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Abstract

We investigate herein the scale effect and anisotropy of jointed rock mass (JRM) from the perspective of acoustic emission (AE)
characteristics and estimate the size of the representative element volume (REV). First, we propose an AE calculation based on
the discrete element method (DEM) and use the statistical results of joint planes to generate a discrete fracture network. Next, we
calibrate the micro-parameters of the rock matrix and the joint plane based on physical experiment and the single plane of
weakness theory, respectively. Finally, we use the proposed model to numerically simulate the AE characteristics of a JRM and
estimate the size of the REV. The use of different model sizes and layer orientations shows that the AE event magnitude follows a
power-law distribution. The frequency of AE events with different magnitudes follows a normal distribution, and a negative
exponential relationship is found between the frequency of AE events and the number of cracks associated with each AE event.
When the model size exceeds 10 % 10 m, the parameters of AE events (accumulated frequency, magnitude, frequency of AE
events associated with only one crack, frequency of AE events associated with over ten cracks, and maximum crack number
associated with each AE event) remain essentially constant. This means that the size of the REV is 10 X 10 m. The proposed

model should also prove useful for further research into the fracture mechanism of JRM.

Keywords Representative element volume (REV) - Discrete fracture network - AE events - Moment tensor - AE magnitude

Introduction

In many civil and mining engineering projects, intact rock
blocks are segmented into natural rock masses by exploiting
different types of discontinuities, such as bedding planes,
joints, fissures, cracks, faults, and shear zones (Younessi and
Rasouli 2010; Moriya et al. 2015). Such discontinuities can
seriously affect the mechanical properties of the rock mass and
lead to the effect of scale and anisotropy (Kulatilake 1985;
Kulatilake et al. 1993«; Gao et al. 2014; Hou et al. 2016).
When the scale of a jointed rock mass (JRM) increases to a
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certain point, its mechanical behavior ceases to change in
time. This threshold scale of a JRM is called the “representa-
tive element volume” (REV) (Min et al. 2004; Blum et al.
2007; Esmaieli et al. 2010) and can be regarded as a quanti-
tative criterion for selecting the proper parameters with equiv-
alent continuum methods (Wu and Kulatilake 2012). It is thus
important to investigate the effect of scale and anisotropy of a
JRM to estimate the size of the REV.

Considerable research has been devoted to developing pro-
cedures for characterizing the strength and deformability of a
JRM, with the result being two major research methods that
may be broadly described as qualitative and quantitative anal-
ysis methods. The qualitative analysis methods may be
subdivided into an empirical method and a theoretical method
of analysis (Zhang 2010; Karakul and Ulusay 2013;
Vasarhelyi and Kovacs 2017), each of which has its own
strengths and weaknesses. The empirical method lacks an ac-
curate basis for constructing a constitutive model, whereas the
theoretical method is handicapped because it is impossible to
obtain closed-form solutions when rock masses contain abun-
dant pre-existing bedding planes (although fracture mechanics
can be used to research rock masses containing several joint
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planes). The quantitative analysis method mainly consists of
laboratory experiments and in situ tests (Kulatilake et al. 2001,
Mehranpour and Kulatilake 2016; Mahdevari and
Maarefvand 2016; Shi et al. 2016). Although the mechanical
parameters obtained in the laboratory are not equivalent to the
results obtained from in situ tests, the latter is time-consuming.
More importantly, in situ tests have difficulty detecting the
development of hidden cracks within a rock mass (Karacan
2009).

To obtain within a rock mass the initiation, propagation,
and coalescence of cracks that are difficult to detect in the
laboratory and on the in situ scale, acoustic emission (AE)
instruments or micro-seismographs are widely used to detect
the signals emitted when cracks are generated (Shukla et al.
2013; Zhao et al. 2014; Huang et al. 2016). AE technology
was developed from the acoustic phenomenon captured by
Kaiser in tensile tests (Hoek et al. 1995). Cai et al. (2007)
studied AE signals released from large-scale underground ex-
cavations by using FLAC/PFC coupled with numerical simu-
lations. AE events have been analyzed in this way to investi-
gate the threshold of rock failure and to locate cracks within
the rock mass (Xue et al. 2014).

With the development of computing techniques, ever more
numerical simulations have been used to study the mechanical
properties of JRM from the perspective of AE characteristics.
Analog AE signals are required since they cannot be obtained
directly from the mechanical properties in numerical simula-
tion (Zhao et al. 2015). Lisjak et al. (2013) combined the finite
and discrete element methods (FEM and DEM) to simulate
micro-seismic events and described the crack development
process in terms of three factors: the D value, AE rate, and b
value. Heinze et al. (2015) put forward a poro-elasto-plastic
continuum model, which quantitatively divided the rock fail-
ure process into three stages, including pre-failure stage, crack
initiation stage, and macroscopic failure initiation stage. Tang
et al. (2000¢, 3) evaluated the strength and failure process of
rock mass and introduced AE events into the rock failure
process analysis (RFPA). These studies had difficulty simulat-
ing randomly distributed pre-existing joints within the rock
mass, and even more difficulty investigating the effect of
scale and the anisotropy of a JRM. Ivars et al. (2011) investi-
gated how scale affects the mechanical properties of rock mass
based on modeling synthetic rock mass. In the particle flow
code (PFC), the rock matrix is represented by a bonded parti-
cle assembly, pre-existing joints are represented by the smooth
joint model (SJM), and crack initiation when the contact force
exceeds the bond strength is considered analogous to AE.

In this paper, we propose a calculation that considers pre-
existing joints and that can predict AE events. A third-party
program is then used to calculate the moment tensor to get the
magnitude of AE events. In addition, we propose a spatiotem-
poral principle to estimate the same AE event. The micro-
parameters of the DEM model are calibrated based on
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confining pressure tests on intact specimens and the single
plane of weakness theory. Finally, we estimate the size of
the REV by investigating the effect of scale and anisotropy
of JRM from the perspective of AE characteristics.

Methodology
Discrete fracture network model

The simulations were done by using the PFC, which is a two-
dimensional numerical program based on the DEM. The PFC
treats the discrete fracture network (DFN) model as two
models, one representing the rock matrix, and the other
representing the joints within the rock matrix.

In the PFC, the contact bond model, parallel bond model
(PBM), and flat-joint model are three existing micro-bond
models for representing a rock matrix (Cho et al. 2007;
Mehranpour et al. 2018). In the contact bond model, the force
in question can only be transmitted through the contact bonds
between particles whereas, in the PBM, both force and torque
can be transmitted through parallel bonds between particles.
With the PBM, parallel bonds may be considered a group of
elastic springs normally distributed over the cross section of
the contact plane with the contact point as their surrounding
center; these springs have a constant normal and shear stiff-
ness and act in parallel with the point-contact springs that are
used to model particle stiffness at a point (Potyondy and
Cundall 2004). Because of the stiffness of the parallel bond,
the relative displacement between the two particles induces a
force and force moment. In addition, the macro-stiffness de-
creases immediately once the bond breaks in the PBM be-
cause the macro-stiffness is composed of both contact and
bond stiffness. The PBM and flat-joint model can also mimic
a finite-length interface between the particle contacts. In addi-
tion, there are some respective characteristics in these two
models (Wu and Xu 2016). The failure model of flat-joint
model cannot agree with physical experiment well. In this
study, the PBM is selected in the rock matrix because it can
simulate the rock in a more authentic manner.

In both the normal and the shear direction, the contact force
and displacement between particles are determined by the
normal stiffness ¥ and shear stiffness ¥ (Chen and
Konietzky 2014).

In previous work, joints were usually simulated by remov-
ing particles in certain positions, which would introduce an
inherent roughness between particles that would lead to an
unrealistic growth of shear strength and dilation along the joint
plane in the process of shearing. This weakness can be over-
come, however, by using the SJIM to simulate the pre-existing
joint plane in the rock mass (Kulatilake et al. 2001).
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Fig. 1 Smooth joint (SJ) contact
model in two dimensions (after
Pierce et al. 2007): a typical joint
plane defined; b joint plane closed
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Figure 1 shows a typical smooth joint (SJ). Once a joint
plane is defined, a SJ is assigned at the contact between par-
ticles with its center located on the opposite side of the defined
joint plane (Fig. 1a). The original contacts are then removed at
the contacts between particles and the SJ is redefined along the
joint plane regardless of the original contact orientation.
Mutual overlapping or passing through may occur between
two particles having such contacts (Fig. 1b). These contacts
move in accordance with the SIM laws (Pierce et al. 2007).

Acoustic emission simulation theory

The energy released after the bond rupture between neighbor-
ing particles is essentially uniform between all particle pairs
because the energy magnitudes released by particle rupture in
the DFN model are the same (Hazzard and Young 2000).
Regarding each bond rupture as an AE event does not comply
with the real micro-seismic and AE conditions in physical
experiments, which means that the rupture of bonds under
similar spatial and temporal conditions may be regarded as
AE events. If an AE event is associated with only one crack,
the contact point before rupture is regarded as its centroid.
However, if the AE event is associated with more than one
crack, the geometric center of these cracks is considered to be
the centroid of the AE event.

The particles at the two ends of a newly generated micro-
crack are defined as the source particles (particles A and B).
Only cracks in direct contact with the source particles may
belong to the same AE event (Fig. 2a). In the DFN model,

the force is transmitted to other particles through the source
particles. The magnitude and affected area of the AE event
expand together with the propagation and coalescence of the
cracks.

Figure 2b defines the same AE event in terms of excitation
time. The excitation time for crack 1 to propagate to the border
of its affected area is assumed to be T;. The moment tensor is
updated and recalculated at each time step within T;. If no new
crack is initiated within Ty, or in the affected area of crack 1,
this AE event consists of only one crack and the total excita-
tion time of the AE event is T. Ifthere is a new crack (namely,
crack 2) within T; and in the affected area of crack 1, then the
affected areas of cracks 1 and 2 overlap with each other and
the total excitation time of the AE event is T, (the excitation
time for crack 2 to propagate to the border of its affected area
is assumed to be T»). Similarly, if a new crack (crack 3) initi-
ates within T, the magnitude and the affected area of cracks 2
and 3 also overlap, and so on. In Fig. 2b, the total affected area
of the AE event is the overlapped area of cracks 1-3 and the
total excitation time is Ty, but cracks 4 and 1 do not belong to
the same AE event because crack 4 is initiated after T, (al-
though within the affected area of crack 1). Neither crack 5 nor
crack 1 belongs to the same AE event because crack 5 does
not initiate in the affected area of crack 1 (although it initiates
within Ty).

The moment tensor is an important instrument widely used
for quantitative measurements of micro-seismic sources (Liu
et al. 2015). In the DFN model, the force and displacement of
the particles can be directly obtained, which facilitates the
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Fig. 2 Definition of same AE event in terms of a space and b time; the occurrence order of micro-cracks is crack 1, 5, 2, 3, and 4, in which cracks 1-3

belong to the same AE event
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calculation of the moment tensor based on the change in con-
tact force between particles caused by the initiation of new
cracks. The moment tensor in the arithmetic model can be
obtained by multiplying the change in the contact force by
its corresponding leverage arm (distance from contact point
to the middle point of the crack):

My =3 (AFL) (1

where M;; is the scalar seismic moment in the calculation, and
AF; and L; are the nth component of the contact force and the
corresponding leverage arm.

The maximum scalar moment of the moment tensor is
(Lisjak et al. 2013):

where M, is the scalar seismic moment.
The magnitude of the AE event can be calculated by using
(Heinze et al. 2015):

M =2 1g(Mo)-6 3)

where M is the magnitude of AE events.

Calibration of numerical model
Calibration of intact rock specimens

The micro-parameters of the model related to particle contacts
must be calibrated (Kulatilake et al. 1996; Kulatilake et al.
1993f3). The rock materials used in this study were argilla-
ceous sandstone from the Shanxi Formation in Shanxi
Province, China. In this study, besides the uniaxial compres-
sive strength (UCS) and Young’s modulus, the cohesion ¢ and
internal friction angle ¢ obtained from physical experiments
were also used in the calibration of the micro-parameters. In
confining pressure tests, these two parameters can be calculat-
ed by using (Kovari et al. 1983):

= 1 4

@ aresin —— (4)
1—-sin¢

c=b 2¢cos¢p )

where k and b are the gradient of the fitting curve and the y
intercept, respectively.

In this study, all specimens of argillaceous sandstone were
processed into $50 x 100 mm cylinders with each end sanded
parallel to the loading system. Table 1 gives the mechanical
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properties of argillaceous sandstone at different confining
pressure. The micro-parameters of the intact rock specimen
were calibrated through trial and error. According to the re-
sults of physical experiments, Young’s modulus varies little
under different confining pressures, which means that
Young’s modulus for the intact rock specimen was calibrated
before its strength parameters (including cohesion and internal
friction angle).

Figure 3 plots the results of laboratory tests against sim-
ulation results under compression tests with 0.5, 2.0, 4.0,
and 6.0 MPa confining pressure. The comparison between
the results of the physical experiment and that of the nu-
merical simulation shows that the proposed model repro-
duces the linear elastic stage, Young’s modulus, and peak
stress. Table 2 gives the calibrated micro-parameters of the
rock matrix.

Statistics of discrete fracture network

A complicated distribution of joints in rock mass often results
in nonlinear, discontinuous, and anisotropic characteristics,
which means that the distribution of the joint must be under-
stood before determining its micro-parameters. In this study,
the joint distribution is explored using samples from Shanxi,
China (taken from the same site where the specimens for the
physical experiment were obtained).

A joint is a type of pre-existing flaw in a rock mass, and an
understanding of the distribution of the joints helps to simulate
the mechanical behavior and AE characteristic of the JRM.
The joint distribution of the rock mass in a certain region can
be obtained from regional geological surveys. In this study, we
used grayscale image-processing technology (Andri et al.
2013) to explore the joint distribution in the rock mass. The
real size of the rock is approximately 7.5 x 10 m? and the
image resolution is sufficient to identify the joints within the
rock. According to the statistical results of the joint distribu-
tion, including joint density, dip angle, trace length, and spac-
ing, three sets of joints exist in the rock mass. Stochastic
models are effective tools for representing DFN based on the
available structural data (Kulatilake et al. 2003). Table 3 lists
the geometrical parameters of the joints, where type I repre-
sents the stochastic model of a negative exponential distribu-
tion of joints, type II is for a normal distribution, type III is for
a logarithmic normal distribution, and type IV is for a uniform
distribution.

In the PFC, the “DFN template” instruction can be used to
create an independent sub-program according to the statistical
properties of discontinuities (i.e., dip angle, trace length, and
spacing). In this paper, three sets of joints were separately
named, and each set was embedded into the DEM model
according to the statistical properties given in Table 3.
Finally, the DFN model was generated.



Arab J Geosci (2020) 13: 324

Page 50of 14 324

Table 1

Mechanical properties of argillaceous sandstone used in this research

Confining Deviatoric stress (MPa)

pressure (MPa)

Specimen number

Young’s
modulus (GPa)

Cohesion (MPa) Internal

friction angle (°)

Poisson’s ratio

I-1 0.5 19.55 20.11 0.194 6.13 19.36
I-2 2.0 20.97 20.64 0.204
I-3 4.0 24.60 22.16 0.224
I-4 6.0 29.08 21.88 0.201

Determination of smooth joint parameters

Up to now, no specific method has been proposed to deter-
mine the joint parameters in a DFN model. Fan et al. (2015)
represented a SJ by reducing the mechanical properties of
specified sections. The parameters of the SJ were determined
by comparing the simulation results for specimens with non-
persistent open joints with the results obtained from physical
experiments under uniaxial compressive tests. Bahaaddini
et al. (2013) determined the normal stiffness of the SJ (Ey- )
by simulating normal deformability tests, and the shear stiff-
ness of SJs (k; ) and the friction coefficient 4i; by simulating
direct shear tests. Yang and Qiao (2018) adopted a similar
method to determine the parameters of SJs. Wang et al.
(2016) used a sensitivity analysis to calibrate the SJ parame-
ters of specimens with different layer orientations.

According to our previous work (Chong et al. 2017), the SJ
parameters strongly affect the specimens. The peak strength of
a specimen is mainly determined by the strength of the SJ,
including tensile strength and cohesion. The number of cracks
is affected by the ratio of the tensile strength to cohesion,
which, in turn, modifies the specimen failure mode. In addi-
tion, the normal stiffness and shear stiffness exert a varying
effect on the peak stress and Young’s modulus of the
specimen.
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Fig.3 Comparison between experimental and numerical deviatoric stress
versus vertical strain curves

SJ micro-parameters in a large rock mass can be estimated
according to previous work (Pierce et al. 2007). In the present
study, three sets of SJs were assumed to be cohesionless, and
their internal friction angles were assumed to be 30° and dila-
tion angles to be 0° (Esmaieli et al. 2010). Initially, the same
values were assigned to k,; and kg, and then the SJ micro-
parameters were determined according to the single plane of
weakness theory (Jaeger 1960«, {3; Mclamore and Gray
1967). Further trial and error tests were done to calibrate the
micro-parameters of the SJ. Figure 4 compares the result of a
numerical simulation with a result calculated based on the
single plane of weakness theory when the specimen has a
single joint plane. The comparison reveals that the selected
SJ micro-parameters in Table 4 are the best for this research.
The direct shear test using the PFC? can also be used to
calibrate the SJ micro-parameters (Mehranpour and
Kulatilake 2017).

Model setup

Based on the calibrated DEM model from above, a series of
numerical simulations was run to investigate the effect of scale
and anisotropy on a JRM and to estimate the size of the REV.
Figure 5 shows a schematic diagram of the study. The angle in
the vertical direction is assumed to be 8 = 0°, where 6 rotates
clockwise in 30° steps. In this way, the properties of the JRM
were analyzed and the size of the REV was determined in
terms of the AE characteristics. In this study, the DEM models
with 15 different sizes (i.e., 1 X 1,2x2,3x3,4x4,5%x5,6x%

6,7x7,8x8,9%x9,10x10, 11 x11,12x 12,13 x 13, 14 %

14, and 15 x 15 m) were generated and tested by applying
uniaxial compressive tests.

In this study, the failure criterion is satisfied when the axial
pressure exceeds the maximum contact force between parti-
cles. The tensile and shear strength between two particles can
be calculated by using

S )
7 T4 7

- ‘TVS iR

T = 7
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Table2  Microscopic parameters of simulated specimen after calibration

Micro-parameters Symbol Unit Values
The minimum particle radius Riin mm 1.0
Ratio of maximum and minimum particle radius Riax/Rinin / 1.67
Particle density o kg/m® 2800
Particle friction coefficient I / 0.55
Young’s modulus of the particle E GPa 144
Parallel bond radius multiplier A / 1.0
Young’s modulus of the parallel bond E. GPa 144
Tensile strength of the parallel bond (mean) O-mean MPa 14.7
Tensile strength of the parallel bond (std deviation) O p-dev MPa 3.6
Cohesion of the parallel bond (mean) Ty-mean MPa 9.2
Cohesion of the parallel bond (std deviation) Ts- dev MPa 24

where F' and F~ are the normal- and shear-directed force
exerted by the contact (PBM or SIM), A and [ are the area
and moment of inertia of the contact cross section, a™* and
77 are the tensile strength and shear strength, respectively,
and J is the polar moment of inertia.

Particle size may also influence the simulation results with
different model sizes. Ding et al. (2014) suggested that the
effect of particle size R correlates directly with model size L.
The macroscopic mechanical properties (strength, modulus,
and Poisson’s ratio) of a model vary quite significantly when
the ratio L/R is relatively small but tend to stabilize when L/R
>50. Based on this finding, we selected proper-sized particles
to ensure L/R > 50 so that L/R remains as stable as possible.

Estimate of size of representative element
volume

Effect of scale and anisotropy on cumulative
frequency of acoustic emission events

The relationship between the accumulated frequency and the
magnitude of AE events plays an important role in estimating

the size of the REV. Figure 6 shows the accumulated number
versus the magnitude distribution curve with different model
sizes and layer orientations, in which the vertical axis repre-
sents the log-transformed value of the accumulated frequency.
When the size of the model is less than 10 x 10 m, the accu-
mulated frequencies of AE events in different layer orienta-
tions differ significantly. For the same model size (2 x 2 m),
the highest accumulated frequency of AE events (6=0°,
log(N) = 3.08) is more than 30 times that of the lowest accu-
mulated frequency (0 =30°, log(V) =1.5). When the model
size reaches 9 x 9 m, the highest accumulated frequency of
AE events (6=0°, log(N)=23.73) is approximately twice the
lowest accumulated frequency (6 =30°, log(N) = 3.42). From
2 x2 to 9% 9 m, the JRM with different layer orientations is
anisotropic because of the significantly different accumulated
frequencies. When the model size reaches 10 x 10 m or more,
the anisotropy caused by the different layer orientations grad-
ually disappears, and the accumulated frequencies of AE
events generated in models with different sizes tend to be
essentially the same (log(V) = 3.75).

The magnitude of AE events is known to follow a power-
law distribution. The Gutenberg—Richter-type relationship is
used to examine the AE magnitude (Shivakumar and Rao

Table 3 Geometrical parameters
and distribution of joints Set

Set 1 Set 2 Set 3
Joint characteristics Density (m™) 1.02 1.34 0.36
Dip angle (°) Type v v I
Mean value 86.98 7.10 45.96
Standard deviation 11.58 4.15 10.77
Trace length (m) Type I I 11
Mean value 1.03 1.39 1.21
Standard deviation 0.31 043 0.27
Spacing (m) Type v v 11
Mean value 0.58 0.42 1.36
Standard deviation 0.75 0.87 1.28
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2000). This equation is widely used to investigate AE events
in physical experiments or in field tests and is given by

log,y(N) = a—bM (8)

where N is the accumulated frequency of AE events, M is the
magnitude of AE events, a is the mean activity level in the
region under investigation, and b is the ratio of the frequency
of small events to the frequency of large events. Larger values
for b correspond to a larger fraction of large AE events, and
vice versa.

To examine the magnitude of an AE event, we fit the curves
between logarithmic frequency and AE event magnitude
(Fig. 6). When the model size is less than 10 x 10 m, there
are usually two sets of values for a and b, which is caused by
the anisotropy due to the different layer orientations for small-
er model size (Table 5). Similarly, the fit results for a and b
also depend strongly on model size. This phenomenon proves
that the scale affects the generation of AE events.

However, when the model size reaches 10 x 10 m or more,
only one set of values is obtained for a and b for the models
with different layer orientations, and a and b vary little with
model size. This phenomenon reflects the fact that AE events

Table 4  Micro-properties used in smooth joint (SJ) contact for simulat-
ed specimen after calibration

Parameters Unit Values

Smooth joint model Normal stiffness N/m® 45.2
Shear stiffness N/m® 38.2
Tensile strength MPa 0
Cohesion MPa 0
Friction angle ° 30
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Fig.5 Schematic diagram of study of scale effect, anisotropy, and the size
of the REV

are very similar to each other when the model size reaches
10 x 10 m or more. When the model size reaches 10 X 10 m or
more, b is greater than when the model size is less than 10 x
10 m, which proves that the large-magnitude AE events that
occur with high frequency are generated within the model
when the model size is relatively large.

Effect of scale and anisotropy on distribution
of magnitude of acoustic emission events

In the calculation, the distribution of the magnitude of AE
events is also an important factor for estimating the size of
the REV. Figure 7 shows the relationship between the mag-
nitude of AE events and the number of AE events for dif-
ferent model sizes. The vertical axis gives the frequency of
AE events for different event magnitudes. The frequency
of AE events as a function of magnitude follows a normal
distribution. Most AE event magnitudes range from —4.25
to — 3.0 when the model size is 0.1 X 0.1 m (the smallest
size). As the model size increases, the magnitude of the AE
event also increases. When the model size reaches 1 X 1 m,
the AE event magnitude undergoes its most dramatic
growth, with the magnitude ranging from —4.25 to —3.0.
When the model size increases beyond 1x 1 m, the AE
event magnitude continues to fluctuate strongly. When
the model size reaches 8 X 8 or 9 x 9 m, however, the in-
crease in AE event magnitude gradually attenuates, and
most magnitudes remain stable between —2.75 and —
1.25. However, the magnitudes also drop below —2.75 or
grow above — 1.25 for some AE events, but the fraction of
these AE events is less than 10%.
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Fig. 6 Relationship between AE event magnitude and logarithmic AE events with different model sizes: a2 x2m;b5x5m;¢ 10X 10m; d 12 % 12 m

Effect of scale and anisotropy acoustic emission
events containing the crack number

The other important factor for estimating the size of the
REV is the relationship between the number of cracks (x
coordinate) associated with every AE event and the fre-
quency (v coordinate) of the AE event (Fig. 8). These
results reveal a negative exponential relationship between
the two, which means that, for each AE event, the fre-
quency drops dramatically with increasing number of
cracks. For these AE events, the number of cracks ranges
from 1 to 3.

Table 6 lists the statistical results of AE events composed of
only one crack and of more than ten cracks, and the maximum
number of cracks for an AE event. When the model size is
very small (i.e., 0.1 X 0.1 and 1 x 1 m), over 90% of AE events
are associated with only one crack, and almost no AE event is
associated with more than ten cracks. This means that no
macro-fracture or fast propagation or coalescence of cracks
occurs within the model.

@ Springer

With increasing model size, the fraction of AE events as-
sociated with one crack decreases gradually, but the fraction
remains near 85% even when the model size reaches 15 x
15 m (the maximum size). The frequency of AE events asso-
ciated with ten cracks exceeds 250 when the model size
reaches 9 x 9 m. This frequency exceeds 260 and the maxi-
mum number of cracks associated with a single AE event
exceeds 20 when the model size reaches 10 x 10 m. As the
model size increases, these two sets of values remain essen-
tially similar and show no further increase. This means that,
when the model size reaches 10 x 10 m or more, many cracks
within the JRM start to propagate and coalesce, but the pa-
rameters of the AE events excited by the cracks remain essen-
tially the same.

Discussion

This paper proposes the use of an independent sub-program to
calculate AE events. We apply the moment tensor in the DFN
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Table 5 Results of fits for ¢ and b of accumulated AE events
Model size Group 1 Group 2
a value b value a value b value
0.1x0.1 m —10.38 1.66 NA NA
1x1m —9.28 2.46 NA NA
2x2m —5.04 2.53 —4.67 1.79
3x3m —4.55 2.74 -3.79 1.87
4x4 m -9.50 3.19 -9.61 2.51
5x5m —5.26 3.54 —6.84 3.73
6x6m —2.68 2.57 —3.87 2.67
7x7 m —4.29 3.57 NA NA
8§x8m —5.06 432 —4.79 3.62
9%x9 m —4.00 3.83 —3.44 3.03
10x10 m —524 5.04 NA NA
11x11 m —4.78 472 NA NA
12x12m —4.29 4.96 NA NA
13x13 m —-3.01 5.02 NA NA
14x14 m —-4.92 4.88 NA NA
15%x15m —443 5.10 NA NA
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model and use an algorithm to identify identical AE events.
Next, the parameters of the DEM model are calibrated based
on physical experiments with intact specimens and the statis-
tical results of joint planes. After calibration, the proposed
model is used to investigate the AE characteristics of the
JRM. The proposed model has the following advantages:

(1) The proposed calculation is effective and successful for
investigating how scale and anisotropy affect the JRM.
Once the model is calibrated based on a given set of
experiments, it can be used to expand our knowledge to
the cases that cannot easily be tested.

(2) The proposed model accounts for the anisotropy and
heterogeneity of JRM. With this model, micro-seismic
events within the JRM and that are excited by the initi-
ation, propagation, and coalescence of cracks during the
loading process can be recorded by using an independent
algorithm.
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Fig.7 Relationship between AE event magnitude and number of AE events for various model sizesat=0°a0.1 x0.1 m;b 1 x1m;c8*x8m;d 10 x
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Table 6 Statistical results of AE
events composed of only one
crack and more than ten cracks,
and maximum number of cracks
for an AE event for different
model sizes

@ Springer

Model size The ratio of AE event AE event composed of Maximum crack number
composed of only one more than ten cracks of an AE event containing
crack (average of different ) (%) (average of different 6) (average of different 6)

0.1x0.1 m 93.23 0 7

1x1m 90.27 1 10

2x2m 89.83 2 11

3x3m 88.27 7 14

4x4m 88.16 22 15

5x5m 88.06 35 15

6x6m 87.15 137 19

7x7m 87.12 162 20

8§x8m 87.01 228 20

9x9m 86.41 253 19

10x10 m 86.11 269 23

I1x11 m 85.31 271 24

12x12m 85.90 263 23

13x13m 86.00 277 23

14x14 m 85.53 251 24

I5x15m 85.80 262 24
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Figure 9 shows the AE event distribution for various model
sizes at € =0° in which yellow dashed lines represent pre-
existing joint planes. These results reveal that the JRM con-
tains fewer joint planes when the model size is relatively small
(i.e., between 0.1 x 0.1 and 5 x5 m), and evolution of frac-
tures caused by AE events can be clearly seen.

Figure 10 shows the vertical stress versus strain curve,
the development of cracks, and AE events with different
sizes at #=0°. When the model size is 0.1 x 0.1 m, no
pre-existing joint plane exists within the specimen and
cracks start to form only when vertical stress rises to
80% of the peak stress. At the same time, AE events
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Fig. 9 AE event distribution at # = 0° with model size ranging from 0.1 x 0.1 to 15x 15 m
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at0=0%alx1lmb7x7m;cl0Ox10m;d13%x13m

appear. The threshold for crack initiation and the num-
ber of AE events decrease with increasing model size.
When the model size reaches 10 x 10 m or more, cracks
and AE events initiate at the beginning of the loading
process.

It is impossible to capture the characteristics of crack
development in the DEM model because each AE event
in this model is associated with several different types
of cracks, which means that an AE event indicates the
magnitude of the signal released by crack initiation dur-
ing the loading process but does not identify the spec-
imen failure modes.

Note that the stress versus strain curve from the JRM simula-
tion differs slightly from the result obtained from physical exper-
iment. There are perhaps two reasons for this: First, the rock mass
was anisotropic or netepoyeveovo because of the
discontinuous distribution of joint planes in the numerical
simulation. Second, the unstable propagation of cracks during
the simulation caused fluctuations in the simulated curves.

@ Springer

Conclusions

We propose a calculation to investigate how the scale and
anisotropy of AE characteristics affect the JRM. To begin,
we study the distribution of joint planes, from which three sets
of geometric parameters are obtained and used to generate a
DFN. Second, we calibrate the micro-parameters of the rock
matrix by using confining pressure tests and the micro-
parameters of joint planes based on the single plane of weak-
ness theory. Finally, the validated DEM model is applied in a
series of numerical simulations to investigate how scale and
anisotropy affect the AE characteristics. The results lead to the
following conclusions:

(1) The AE event magnitude follows a power-law distribu-
tion for various model sizes. When the model size in-
creases to 10 x 10 m or more, the accumulated frequency
of AE events remains stable for different model sizes. A
relatively stable linear relationship appears between
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frequency and the magnitude of log-transformed AE
events (both parameters a and b vary little).

(2) The AE event frequencies for different AE event magni-
tudes follow a normal distribution. When the model size
attains 10 x 10 m or more, most AE event magnitudes
remain quite stable (between —2.75 and — 1.25).

(3) The AE event frequency as a function of crack number
associated with each AE event is a negative exponential,
which means that fewer cracks associated with a given
AE event correspond to a higher AE event proportion.
When the model size increases to 10 x 10 m or more, the
AE events with one crack account for about 85% of the
total number of AE events, and the frequency of the AE
events associated with more than ten cracks exceed 260.
Finally, the maximum number of cracks associated with
a single AE event exceeds 20. These parameters essen-
tially remain stable.

Based on all these parameters, the size of the REV is deter-
mined to be 10 x 10 m. The model proposed herein can sup-
port the study of mechanical mechanisms for discontinuities in
rock mass and the verification of AE characteristics.
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