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ARTICLE INFO ABSTRACT

To investigate the crack propagation and failure mechanisms of brittle materials in the Brazilian tests, an
acoustic emission (AE) simulation was implemented in the Discrete Element Method. AE location and magnitude
were monitored during the whole process of the simulation to detailedly observe crack initiation and associated
AE evolution. Moment tensors were directly calculated by the forces and motions of the particles and decom-
posed into isotropic and deviatoric parts. According to the decomposition results of moment tensors, AE events
(microcracks) can be classified into explosive (tensile), shear and implosive sources. Explosive sources were
found to dominate both the total number and energy emission, followed by shear sources and finally implosive
sources. AE distributions of different AE types were compared with the stress distribution to explore the relation
between failure evolution and intrinsic stress state of the Brazilian test. Furthermore, the approach was applied
to the compression test with a single flaw. Comparisons with experimental results indicated that the AE simu-
lation can overcome the shortcoming of signal missing near the peak load in experiments and is approved to be
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an effective and accurate way to study rock fracture mechanism.

1. Introduction

Due to the limitations of direct tensile tests for rock, the Brazilian
test, an indirect method, was recommended by ISRM to determine the
tensile strength of the rock in 1978 and has been widely used up to
now. However, special attentions should be paid to the results from
Brazilian tests for cases when the crack initiation point occurs away
from the center of the disk. Some research indicates that the Brazilian
test may underestimate the tensile strength of rocks [1-4], while some
considered that the Brazilian test could reflect the true tensile strength
of rocks [5,6], but the great majority of studies considered that the
Brazilian test overestimated the tensile strength of rocks [4,7-9]. Such
discrepancy can be traced back to the stress state experienced by
samples undergoing Brazilian tests. Unlike the uniaxial stress state of
the direct tensile test, the Brazilian disk is subjected to a triaxial stress
state. Some researchers thought that the Brazilian test can never replace
the direct tensile test, however, the compression induced tensile stress,
e.g., in hydraulic fracturing or around tunnels, etc., is much more often
presenting in practical applications while a pure tension state rarely
presents. Thus, the Brazilian test is useful for understanding the failure
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process and fracture mechanism of rocks. The key questions here re-
main on how cracks initiate and propagate through the disk and the
relation between crack evolution and stress state.

Several approaches have been adopted to study the fracture me-
chanism in the Brazilian test. Fairhurst [1] theoretically analyzed the
stress distribution in the Brazilian test based on the empirically gen-
eralized Griffith criterion and indicated that shear failure may occur
away from the center of the disk using the Mohr envelope. Van De Steen
et al. [10] loaded a Brazilian disk with a hole, which was drilled parallel
to the sample axis and centered on the diameter perpendicular to the
loaded diameter, and proposed that fracturing is initiated in shear near
one of the platens and subsequently grows in tension in the Brazilian
test. Lanaro et al. [11] used numerical method based on the Mohr-
Coulomb criterion with a tension cut-off and stated that the failure
might occur in tension and shear. Li and Wong [12] numerically found
that the crack may initiate near the loading point in the Brazilian test
for rocks according to the critical extension strain criterion. However,
various strength criteria have different emphases on selective failure
modes, for example, Mohr-Coulomb criterion mainly takes into account
shear failure, instead, Griffith criterion only allows cracks to break in
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tension, and the critical extension strain criterion only considers the
extension crack. The realistic insights of failure processes were mainly
deduced from available experimental observations.

In order to retrieve additional information detailing the modes and
evolution of damage, the acoustic emission (AE) monitoring techniques
have been applied to study the failure processes [13-21]. Acoustic
emission (AE) is a high-frequency stress wave generated by the rupture
of fractures [18]. AE monitoring has been applied to the monitoring and
analysis of the Brazilian tests, and typical cases are summarised as
follows. Falls et al. [15] used the two-dimensional AE analysis and ul-
trasonic velocity imaging to examine stress changes and microfracture
activities during the Brazilian test of Lac du Bonnet granite. Labuz et al.
[22] conducted diametral compression tests of high strength concrete
samples with three-dimensional AE locations. Van De Steen et al. [10]
recorded AE locations over time to evaluate the fracture growing in the
special configuration (with a hole in the disk). Ohtsu and his co-workers
developed the SiGMA (Simplified Green’s functions for Moment Tensor
Analysis) analysis [23] and applied it to the study of fracture me-
chanisms in split tensile test of concrete (mortar, normal concrete)
[24,25], and then they further applied this to the kinematics of the steel
fiber-reinforced concrete and poly-cinyl-alcohol fiber reinforced con-
crete [26,27]. Rodriguez et al. [28] used three-dimensional localization
of AE and AE energy density to characterize the cracking process in
marble and monzogranite specimens under diametral compression
tests. Liu et al. [29] applied the moment tensor analysis of AE to the
Brazilian test of granite and sandstone specimens to study the fracture
mechanisms and damage evolution. Zhang et al. [30] studied the three-
dimensional evolution of damage in sandstone Brazilian discs by active
and passive ultrasonic techniques.

To characterize fracture patterns and identify fracture mechanisms
in the Brazilian test, several approaches associated with AE monitoring
have been adopted. Falls et al. [15] distinguished different event me-
chanisms by the amplitude and polarity of the first longitudinal wave
motion in different directions with four sensors. This method resembles
the moment tensor in two dimensions. Rodriguez et al. [28] combined
petrographic with the analysis of AE parameters to improve the char-
acterization of micro cracking of rocks. Ohtsu [19] clarified crack types
by SiGMA analysis based on the simplified moment tensor analysis, in
addition, this procedure was also used by Liu et al. [29]. Zhang et al.
[30] considered the AE events to be associated with the crack initiation
mainly consist of tensile and shear microcracks based on the decom-
posed moment tensors.

It can be seen that the damage evolution process (AE location) and
fracture mechanism can be simultaneously obtained from AE records,
as long as there are enough sensors (more than 6 sensors in theory,
usually 8 sensors in practice). However, there are mainly two difficul-
ties in practical applications of the Brazilian test. First, to obtain the
moment tensor, at least 6 sensors have to be used. A moment tensor has
nine components, and six of them are independent due to the symmetry
of moment tensor. Therefore, at least six sensors are needed to calculate
a moment tensor. But six sensors are not sufficient in practice, because
an AE event may not trigger all the sensors due to interferences from
preexisting cracks, noises, and the coupling effects between the sensors
and the specimen. Thus, the best way to improve this is by increasing
the number of sensors and optimizing the sensors’ spatial configuration.
Second, the Brazilian disks are relatively small in size compared to the
existing AE sensors. ISRM recommends that the diameter of the
Brazilian disk be 50 mm. The Nano-30 sensor used by Liu et al. [29] is
8 mm in diameter, which is relatively small compared to other sensors.
However, it is still difficult to place more than 8 such sensors on a disk
with a diameter of 50 mm. Therefore, the disks used in the existing
studies were quite large, e.g. specimens are of 100 mm diameter and
50 mm thickness by Rodriguez et al. [28], 196 mm diameter and 50 mm
thickness by Falls et al. [15], 100 mm diameter and 70 mm thickness by
Liu et al. [29] and 150 mm diameter and 100 mm thickness by Mon-
doringin and Ohtsu [26]. Moreover, in [29], the mean location error of
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AE events was within + 5 mm based on the pencil-lead break tests, and
in [26], the location errors were within 1.6 mm based on a simulation
analysis. Note that the former is related to the availability of moment
tensor data, while the latter is about relative error of the results.

As a result, in [26], although more than 1500 hits were detected,
only 164 AE events were analyzed. In [21], 1072 AE events triggered a
minimum of six sensors, but only 162 events were of sufficiently high
quality for moment tensor analysis. Furthermore, Liu et al. [29] and
Zhang et al. [30] pointed out that AE signals were missing near the peak
load because tens of thousands of waveforms were received in such a
short time period, the superposition of numerous AE signals might have
diminished the number of located AE events.

In addition, the compression test containing a single flaw is also a
typical experiment to study the fracture evaluation. Wong and Xiong
examined specimens containing a flaw at different inclination angles
[31]. The original size of each specimen is 152 mm X 78 mm X 32 mm
and 16 Nano-30 sensors are used to monitor the AE from the specimen.
Although larger specimen dimension and more sensors are used, the
source locations after the peak load deviate greatly from the fracture
paths. It indicates that the formation of fractures can affect the pro-
pagation of AE signals, which may result in an AE event not being
detected by enough sensors. In conclusions, to get precise moment
tensor recordings in laboratory -scale rock mechanical tests is still
challenging.

However, a numerical approach by which moment tensors of AE
events can be calculated was developed [32] and has been successfully
applied to simulations of laboratory studies [33,34] and field experi-
ments [32,34]. Therefore, this approach was adopted here for the sake
of better understanding of the fracture mechanisms and damage evo-
lution in the Brazilian tests and the compression test with a single flaw.

In this paper, we first introduce numerical modeling approaches,
including the contact model and AE simulation in Section 2. In Section
3, AE evolution of the simulated Brazilian test is described, fracture
types of AE sources are presented and discussed based on moment
tensor inversion, and then AE distribution is compared with stress
distribution to explore the underlying fracture mechanism of the Bra-
zilian test. In addition, the AE algorithm is extended to simulate the
uniaxial compression test with a single flaw. Finally, failure types of
seismic source are discussed in Section 4 and some conclusions are
drawn in Section 5.

2. Modeling methodology

The algorithm for AE simulation is implemented in the bonded-
particle model (BPM) in PFC (Particle Flow Code), which is a branch of
explicit discrete element method (DEM) developed by Itasca. Here,
particles are assumed to be rigid (non-deformable) and are bonded by
contact models which simulate the interaction behavior between par-
ticles. Each bond breakage is assumed to be a microcrack, and each
microcrack will contribute to seismicity during tests. By monitoring all
bond breakages during tests, AE information can be collected and
moment tensor (MT) will be calculated for the analyses of fracture type
and failure mechanism.

2.1. Bonded-particle model

In DEM, two contact models are widely used for the study of intact
rock behavior, which are the parallel-bond model (PBM) and the flat-
joint model (FJM). In terms of PBM, there are many versions, of which
the most notable one is the model described by Potyondy and Cundall
[35] (called the standard BPM). However, some limitations are en-
countered when using the standard BPM: (1) the unrealistically low
ratio of the unconfined compressive strength to tensile strength; (2) the
low internal friction angle; and (3) the linear strength envelope [36].
Therefore, two main improvements have been made of the standard
BPM: (1) a Mohr-Coulomb contact model is employed [37], (2) moment
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contribution to bond stress is reduced by introducing a moment-con-
tribution factor (8 € [0, 1]) [38]. In order to distinguish the above-
mentioned models, the improved model is called the enhanced BPM
[39].

The limitation of the standard BPM can also be overcome by ap-
plying the FJM proposed by Potyondy [40]. There are two main dif-
ferences between the FJM and PBM: (1) the particles in FJM are
polygonal to provide inter-granular interlock; (2) the interface of the
FJM is discretized into elements, each element is either bonded or
unbonded. The FJM is considered to better characterize the behavior of
brittle rock [39] and to supersede the PBM [40]. However, because of
the interface discretization in FJM, more than one microcrack may
occur at one point. In this AE algorithm, the event centroid (focus) is
calculated as the geometrical center of the event, and sensitivity ana-
lyses have indicated that the geometric centroid produces satisfactory
results [32]. But whether the algorithm is suitable for the FJM remains
to be verified. Therefore, the PBM (enhanced BPM) is selected in this
research.

2.2. AE simulation and moment tensor decomposition

As described in [32], when a bond breaks, the source particles will
move and the adjacent contacts will have some deformation. There will
therefore be a force change at the surrounding contacts due to the
formation of the crack. Components of the moment tensor can be cal-
culated by summing the force change at the contact times the distance
of the contact from the crack location. It is worth noting that an AE
event can be composed of more than one microcracks. Microcracks
occurring close together in space and time are considered as one AE
event, and the event centroid is assumed to be the geometrical centre of
the event (Fig. 1(a)). The moment tensor can be calculated by inter-
grating around the source boundary, for the discrete element method,
the integral is replaced by a sum which is calculated by the following
equation:

My = ) ARR; @

where AF, is the ith component of the contact force change and R; is the
distance between the contact point and event centroid. Since the mo-
ment tensor is supposd to be symmetrical, the off-diagonal components
of the moment tensor will be assumed to be equal and will be calculated
by averaging the two values calculated from the Eq. (1) [32,41]. Be-
sides, the moment tensor is calculated at each timestep during the
duration of the AE event, and the single moment tensor stored for each
AE event is the result calculated at the timestep of maximum scalar
moment [32,42].

A moment tensor can be thought of as the body force equivalent fot
the source, and the moment tensor representation depicts the principal
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values of the moment tensor matrices as two sets of vectors whose di-
rection and length indicate the orientation and magnitude, respectively
(Fig. 1(b)).

To identify the fracture mechanism, several ways are proposed for
the decomposition of the moment tensor. Two different methods of
interpreting moment tensor are usually used in analyses of rocks and
rock-like materials. The first way is to classify into tensile crack, shear
crack or mixed-mode crack according to the eigenvalue analysis [19].
The following decomposition is obtained as the relative ratios X, ¥ and
Z’

10=X+Y+Z,

The intermediate eigenvalue/the maximum eigenvalue

0-Y/2+Z,
The minimum eigenvalue/the maximum eigenvalue

-X-Y/2+ Z,

where X is the shear component, Y is the deviatoric tensile component
and Z is the hydrostatic mean of tensile. Then a crack is considered as
shear with X > 60%, as tensile with X < 40% and as a mixed mode
crack with 40% < X < 60% [23,43].

The other way is to divide the moment tensor into isotropic and
deviatoric parts:

ran |t 0 0] |™
M= 010+ m;

3 Jloo1

ms @)
where tr(M) is the sum of the eigenvalues, m;* are the deviatoric ei-
genvalues. Crack-types are considered “tensile”, “implosional” or
“shear” based on their isotropic ratio which can be calculated by:

_ _tr(M) x 100
r (M) + X m/| 3

The ratio ranges from —100% (pure implosion) to 100% (pure ex-
plosion) and R = 0 represents a pure shear failure mechanism. Please
refer to Fig. 2 for the schematic diagram of the body-force equivalent.
Therefore, a crack is considered “tensile” if R > 30%, “implosional” if
R < —30% and “shear” if —30% < R < 30% [44].

However, the mixed-mode crack in the former one is referred to as
the sum of tensile and shear components, whose mechanism is not
explicit enough, the latter one is therefore chosen in the present study.

2.3. Model descriptions
A granite block, a typical igneous rock, was targeted for the cali-

bration of DEM simulation in this paper. This granite is composed of
quartz, feldspar, biotite and a very small amount of iron oxide. A

Fig. 1. An example AE event composed of 5 single tensile crack. (a) The red segments represent micro cracks and green circles represent source particles. (b) The
calculated moment tensor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. The body-force equivalent for a (a) pure explosive source, (b) pure
implosive source and (c) pure shear source. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

serious of laboratory tests were carried out on this granite, obtaining
the density of 2.8 g/cm?, porosity of 0.41% and uniaxial compressive
strength of 196 MPa.

A series of Brazilian tests were also conducted, with the sample
diameter of 52 mm (D) and thickness of 26 mm (H). Therefore, a disk
model of the same geometry was established in PFC and calibrated
through trial and error based on the experimental results of granite,
shown in Fig. 3. The model parameters used to simulate the granite are
listed in Table 1. The installation gap is the ratio of installation gap to
minimum particle radius. In terms of the installation gap, contacts can
only be generated when the distance between two particles is less than
or equal to this value.

Xu et al. [45] stated that the ratio of the Brazilian disk diameter to
average grain diameter should be more than 16.7:1 in DEM simulation,
while our previous study [46] suggested the ratio should be greater
than 20:1 and found that the particle diameter has negligible influence
in the simulation of the flattened Brazilian test. Therefore, a relatively
small particle diameter was selected. The ratio of the disk diameter to
average grain diameter here is about 39:1 and the synthetic Brazilian
disk contains 29,191 particles and 134,418 contacts, with an average
coordination number of 4.6, ensuring that the AE simulation has en-
ough AE events for the subsequent statistical analysis. The cir-
cumference surface was smooth enough, by assigning a small value to
the resolution of the cylinder (0.08 in this paper, resolution = 2w/
(number of sides of cylinder)), to make sure the disk has a linear contact
with the loading walls.

3. Results and Interpretation

In both experiments and simulations, the specimen was loaded at a
speed of 0.0075 m/s to maintain a quasi-static equilibrium, AE mon-
itoring was active when microcracks occurred. The force-displacement
curves from simulation and experiments are shown in Fig. 1(a). The
resultant failure patterns in experiments and numerical simulations are

24 -
—— Simulation

Experiments

204

—
(=2
A

Force (kN)
B

v v v L)
0.0 0.1 0.2 0.3 0.4
Displacement (mm)

(a)
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Table 1

Model parameters in the simulation of the granite specimen.
Property Value
Minimum particle diameter, dpyin, (mm) 1.0
Ratio of maximum to minimum particle diameter, dmax/dmin 1.66
Installation gap ratio, g, 0.4
Particle and bond modulus, E. = E. (GPa) 7
Ratio of normal to shear stiffness of grain and bond, k,/ks = kn/ks 1.5
Average bond tensile strength with standard deviation, o (MPa) (11,0)
Average bond cohesion with standard deviation, ¢, (MPa) (110,0)
Local friction angle, ¢, () 10
Friction coefficient between particles 0.4

compared in Fig. 1(b) and (c).

3.1. Evolution of AE

Loading stopped when the load dropped to 80% of the peak load.
Fig. 4(a) shows the force-displacement curve along with the crack
number, and Fig. 4(b) shows the force-timestep curve along with AE
hits. Along the force-displacement curve, six points labeled A-F were
marked, and the load at each point are 20%, 40%, 60%, 80%, 100% and
80% (post-peak) of the peak load respectively. The corresponding
points were also marked in Fig. 4(b). It can be seen that before point C
there was basically no AE hits before point C in the simulation. It’s
worth noting that the number of AE events will increase with increasing
sample resolution (ratio of particle size to sample size). During stage C-
D, the deformation of the disk showed linear elastic behavior and the
number of AE hits increased gradually. Afterward, the curve became
non-linear, the increment of AE hits accelerated, then the applied force
reached to its peak and cracks coalesced. Note there was a little fluc-
tuation before the peak load, subsequently was a trough in the number
of AE hits (Fig. 4(b)), which corresponded to the slowly growing of the
crack number before the peak load in Fig. 4(a). King et al. [17] in-
dicated that a sudden stress drop occurs when the specimen can no
longer sustain the applied load. The large stress drop after the peak load
(point E) is the result of the macro-failure throughout the disk, indeed
the small stress drop is also accompanied by a large amount of AE hits.
Therefore a hypothetical conclusion is drawn that each stress drop
during steady loading will lead to the emergence of large amount of AE
hits.

The location of AE events are drawn by stages to demonstrate the
evolution process of AE sources (Fig. 5). The diameter of the circles are
proportional to the magnitude of AE events and the color of the circles
reflects the crack type of AE events. The red circles represent implosive
sources, the green circles represent shear sources, and the blue circles

(b) (©

Fig. 3. Results of the Brazilian tests, (a) force-displacement curves from experiments (black lines) and simulation (red line), and a typical failure specimen from (b)
experiments and (c) simulations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Force and AE behavior in the Brazilian test simulation, (a) force-displacement curve and cumulative crack number, (b) the number of AE hits along the force-

timestep curve.

represent explosive sources (tensile cracks). During stage A-B, only
three tensile AE events with small radius occurred near the lower
loading plane. Then in stage B-C, AE events also appeared near the
upper loading plane, and shear sources began to appear. The asym-
metry of AE type is caused by the heterogeneity of the specimen. Later,
crack initiation was observed at about 80% of the peak load, re-
presented by a few AE events concentrated in the vicinity of the loading
points. Besides, cracks tended to spread to the center of the disk. After
that, during the stage D-E, AE responses became active, and AE hits
increased stably and spread across the compression diameter, with the
arrival of the peak load. Finally, the disk split along the loading axis,
accompanied by more AE events with large magnitude.

A large number of AE events occurred in stage D-E so that the de-
tailed extension process of AE cannot be clearly observed. The

fluctuation before the peak leads to the appearance of a local peak and a
local nadir. Thus, the local peak and local nadir are marked as D; and
D, (see Fig. 2), respectively. As shown in Fig. 6, AE events mainly
concentrated between loading ends and the center of the disk before
point D;. Then, the force-displacement curve reached its local peak
point (point D7), and subsequently an accelerated phase of AE events
started. Intuitively, substantial AE events appeared within only 1000
timesteps (compared to the entire process of more than 3 x 10°
timesteps, 1000 timesteps is significantly short) accompanied with a
small stress drop. After that, the force risesd stably again, however, only
a few AE events occurred near the central part of the disk before the
peak load (point E).
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Fig. 5. Distribution of AE event during each stage, red circles represent implosive sources, green circles represent shear sources, and the blue circles represent
explosive sources. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2. Fracture types of AE sources

To investigate the fracture type of AE sources during rock failure,
the number of each type and their ratio are counted. Fig. 7 shows the
cumulative number changing of three AE source types with the force-
timestep curve. It is shown that slopes of the cumulative curves slope of
shear and explosion increase over time, which means the frequencies of
these two source types increase over time (i.e., increase with the in-
creasing applied load). But the AE number of implosion is too small to
conclude. There are only 27 implosion AE events and most of them (23
implosion events) occurred after the peak load. During the whole
loading process, explosive sources, namely the tensile meso-cracks,
occupied the dominant position, and the ultimate explosion percentage
reached about 81% in number. However, the ratio of explosive source
reached its minimum value in stage E-F (only 58% at the post-peak
phase), while shear source reached the maximum (36%). In terms of the
shear source (Fig. 7(b)), the ratio of number appeared to decrease first
and then increase. At the initial stage, the relatively high ratio of shear
sources was the result of stress distribution inside the Brazilian disk. It
has been found that an early shear failure crack occasionally occurred
due to the stress concentration under the loading ends [1,47]. In ad-
dition, Van De Steen et al. [10] proposed that fracturing in the Brazilian
test is initiated in shear in the vicinity of one of the platens and sub-
sequently grows in tension by conducting the diametrical loading test
with a hole. This phenomenon obtained from the moment tensor ana-
lysis is consistent with the conclusion drawn from analytical and ex-
perimental analyses that the number ratio of shear sources will decline
at first. As for the post-peak phase, the maximum shear proportion may
result from the unstable crack growth and the coalescence between

micro tensile cracks. Besides, the disk has split into two halves, the
abrasions induced by the relative slide between fragments on the
macro-crack also contributed to observed shear sources. That is the
reason why the largest share of the shear sources appeared at the post-
peak phase during the Brazilian test.

In terms of the implosive source, only 27 implosive events (2.1% of
the total) occurred during the whole test, and most of them (23 events)
occurred at the post-peak phase (5% at stage E-F). In PFC, the particles
are assumed to be rigid, but still some approaches have been proposed
to simulate intragranular damage [48,49], for example, modeling the
rock as an assemblage of “clusters” made up of bonded particles, or
allowing the particles to split within the grain. Such intergranular da-
mage and pore collapse are the main mechanism of the origin of the
implosive source in practice. However, this mechanism usually occurs
under high confining pressure or with high porosity. Therefore, in the
simulation of Brazilian test (no confining pressure), there is no need to
adopt such complex approaches mentioned above. Hazzard and Young
[32,34] have stated the formation of the implosive event in PFC that
although the implosive event is mainly composed of micro tensile
cracks, the surrounding particles will move in to fill the space vacated
by the tensile cracking. That also explains why most implosive events
occurred at the post-peak phase because the formed macro tensile crack
led to the surrounding particles being pushed inwards to compensate
for the volume change. If the intergranular damage is considered, the
implosion ratio may account for more.

The locations of three types of events are shown respectively in
Fig. 8 with the radius proportional to the magnitude. Circles are colored
according to the origin time in timestep since the start of the simula-
tion, the lighter the color, the later it appears. Circles are plotted with
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Fig. 8. AE evolution processes of different source types: (a) front view of implosive events, (b) side view of implosive events, (¢) front view of shear events, (d) side
view of shear events, (e) front view of explosive events, (f) side view of explosive events. Radii of circles are proportional to the magnitude, and colors of circles
reflect the origin timestep of AE events, the lighter the color, the later it appears.

large overlaps because basically all the events are localized along the
loading diameter, so that events cannot be clearly identified. Thus,

events with small magnitude are ignored, namely, only events consisted
of more than 2 microcracks are plotted. It can be seen that the implosive

events all localized near the loading ends and occurred nearly the end
of the test. Shear events distributed along the loading diameter, and
events with large magnitude mainly happened about 10 mm away from
the lower loading plate. Explosive events also mainly distributed over
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the loading diameter, with some appeared at the circumferential sur-
face near two loading ends. Although the number of explosion is the
largest, most of them are of small magnitude. In practice, the precision
of specimen processing and the error of loading instruments may have
an effect on the experimental results. In experiments, it is found that AE
hits mainly localized near one end surface in a granite Brazilian disk
[29]. However, in simulation, all kinds of events were evenly dis-
tributed along the axis direction of the disk, because processing error
and loading error can be well controlled. The results of AE simulation
are relatively accurate, and therefore it can be used as a supplement
approach to experiments contributing to the qualitative interpretation
of AE monitoring.

3.3. Fracture mechanism based on moment tensor inversion

In order to study the distribution of three types of AE sources, the
ten largest events of magnitude were screened out, including four ex-
plosive events, four shear events and two implosive events. Each of
these ten events contains more than 100 microcracks, of which the
largest one is an explosive event consisting of 1069 microcracks. It can
be seen from Fig. 9 that the distribution of the three types of events has
certain regularity. Explosions were mainly in the vicinity of the center
of the disk, on the contrary implosions occurred near the loading ends,
and shear events localized between the two. The asymmetry of AE
events between the upper and lower parts of the disk might be ascribed
to the heterogeneity of the specimen, however, the regularity of three
types of sources is definitely controlled by stress distribution in the disk.

To investigate the correlation between AE distribution and stress
distribution, a series of measurement regions were arranged along the
loading diameter. The horizontal stress in each measurement region
was recorded and connected with a smooth curve. For comparison, the
stress distribution was also calculated using FEM (ANSYS) (Fig. 10). It is
found that the maximum tensile stress value occurs on the specimen
surface [12], therefore, only the stresses on the surface plane along the
loading diameter were demonstrated. The results from DEM and FEM
are illustrated in Fig. 11. Although the curve obtained from DEM con-
tains certain fluctuations, the whole trend is resembled to that of the
FEM. It can be seen that the horizontal tensile stresses are basically
uniformly distributed in the vicinity of the center of the disk (—18 mm
to 18 mm in vertical direction), in addition, the compressive stresses are

extremely large near two loading ends (23-25 mm and —23 to
—25 mm in vertical direction). Therefore, it is easy to explain why
explosions mainly occurred in the vicinity of the center of the disk and
implosions occurred near the loading plates. Apart from this, although
the stress distribution is the fundamental cause of AE distribution,
conventional stress analysis can only analyze the initiation of cracks,
while AE monitoring can analyze the entire process of fracture.

There is no doubt that the crack initiation point is located near the
loading point in the Brazilian test for rocks. Initially, it was assumed
that the crack should initiate from the center of the Brazilian disk based
on the Griffith criterion. The crack initiation point was found to occur
away from the center of the disk [1,45,47,50]. The crack initiation
point of the Brazilian test has been intensively investigated, however,
the mechanism of crack initiation has not yet been unified because
different strength criteria have different emphases. In terms of the
moment tensor inversion results, events with large magnitude (high
energy release) were basically shear sources at crack initiation points,
although the explosive events were dominant in quantity at the crack
initiation points. The fracture mechanism inversed from moment tensor
is consistent well with the results of [10].

However, the classification of AE sources as an explosive source, a
shear source or an implosive source suggests not a pure tensile crack, a
pure shear crack or a pure crushing crack, respectively. The largest ten
events are represented in the Hudson T-k plot [51], which provides a
graphical plot of source mechanism types (Fig. 12). Explosive and im-
plosive sources have certain shear components, while shear sources also
have certain implosive components.

3.4. Comparison with experimental results

For comparison with experimental results, AE behavior of granite
disc [29] is targeted in the present study. The model is 100 mm in
diameter and 70 mm in height, the micro parameters are calibrated
based on the numerical results. Liu et al. [29] classified AE events into
tensile cracks, shear cracks and mixed-mode cracks using Ohtsu’s
method [23], while AE events were divided into tensile cracks, shear
cracks and implosion cracks based on Feignier and Young’s classifica-
tion [44]. Although classifications are different, they are both based on
the same moment tensor decomposition theory, and both tensile cracks
and shear cracks are contained. Thus, the number and energy release of
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Fig. 11. Horizontal stress distributions along the loading diameter in the
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pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

tensile cracks and shear cracks are compared in this section.

The relations between loads and AE hits are illustrated in Fig. 13.
Though the stress-strain curves from the experiment and simulation are
a little different, the evolution processes of AE responses are similar. In
the initial stage, only a few AE events were detected and increased
gradually. Then AE hits rapidly grow subsequently the applied force
reached its peak. Finally, AE hits increased dramatically which led to
the macro failure of the disc.

The evolution of crack number and energy release for different
kinds of cracks are illustrated in Fig. 14. It’s worth noting that Fig. 14(a)
depicts only the data before peak load, while Fig. 14(b) contains a set of
post-peak data. Both the number and energy release of different kinds
of crack increased with increasing applied force before peak load. The
tensile cracks played a dominant role in both cracks number and energy
emission during the whole loading processes, then shear cracks and
followed by implosions.

By contrast, the force-displacement curve from the simulation ap-
pears linear. This may be due to the lack of primary voids and some
inherent defects in DEM. In experiments, when the Brazilian disk was

loaded, the original openings tended to close which resulted in the non-
linear stress-strain behavior. Regardless of this, the failure process and
AE behavior coincided reasonably well with experiments.

3.5. Applications to other sample geometry

Fracture processes and crack patterns in pre-cracked samples have
been widely studied on different materials. In this section, the uniaxial
compression test with a single flaw is simulated with the MT algorithm.
Fracture processes and crack patterns in pre-cracked samples have been
widely studied on different materials. The specimen was generating
according to [31] which is 152 mm x 78 mm, the flaw is designed to be
13 mm in length, 1.6 mm in aperture and 30° from horizontal. The
specimen contains 51,913 particles with radii ranging from 0.4 mm to
0.6 mm. The flaw is created by imported geometry in the model center
to ensure the smoothness of the flaw surface. The specimen is loaded by
a constant strain rate of 0.01 s™!, and MT information is recorded
during the whole loading process. A total of about 3700 AE events were
detected. The AE hits densities are first plotted into histograms aginst
timesteps (Fig. 15), then the whole test is separated into different stages
based AE hits density buildups and drops. AE locations and types of
different stages are presented separately in Fig. 16(a—f), and the cor-
responding microcrack distributions are shown in Fig. 17 (top).

As shown in Fig. 16(a), except for a few small AE events randomly
distribute over the specimen which may be caused by the pre-existing
defects, tensile AE events concentrate near the flaw tips, which are
called tensile wing cracks [52] or primary cracks [53,54]. Then, wing
cracks extend slightly while anti-wing cracks (the term secondary crack
is used in [53,54] to describe this kind of crack) begin to appear in
Fig. 16(b). From Fig. 16(c)-(f), both wing cracks and anti-wing cracks
remarkably widen and extend to upper and lower specimen boundaries
as loading continues, which lead to macro failure of the specimen.

For comparison, experimental AE results and corresponding
screenshots from [31] are shown in Fig. 16(g) and Fig. 17 (bottom),
respectively. In experiment, the AE clusters and white paths match
closely before the white patches reach the specimen boundaries and
become open (the white patch is the trace before crack opening, please
refer to Ref. [31] and Fig. 17 (bottom)). However afterward, AE source
location becomes scattered and large errors occurred. It is because wave
propagation and the coupling between sensors and the specimen are
affected by cracks. It is expectable that the accuracy of AE location
decreases with the increasing number of microcracks. This speculation
is coincident with the experimental phenomenon. As shown in
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Fig. 12. Hudson T-K plot of the ten largest AE events.

Fig. 16(g), AE clusters concentrated at flaw tips when wing cracks in-
itiated, while they had a certain distance from the crack tips when anti-
wing cracks occurred. This is inconsistent with the screenshot by
camera (Fig. 17 (bottom)).

In terms of moment tensor inversion, the simulated AE results are
different from those in experiments. It can be seen from Fig. 16(g) that
shear cracks play the dominant role during the whole test. However, in
the present study, wing cracks initiate in tensile while anti-wing cracks
initiate and propagate into both shear and tensile failures. Results in the
present study are more comparable with previous studies on crack
propagation [52-54]. Moment tensor inversion results are affected by
the accuracy of AE locations. Some errors in the laboratory scale test are
inevitable but really matter to results. Therefore, AE simulation is a
good assistant approach in crack initiation and propagation study.

4. Discussion
To identify the failure type of seismic source, the moment tensors

are usually decomposed into the isotropic (ISO), double-couple (DC)
and compensated linear vector dipole (CLVD) components. Although
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the crack classifications by Liu et al. [29] and the present study are
different, both are based on the same moment tensor decomposition
method. The difference, however, is that the present study considered
the percentage of ISO component while Liu et al. [29] considered the
percentage of DC component. In the study of rock mechanics, only
tensile cracks and shear cracks are generally considered. Nonetheless,
implosion failures have been observed in tunnel excavation [55] and
mining situations [56]. The implosive events in geotechnical en-
gineering are considered to be induced by closure of cracks and collapse
of excavation holes. In the simulation of intact rock, there are no pre-
cracks and void defects considered. In addition, the particles in the
present model are assumed to be rigid which are not allowed to deform
and further fracture in the present model. Therefore, to investigate the
mechanism of implosion in this simulation, the evolution through time
of a single implosive event is presented in the T-k plot, in Fig. 15.
This implosive event lasted for about 45 ps and consisted of more
than 300 micro-cracks. Three time steps are selected during this event,
i.e., at 6.1 ps, 19.1 ps and the end of this implosive event (Fig. 18). At
6.1 ps, this event is composed of 11 micro-cracks which has large po-
sitive isotropic component. As time progresses, the moment tensor
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Fig. 13. AE hits along stress-strain curves of (a) experiment [29]; (b) present simulation.
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becomes a double couple source and finally displays a predominantly
implosive mode. It is worth noting that the moment tensor describes the
equivalent body force, but the same equivalent force does not ne-
cessarily indicate the same failure mode. A double couple can represent
a shear failure, but it may also be a tensile crack caused by compression
perpendicular to it. Therefore, it can be inferred that particles injecting
into tensile cracks finally leads to the negative isotropic component.

Compared to experiments, MT simulation can record data from the
post-peak part and also compensate for limited accuracy in experi-
ments, especially for samples with small dimensions. In the present
simulation, the ten largest AE events all occurred at the post-peak part
which eventually led to the macro crack. The errors of AE location and
moment tensors in experiments are inevitable, and these errors are
usually caused by noise, the determination of P-wave arrival time and
approximation for Green’s functions [21,29]. Sometimes, the located
AE events even occurred outside the specimen, especially for specimen
with small dimensions [30]. Many methods have been used to mitigate
this problem, such as machine learning of wave discrimination [57].
However, moment tensors in the present simulations were directly
calculated by the forces and motions of the particles, so the results can
be used as the labelled training dataset, excluding the imperfection of
the measured data.

Moreover, after the current study focusing on validating the mod-
eling, further large-scele AE simulations can provide substantial data
for machine learning (the rules induction algorithm) to predict micro-
seismic hazard, which can lead to better hazard identification and thus
contributing to better prevention and mitigation of hazards [58]. In
conclusion, the implementation of AE simulation can supplement the
understand of micromechanics of rock failure and provide training data

11

to meta-learning for accurate predictions of microseismic hazards.
5. Conclusions

AE monitoring simulation was employed in the enhanced BPM to
investigate the damage evolution process during the Brazilian test and
the compression test with a single flaw. The moment tensors of AE
events were directly calculated by the forces and motions of the par-
ticles at the sources for the cognition of fracture mechanism during
simulations.

It can be seen from the failure process during the Brazilian test that
cracks initiated about 5 mm away from the loading ends then propa-
gated to the center of the disk. There were only a few AE hits in the
initial stage, then AE hits rapidly grow before the applied force reached
its peak. AE events first concentrated in the vicinity of the loading ends,
and subsequently propagated towards the central part of the disk. In
addition, every stress drop was accompanied by a large number of AE
hits.

Explosive sources (tensile cracks) were dominant both in number
and energy release during the whole simulation of the Brazilian test,
followed by shear sources and finally implosive sources. At crack in-
itiation point, though tensile cracks were dominant in number, events
with large magnitude were basically shear sources. Therefore, it can be
concluded that in the Brazilian test cracks are initiated in shear near
loading ends, then propagate towards the disk center which finally
leads to a macro-tensile crack at the central part of the disk accom-
panied by crushing at loading points (implosive sources).

AE distribution and MT inversion can reflect the stress distribution
inside the specimen. The stress distribution is the inducement of crack
initiation and propagation, and is also the inducement of AE inversion.
Both stress distribution in DEM and FEM were presented in this paper
and compared with AE distribution and MT inversion. The positions of
AE events are where the stresses exceed the bond strength, namely the
stress concentration points, the magnitude of AE event represents the
intensity of stress concentration, and the fracture type of AE event re-
flects the type of stress in a certain region.

AE simulation was also applied into uniaxial compression test with a
single flaw. The simulated AE results coincide well with the failure
process in experiments. Both the AE source locations and the MT in-
version results are more comparable with experimental phenomenon
than laboratory scale AE results. It can be concluded that the AE si-
mulation algorithm can make up for the insufficient source location
accuracy and the MT inversion is an effective and accurate way to study
the fracture mechanism of rock failure.
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