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At the laboratory scale, locating acoustic emission (AE) events is a comparatively mature method for evaluating cracks in rock
materials, and themethod plays an important role in numerical simulations.This study is aimed at developing a quantitativemethod
for the measurement of acoustic emission (AE) events in numerical simulations. Furthermore, this method was applied to estimate
the crack initiation, propagation, and coalescence in rock materials.The discrete element method-acoustic emission model (DEM-
AE model) was developed using an independent subprogram. This model was designed to calculate the scalar seismic tensor of
particles in the process of movement and further to determine the magnitude of AE events. An algorithm for identifying the same
spatiotemporal AE event is being presented. To validate the model, a systematic physical experiment and numerical simulation for
argillaceous sandstones were performed to present a quantitative comparison of the results with confining pressure. The results
showed good agreement in terms of magnitude and spatiotemporal evolution between the simulation and the physical experiment.
Finally, the magnitude of AE events was analyzed, and the relationship between AE events and microcracks was discussed. This
model can provide the research basis for preventing seismic hazards caused by underground coal mining.

1. Introduction

An increasing number of underground engineering and
physical experiments have focused on investigating the fail-
ure or fracture properties of rocks [1, 2]. An understanding of
the characteristics of AE in the process of crack propagation
in rock materials helps to prevent underground engineering
hazards, such as rock burst [3, 4], mining tremor [5], roadway
rib spalling [6], and similar events. AE signals can be trig-
gered when distortions in rock materials occur, such as
generation of microcracks [7], pore closing or collapse [8],
or fault sliding [9, 10]. Traditional rock deformation detectors
(e.g., strain gauges) are only able to detect the overall
deformation of rocks. Along with the improvement of exper-
imental conditions, modern laboratory techniques allow for
the detection of microcracks or local macroscopic fractures
[11].

Among the numerical methods that have been used to
study the deformation and cracks in rock materials, the finite
element method (FEM) or Fast Lagrangian Analysis of Con-
tinua (FLAC) cannot generate actual cracks, and themajority
of investigations have focused mainly on studying the plastic
or damaged zones [12, 13]. The DEM can generate actual
cracks and identify the types of cracks [14, 15], but few studies
have used this method to perform a quantitative analysis of
the magnitude and location of the crack source. Although
the detection of AE events during the deformation process
in rock materials is a powerful tool for the quantitative
analysis of cracks, the AE characteristics cannot be derived
directly from numerical simulations [16], and therefore a
new module using an independent subprogram is needed.
Several researchers have contributed to the monitoring of AE
events using numerical simulations. Based on the FEM/DEM
method, Lisjak et al. [17] proposed a new model to simulate
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Figure 1: A parallel bond in PFC. (a) Components of a contact. (b) Parallel bond model. (c) Schematic of constitutive law of contact forces
at the interface between two particles.

microseismic events, which described the fracture process in
rock materials using three parameters:𝐷-value, AE rate, and𝑏-value. Heinze et al. [18] developed a poroelastoplastic con-
tinuummodel, which divided and quantified rock failure into
a prefailure stage, a massive failure stage, and a macroscopic
failure stage. Through sensitivity analysis, Tang et al. [19,
20] evaluated the strength and fracture processes of rock
materials and applied the Weibull distribution rule of AE
events to detect rock fractures and deformations.

In DEM, if each generated microcrack is considered an
individual AE event, themagnitude of theAE event caused by
the hypocenter of microcrack inversion is almost the same
for each event. At the laboratory scale or at the field scale, the
magnitude of AE events is generally in line with the expo-
nential distribution [17]. Therefore, most previous studies
have been unable to describe the spatiotemporal distribution,
magnitude, and other behaviors of AE events simultaneously.
Deformation and slip of rocks can cause quick release of
energy and indicate the initiation, propagation, and coales-
cence of cracks as well [21]. The seismic moment can be used
to represent the magnitude of the seismic source [22], which
can be obtained from AE monitoring. Thus, in DEM, the
magnitude of the seismic source can be determined by
calculating the particle moment tensor, thereby establishing
a natural congruent relationship between AE events and
occurrence of microcracks.

Because the stress and movement of unit particles are
already known, in this study, a new module was developed
incorporating an independent subprogram to calculate the
moment tensor of rock materials as cracks developed, so that
the magnitude of AE events could be established. An algo-
rithm for identifying the same spatiotemporal AE event was
developed. This new model was defined as the DEM-AE
model. Physical experiments were conducted for a quanti-
tative analysis of the spatiotemporal relationship of the AE
events as cracks were generated in argillaceous sandstones
under different confining pressures. A validation analysis was
performed on themodel. A comparison of themagnitude and
spatiotemporal relationship of AE events in the numerical
simulations and the physical experiments demonstrated that
the simulations were in good agreement with the exper-
imental data. Finally, in this study, we also analyzed the

magnitude of AE events under different confining pressures
in numerical simulations and discussed the relationship
between AE events and the number of microcracks.

2. Simulation Mechanism for Using PFC

A common representation of an explicit DEM is the Particle
FlowCode (PFC). PFC theory assumes thatmacroscopic rock
materials are composed of many bonded microscopic parti-
cles, which is a mechanical behavior of representing macro-
scopic rock materials by the relative motion of micro-
scopic particles [23, 24]. PFC has the following advantages:
(1) it overcomes the theoretical assumption of traditional
continuum-based models [14] and (2) PFC is more suitable
for simulating nonlinear deformation in rock materials and
for detecting the number and evolution of cracks [25]. Two
bondmodels are proposed based on the type of bond between
particles. Based on previous work, the parallel bond model
(PBM) was deemed more suitable for simulation of rock
materials [26, 27]. A simulation of the basic mechanical
behaviors of rock materials through PBM is shown in Fig-
ure 1.

2.1. Governing Equation of Crack Generation. In PBM, the
movement of particles causes changes in force and moment.
The resultant force and moment can be divided into normal-
and shear-directed components, which can be expressed as
follows:

𝐹𝑖 = 𝐹n𝑛𝑖 + 𝐹s𝑡𝑖,
𝑀𝑖 = 𝑀n𝑛𝑖 +𝑀s𝑡𝑖,

(1)

where𝐹𝑖,𝐹n, and𝐹s are the total, normal-, and shear-directed
force of the parallel bond, respectively;𝑀𝑖,𝑀n, and𝑀s are
the total, normal-, and shear-directed moment of the parallel
bond, respectively; 𝑛𝑖 and 𝑡𝑖 are the normal- and shear-
directed unit vectors, respectively.

𝐹𝑖 and𝑀𝑖 are initialized as 0. Each subsequent related dis-
placement and rotation will create an increment in elastic
force and moment that is added to the current value. The
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increment in elastic force andmoment is calculated according
to

Δ𝐹n = 𝑘n𝐴Δ𝑈n,
Δ𝐹s = −𝑘s𝐴Δ𝑈s,
Δ𝑀n = −𝑘s𝐼Δ𝜃n,
Δ𝑀s = −𝑘n𝐼Δ𝜃s,

(2)

where Δ𝐹n and Δ𝐹s are the increments of the normal- and
shear-directed force, respectively; 𝑘n and 𝑘s are the contact
normal stiffness and shear stiffness, respectively; Δ𝑈n and𝑈s

are the increments of the elastic force that is added to the
current value, respectively;Δ𝑀n andΔ𝑀s are the increments
of the normal- and shear-directed moment, respectively; 𝜃n
and 𝜃s are the increments of the rotational angle that is added
to the current value, respectively.

Other parameters 𝐴, 𝐼, and 𝐽 are the area, moment of
inertia, and polarmoment of inertia of the parallel bond cross
section, respectively, which are determined based on

𝐴 = 2𝑅𝑡,
𝐼 = 23𝑅3𝑡,
𝐽 = 𝑁𝐴.

(3)

In PBM, the maximum tension and shear stress between
particles are subject to

𝜎max = −𝐹n𝐴 +
𝑀s 𝑅𝐼 ,

𝜏max =
𝐹s𝐴 +

𝑀n 𝑅𝐽 .
(4)

The radius of the cross section is described by

𝑅 = 𝜆min (𝑅𝐴, 𝑅𝐵) , (5)

where 𝜆 is a radiusmultiplier (usually equal to 1.0),𝑅𝐴 and𝑅𝐵
are the radii ofA and B, respectively (Figure 5), and 𝜎max and𝜏max are the tensile strength and shear strength, respectively.

In the normal and shear direction, the relationship
between stress and displacement of the contact points
depends on 𝑘n and 𝑘s, respectively [28]. According to Fig-
ure 2, the contact behavior of normal stress 𝜎𝑛 and displace-
ment 𝑢𝑛 can be described as follows:

𝜎𝑛 = −𝑘n𝑢𝑛. (6)

If −𝜎𝑛 > 𝜎max, then 𝜎𝑛 = 𝜎𝑇𝑟 = 0. At this point, tensile
microcracks develop, marked with a red short line. 𝜎𝑇𝑟 is the
residual tensile strength.

The contact behavior of shear stress 𝜏𝑠 can be described
as follows:

𝜏𝑠 = 𝑘s𝑢𝑠,
𝜏max = 𝑐 + 𝜎𝑛 tan𝜙, (7)

where 𝑢𝑠 is the shear displacement, 𝑐 and 𝜙 are the cohesive
strength and friction angle, respectively, and Δ𝑢𝑇𝑠 and Δ𝑢𝑠
are the elastic and total component of the incremental shear
displacement, respectively.

If |𝜏𝑠| ≤ 𝜏max, then Δ𝜏𝑠 = −𝑘𝑠Δ𝑢𝑇𝑠 ; or else, if |𝜏𝑠| > 𝜏max,
then 𝜏𝑠 = sign(Δ𝑢𝑠) ⋅ 𝜏max. The “sign” function here is a
mathematical symbol that allows 𝜏𝑠 to be positive. At this
point, shear microcracks develop, marked with a blue short
line.

2.2. Algorithm of AE Events in DEM

2.2.1. Principle of Calculating the Magnitude of AE Events.
Due to the growth of new cracks, friction motion in rock
materials will create AE signals. At the laboratory scale, in
order to estimate the damage zone and the crack location of
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rocks, signal monitoring is generally carried out by using an
AE instrument [29, 30]. At the field scale, a microseismo-
graph is commonly used for monitoring the fracture zone
affected by the excavation of underground chambers as well
as rock burst [31]. As formonitoring of the seismic source, AE
events andmicroseismic events have similar mechanisms but
a different range of frequencies and both events often precede
or accompany cracks during the detection process [16, 32]. In
order to conduct a quantitative analysis of the seismic source,
namely, to detect the magnitude and location of AE events,
the seismic moment is often utilized as the basic approach.

The scalar seismic moment is defined as

𝑀0 = 𝐺 ⋅ 𝐴 ⋅ 𝑢, (8)

where 𝑀0 is the scalar seismic moment; 𝐺 is the shear
modulus; 𝑢 is the current displacement in the calculation.

InDEM, since the stress andmovement of particles can be
derived directly from calculations, it is easier to determine the
scalar seismic moment based on the change of contact force
between particles as new cracks develop. As shown in Fig-
ure 3, particles at both sides of the newmicrocrack are defined
as source particles (Particles A and B). After the growth
of new microcracks, the contact force changes due to the
movement of source particles. If the event is composed
of a single microcrack, its zone of action centers on the
microcrack, and the radius of the affected zone is the diameter
of the bigger source particle (see Figure 5). If the AE event is
composed of several microcracks, the geometric center of all
the microcracks will be the spatial position of the AE event.
In this way, the seismic moment tensor in DEM is the
summation of all the variables and their quantity of contact
forces multiplied by the corresponding arm of the force (the
distance between the location of the contact point and the
center of the microcrack):

𝑀𝑖𝑗 = ∑
𝑆

(Δ𝐹𝑖𝐿𝑗) , (9)

where 𝑀𝑖𝑗 is the scalar seismic moment in the calculation;Δ𝐹𝑖 and 𝐿𝑗 are the 𝑛th component of the contact force and the
corresponding arm of the force.

The maximum scalar moment of the moment tensor is

𝑀0 = √∑
𝑖
𝑗=1𝑚𝑖𝑗22 . (10)

The magnitude of AE events is calculated as per the
empirical equation

𝑀 = 23 lg (𝑀0) − 6, (11)

where𝑀 is the magnitude of AE events.

2.2.2. Algorithm for Identifying Space and Time of AE Events.
Only when new cracks occur at other contact points of the
source particles (Particles A and B) are they likely to be the
same AE event, because the stress in DEM can be transferred
to other adjacent particles. The zone affected by the AE

Figure 6: Preparing the physical specimens.
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event will also extend gradually along with the coalescence
of cracks.

The definition of excitation time of an AE event is shown
in Figure 4. Since the propagation velocity of the crack is
two times as fast as the shear wave velocity of rocks [33],
the excitation time and affected area of the unit particles can
be calculated. Assuming that the excitation time of Crack 1
for spreading to the boundary of its affected area is 𝑇1 (see
Figure 5), the calculation of the moment tensor is updated
for each time step within the period of 𝑇1. If no new cracks
occur within𝑇1 or within the affected area of Crack 1, this AE
event contains only one microcrack, and the total excitation
time is 𝑇1. On the contrary, if Crack 2 (its excitation time for
spreading to the boundary of the affected area is 𝑇2) develops
both within 𝑇1 and within the affected area of Crack 1, the
affected area of this AE event will be superposed on the
affected area of Crack 2, and the total excitation time is 𝑇0. By
analogy, if Crack 3 comes into being within 𝑇0, the affected
area and magnitude will also be superposed. As for this
AE event in Figures 4 and 5, its affected area is the superpo-
sition of the action ranges of Cracks 1, 2, and 3, and its total
excitation time is 𝑇0.
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Table 1: Test results for the specimens.

Specimen number 𝜎3 𝜎𝑡 (𝜎1 − 𝜎3) 𝐸slope ]
I-1 0.5 19.55 20.11 0.194
II-1 0.5 18.86 20.70 0.216
III-1 0.5 18.23 21.67 0.235
I-2 2.0 20.97 20.64 0.204
II-2 2.0 21.02 19.87 0.174
III-2 2.0 20.14 20.24 0.210
I-3 4.0 24.60 22.16 0.224
II-3 4.0 25.47 21.25 0.195
III-3 4.0 24.31 22.04 0.203
I-4 6.0 29.08 21.88 0.201
II-4 6.0 30.35 22.87 0.214
III-4 6.0 29.67 21.41 0.224
Note. 𝜎1: principal stress; 𝜎3: confining pressure; 𝜎𝑡: peak deviatoric stress; 𝐸slope: Young’s modulus; ]: Poisson’s ratio.
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Figure 8: Test results versus confining pressure for all specimens. (a) Deviatoric stress (𝜎1 − 𝜎3). (b) Young’ modulus.

As shown in Figures 4 and 5, even if Crack 4 comes into
being within the affected area of Crack 1 in terms of space, the
excitation time for the development of Crack 4 is after 𝑇0, so
Crack 4 andCrack 1 cannot be regarded as the sameAE event.
The excitation time when Crack 5 occurs is within 𝑇0, but the
location where Crack 5 occurs is not within the affected area
of Crack 1, so Crack 5 and Crack 1 cannot be regarded as the
same AE event, either.

3. Laboratory Tests

3.1. Experimental Procedure. The rock materials used in
this study were argillaceous sandstones from the Shanxi
Formation at Shanxi Province, China, created to 𝜙50 ×100mm standard specimens with the core drilled as per the
International Society for Rock Mechanics (ISRM) standard

(see Figure 6). The specimens were divided into four groups
for the confined compression pressure tests of 0.5, 2.0, 4.0,
and 6.0MPa. Both the upper face and the lower face of the
specimens were carefully polished and flatted.

As illustrated in Figure 7, the physical compression test
with confining pressure was performed on a universal servo-
control testing machine (MTS815.02, America) by imposing
a constant speed of 0.2mm/min until the ultimate failure of
the specimens. The AE system was utilized to detect the
magnitude and location of AE events. In this study, the
AE system was composed of six commercially available
piezoelectric sensors (Physical Acoustic Corporation type-
Nano30), preamplifiers, and aMISTRASMicro-II Digital AE
data acquisition system. The AE sensors were attached to the
surface of the hydraulic cylinder using a coupling agent and
were further fixed to record AE events data of the specimens
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Table 2: Microscopic parameters of the simulated specimen after calibration.

Microparameters Symbol Unit Value
The minimum particle radius 𝑅min mm 1.0
Ratio of maximum and minimum particle radius 𝑅max/𝑅min / 1.67
Particle density 𝜌 kg/m3 2800
Particle friction coefficient 𝜇 / 0.55
Young’s modulus of the particle 𝐸 GPa 14.4
Parallel bond radius multiplier 𝜆 / 1.0
Young’s modulus of the parallel bond 𝐸𝑐 MPa 14.4
Normal stiffness of the parallel bond (mean) 𝜎𝑛-mean MPa 14.7
Normal stiffness of the parallel bond (std. deviation) 𝜎𝑛-dev MPa 3.6
Shear stiffness of the parallel bond (mean) 𝜏𝑠-mean MPa 9.2
Shear stiffness of the parallel bond (std. deviation) 𝜏𝑠-dev MPa 2.4
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Figure 9: Deviatoric stress and ratio of cumulative events during confined compression test. (a) 0.5MPa; (b) 2.0MPa; (c) 4.0MPa; (d)
6.0MPa.
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Figure 12: Comparison of spatial AE events between experiments and DEM simulations at a confining pressure of 0.5MPa.
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Figure 13: Comparison of spatial AE events between experiments and DEM simulations at a confining pressure of 2.0MPa.

constantly. If the coordinates of specimens were as shown in
Figure 7, the sensor coordinates were (25, 0, 20), (−25, 0, 20),
(12.5, −21.65, 50), (−12.5, 21.65, 50), (12.5, −21.65, 80), and
(−12.5, 21.65, 80) with the unit in mm. The AE record
threshold was set to 40 dB in order to avoid the possibility of
environmental disturbance. Both the servo-control testing
machine and the AE system were executed simultaneously to
obtain the correlation of mechanical behavior and AE signals
of specimens.

Table 1 lists the experimental results for all the specimens.
As for each group of specimens, the lateral pressure and
corresponding peak deviatoric stress were obtained by linear
regression, as shown in Figure 8.The gradient 𝑘 and intercept𝑏 of the 𝑦-axis were used for the calculation of cohesion c
and internal friction angle𝜙, with the calculation equations as
follows [34]:

𝜙 = arcsin 𝑘 − 1𝑘 + 1 , (12)

𝑐 = 𝑏1 − sin𝜙2 cos𝜙 . (13)

According to Table 1 and Figure 8, Young’s modulus
showed almost no change in increment as the confining
pressure increased from 0.5MPa to 6MPa, and the average
Young modulus was 21.34GPa. Regarding the calculation
results of (11) and (12), the internal friction angle was 19.36∘,
and the cohesion was 6.13MPa.

3.2. Calibration of Micromechanical Parameters. The discrete
element model must be calibrated to the associated micro-
scopic parameters in order to describe the macroscopic
mechanical behaviors of rock materials (i.e., deviatoric stress
and Young’s modulus). Although the calculation equations
for parameters such as cohesion, stiffness, and friction angle
are included in the manual of the PFC software [35], there is
no fixed theory that validates the microscopic parameters of
rock materials [27].Therefore, in order to validate the model,
the following steps were adopted for parameter calibration:

(1) Young’s modulus and strength parameters (i.e., cohe-
sion and internal friction angle) were calibrated
first. The calibration standard was subjected to the
cohesion and the internal friction angle obtained
from physical experiments, rather than using only the
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Figure 14: Comparison of spatial AE events between experiments and DEM simulations at a confining pressure of 4.0MPa.

uniaxial compressive strength of argillaceous sand-
stones as the basis.

(2) Initial microscopic properties were assigned in accor-
dance with the relationship between microscopic
parameters andmacroscopicmechanical behaviors of
rock materials.

(3) In the DEM, a servo systemwas used for compression
testswith the confining pressure set at 0.5, 2.0, 4.0, and
6.0MPa, respectively. In this case, trial and error was
applied to determine microscopic parameters, until
Young’s modulus reached 21.34GPa and the peak
deviatoric stresswas roughly consistentwith the enve-
lope line resulting from physical experiments. Micro-
scopic parameters of argillaceous sandstones after
calibration are shown in Table 2, and the deviatoric
stress-strain curve of different confining pressures is
displayed in Figure 8.

(4) The established DEM-AE model was compared with
the results of the physical experiment (mainly includ-
ing the spatiotemporal location of AE events and
magnitude), and the comparison results are presented
in Section 4.

4. Results and Discussion

4.1. Time Distribution of AE Events. After ensuring that
the macroscopic parameters of the argillaceous sandstone
specimens in the physical experiments were consistent with
those of the numerical simulations, the contrastive analysis
of the DEM-AE model was carried out. Figure 9 shows the
comparison ofAE events for the physical experiments and the
DEM-AE model, in which the 𝑥-axis represents the relative
axial strain and the 𝑦-axis represents the ratio of cumulative
AE events.

Under the different confining pressures, the results
showed good agreement for the ratio of cumulative AE events
in the physical experiments and in the DEM-AE model. It is
worth noting that, in the physical experiment, cumulative AE
events demonstrated linear growth at the initial loading stage;
therefore, AE events could be detected even at this loading
stage in the physical experiment, causing deviation from the
numerical simulation. The detailed reasons are described in
Section 4.4.

With the different confining pressures, the number of AE
events prior to loading to the peak deviatoric stress was very
small, especially in the numerical simulation. There were
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Figure 15: Comparison of spatial AE events between experiments and DEM simulations at a confining pressure of 6.0MPa.

nearly no AE events at the linear elastic stage, followed by a
small number of microcracks in the specimens. In the DEM-
AEmodel, only a small number of AE events were monitored
as well. Most AE events developed after the peak and
cumulative failure events increased exponentially at the
postpeak stage. In particular, as for specimens with lower
confining pressure (𝜎3 = 0.5 and 2.0MPa), the increase of
cumulative AE events did not stop and start again after
the peak deviatoric stress, while such a phenomenon was
observed for the specimens with higher confining pressure
(𝜎3 = 4.0 and 6.0MPa).Additionally, the higher the confining
pressure was, the more the intermittent stops occurred
because a transitory secondary resistance phenomenon took
place after the simulated specimens were damaged due to the
high confining pressure. However, the postpeak curves in the
physical experiment had better brittle-to-ductile transition;
therefore, no intermittent stops of AE events occurred.

4.2. Spatial Distribution of AE Events. Based on the micro-
scopic parameters after calibration, the failure modes of the
argillaceous sandstones under different confining pressures
can be seen in Figure 10. The DEM-AE model showed good
agreement with the failure modes derived from the physical

experiments. With the increase in confining pressure, the
residual resistance of rock specimens increased, leading to a
gradual increase in cracks (see Figure 11). It is noteworthy that
tensile cracks always played a dominant role and were 2∼2.5
times as abundant as shear cracks. The number and magni-
tude of AE events were also on the rise under the different
confining pressures.

The temporal evolution of AE events at the stages of 50%
peak deviatoric stress, peak deviatoric stress, and postpeak
stage is shown in Figures 12–15. At the point of 50% peak
deviatoric stress, there were a small number of AE events in
the physical experiments, about 7%∼10% of the cumulative
total of AE events, while in the numerical simulations, there
were almost no AE events prior to the 50% peak deviatoric
stress.

At the peak deviatoric stress, the AE events in the physical
experiments and the numerical simulations accounted for
20%∼35% of the cumulative total, while no obvious macro-
scopic cracks occurred in the specimens during the loading
procedure. Until loading to 90% of postpeak strength, the
physical experiments and numerical simulations resulted in
relatively obvious cracks among the specimens with the
confining pressures of 0.5, 2.0, and 4.0MPa, accounting for
40%∼55% of the cumulative total of AE events. It is worth
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Figure 16: Statistical number of AE events at different gradients under different confining pressures: (a) 0.5MPa; (b) 2.0MPa; (c) 4.0MPa;
(d) 6.0MPa.

noting that there were obvious macroscopic cracks in speci-
menswith the confining pressure of 6.0MPaonly until 80%of
postpeak strength.

4.3. Magnitude of AE Events. During monitoring of the
spatial distribution of AE events, the magnitude of AE events
can be calculated in the DEM-AEmodel as well. As shown in
Figure 16, when themagnitude of AE events was smaller than−6.0 or larger than −4.5, there was not much difference
in the number of AE events under four different confining
pressures. Most of the AE events took place in the range−6.0∼−4.5 andwere on the increase alongwith the increase in
the confining pressure. Based on the magnitude of AE events
in Figure 16, it can be seen that AE events conformed to a

normal distribution, and the peaks were within −5.25∼−5.0
(as shown in Figures 16(a)–16(d)). Additionally, with the
increase in confining pressure, the concentration area of
peaks tended to shift to the larger position.

Figure 17 shows the relationship between the AE events
and the number ofmicrocracks.When the confining pressure
was 0.5MPa, the number of AE events containing only one
microcrack accounted for over 90% of the total number,
which decreased gradually along with the increase of confin-
ing pressure, but the total number remained over 85%. As for
different confining pressures, the number of microcracks
showed an exponential decrease alongwith the increase ofAE
events. Under the confining pressure of 0.5MPa, a maximum
of eight microcracks were generated by only one AE event.
When the confining pressure reached 6.0MPa, themaximum
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Figure 17: The relationship between the number of AE events and the number of microcracks. (a) 0.5MPa; (b) 2.0MPa; (c) 4.0MPa; (d)
6.0MPa.

number of microcracks generated by one AE event increased
to 15, which occurred only once.

4.4. Discussion. As described in Section 4.1, under the dif-
ferent confining pressures, the postpeak stage in the physical
experiments showed better brittle-to-ductile transition; how-
ever, this phenomenon was not observed in the numerical
simulations (see Figure 8). As the numerical simulation was
loaded to peak deviatoric stress, massive cracks were coa-
lescing and interlocking among most of the particles in the
simulated specimens, leading to an abrupt drop in peak
deviatoric stress. This progression was also demonstrated in

the AE model so that more than 70%∼80% of the AE events
were observed only after the peak deviatoric stress. In the
physical experiments, however, hard minerals that exist in
argillaceous sandstones were able to resist slippage and insta-
bility at the postpeak stage; therefore, the postpeak stage
showed better brittle-to-ductile transition.

In addition, because of the closing of initial cracks or holes
in the physical experiments, theAE events of specimens could
be monitored even at the initial loading stage, which was
not observed in the numerical simulations. Nevertheless, AE
events at the initial loading stage accounted for only a small
proportion of the entire loading process.
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5. Conclusions

In this paper, a DEM-AE model was presented based on the
movement of particles during the loading process. The fun-
damental principle of the process was the calculation of the
scalar moment of the moment tensor and the determination
of the magnitude of AE events. An algorithm for identifying
the spatiotemporal location of the sameAE event was put for-
ward. With this method, it was possible to analyze and quan-
tify the spatiotemporal location and the magnitude during
the process of crack initiation, propagation, and coalescence.
This model was applied to the compression test with different
confining pressures of argillaceous sandstones. A systematic
contrastive analysis was conducted with the results from
the physical experiment and the numerical simulation, lead-
ing to a good agreement between both cases in terms of
spatiotemporal distribution as well as the magnitude of AE
events. Furthermore, this model was used to analyze the
magnitude of AE events and discuss the relationship between
AE events and microcracks.

With this model, an authentic simulation of AE events in
physical experiments can be reproduced using numerical
simulations. In the near future, this model will be applied to
the production process at the field scale. The performance of
this model makes it possible to evaluate and prevent seismic
hazards caused by roadway excavation and coal mining.
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