a) Undeformed image

(b) Deformed image

Figure 2. Motion of speckle at the subset in the area of interest (AOI) between (a) the undeformed image and (b) the deformed image with a visible macrocrack,

as well as an illustration of the basis of the DIC method.

AE activity. This is because the last large stress drop and the last
high-energy AE activity are the two synchronous results of the rock
macrofracturing (Huang et al. 2017, 2018). The time lapse, albeit
small (generally less than 1 s), is incorporated in the data process-
ing to improve the temporal correlation of AOM data. The method
used here for improving the temporal correlation of AOM data is
not very rigorous, so it should be stated that the correlations among
AOM characteristics may be slightly different from what this paper
reports.

2.3 Interevent time function F(t): an approach to AE data
analysis

To study the fracture-related AE event rate characteristics, the ap-
proach recently proposed for the representation of AE data (Triantis
& Kourkoulis 2018) is used here. This approach introduces the in-
terevent time (IET) function F(t), in which t denotes the mean
IET-value for a series of consecutive AE events. To derive the IET
function F(7), the IET intervals of N consecutive events are used.
The IET interval A¢ is given as follows:

Ati :fi —tifl, l :2,3,... (1)

where f; denotes the instant when the ith AE event occurs, and #,_;
denotes the instant when the previous AE event occurs.

The mean value, 7;, of the N interevent time interval A¢; is deter-
mined for each group of N consecutive events as follows:

INpicl — lic1
= —, 1 =23, .. 2
T N i 2)
Especially for 7, eq. (2) is modified as follows:
ty —t
= NTI (3)

The IET function F(t;) within a given time window between
t; 1 and ty,; is defined as the reciprocal of t;, which is given as
follows:

Ft)=1"i=1.2,.. (4)

For the traditional representation of the AE activity in terms of the
events per second, the step is, by default, 1 s; thus, there is only one
piece of information for each step/second. For the novel representa-
tion adopting the IET function F(7), the step is in fact the event itself.

Taking the function F(t;) and the function /(7 ) as characteristic
examples, the former reflects the variation in the AE event rate in re-
sponse to the occurrence of the recent event, and the later character-
izes the variation in the AE event rate in response to the appearance
of'the next event. In this way, the IET function F(t) allows for a more
informative representation of the AE activity (Triantis & Kourkoulis
2018).

This paper first adopts the IET function F(7) to explore the AE
activity in a deforming specimen. The analysis is performed on one
sensor, rather than the total four sensors. To consider the acousti-
cal information as much fully as possible, the analysed sensor is
designated as the one that records the longest AE data set length,
regardless of the positions where the sensors are located. In this pa-
per, the longest AE data set lengths among the four sensors for the
analysed specimens are 158 301 events (R, = 1.0), 257 244 events
(Ry= 1.5), 268317 events (R, = 2.0), 305955 events (R, = 2.5)
and 287002 events (R, = 3.0), respectively. In the calculation of
the IET function F(t), the N-value of 100 is used for all tests.
The N-value is a relatively small fraction of the total number of
AE events recorded (Triantis & Kourkoulis 2018). Moreover, it is
noted from eqs (2)—(4) that the last N~1 AE events (i.e. the last
99 AE events in this study) are not defined in terms of the IET
function F(t), which cause the non-correspondence of acousto-
mechanical data during the very last loading steps just before the
failure of the specimen. Despite all this, the last acoustic quies-
cence period for each specimen is still clearly observed, as shown
in Fig. 11.

3 EXPERIMENTAL RESULTS

3.1 Acousto-mechanical time-series from damage stress to
ultimate failure

The damage stress o4 commonly represents the onset of unstable
crack growth (Ghasemi et al. 2019). At o, the critical energy is
dissipated by the macrofracturing, and the stress drop is commonly
generated. Nonetheless, the stored strain energy in the deforming
specimen is still large enough to maintain incrementally intensive or
robustly intensive microcracking activities towards failure (Mora-
dian ef al. 2016; Ghasemi ef al. 2019). Accordingly, an incremen-
tally high or robustly high AE event rate can always be detected
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Figure 3. The IET function F(t) versus the loading time 7 for each flaw length ratio in the first experiment. Red ‘lower triangles’ represent the onset of unstable
crack growth, black curves denote the AE time-series before o g and green curves in light grey boxes represent the AE time-series from damage stress to

ultimate failure.
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Figure 4. Local amplification of the AE event rate characteristics around the points marked by red ‘lower triangles’ in Fig. 3. Black curves denote the AE
time-series before o4, and green curves represent the AE time-series from o g onwards.

by the AE sensors after 0. This acoustical characteristic serves
as a reliable criterion for the identification of AE time-series from
damage stress to ultimate failure. The underlying mechanisms can
be revealed as the reactivation of FPZs in flawed granite by the
increasing loads after o4, which are detailed in Section 3.3.

Fig. 3 shows the IET function F(7) versus the loading time ¢ for
the first experiment of each flaw length ratio. The AE event rate
characteristics around the points marked by red ‘lower triangles’

in Fig. 3 are finely presented in Fig. 4. Initially, for R = 1.0, an
interruption of the AE activity is recorded at 1015.21 s (Fig. 4),
displaying that the IET function F(t) temporally decreases. The
temporal interruption of AE activity is commonly termed acous-
tic quiescence (Lennartz-Sassinek e al. 2014), which is a result
of rock macrofracturing occurring at o4 (Moradian ez al. 2016).
After acoustic quiescence, it is shown that an incrementally high
AE event rate can always be detected (Fig. 3) towards failure. For
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Figure 5. (a) Axial stress—strain curves of the granite specimens with a variety of flaw length ratios in the first experiment, and (b) the axial stress—strain data
sets from o q onwards and the trends of damage stress o g and peak stress o ycs. The hollow dot denotes damage stress, and the solid dot denotes peak stress.

Table 2. Mechanical and deformation parameters for all of the three parallel experiments of each flaw length ratio.

Strain (per cent) at

Peak strain (per

R ocd (MPa) Ocd oucs (MPa) cent) Toughness (J)
1.0 107.61 0.53 126.91 0.63 123.13
111.72 0.55 127.28 0.62 116.47
103.90 0.52 128.37 0.63 118.26
1.5 94.17 0.51 100.72 0.55 89.81
98.89 0.57 103.15 0.64 96.06
90.46 0.46 117.73 0.57 106.96
2.0 75.29 0.45 91.60 0.54 81.95
68.97 0.51 80.67 0.65 89.91
78.12 0.44 95.54 0.54 80.84
2.5 60.16 0.42 73.57 0.55 63.32
66.59 0.45 81.16 0.52 60.16
65.46 0.41 90.25 0.54 73.81
3.0 56.20 0.42 68.63 0.56 60.10
55.04 0.43 66.83 0.55 54.72
65.00 0.40 67.60 0.48 66.22
0.70
£S5 —@— Damage stress 7, =@ Siminate
£35 ~@— Peak stress g, 0.65 —@—Peak strain
= 0.604
= 105 =
= e
7 £ 0551
E 907 B
é 754 g 0.50
(.45
60+
.40
45 T T T T T T T T T T
1.0 1.5 20 2.5 3.0 10 1.5 2.0 25 30
R, R,
(a) (b)

Figure 6. The damage stress o .q and the peak stress oycs, along with the corresponding strains, versus the flaw length ratio Ry.

R =1.5,2.0, 2.5 and 3.0, the acoustic quiescence starts to be regis-
tered respectively at 985.87, 865.82, 810.35 and 796.29 s (Fig. 4),
and thereafter, a robustly high AE event rate can always be moni-
tored towards failure (Fig. 3). As such, the AE time-series from o g
onwards can be faithfully identified in the light of the aforemen-
tioned criterion. The identified time-series are highlighted by green
curves in light-grey boxes in Fig. 3.

Using the correlation of the acousto-mechanical data, the me-
chanical data set from o4 onwards can be reliably determined in
Fig. 5. Importantly, due to the critical energy release, a remarkable
stress drop occurs at o4 in Fig. 5(a). These characteristic stress
drops provide a good validation for the identified time-series. How-
ever, the stress drop is just a retrospective validation of the identified
time-series, which cannot serve as a criterion for the identification
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Figure 7. The IET function F(t) (green) at the logarithmic scale versus the loading time # in juxtaposition to the respective load (red) induced at the unstable
cracking phase for R being (a) 1.0, (b) 1.5, (c) 2.0, (d) 2.5 and (e) 3.0. The hollow dot denotes damage stress, and the solid dot denotes peak stress.

of o4 in flawed granite. This is because the stress drops are ini-
tially observed before o4 (see Fig. 5a), corresponding to the early
peaks in the IET function F(tr) in Fig. 3. The first stress drop is
simultaneous with the initiation of the first macrocrack (white line
in Figs 8al—el). After the first stress drop, a high AE event rate
is not detected immediately. This result indicates that after the first
stress drop, intensive microcracking activities in flawed granite are
not generated and unstable crack growth is not triggered. In fact,
this result can be interpreted based on the evolutions of FPZs. After
the initiation of the first macrocrack, there are no apparent FPZs that
can be reactivated in the deforming specimens. It requires a quite
long loading process to form new dominant FPZs. It is therefore
suggested that for flawed granite, the identification of o4 should be

based on the indirect monitoring of AE activities but not the direct
monitoring of the stress.

Table 2 shows the damage stress o4 and the peak stress o ycs,
along with the corresponding strains, for all of the three experi-
ments of each flaw length ratio. The above-mentioned criterion is
used to identify o4 in the repeated experiments, and the results are
shown in Figs Al(a) and (b) in Appendix A. In this study, o4 and
oycs, along with the corresponding strains, are a monotonically de-
creasing function of the flaw length ratio R (Fig. 6). The responses
of o and oycs to the flaw length ratio R; may depend on the
total length of the two pre-existing flaws. Additionally, the tough-
ness, which is calculated as the area under the load—displacement
curve until the displacement is 2 mm (Aggelis et al. 2013b),
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depends on the stress drop. The specimens with smaller flaw
length ratios exhibit notably improved toughness (the last column in
Table 2).

3.2 AE event rate characteristics in unstable flawed granite

The rate characteristics of AE time-series from damage stress to
ultimate failure are our main concerns. Using the logarithmic scale,
the acousto-mechanical time-series from damage stress to ultimate
failure are plotted together in Fig. 7. In comparison with the natural
scale used in Fig. 3, the logarithmic scale is better suitable for
describing the AE event rate characteristics at the unstable cracking
phase.

Fig. 7 suggests that the high AE event rate at the unstable crack-
ing phase is intermittently interrupted at specific stress levels. For
R; = 1.0, the high AE event rate is interrupted at the very last load-
ing steps, followed by the last large stress drop. This interruption
implies the occurrence of the second acoustic quiescence period in
R, = 1.0 (the first one has been detected just after o4 in Fig. 4). It is
noted that at the peak stress of 126.91 MPa, only a negligible drop
in the AE event rate is captured (Fig. 7a).

Unlike R = 1.0, an obvious stress drop occurs at the peak stress
0f 100.72 MPa for R, = 1.5, as shown in Fig. 7b. The robustly high
AE event rate is interrupted at this stress point, and as a result, the
second acoustic quiescence period for R = 1.5 appears. This acous-
tic quiescence is notable, and its quiescent interval reaches 10.21 s.
After the second acoustic quiescence, the microcracks evolve vio-
lently at a higher speed until the approach to the failure. The last
major stress drop is observed to occur concomitantly with the third
acoustic quiescence period for Ry = 1.5.

For R = 2.0 (Fig. 7c), the AE event rate characteristics at the
unstable cracking phase are rather similar to those for R = 1.5.
The robustly high AE event rate is interrupted by a significant
strain energy release at the peak stress of 91.60 MPa, indicating the
appearance of the second acoustic quiescence period for R; = 2.0.
Shortly thereafter, the microcracks grow violently at a higher speed,
which ultimately result in the failure. At the last loading steps, the
third apparent acoustic quiescence period is observed.

For R, = 2.5, the interruptions of the AE activity are observed at
the stress levels of 61.69 MPa (832.15 s), 67.84 MPa (920.46 s) and
70.30 MPa (984.43 s), instead of at the peak stress of 73.57 MPa
(1060.58 s). The acoustic behaviour at the peak stress for R = 2.5
(Fig. 7d) is similar to that for R = 1.0, which displays a slight drop
in the AE event rate. Since each interruption of the AE activity
suggests the occurrence of an acoustic quiescence period, a total of
five apparent acoustic quiescence periods are registered for Ry =2.5.
When the stress approaches the peak value, some very short acoustic
quiescence periods are registered simultaneously with the stress
perturbation (the stress perturbation may be related to local grain
breakage insides the specimen, Moradian et al. 2016; Wong &
Xiong 2018; Ghasemi et al. 2019).

For Ry = 3.0, the AE event rate characteristics at the unstable
cracking phase (Fig. 7e) are similar to those for R = 2.5. A se-
ries of apparent interruptions of the AE activity occur, e.g. at the
stress levels of 64.32 MPa (882.74 s), 61.99 MPa (922.07 s) and
62.93 MPa (942.09 s). At the peak stress of 68.63 MPa, the AE
event rate drops dramatically, indicating that the last acoustic quies-
cence period occurs. Therefore, for R = 3.0, a total of five apparent
acoustic quiescence periods are found.

The relation between the AE event rate and the loading time at
the unstable cracking phase in flawed granite is clearly revealed in

Fig. 7. The occurrence of an acoustic quiescence period represents
the formation of a reversed U-shaped evolution path of the IET
function F(t). The reversed U-shaped evolution path of the IET
function F(7) refers to the observation by which the values of the
IET function F(r) first increases dramatically and then remains at
a high level until a rapid drop occurs. In the present experiments,
the time variations in the IET function F(7) collapse into one, two,
two, four and four reversed U-shaped evolution paths for R, = 1.0,
R =1.5,R =2.0,R =2.5and R, = 3.0, respectively. The reversed
U-shaped curve relation between the AE event rate and the loading
time at the unstable cracking phase is first documented in this paper,
which benefits the understanding of the rupture progressivity. It is
concluded that the rupture progressivity of flawed granite is remark-
able, and the cracking processes of the specimens with relatively
large flaw length ratios exhibit more progressivity than those with
small flaw length ratios.

3.3 Unstable crack growth in flawed granite: revealed by
optical data

The damage progressions in flawed granite at the unstable crack-
ing phase can be revealed by the white patching phenomena (on
the microscopic scale) and the macrofracturing behaviours (on the
macroscopic scale). White patches are commonly related to FPZs,
namely the clustering of grain-scale microcracks (including grain
boundary cracks, intragranular cracks and transgranular cracks)
around the flaw tips (Zang et al. 2000; Janssen et al. 2001; Yin
et al. 2014). White patches are visible since they occupy a signifi-
cant contrast in colour patterns in relative to their surrounding area
(Becker et al. 2010).

Fig. 8 shows the deformed images captured at o4 and the fail-
ure images in the first experiment of each flaw length ratio. For
illustration, the macrocracks that immediately propagate at o4 are
labelled by green lines, while the visible initiated cracks are de-
lineated by white lines. White line in Figs 8(al)—(el) represents
the first macrocrack initiated before o 4. Sketches illustrating the
damage conditions at o .4 and at failure are also presented in Fig. 8.
The numbers, from (1) to (3), mark the sequences of macrofractur-
ing events generating acoustic quiescence (see Fig. 7). The damage
conditions corresponding to each of acoustic quiescence periods are
detailed in Table 3.

Optical data in Fig. 8 reveal the following four aspects of find-
ings (see the details in Table 3): (1) the tips of the pre-existing
flaws (especially the long flaws) become the potential sources of
the nucleation of FPZs and the subsequent initiation of macro-
cracks; (2) prior to the initiation of macrocracks, FPZs always
nucleate at the locations where the subsequent macrocracks ap-
pear; (3) the flawed granite specimens with relatively large flaw
length ratios occupy a remarkable rupture progressivity in relative
to those specimens with small flaw length ratios; and (4) the fi-
nal failure of granite is triggered by the diagonal shear fracture of
the long flaw. These optical observations, together with those in
the repeated experiments in Figs Alc and d, indicate that the pre-
existing flaws are capable of guiding mechanically the formation of
macrocracks, which are in good agreements with the previous works
(Huang et al. 2018; Zhou et al. 2018a; Zhang et al. 2019; Niu et al.
2020).

Especial attention is paid on the damage progressions at o .
Apart from the FPZs that have been developed into macrocracks at
0 4, apparent FPZs still survive around the tips of flaws and the tips
of formed macrocracks (Fig. 8). These existing FPZs are reactivated
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Damage stress o Ultimate failure

R=1.0
R=15
R=2.0
R=25
R=3.0

White patch (FPZ) with one macrocrack
— Macrocrack initiated at o4

Figure 8. (al—el) The deformed images captured at o .4, (a2—¢2) sketches showing the damage conditions (white patching and macrofracturing) at o ¢4, (a3—3)
failure images and (a4—e4) sketches showing white patches and macrocracks at the end of tests: (al—a4) R = 1.0, (b1-b4) R} = 1.5, (c1—c4) R = 2.0, (d1-d4)
Ry = 2.5 and (el—e4) R; = 3.0. White lines in (al)—(el) represent the macrocracks that have been formed before o4, and green lines denote the macrocracks
that immediately propagate at o ¢q. Black boxes in (al)—(el) outline the AOIs. The numbers, from (D) to (5), represent the macrofracturing events generating
acoustic quiescence (see Table 3).
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Table 3. Damage progressions in flawed granite at specific stress levels.

Ry No.? Stress (MPa) ~ Damage conditions
1.0 ©) 107.61 Tensile antiwing crack occurs at the bridge zone between the upper tip of flaw a and the upper tip of flaw b; Apparent
FPZs nucleate around the lower tip of flaw a, and slight FPZs nucleate around the tips of the formed macrocracks
©) 119.75 Nucleated FPZs are expanded and intensified, and dominant macrocracks initiate and propagate to induce ultimate
failure
1.5 @® 94.17 Tensile antiwing crack initiate from the lower tip of flaw b, extend upwards and coalesces with the far-field crack;
Apparent FPZs nucleate around the upper tip of flaw b and the tips of the formed macrocracks
©) 100.72 Nucleated FPZs are expanded and intensified, and tensile antiwing crack initiated from the lower tip of flaw b
extend upwards
® 94.81 Nucleated FPZs are further expanded and intensified; Tensile antiwing crack initiated from the upper tip of flaw b
rapidly extends downwards to generate ultimate failure, and meanwhile the surface spalling occurs
2.0 @® 75.29 Tensile antiwing crack initiated from the upper tip of flaw b propagates downwards and coalesces with the far-field
crack; Apparent FPZs nucleate around the lower tip of flaw b, and slight FPZs nucleate around the upper tip of flaw b
©) 91.60 Tensile antiwing crack initiated from the lower tip of flaw b rapidly grows upwards, and nucleated FPZs are
expanded and intensified
® 78.63 Nucleated FPZs continue to develop; Oblique secondary crack initiates from the upper tip of flaw b and rapidly
propagates downwards, which triggers ultimate failure
2.5 ©) 60.16 Oblique secondary crack initiates from the upper tip of flaw b and coalesces with the downward far-field crack;
FPZs nucleate around the tips of long flaw and the tips of formed macrocracks
©) 61.69 Tensile antiwing crack initiated from the lower tip of flaw b grows upwards
® 67.84 Initiated tensile antiwing crack continues to grows upwards
® 70.30 Initiated tensile antiwing crack continues to grows upwards
® 69.62 Nucleated FPZs are expanded and intensified; Oblique secondary crack initiated from the upper tip of flaw b rapidly
propagates downwards, and ultimate failure is generated
3.0 ©) 56.20 Tensile antiwing cracks initiated from the lower tip of flaw b propagate upwards, which is simultaneous with the
initiation of an oblique secondary crack from the upper tip of flaw b; FPZs nucleate around the tips of long flaw and
the tips of formed macrocracks
©) 64.32 Oblique secondary crack initiated from the upper tip of flaw b grows downwards and coalesces with the far-field
crack; Nucleated FPZs are expanded and intensified
® 61.99 Horse tail crack emanates from the upper tip of flaw b
® 62.93 Tensile antiwing cracks initiated from the lower tip of flaw b continues to propagate upwards; Nucleated FPZs are
expanded and intensified
® 68.63 Mixed tensile-shear crack initiates from the lower tip of flaw b, which triggers ultimate failure

2The numbering of acoustic quiescence periods.

by the new stress buildup such that the intensive microcracking ac-
tivities can be generated in flawed granite when the stress increases
from o.. As a result, a high AE event rate can always be regis-
tered after o.q. The reactivation of FPZs by the stress is the main
mechanism for the acoustical criterion used to identify o .

Using DIC, we quantitatively evaluate the strain-induced crack-
ing behaviours at o to reveal the deformation mechanisms in
flawed granite. The areas where the macrocracks grow are of inter-
est, so the areas outlined by black boxes in Figs 8(al)—(el) are spec-
ified as AOIs. Table 4 shows the DIC analysis results of each AOI,
including the maximum principal strain ¢, field and the maximum
shear strain &, field. The ¢, field and the sy, field are, respectively,
the dominant mechanisms for the tensile and shear modes cracking.
One colour bar applies one analysed specimen.

For R; = 1.0 (Table 4a), FPZs nucleated at the bridge zone be-
tween the upper tip of flaw a and the upper tip of flaw b are pro-
gressed into macrocracks at o q of 107.61 MPa. Geometrically, this
macrocrack is a tensile antiwing crack (Zhang ef al. 2019). At o q,
1 reaches approximately 0.0157 and &, reaches approximately
0.0073. The ratio of &,y/e; is equal to approximately 0.46 such that
the tensile mode dominates the formation of the coalesced crack
(Yin et al. 2014).

For R, = 1.5 (Table 4b), tensile antiwing crack, generated within
FPZs above the lower tip of flaw b, extends upwards and coa-
lesces with the far-field crack at o.q of 94.17 MPa. This coa-
lesced crack is dominated by the tensile mode because &, shows
significant extensile strain but relatively small e,, contributes, as

shown in Table 4(b). Although &, is small, the shear strain lo-
calization band is well defined along the path of the coalesced
crack.

The deformation mechanisms for R = 2.0, 2.5 and 3.0 can be
revealed in the same way. For R = 2.0 (Table 4c), tensile antiwing
cracks initiated from the upper tip of flaw b propagate downwards
and coalesce with the far-field crack at oq of 75.29 MPa. The
formation of tensile antiwing cracks is a result of the tensile strain
release, as shown in Table 4(c). For R, = 2.5 (Table 4d), unstable
crack growth is driven by the release of both tensile strain and
shear strain. Under such a driving mechanism, an oblique secondary
crack initiated from the upper tip of flaw b propagates downwards
and coalesces with the far-field crack at o4 of 60.16 MPa. For
R, = 3.0, tensile antiwing cracks initiated from the lower tip of flaw
b propagate upwards at o4 of 56.20 MPa, which is simultaneous
with the initiation of an oblique secondary crack from the upper tip
of flaw b. At this stress level, a significant tensile strain localizes
around the lower tip of flaw b (Table 4¢), while tensile strain and
shear strain both occur around the upper tip of flaw b (Table 4f).

4 DISCUSSIONS
4.1 Quantitative correlation of acoustic quiescence with
stress drop

When the acousto-mechanical data are plotted together against the
loading time ¢, as shown in Fig. 7, there is a near perfect match
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d and the maximum shear strain ey field at o q for each flaw length ratio in the first
been formed before o4, and green lines denote the macrocracks that immediately
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between stress drop and acoustic quiescence. It is reasonably spec-
ulated that at the unstable cracking phase, acoustic quiescence con-
nects to stress drop mechanistically. To elucidate the correlation of
acoustic quiescence with stress drop, the flawed granite specimen

with Ry = 1.5 is analysed in-depth in Figs 9 and 10. Fig. 9 shows
the plots of the IET function F(7), axial stress, AE counts, AE
energy, cumulative AE events, cumulative AE counts and cumula-
tive AE energy versus the loading time ¢ at the unstable cracking
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Figure 9. (a) The IET function F(7) (green) at the logarithmic scale, AE counts (blue) and energy (black) versus the loading time ¢, in juxtaposition to
the respective load (red) induced at the unstable cracking phase and (b) Normalized cumulative AE parameters, including AE events (green), counts (blue)
and energy (black) versus the loading time # for the flawed granite specimen with Rj = 1.5. Cumulative AE parameters are normalized by their maximum
records. The light gray region represents the relative acoustic quiescence period (referring to the period during which relatively few AEs are emitted from the
specimen), and the dark gray region represents the absolute acoustic quiescence period (referring to the period during which no AEs are recorded by the AE

Sensors).

phase for R = 1.5. The correlation of acoustic quiescence with
stress drop over the time window from 1050 to 1070 s (outlined
by magenta dashed ellipse in Fig. 9a) is finely analysed in Fig. 10.
The axial stress difference, Aoy;, is defined as the difference be-
tween two successive stress measurements. The blue dashed line,
located at Ao ;= 0 in the parametric space of Ao y; versus ¢ in
Fig. 10, defines the equilibrium state between strain energy dissipa-
tion and strain energy absorption in the deforming specimen. When
Ao i > 0, the stress buildup is dominant such that strain energy
absorption prevails over strain energy dissipation. In this state, the
associated loading steps are defined as the stress buildup phase, as
highlighted by the light blue region in Fig. 10. When Ao y; < 0,
the stress drop is dominant and the corresponding loading steps are
defined as the stress drop phase, as highlighted by the grey region.
For Ao y; < 0, strain energy dissipation prevails over strain energy
absorption.

Overall, when the stress starts to drop, the AE activity moves
into the acoustic quiescence period. However, when the stress is
increased again, the AE activity resumes. Taking the second acoustic
quiescence period in R = 1.5 as an example, the stress initially drops
slightly at approximately 1055 s, and relative acoustic quiescence
occurs (the left light grey box in Fig. 10). This is followed by an
apparent stress drop, along with an absolute acoustic quiescence
(dark grey box). After that, the second relative acoustic quiescence
is registered simultaneously with the second slight stress drop (the
right light grey box). Two types of acoustic quiescence periods, that
is the relative acoustic quiescence period and the absolute acoustic
quiescence period, are observed in the present experiments. The
former refers to the period during which relatively few AEs are
emitted from the specimen, while the latter refers to the period
during which no AEs are recorded by the AE sensors. A considerable
decrease in the slope of the curves of normalized cumulative AE
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Figure 10. The axial stress difference Ao j; (magenta) and the corresponding evolutions of the IET function F(7) (green) for the time-series from 1050 to
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Table 5. The quiescent interval and the corresponding stress drop duration
for the first experiment of each flaw length ratio.

Quiescent interval

I No.? (s) Stress drop duration (s)
1.0 ©) 0.93 0.91
@©) 10.46 10.50
1.5 ©) 8.10 8.13
@) 10.21 10.21
® 16.17 16.13
2.0 O) 2.49 2.42
® 4.42 4.40
® 40.13 40.25
2.5 ©) 1.11 1.17
@) 1.71 1.69
® 2.66 2.61
@ 2.82 2.79
® 14.38 14.47
3.0 ©) 2.23 2.31
@) 2.72 2.72
® 5.26 5.20
@ 3.13 3.12
©) 12.98 13.08

2The numbering of acoustic quiescence periods.

events versus the loading time ¢, observed from 1055 to 1065 s
in Fig. 9(b), is evident for the acoustic quiescence. Figs 9 and 10
seemingly imply that a slight stress drop corresponds to relative
acoustic quiescence, and an apparent stress drop corresponds to
absolute acoustic quiescence. For flawed granite, the stress drop
commonly occupies a time-consuming process, during which the
AE event rate is significantly decreased. That is, the crackling noises
in the deforming specimen (Sethna et al. 2001; Salje & Dahmen
2014) are less monitored. For R, = 1.5, a total of three acoustic
quiescence periods are observed, respectively, at 0.4, at oycs, and
at the last stress drop. The first quiescent interval (including the
relative quiescent interval and the absolute quiescent interval, and
the same below) reaches 8.10 s, the second one 10.21 s, and the
third one lasts 16.17 s. The corresponding stress drop durations are

8.13, 10.21 and 16.13 s. These experimental observations suggest
that the quantitative relation between quiescent interval and stress
drop duration can be approximated as:

Ataq'\’Atsd: (5)

where At,q is the quiescent interval, and Aty is the stress drop
duration. The quantitative relation, that is eq. (5), is firmly supported
by more experimental results obtained from the first experiment of
each flaw length ratio in Table 5 and Fig. 11.

The acoustic quiescence is attributed to two aspects of mecha-
nisms (Moradian et al. 2016): (1) the overlapping of hits, and (2)
the blocking of the traversing path of the AE signals by formed
macrocracks. Close to the macrofracturing point, the microcrack-
ing rate is high, and two microcracks in the rock may occur together
so that the second hit from the second crack passes the threshold
while the first hit is still being measured. In this state, the number
of hits decreases since hits are overlapped instead of being detected
individually.

4.2 Correlations among acousto-optic-mechanical (AOM)
characteristics

The correlations of AOM characteristics in flawed granite are
sketched in Fig. 12, in which the time window from approximately
1055 s to approximately 1065 s for Ry = 1.5 is analysed. The red
line denotes the time axis, and the thinner red lines and the in-
tervening thicker red line represent the microcracking-dominated
damage stage and the macrofracturing-dominated damage stage,
respectively. Fig. 12 shows an example of damage progressions
from a microcracking-dominated process to a macrofracturing-
dominated process, then again to a microcracking-dominated
process.

When macrocracks initiate, propagate and coalesce with each
other, acoustic quiescence and stress drop are detected immediately
and simultaneously. After each macrofracturing, when the stress in-
creases, the microcracking process restarts and the high AE event
rate resumes. At this new stress buildup phase, the microcracking
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Figure 11. Temporal correlation of acoustic quiescence and stress drop in the first experiment of each flaw length ratio. The numbers, from (D) to (5), correspond

to acoustic quiescence periods in Table 5.
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Figure 12. The correlation of AOM characteristics within the time window, for example from ~1055 to ~1065 s, in the flawed granite specimen with R} = 1.5.
The red line denotes the time axis, and the thinner red lines and the intervening thicker red line represent the time-series of the microcracking activities and the
macrofracturing event, respectively. Ellipses are delineated to distinguish the different time-series from each other.

process restarts, first from the existing FPZs (see Fig. 8), since the
FPZs occupy a relatively low bond strength compared with the sur-
rounding ‘nearly undamaged’ rock matrix. This physical process
is directly related to the reactivation of FPZs. As the strain en-
ergy increases, the reactivated FPZs are intensified and gradually

progressed into new macrocracks. The formation of new macroc-
racks results in the second trigger of acoustic quiescence and stress
drop. Fig. 12 suggests that acoustic quiescence shares the same
time window as stress drop, and they are two typical results of rock
macrofracturing.
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Figure 13. Evolutions of average frequency (AF) (magenta), amplitude (green) and duration (black) in juxtaposition to the respective load (red) induced over
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intact granite.

The reactivation and intensification of FPZs in flawed granite
are the main mechanisms for the reversed U-shaped curve relation
between the AE event rate and the loading time at the unstable
cracking phase. The reactivation mechanism of FPZs by the new
stress buildup can be related to the strong memory effect (the well-
known ‘Kaiser effect”) of rocks (Main & Meredith 1991; Lennartz-
Sassinek et al. 2014). The high AE event rate resumed at the new
stress buildup phase is attributed to the strong memory of the pre-
viously damaged history in FPZs.
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Figure 15. Interevent time t; versus time 7 for each flaw length ratio in the
first experiment. Red arrows indicate the onset of unstable crack growth.

4.3 High-energy AE events generated by the
macrofracturing

During the relative acoustic quiescence period, the slope of the
curves of normalized cumulative AE counts and energy versus the
loading time ¢ increases considerably under the conditions that the
corresponding AE event rate decreases, as illustrated in Fig. 9(b).
This indicates that high-energy AE events, albeit few, are gener-
ated during the relative acoustic quiescence period. High-energy
AE events are commonly triggered by energetic macrofracturing
events such that the detection of high-energy AE events has an
important consequence for the forecasting of catastrophe. In fact,
more waveform features, such as high amplitude, long duration, and
low frequency, are indicative of energetic macrofracturing events.
Fig. 13 shows the evolutions of the average frequency (AF), am-
plitude and duration in juxtaposition to the respective load induced
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over the same time window as analysed in Fig. 10. The definition
of these AE parameters can be recalled from previous works (Lu
et al. 2018). In terms of AF and amplitude, we average AF (also
amplitude) over a moving window of 300 events; that is AF; is re-
placed by the average of all AF;, j € [i — 299, i] to make the trend
more visible. AF generally decreases, while amplitude and duration
increase considerably during the relative acoustic quiescence period
(light grey box). These waveform features have a robustly temporal
correlation with the stress drop so that they are strong indicators
of rock macrofracturing. The associated tensile-driven mechanism
and the shear-driven mechanism are revealed in Appendix B by the
waveform-based analysis approach (Zhang et al. 2018).

4.4 Comparison with experimental results obtained from
intact rocks

To explore the effects of pre-existing flaws on the rate characteris-
tics of the AE activity, uniaxial compression test was additionally
conducted on intact granite specimen. Fig. 14 shows the evolutions
of AE event rate, axial stress, IET, along with ultimate failure mode
of intact granite. In relative to flawed granite, ultimate failure of
intact granite is dictated by sudden propagation of dominant cracks
and is commonly violent, as shown in Fig. 14(c). The time-reversed
Omori’s law (represented by the orange line in Fig. 14a, Amitrano
et al. 2005; Kun et al. 2013; Goebel et al. 2014) is tenable for
the description of the precursory AE time-series for intact granite.
This experimental observation is well consistent with the previous
works by Triantis & Kourkoulis (2018). However, a multipath fail-
ure mode evolving from the pre-existing flaws (Fig. 8 and Figs Alc
and d) is often registered in flawed rocks and as a result, the ac-
celeration of unstable crack growth is frequently interrupted by a
series of macrofracturing events. In this state, the acceleration of
the AE event rate does not comply with the time-reversed Omori’s
law. Figs 3 and 7 are evidential for this statement. In addition, the
responses of the interevent time t; to the increasing loads in intact
and flawed granite are different. An approximately exponentially
decreasing characteristic of t; (represented by the orange line in
Fig. 14b) is registered in intact granite but not in flawed granite
(Fig. 15). This is attributed to the rupture progressivity of flawed
granite. The approximately exponentially decreasing characteristic
of 7; in intact granite is in good agreement with the experimental
results obtained from intact Clashach sandstone (Lennartz-Sassinek
et al. 2014).

The aforementioned distinctions of the AE characteristics
between intact and flawed rocks may be related to the differences
of rock materials and loading paths. Zhangzhou granite used in this
study had a very different modal composition, grain size, porosity
and microstructural layering (or inhomogeneity) from Clashach
sandstone in Lennartz-Sassinek et al. (2014) and Dionysos marble
in Triantis & Kourkoulis (2018). These different properties of
materials may contribute to the differences of acousto-mechanical
behaviours. Moreover, the confining pressure plays an important
role in the evolutions of acousto-mechanical behaviours in brittle
rocks. The effects of rock materials and loading paths on acousto-
mechanical behaviours should be investigated deeply in the future
works.

5 IMPLICATIONS OF THE
EXPERIMENTAL RESULTS

Based on the systematic analysis of multiple physical field data,
the physical processes of the instability in flawed granite have

been explored deeply. In specific engineering cases, such as a par-
tially benched pillar (Esterhuizen et al. 2011, 2019; Yang et al.
2014), the importance of the present experimental results lies in
two aspects. First, the damage stress o g, also called the long-term
strength, for a stressed pillar may be accurately identified based
on the real-time rate analysis of AE activities. The damage stress
0.4 18 an important indicator of the approach to failure because
at 0, the crack growth in flawed granite has been transited from
the stable state to the unstable state. Secondly, the acoustic qui-
escence may provide a helpful hint to the macrocrack initiation,
extension and coalescence and thus, the detection of acoustic qui-
escence may be conducive to evaluating the working states of a
pillar.

6 CONCLUSIONS

In an attempt to elucidate the AE event rate characteristics at
the unstable cracking phase of flawed rocks, uniaxial compres-
sion tests with combined acousto-optical monitoring techniques are
conducted on granite specimens containing a pair of pre-existing
flaws. The interevent time (IET) function F(t) is adopted to in-
terpret the AE time-series from damage stress to ultimate failure,
and the photographic data are used to evaluate unstable cracking
behaviours in flawed granite. The main conclusions are drawn as
follows:

(1) The damage stress o4 is reliably identified as the point after
which an incrementally high or robustly high AE event rate can
always be registered. This result is related to the reactivation and
intensification of fracture process zones (FPZs) in flawed granite.
After o4, the AE event rate characteristics of flawed granite are
faithfully described by one single or a series of reversed U-shaped
evolution paths, depending on the rupture progressivity. It is the
first time that the reversed U-shaped curve relation between the
AE event rate and the loading time, observed after o4, has been
documented.

(2) The interruption of AE activity (termed acoustic quiescence)
has a mechanismic linkage and quantitative correlation with stress
drop. It is suggested that acoustic quiescence shares the same time
window as stress drop, and they are the two typical results of rock
macrofracturing. The initiation, growth and coalescence of macro-
cracks initiated from the flaw tips are the main reasons for acoustic
quiescence and concomitant stress drop. Moreover, the reactiva-
tion and intensification of FPZs by the increasing loads are the
dominant mechanisms triggering unstable crack growth in flawed
granite.

Uniaxial tests may result in less realistic results than triaxial tests
since the confinements are always present in natural conditions.
Nonetheless, the present study can be faithfully applied to account
for the actual failure behaviours in important geotechnical structures
such as partially benched pillars.
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APPENDIX A: RESULTS OF THE
REPEATED EXPERIMENTS

APPENDIX B: MECHANISMS FOR
DAMAGE PROGRESSIONS IN FLAWED
GRANITE

For flawed granite, the microtensile failure outperforms the micros-
hear failure prior to the acoustic quiescence period due to the strong
mineral grain shear strength and the large grain size (Morgan et al.
2013). However, during the relative acoustic quiescence period, the
microshear failure mechanism is strengthened in the deforming
specimen due to the propagation of macrocracks, and thus the mi-
croshear failure mechanism and the microtensile failure mechanism
coexist and dictate the damage progressions in flawed granite (Yin
et al. 2014; Zhang et al. 2019a). After the acoustic quiescence pe-
riod, the macrocracks cease to grow, and the FPZs surrounding the
tips of formed macrocracks continue to develop at the new stress
buildup phase. In this state, microtensile failure prevails again in
the deforming specimen. These interpretations can be demonstrated
by the waveform-based analysis. Four exemplificative waveforms,
together with their corresponding amplitude spectra, are presented
in Fig. B1 to illustrate the potential driving mechanisms in damage

progressions in flawed granite before, during and after the acoustic
quiescence. The first waveform (Fig. Blal) is typical of the wave-
forms recorded before the acoustic quiescence, and the second and
the third waveforms (Figs B1bl and cl) are typical of the wave-
forms recorded during the acoustic quiescence. Then, the fourth
waveform (Fig. B1d1) is typical of the waveforms recorded after
the acoustic quiescence.

Fig. B1 implies that the dominant frequency (i.e. the point where
the power spectrum is greatest) of the first, second and fourth am-
plitude spectra reaches 90.13, 75 and 43.13 kHz, respectively, while
the dominant frequency of the third amplitude spectrum attains
327.38 kHz. The first, the second and fourth amplitude spectra
have a remarkably lower dominant frequency than the third am-
plitude spectrum. Waveforms of low dominant frequency (L-type
AE signals) are produced by microtension failure, and waveforms
of high dominant frequency (H-type AE signals) are caused by
microshear failure (Li ef al. 2017; Zhang et al. 2018). It is there-
fore indicated that the cracking behaviour in flawed granite before
and after acoustic quiescence is dominated by microtensile failure,
while due to the propagation of macrocracks, the microshear failure
mechanism is remarkably strengthened in the deforming specimen
during the relative acoustic quiescence period. Note that the ampli-
tude of the L-type AE signal in Fig. B1(b1) is much higher than
that in Figs B1(al) and (d1), indicating that the microtensile failure
mechanism is also strengthened during the relative acoustic quies-
cence period. This result suggests that microtensile failure mecha-
nism and microshear failure mechanism co-exist at the moment of
macrofracturing. The tensile-shear coexistence mechanism during
the relative acoustic quiescence period is consistent with the optical
observations in Table 4(b), and is also in good agreement with the
experimental observations by Brooks et al. (2013), Yin et al. (2014)
and Zhang et al. (2019a). Additionally, the L-type AE signal has an
amplitude considerably higher than the H-type AE signal, while it is
also characterized by a shorter duration (also rise time) (Figs Blal,
bl, d1 compared to Fig. Blcl). These waveform features are in good
agreement with the findings of Aggelis et al. (2013a) and faithfully
confirm the characteristics of typical AE parameters presented in
Fig. 9.
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Figure Al. Axial stress—strain curves in (a) the second and (b) the third experiments, and ultimate failure modes in (c) the second and (d) the third experiments
of each flaw length ratio. The hollow dot in Figs Al(a)—(b) denotes damage stress, and the solid dot denotes peak stress. White lines in Figs Al(c)—(d) are
delineated to clearly define the growth paths of narrower macrocracks at failure.
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Figure B1. (al, bl, d1) L-type AE signals and (c1) H-type AE signal recorded (al) before, (bl, cl) during and (d1) after the second acoustic quiescence
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period, along with their corresponding amplitude spectra (a2—d2), in the flawed granite specimen with R} = 1.5.
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