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Abstract: The joint arrangement in rock masses is the critical factor controlling the stability of
rock structures in underground geotechnical engineering. In this study, the influence of the joint
inclination angle on the mechanical behavior of jointed rock masses under uniaxial compression
was investigated. Physical model laboratory experiments were conducted on jointed specimens
with a single pre-existing flaw inclined at 0◦, 30◦, 45◦, 60◦, and 90◦ and on intact specimens. The
acoustic emission (AE) signals were monitored during the loading process, which revealed that
there is a correlation between the AE characteristics and the failure modes of the jointed specimens
with different inclination angles. In addition, particle flow code (PFC) modeling was carried out
to reproduce the phenomena observed in the physical experiments. According to the numerical
results, the AE phenomenon was basically the same as that observed in the physical experiments.
The response of the pre-existing joint mainly involved three stages: (I) the closing of the joint; (II)
the strength mobilization of the joint; and (III) the reopening of the joint. Moreover, the response
of the pre-existing joint was closely related to the joint’s inclination. As the joint inclination angle
increased, the strength mobilization stage of the joint gradually shifted from the pre-peak stage of
the stress–strain curve to the post-peak stage. In addition, the instantaneous drop in the average joint
system aperture (aave) in the specimens with medium and high inclination angles corresponded to a
rapid increase in the form of the pulse of the AE activity during the strength mobilization stage.

Keywords: acoustic emission; jointed rock masses; joint strength mobilization; PFC

1. Introduction

The damage development of underground caverns and rock slopes during the exca-
vation processes and the activities of large underground faults may trigger microseismic
events and earthquakes, respectively [1]. The propagation of the original internal cracks
and defects within the rock and the initiation, propagation and coalescence of new microc-
racks release elastic waves during the damage process, which are called acoustic emissions
(AEs) [2]. In the 1930s, Obert [3] first applied AE technology to the monitoring and pre-
diction of the stability of mine pillars and rock bursts. Since then, AE technology has
been extensively used in geotechnical engineering. Based on the AE characteristics of
the rock failure process, several researchers have conducted extensive laboratory research
on the AE characteristics of rocks under compression [4–6], tension [7], shear [8], and
fracture test conditions [9]. Mogi [10] conducted a large number of AE experiments on
rocks and explored the AE characteristics of the rock fracture process under pressure.
Holcomb and Costin [11] used the Kaiser effect—that is, that the onset of AE indicates the
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initiation of damage—to establish a connection between the AE and the damaged surfaces.
Subsequently, Pestman and Munster [12] used the Kaiser effect to study the relationship
between the AE characteristics of sandstone and the shape of the damaged surfaces under
triaxial stress.

As the variability of the AE signal parameters is affected by various static and dynamic
factors, such as the material properties, deformation characteristics, and damage evolution
of the specimen, and these factors also influence each other, it is difficult to extract the
effective AE characteristics, which affects the theoretical and experimental research of
AE signals. Thus, several researchers have attempted to use numerical modeling of AEs
to further improve and supplement their experimental and theoretical results [13–15].
Hazzard and Young [16] studied the theory of the AE numerical simulation algorithm
using the particle flow code (PFC2D), and they further demonstrated the feasibility of using
bond breakage to simulate AEs. Then, they extended this algorithm to PFC3D [17], and
the model produced seismic events with realistic locations, magnitudes, and mechanisms.
Su et al. [18] used PFC2D to simulate the AEs of rock samples with different degrees of
heterogeneity, and the breakage of a bond between two particles was regarded as an AE
signal. The AE event of a rock can be simulated by counting the number of bond breakages
(or microcracks), and the results have shown that the maximum value of the AE lags behind
the peak strength. Moreover, as the heterogeneity of the rock increases, the hysteresis effect
of the AE signals becomes significant. Wang et al. [19] also regarded the breaking of a bond
in a sample as an AE; they compared it with the AE rate obtained from physical model
tests in order to calibrate the PFC2D model. Cai et al. [20] used the FLAC/PFC coupling
numerical method to study the AE of the Kannagawa underground powerhouse cavern in
Japan, and they successfully applied AE simulations at the engineering scale.

AE signals can reflect the characteristics of rock damage, but they are difficult to
observe, and it is difficult to comprehensively evaluate the opened/closed state of a pre-
existing joint and the detailed process of the pre-existing joint mobilization using AE [21].
Thus, various numerical methods have been extensively used to study the influence of
pre-existing joints on the damage mechanism of a rock mass, such as the finite element
method (FEM) [22–24], the boundary element method (BEM) [25], and the discrete element
method (DEM) [26–28]. In recent years, the particle flow code (PFC), which was developed
based on the DEM, has been extensively used to study the damage mechanism of rock
masses [29,30]. Sagong et al. [31] simulated the rock fracture and joint sliding of jointed rock
masses with an opening under biaxial compression and investigated the dependence of
the damage zone around the hole on the different joint inclination angles. Cheng et al. [32]
used PFC2D to perform uniaxial compression tests on nonpersistent jointed rock masses
and found that the strength mobilization of the joint system plays a crucial role in strain-
softening behaviors. Subsequently, Chen et al. [33] built upon this research and found that
the strain-softening behavior was mainly determined by the interactions between the joints,
rock bridges, and matrix. Moreover, Shang used PFC3D modeling to simulate the rupture
of veined granite under polyaxial compression [34].

In the above-described laboratory tests and numerical modeling, few of the studies
analyzed the influence of pre-existing flaws on the failure mechanism of specimens us-
ing this research method, that is, combining physical experiments with AE monitoring
and numerical simulations from microscopic perspectives. In this study, we combined
AE parameters obtained from laboratory tests with the number of crack elements in
the numerical model to analyze the damage mechanism of rock masses. In addition,
the relationship between the response of a pre-existing joint and the AE characteristic
was analyzed.

2. Introduction to Laboratory Tests
2.1. Specimen Preparation and Mechanical Properties of Materials

Since a natural rock contains a large number of random cracks, it is difficult to quanti-
tatively analyze the influence of the joint inclination angles on the mechanical behaviors
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of a rock in the laboratory. Hence, gypsum specimens were used in this experiment. The
geometry of the specimen and a photograph of a sample are presented in Figure 1. The
dimensions of the specimens were 60 × 60 × 20 mm3 in width, length, and thickness, re-
spectively. A single joint penetrated completely through the specimen. The joint inclination
angles (β) inside the different specimens were 0◦, 30◦, 45◦, 60◦, and 90◦, and the length
and thickness of the joint were fixed at Lj = 24 mm and 0.4 mm, respectively. The artificial
joints in the specimens were created by inserting steel sheets into the uncured mixture. The
partially cured mixture was stored at room temperature for 21 days before the uniaxial
compression tests were performed. In order to eliminate testing errors, at least three of
each type of specimen were prepared. The uniaxial compressive strength (UCS), Poisson’s
ratio (v), and Young’s modulus (E) were measured during the uniaxial compression test of
a standard cylindrical specimen (50 mm in diameter and 100 mm in length). The cohesion
(c) and internal friction angle (ϕ) were measured during the standard triaxial compression
test of standard cylindrical specimen. The physical and mechanical properties of the intact
specimen are presented in Table 1.
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Figure 1. (a) Sketches of specimen’s geometry and joint geometry; (b) photograph of a sample
(β = 60◦).

Table 1. Physical and mechanical properties of the modeled material.

Unit Weight
γ (kN/m3) UCS (MPa)

Young’s
Modulus E

(GPa)

Poisson’s
Ratio v

Cohesion c
(MPa)

Internal
Friction

Angle ϕ (◦)

11.69 12.54 5.6 0.23 3.0 34

2.2. Experimental Setup and Conditions

The pressure in the uniaxial compression experiments was provided using a servo-
controlled Changchun Machinery SLB100 test machine. The displacement control mode
with a constant loading rate of 0.003 mm/s was used for the experiments. High-definition
digital cameras and video cameras were used to record the failure process of the specimen’s
surface. A PCI-2 AE system (Physical Acoustic Corporation, Princeton, NJ, USA) was used
to collect, store, and analyze the AE signal in real-time.

The AE system consisted of transducers, preamplifiers, and a data acquisition system.
Four transducers were placed on the surface of each specimen. To ensure a good contact
with the sample, the sensor was fixed in place using an electromagnetic fixture, and a
couplant was applied to the contact between the sample and the sensor (Figure 2). The
signals were amplified by 40 dB using a preamplifier. The resonant frequency of the AE
transducer was 300 kHz, and the AE threshold was 45 dB. An event was defined as a local
deformation of the material identified by one or several hits.
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2.3. AE Parameter Selection

Using a series of basic AE parameters to characterize the AE signal is the most common
way to record an AE event. These parameters include the hits, amplitude, energy, duration,
and rise time. In this experiment, the number of hits per second (HPS) on all of the channels
was counted [35], and the statistical parameters HPS and energy were used to evaluate the
AE activity.

3. Experimental Results
3.1. AE Sequential Characteristics and Failure Modes

The variations in the stress, HPS, and energy accumulation over time are shown in
Figure 3. The deformation characteristics were almost the same for all of the specimens
under uniaxial compression. The definitions of the characteristic points on the stress–strain
curve are given in Table 2. All of the stress–strain curves can be divided into the following
four stages: the initial compaction stage (OA), the elastic deformation stage (AB), the plastic
deformation stage (BF), and the post-peak failure stage (FS). It should be noted that point B
on the stress–strain curve was selected when the cracks on the surface of the specimens
suddenly initiate (Figure 3). The HPS and energy accumulation correspond well to the four
stages of the loading process.

Table 2. The definitions of the characteristic points on the stress–strain curve.

Characteristic Points Definition

O Start point of test
A Start point of elastic deformation
B Start point of plastic deformation
F Peak strength point
S End point of test



Energies 2021, 14, 200 5 of 19

Energies 2021, 14, x FOR PEER REVIEW 5 of 19 
 

 

time differ for the different specimens. For the specimens with low dip angles (β = 0°, 30°), 

the HPS increases rapidly in the form of a pulse at the beginning point or end point of this 

stage (points B and F, respectively). However, the HPS activity is stable at a low level and 

lasts for a long time, i.e., almost throughout the entire stage. For the specimens with β = 

0°, the stress level fluctuates slightly when the HPS increases rapidly in the form of a pulse 

at point B (Figure 3b). For the specimens with medium inclination angles (β = 45°, 60°), the 

HPS exhibits a dense rapid increase in the form of a pulse throughout the entire stage. For 

the high joint angle specimens (β = 90°) and the intact specimens, the HPS increases rap-

idly in the form of a pulse at points B and F. However, in contrast to the specimens with 

low inclination angles, for the high joint angle specimens and intact specimens, the HPS 

distribution in the form of a pulse is denser, and the average value is larger near the peak 

strength (point F) of the stress–strain curve. The AE characteristics of the specimens with 

different inclination angles and the intact specimens may be related to the failure modes 

of the specimens. Figures 4 and 5 show photos of the failure modes of the specimens at 

points F and S on the stress–strain curve, respectively. 

(1) For the specimens with low dip angles, for β = 0°, the failure mode was crushing; and 

in the plastic deformation stage, the propagation and coalescence of several thinner 

tensile cracks on the surface of the specimens occurred. These cracks were relatively 

small, the AE activity was dense throughout the entire stage, and the AE level was 

stable at a low level. For β = 30°, the failure mode was shear failure along the prefab-

ricated joint plane. It had the smallest strength (7.34 MPa) compared with the jointed 

specimens with other angles, and the matrix damage was the lowest when the unsta-

ble failure occurred. Thus, the AE activity was weak and was only concentrated near 

the peak point. 

(2) For the specimens with medium inclination angles (β = 45° and 60°), which had a 

mixed type failure mode composed of shear failure and axial cleavage failure, the 

strength of the jointed specimens with inclination angles of 45° and 60° (8.31 MPa 

and 8.85 MPa, respectively) were between those of the specimens with inclination 

angles of 0° and 30°. In the plastic deformation stage, a large number of shear cracks 

formed in the specimens along the prefabricated joint plane. Furthermore, a long ten-

sile crack formed along the loading axis [Figure 4d,e]. Thus, the AE activity exhibited 

a dense rapid increase throughout the entire stage. 

(3) For the high joint angle specimens (β = 90°) and intact specimens, the failure mode 

was axial cleavage failure, which had a high strength compared with the jointed spec-

imens with other angles. The matrix damage was very high when the instability de-

struction occurred. Thus, the AE activity was denser, and the average value was 

larger and was near the peak point. 

0 400 800 1200 1600 2000
0

2

4

6

8

10

12

14


（

M
P

a）

Time（ s）

0

30

60

90

120

150

180

HP
S

 

0

6

12

18

24

30

S

F

B

AO

E
（

m
V

.s
1
04 ）

(a) intact 

0 400 800 1200 1600 2000
0

2

4

6

8

10

12

14

S

F

B

A

O


（

M
P

a
）

H
P
S

 

Time(s)

0

30

60

90

120

150

180

  

0

6

12

18

24

30

E
(m

V
.s
1

0
4
)

(b) β = 0° 

Energies 2021, 14, x FOR PEER REVIEW 6 of 19 
 

 

0 400 800 1200 1600 2000
0

2

4

6

8

10

12

14

S

F

B

O

A


(

M
P

a
)

H
P
S

 

Time（ s）

0

30

60

90

120

150

180

 

0

6

12

18

24

30

E
 (

m
V

.s

1
0

4
)

(c) β = 30° 

0 400 800 1200 1600 2000
0

2

4

6

8

10

12

14



(M

P
a
)

H
P
S

 

Time（ s）

0

30

60

90

120

150

180

 

0

6

12

18

24

30

F

S

B

AO

E
 (

m
V

.s

1

0
4
)

(d) β = 45° 

0 400 800 1200 1600 2000
0

2

4

6

8

10

12

14

F

B

A

O

S


 
(M

P
a)

HP
S

 

Time (s)

0

30

60

90

120

150

180

 

0

6

12

18

24

30

E
 (

m
V

.s
1

0
4
)

(e) β = 60° 

0 400 800 1200 1600 2000

0

2

4

6

8

10

12

14
F

O

S

B

A


 
(M

P
a
)

H
P
S

 

Time (s)

0

30

60

90

120

150

180

 

0

6

12

18

24

30

E
 (

m
V

.s
1

0
4
)

Spalling 

area

(f) β = 90° 

Figure 3. The variations in the stress, hits per second (HPS), and energy accumulation over time for samples with different 

inclination angles. 

 

Figure 4. Photographs of specimens at selected key point F in the stress–strain curve. 

(a) intact (b) β=0° (c) β=30°

Spalling area

(d) β=45° (e) β=60° (f) β=90°

Spalling 

area

Figure 3. The variations in the stress, hits per second (HPS), and energy accumulation over time for samples with different
inclination angles.

In the initial compaction stage (OA), the stress level is very low, and the internal micro-
fractures and pores in the specimens are compressed, resulting in no or only a small amount
of HPS. After the specimen is compacted, its deformation enters the elastic deformation
stage (AB). The increasing stress in this stage is not enough to produce new cracks or
to force the original micro-cracks to expand, so the HPS remains at a very small value.
However, the AE energy of the specimen with β = 0◦ increases instantaneously in the form
of a pulse in this stage, and the stress level does not increase or decrease significantly, that is,
it is a non-corresponding point. Other researchers have also reported this phenomenon [36].
In the plastic deformation stage (BF), the variations in the stress and AE activity with time
differ for the different specimens. For the specimens with low dip angles (β = 0◦, 30◦), the
HPS increases rapidly in the form of a pulse at the beginning point or end point of this
stage (points B and F, respectively). However, the HPS activity is stable at a low level and
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lasts for a long time, i.e., almost throughout the entire stage. For the specimens with β = 0◦,
the stress level fluctuates slightly when the HPS increases rapidly in the form of a pulse
at point B (Figure 3b). For the specimens with medium inclination angles (β = 45◦, 60◦),
the HPS exhibits a dense rapid increase in the form of a pulse throughout the entire stage.
For the high joint angle specimens (β = 90◦) and the intact specimens, the HPS increases
rapidly in the form of a pulse at points B and F. However, in contrast to the specimens with
low inclination angles, for the high joint angle specimens and intact specimens, the HPS
distribution in the form of a pulse is denser, and the average value is larger near the peak
strength (point F) of the stress–strain curve. The AE characteristics of the specimens with
different inclination angles and the intact specimens may be related to the failure modes
of the specimens. Figures 4 and 5 show photos of the failure modes of the specimens at
points F and S on the stress–strain curve, respectively.
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(1) For the specimens with low dip angles, for β = 0◦, the failure mode was crushing;
and in the plastic deformation stage, the propagation and coalescence of several
thinner tensile cracks on the surface of the specimens occurred. These cracks were
relatively small, the AE activity was dense throughout the entire stage, and the AE
level was stable at a low level. For β = 30◦, the failure mode was shear failure along the
prefabricated joint plane. It had the smallest strength (7.34 MPa) compared with the
jointed specimens with other angles, and the matrix damage was the lowest when the
unstable failure occurred. Thus, the AE activity was weak and was only concentrated
near the peak point.

(2) For the specimens with medium inclination angles (β = 45◦ and 60◦), which had a
mixed type failure mode composed of shear failure and axial cleavage failure, the
strength of the jointed specimens with inclination angles of 45◦ and 60◦ (8.31 MPa and
8.85 MPa, respectively) were between those of the specimens with inclination angles
of 0◦ and 30◦. In the plastic deformation stage, a large number of shear cracks formed
in the specimens along the prefabricated joint plane. Furthermore, a long tensile crack
formed along the loading axis (Figure 4d,e). Thus, the AE activity exhibited a dense
rapid increase throughout the entire stage.
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(3) For the high joint angle specimens (β = 90◦) and intact specimens, the failure mode
was axial cleavage failure, which had a high strength compared with the jointed
specimens with other angles. The matrix damage was very high when the instability
destruction occurred. Thus, the AE activity was denser, and the average value was
larger and was near the peak point.
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In the post-peak failure stage (FS), after the destruction of the specimen, the decreases
in the stress and HPS were significant. With the unsteady development of rock dilatancy,
many micro-cracks were initiated and propagated further, resulting in a slightly higher
HPS than before the failure. A large amount of energy was released, and audible sounds
were produced during this stage.

All of the specimens had a large increment of AE energy near the peak point of stress
(Figure 3); and at this time, the surface of the specimen contained obvious macroscopic
cracks (the red area in Figure 4). For the intact specimens, the thinner tensile cracks on
the surface of the specimen extended along the parallel loading axis and the HPS and the
increment of the AE energy were larger, indicating that most of the cracks were generated
inside of the specimen. For β = 0◦, several wing cracks that extended obliquely toward
the upper and lower surfaces of the specimen occurred at the joint tip. For β = 30◦, the
wing cracks perpendicular to the tip of the pre-existing joint rapidly expanded toward the
upper and lower surfaces of the specimen, and the tensile crack that developed from the
upper surface of the specimen penetrated the tip of the joint. For β = 45◦, many cracks
were generated inside the upper right part of the matrix and spread toward the surface
of the specimen. Most of these cracks interlaced with each other, causing slabbing of the
specimen’s surface. For β = 60◦, wing cracks occurred at the lower left joint tip, and the
wing crack at the upper right joint tip became wider. A small amount of powder appeared
in the prefabricated joint, indicating that the specimen experienced shear slip along the
prefabricated joint plane. In addition, tensile cracks were generated in the matrix parallel
to the loading axis, and they almost crossed the upper and lower surfaces of the specimen.
For β = 90◦, the initiation, propagation, and coalescence of the microcracks inside of the
specimen resulted in slabbing of the entire left-hand surface of the specimen and swelling
of the matrix on the right side of the joint.
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3.2. Strength and Deformation Parameters

The unified peak strength (σJR/σR) and the unified Young’s modulus (EJR/ER) were
introduced to reflect the trends in the peak strength and Young’s modulus with increasing
joint inclination angle. Here, σJR and EJR are the peak strength and Young’s modulus of the
jointed specimens, respectively; and σR and ER are those of the intact specimen, respectively.
Figure 6 shows the variations in the σJR/σR and EJR/ER values with increasing joint dip
angle (β). As can be seen, the variations in the unified peak strength (σJR/σR) and the
Young’s modulus (EJR/ER) with β are V-shaped or U-shaped, with a minima at β = 30◦.
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Chen et al. [33] also found this relationship, but they found that the minima of
the unified peak strength appeared at β = 45◦. The reason for this difference may be
related to the joint continuity factors [37]. Moreover, through uniaxial compression tests of
specimens with closed joints, Han et al. [5] found that the variations in the peak strength
and Young’s modulus with β were W-shaped, and thus, these variations may be affected
by the open/closed state of the joint.

4. Numerical Models
4.1. Brief Introduction to the PFC2D Code and AE Simulation

Due to the variability in the AE signal parameters and the fact that the response of the
pre-existing joint cannot be quantitatively analyzed in laboratory tests, PFC2D numerical
modeling was used in this study. Cundall and Strack [38] introduced the idea of molecular
dynamics based on the DEM and developed the particle discrete element theory. PFC2D is
a software developed based on this theory. It can simulate the macroscopic strain-softening
behaviors of rocks and the initiation, propagation, and coalescence of cracks during loading
and unloading based on the microscopic responses between the particles and the bonds [39].
It is only necessary to define the micro-properties of the particles and bonds and the contact
constitutive model in order to characterize the complex macroscopic mechanical properties,
thereby avoiding the need to define the material macroscopic constitutive model.

PFC2D provides the linear parallel bond model and the smooth joint contact model.
The linear parallel bond model can simulate a finite-sized piece of cementitious material
between particles, which can transmit the contact forces and the moments between the
particles. This characteristic is closer to the physical and mechanical properties of rock
materials. The advantage of the smooth joint contact model is that the local contact direction
between the particles can be ignored, that is, the particles can slide relatively easily along
the joint direction [40]. In addition, the smooth joint contact model can also give an aperture
a (a > 0 indicates that the joint is open), and it can monitor the joint opening or closing
and the force acting on the joint plane during the loading process [32]. Therefore, in this
study, the linear parallel bond model and the smooth joint contact model were used to
simulate the matrix and the pre-existing joint in the rock, respectively. As is well known,
microcracks usually generate AEs, which propagate through the rock and can be recorded
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to provide information about the cracks [16,41]. This phenomenon also occurs in the PFC.
In the PFC2D models, the breakage of the contact bond (or microcrack) releases strain
energy, and thus, it can generate AE activity. Consequently, the AE event can be simulated
by counting the number of microcracks in the particle flow modeling [18].

4.2. Calibration of the Microparameters

A uniaxial numerical test was performed on an intact specimen to calibrate the micro-
scopic properties of the particles and the parallel bonds in the rock matrix. The calibration
of microscopic parameters was regarded as a “black-box problem”, and statistical methods
were used to analyze the “input” and “output” information (i.e., microscopic parameters
and macroscopic responses, respectively) of the particles and the parallel bonds, that is,
the method of experimental design was used to determine the relationship between mi-
croscopic parameters and macroscopic responses, and an optimization method was used
to determine the optimum set of microscopic parameters. This calibration method has
been described by Yoon [42]. After the calibration test, the PFC2D model consisted of 2142
balls, and it was 60 mm in length and 60 mm in height. The microscopic parameters of the
particles and the linear parallel bonds are presented in Table 3. The macroscopic properties
of the intact specimen obtained from the numerical testing are very close to those obtained
from the physical model testing (Table 4). Since a direct shear test of the joint has not
been completed [43], the smooth joint parameters were calibrated using the trial-and-error
method, which proved to be highly effective [32,33], and the results are shown in Table 5.

Table 3. Microscopic properties of the particles and bonds.

Ball Parameters Value Parallel Bond Parameters Value

Ball density [ρmic (kg/m3)] 1169 Bond modulus [Ec (GPa)] 4.17
Minimum ball radius [Rmin (mm)] 0.6 Normal bond strength [Sn (MPa)] 9.2

Ball radius ratio (Rmax/Rmin) 1.66 S.D. normal bond strength [Sn_dev (MPa)] 3.78
Contact modulus [Ec (GPa)] 4.17 Cohesion [c (MPa)] 20

Friction coefficient (µ) 0.5 S.D. cohesion [Sc_dev (MPa)] 5.0
Normal to shearing stiffness ratio (kn/ks) 2.5 Friction angle (◦) 30

Normal to shearing bond stiffness ratio (kn/ks) 2.5

Table 4. Comparisons of the experimentally and numerically calibrated macroscopic properties.

Macroscopic Properties Experimental Numerical

Uniaxial compressive strength [UCS (MPa)] 13.08 13.20
Young’s modulus [E (GPa)] 5.03 4.38

Table 5. Microscopic properties of the smooth-joint contact of a pre-existing joint.

Smooth-Joint Parameters Value

Joint friction angle (◦) 38
Joint dilation angle (◦) 0

Joint normal stiffness (N/m3) 1.0 × 1012

Joint shear stiffness (N/m3) 1.0 × 1012

Joint aperture (mm) 0.1

4.3. Analysis of the AE Test Results of the PFC2D Model

The AE signal was counted every 20 timesteps to study the failure processes of the
specimens from a microscopic point of view, where the AE signal is the number of bond
breakages (or the number of cracks) between the particles. The simulation results for the
specimens with different inclination angles are shown in Figure 7.
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Figure 7. Stress–strain and HPS–strain curves for samples with different crack angles.

On the stress–strain curve, there is no initial compression stage. The PFC2D model
was constructed using an assembly of densely packed particles, and thus, microcrack
closure did not occur in the dense and well-contacted assembly particles. Although the
results of the numerical model and laboratory physical tests were not exactly the same, the
PFC model of the brittle material has been shown to satisfactorily reproduce many of the
mechanical behavior characteristics of this material under different stress conditions [16].

In Figure 7, the stress–strain curve can be divided into three stages: the elastic de-
formation stage (AB), the plastic deformation stage (BF), and the post-peak failure stage
(FS). The AE phenomenon observed in each stage is basically the same as that observed
in the physical experiments. That is, in stage AB, the number of cracks in the early part
of this stage was zero, and then, it remained at a low value. In stage BF, the number of
cracks began to increase rapidly and entered an unstable state, and then, it reached an
instantaneous maximum. In stage FS, the number of cracks decreased significantly, but it
was slightly higher than that before failure.

Moreover, as is shown in Figure 7, the evolution curves of the AE characteristics
of the specimens with β = 0◦ and 30◦ are approximately single peak type, and the peak
point corresponds to point F on the stress–strain curve. The evolution curves of the AE
characteristics of the specimens with β = 45◦, 60◦, and 90◦ are the double peak type, and
the first peak point and the second peak point correspond to point F and the FS stage on
the stress–strain curve, respectively. That is, as the joint inclination angle increases, the
AE characteristic evolution curve gradually transforms from a single peak type curve to
a double peak type curve. For the specimens with medium and high inclination angles,
the generation of the second peak point on the evolution curves of the AE characteristics
is closely related to the response of the pre-existing joint, which is fully analyzed in
Section 4.4.

The unified HPS (HJR/HJ0) and the unified crack number (CJR/CJ0) at the peak
strength were introduced to reflect the variation in the AE activity at the peak strength
point with increasing joint inclination angle. Here, HJR and CJR are the HPS and the
number of cracks at the peak strength of the jointed specimens, respectively; and HJ0 and
CJ0 are those of the specimen with β = 0◦, respectively. Figure 8 shows the variations in
HJR/HJ0 and CJR/CJ0 with increasing joint dip angle (β). As can be seen, the variations in
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the unified HPS (HJR/HJ0) and the unified crack number (CJR/CJ0) with β are V-shaped or
U-shaped, with a minima at β = 45◦. The AE activity results obtained from the laboratory
physical tests and the numerical simulations are consistent, which once again verifies the
validity of the PFC2D model.
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Figure 8. Variations in HJR/HJ0 and CJR/CJ0 with increasing inclination angle (β).

4.4. Response of the Pre-Existing Joint

From the laboratory physical tests, it was found that the AE activity may be related to
the failure mode of the jointed specimens with different inclination angles, and the failure
mode is closely related to the response of the pre-existing joint. Therefore, the mechanical
response of the joint was quantitatively analyzed to study the damage mechanism of the
jointed specimens and the relationship between the pre-existing joint and the AE activity.

Cheng et al. [32] and Chen et al. [33] defined the following three parameters for
the joint elements in a joint system to further investigate the role of joints with different
inclination angles throughout the entire failure process: the average joint aperture (aave)
and the sum of the current value of the joint element apertures (ai) divided by the total
number of joint elements (N).

aave =
N

∑
i=1

ai/N , (1)

where an increase or decrease in ai represents the opening or closing of the joint element,
respectively. Therefore, aave is used to estimate whether the overall trend of the joint system
is opening or closing.

The ratio of the closed joint elements (Rjc) is defined as the number of closed joint
elements (Njc) divided by the total number of joint elements (N):

Rjc = Njc/N , (2)

where ai ≤ 0 indicates that the joint element is closed. Rjc is a normalized index used to
evaluate the closure status of the joint system.

The normalized normal and shear forces acting on the joint elements (FN
nj and FN

sj ,
respectively) are defined as the total normal and shear contact forces of the joint elements
in a specimen (∑N

i=1 Fni and ∑N
i=1 Fsi, respectively) divided by the maximum value of the

total normal contact forces of the joint elements in all of the specimens (Fmax, that is, that of
the specimen with β = 0◦).

FN
nj =

N

∑
i=1

Fni/Fmax , (3)

FN
sj =

N

∑
i=1

Fsi/Fmax , (4)

Based on the above three parameters of the pre-existing joint and the evolution of the
force chain distribution at the key points on the stress–strain curve, the mechanical response



Energies 2021, 14, 200 12 of 19

of the pre-existing joint can be studied (Figures 9–18). The response of the pre-existing joint
mainly involves three stages: (I) the closing of the joint; (II) the strength mobilization of the
joint; and (III) the reopening of the joint.

Energies 2021, 14, x FOR PEER REVIEW 12 of 19 
 

 

total normal contact forces of the joint elements in all of the specimens (𝐹𝑚𝑎𝑥, that is, that 

of the specimen with β = 0°). 

𝐹𝑛𝑗
𝑁 = ∑ 𝐹𝑛𝑖/𝐹𝑚𝑎𝑥

𝑁

𝑖=1

 , (3) 

𝐹𝑠𝑗
𝑁 = ∑ 𝐹𝑠𝑖/𝐹𝑚𝑎𝑥

𝑁

𝑖=1

 , (4) 

Based on the above three parameters of the pre-existing joint and the evolution of the 

force chain distribution at the key points on the stress–strain curve, the mechanical re-

sponse of the pre-existing joint can be studied (Figures 9–18). The response of the pre-

existing joint mainly involves three stages: (I) the closing of the joint; (II) the strength mo-

bilization of the joint; and (III) the reopening of the joint. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15




 (

M
P

a)

 -
 

ave

 Stage 3 Stage 2 Stage 1

F

B

O（A）

S

0.00

0.05

0.10

0.15

0.20

0.25


a

v
e
(m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

 (b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15


 
(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1
0.0

0.3

0.6

0.9

1.2

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 9. Evolution of the parameters of the joint system with increasing axial strain (𝛽=0°) 

 

(a) Point B 
 

(b) Point F 

 

(c) Point S 

Figure 10. Evolution of force chain distribution with axial strain increases (𝛽=0°) 

Figure 9. Evolution of the parameters of the joint system with increasing axial strain (β = 0◦).

Energies 2021, 14, x FOR PEER REVIEW 12 of 19 
 

 

total normal contact forces of the joint elements in all of the specimens (𝐹𝑚𝑎𝑥, that is, that 

of the specimen with β = 0°). 

𝐹𝑛𝑗
𝑁 = ∑ 𝐹𝑛𝑖/𝐹𝑚𝑎𝑥

𝑁

𝑖=1

 , (3) 

𝐹𝑠𝑗
𝑁 = ∑ 𝐹𝑠𝑖/𝐹𝑚𝑎𝑥

𝑁

𝑖=1

 , (4) 

Based on the above three parameters of the pre-existing joint and the evolution of the 

force chain distribution at the key points on the stress–strain curve, the mechanical re-

sponse of the pre-existing joint can be studied (Figures 9–18). The response of the pre-

existing joint mainly involves three stages: (I) the closing of the joint; (II) the strength mo-

bilization of the joint; and (III) the reopening of the joint. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15




 (

M
P

a)

 -
 

ave

 Stage 3 Stage 2 Stage 1

F

B

O（A）

S

0.00

0.05

0.10

0.15

0.20

0.25


a

v
e
(m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

 (b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15


 
(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1
0.0

0.3

0.6

0.9

1.2

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 9. Evolution of the parameters of the joint system with increasing axial strain (𝛽=0°) 

 

(a) Point B 
 

(b) Point F 

 

(c) Point S 

Figure 10. Evolution of force chain distribution with axial strain increases (𝛽=0°) Figure 10. Evolution of force chain distribution with axial strain increases (β = 0◦)

Energies 2021, 14, x FOR PEER REVIEW 13 of 19 
 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3





M

P
a
)

 -
 

ave

 Stage 2 Stage 1

0.00

0.05

0.10

0.15

0.20

0.25


a
v
e
 (

m
m

)

 (a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1
0.0

0.2

0.4

0.6

0.8

1.0

R
jc

 (b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12


 
(M

P
a
)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j，
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 11. Evolution of the parameters of the joint system with increasing axial strain (𝛽=30°). 

 

(a) Point B 

 

(b) Point F 

 

(c) Point S 

Figure 12. Evolution of force chain distribution with axial strain increases (𝛽=30°). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 G
2

 Stage 1





M

P
a)

 -
 a

ave

 Stage 3 Stage 2
 G

1

0.00

0.05

0.10

0.15

0.20

0.25

a
av

e(
m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15





M

P
a
)

 -
 R

jc

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

(b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15



(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 13. Evolution of the parameters of the joint system with increasing axial strain (𝛽=45°) 

Figure 11. Evolution of the parameters of the joint system with increasing axial strain (β = 30◦).



Energies 2021, 14, 200 13 of 19

Energies 2021, 14, x FOR PEER REVIEW 13 of 19 
 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3





M

P
a
)

 -
 

ave

 Stage 2 Stage 1

0.00

0.05

0.10

0.15

0.20

0.25


a
v
e
 (

m
m

)

 (a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1
0.0

0.2

0.4

0.6

0.8

1.0

R
jc

 (b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12


 
(M

P
a
)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j，
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 11. Evolution of the parameters of the joint system with increasing axial strain (𝛽=30°). 

 

(a) Point B 

 

(b) Point F 

 

(c) Point S 

Figure 12. Evolution of force chain distribution with axial strain increases (𝛽=30°). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 G
2

 Stage 1





M

P
a)

 -
 a

ave

 Stage 3 Stage 2
 G

1

0.00

0.05

0.10

0.15

0.20

0.25

a
av

e(
m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15





M

P
a
)

 -
 R

jc

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

(b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15



(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 13. Evolution of the parameters of the joint system with increasing axial strain (𝛽=45°) 

Figure 12. Evolution of force chain distribution with axial strain increases (β = 30◦).

Energies 2021, 14, x FOR PEER REVIEW 13 of 19 
 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3





M

P
a
)

 -
 

ave

 Stage 2 Stage 1

0.00

0.05

0.10

0.15

0.20

0.25


a
v
e
 (

m
m

)

 (a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1
0.0

0.2

0.4

0.6

0.8

1.0

R
jc

 (b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12


 
(M

P
a
)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j，
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 11. Evolution of the parameters of the joint system with increasing axial strain (𝛽=30°). 

 

(a) Point B 

 

(b) Point F 

 

(c) Point S 

Figure 12. Evolution of force chain distribution with axial strain increases (𝛽=30°). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 G
2

 Stage 1





M

P
a)

 -
 a

ave

 Stage 3 Stage 2
 G

1

0.00

0.05

0.10

0.15

0.20

0.25

a
av

e(
m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15





M

P
a
)

 -
 R

jc

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

(b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15



(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 13. Evolution of the parameters of the joint system with increasing axial strain (𝛽=45°) Figure 13. Evolution of the parameters of the joint system with increasing axial strain (β = 45◦)

Energies 2021, 14, x FOR PEER REVIEW 14 of 19 
 

 

 

(a) Point B 

 

(b) Point F 

 

(c) Point S 

Figure 14. Evolution of force chain distribution with axial strain increases (𝛽=45°). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15




 

(M
P

a
)

 -
 

ave

 Stage 3 Stage 2 Stage 1
0.00

0.05

0.10

0.15

0.20

0.25


a

v
e
(m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

 Stage 3





(M

P
a)

 -
 R

jc

 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

(b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15



M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces ( 𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 15. Evolution of the parameters of the joint system with increasing axial strain (𝛽=60°). 

 

(a) Point B 

 

(b) Point F 

 

(c) Point S 

Figure 16. Evolution of force chain distribution with axial strain increases (𝛽=60°). 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15





M

P
a)

 -
 

ave

 Stage 3 Stage 2 Stage 1

 G
1

 G
2

0.00

0.05

0.10

0.15

0.20

0.25


a

v
e
(m

m
)

(a) average joint aperture (𝛼𝑎𝑣𝑒) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15

 Stage 3




 
(M

P
a
)

 -
 R

jc

 Stage 2 Stage 1

0.0

0.2

0.4

0.6

0.8

1.0

R
jc

(b) ratio of closed joint elements 

(𝑅𝑗𝑐) 

0.0 0.1 0.2 0.3 0.4 0.5 0.6
0

3

6

9

12

15


 
(M

P
a)



-

 F 
N

sj

 F 
N

nj

 Stage 3 Stage 2 Stage 1 0.0

0.3

0.6

0.9

1.2

F
 N n

j,
F

 N sj

(c) normalized normal and shear 

forces (𝐹nj
𝑁 and 𝐹sj

𝑁) 

Figure 14. Evolution of force chain distribution with axial strain increases (β = 45◦).
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Stage I: For the specimens with small dip angles (β = 0◦ and 30◦), the average
joint aperture (aave) decreases rapidly. Based on the force chain distribution at point B
(Figures 10a and 12a), the stress concentration at the joint tips and the stress arches in the
matrix can be found. For β = 0◦, this stage almost coincided with the elastic deformation
stage of the stress–strain curve; however, for β = 30◦, this stage coincided with the pre-
peak stage of the stress–strain curve. For the specimens with medium inclination angles
(β = 45◦and 60◦), in the early part of this stage, which coincided with the pre-peak stage
of the stress–strain curve, the decrease in speed was obviously smaller than that of the
specimens with small inclination angles. Based on the force chain distribution at points B
and F (Figures 14a,b and 16a,b), the stress concentration appears at the joint tips, and the
stress in the matrix gradually transitions from a uniform distribution to localization. In
the later part of this stage, which coincided with the yield stage on the post-peak portion
of the stress–strain curve, aave increased rapidly, which may be caused by the dilation.
For β = 45◦, aave increased rapidly and then decreased instantaneously. Figure 19a–c show
the breakage distribution of the contact bonds in the matrix of the specimen at G1 and G2,
and the variation trends of aave and the number of crack elements over the axial strain. It
was found that at G1 and G2, the AE activity was very strong, and the connection between
the joint tips and macrocracks formed by the initiation, propagation, and coalescence of
the microcracks lead to joint sliding, and thus, aave decreased sharply. For the high joint
angle specimens, aave did not significantly decrease in this stage, and the stress distribution
in the matrix was uniform (Figure 18a,b). For all of the jointed specimens, Rjc, FN

nj , and FN
sj

remained at zero, indicating that the joint elements were closing, but none of them had
fully closed yet in this stage, and they could not transfer any of the normal or shear forces.
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Figure 19. Breakage distribution of contact bonds in the matrix of the specimen with β=45° at (a) Point  𝐺1 and (b) Point 

𝐺2 , and (c) the variation trends of 𝛼𝑎𝑣𝑒 and the number of crack elements over axial strain. 

Figure 19. Breakage distribution of contact bonds in the matrix of the specimen with β = 45◦ at (a) Point G1 and (b) Point
G2, and (c) the variation trends of αave and the number of crack elements over axial strain.

Stage II: For all of the jointed specimens, aave reached its minimum in this stage. For
the jointed specimens with β = 60◦ and 90◦, aave instantaneously decreased. The reason
this phenomenon occurred for the specimens with β = 60◦ is the same as that for the
specimens with β = 45◦ in stage I. For β = 90◦, Figure 20a–c shows the breakage distribution
of the contact bonds in the matrix of the specimen at G1 and G2, the variation in aave,
and the number of crack elements over the axial strain. It was found that the AE activity
was very strong, and the macrocracks formed through the initiation, propagation, and
coalescence of microcracks across the pre-existing joint plane along the vertical loading
direction. Therefore, the joint plane and the local matrix around it were destroyed. Due
to the dilation, the block of matrix near the damaged joint plane moved, which caused
aave to instantaneously decrease. For all of the jointed specimens, Rjc and FN

nj increased
rapidly and reached their maximum values in this stage, indicating that the pre-existing
joint had been closed and could transfer the normal force. Among the specimens, the Rjc

and FN
nj values were the largest for the specimen with β = 0◦, indicating that the strength

mobilization of the pre-existing joint in the specimen with β = 0◦ was the most adequate.
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It should be noted that although the Rjc of the specimen with β = 45◦ was larger in this
stage, FN

nj was smaller, indicating that although many of the joint elements were closed in
the specimen, the strength of these closed joint elements was very small, so the strength
mobilization of the pre-existing joint in the specimen with β = 45◦ was inadequate.
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Stage III: For all of the jointed specimens, aave increased, and Rjc and FN
nj decreased.

For the specimen with β = 0◦, the increase of aave was very small, and Rjc remained at a
high level throughout the entire stage, indicating that the closed joint system maintained
a high degree in this stage (Figure 10c). For the other jointed specimens, aave increased
rapidly, and Rjc and FN

nj decreased to zero or remained at very small values, indicating
that the strength mobilization of the pre-existing joint was almost completely degraded
(Figures 12c, 16c and 18c).

In addition, by observing the variation trends of Rjc and FN
nj over the axial strain for

all of the specimens, it was found that the strength mobilization of the pre-existing joint
in the specimen with β = 0◦ started at the beginning of the plastic deformation stage. For
β = 30◦, it started at about the peak strength. For β = 45◦, 60◦, and 90◦, it started in the
post-peak stage. That is, as the joint inclination angle of the specimens increased, the
strength mobilization of the pre-existing joint gradually shifted from the pre-peak stage of
the stress–strain curve to the post-peak stage.

5. Conclusions

In this study, the correlation between the AE activity and the failure modes of pre-
cracked specimens was investigated through laboratory AE tests. PFC modeling was
carried out to reproduce the phenomena observed in the physical experiments. For the
jointed specimens and intact specimen, the characteristics of the AE activity, the response
of the pre-existing joints, and the relationship between them were analyzed.

For the specimens with a single pre-existing flaw, the inclination angles β = 0◦, 30◦, 45◦,
60◦, and 90◦ were used. The HPS and energy were used to evaluate the AE activities in the
laboratory tests. The smooth-joint contact model and the linear parallel bond model were
selected for the pre-existing joints and the matrix, respectively. The microparameters of the
particles and contacts in the PFC2D model were calibrated using the results of the physical
experiments. Then, the AE activity was simulated by the bond breakage (or microcracks).
The mechanical response of the pre-existing joint was monitored using three parameters
for the pre-existing joint, i.e., the average joint aperture (aave), the ratio of the closed joint
elements (Rjc), and the normalized normal and shear forces acting on the joint elements
(FN

nj and FN
sj , respectively). The following conclusions were drawn from the results.

• The AE characteristics have a good correlation with the failure mode of the specimens
with different inclination angles. In the plastic deformation stage of the stress–strain
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curve, for the specimens with small inclination angles (β = 0◦, 30◦), the AE activity was
stable at a low level and lasted for a long time, and the failure modes were crushing
(β = 0◦) and shear failure (β = 30◦). For the specimens with medium inclination
angles (β = 45◦, 60◦), the AE exhibited a dense rapid increase in the form of a pulse
throughout the entire stage, and it had a mixed type failure mode consisting of shear
failure and axial cleavage failure. For the high joint angle specimens (β = 90◦) and
intact specimens, the AE distribution was a pulse, which was denser and had a larger
average value near the peak point (point F), and the failure mode was axial cleavage
failure.

• The variations in the peak strength and the Young’s modulus with β are V-shaped or
U-shaped, with a minima and maxima at β = 30◦ and 90◦, respectively.

• As the joint inclination angle increased, the AE characteristic evolution curve gradually
transformed from a single peak type curve to a double peak type curve. For the
specimens with medium and high inclination angles, the generation of the second
peak point on the evolution curve of the AE characteristics was closely related to the
response of the pre-existing joint.

• In the post-peak failure stage (FS), for the specimens with medium and high incli-
nation angles (β = 45◦, 60◦ and 90◦), the stronger AE activity corresponded to an
instantaneous decrease in the average joint aperture (aave), which was related to the
failure mode of the specimens.

• The response of the pre-existing joint in the numerical model can be divided into
three stages based on the varied mobilization of the joint strength: (I) the closing of
the pre-existing joint; (II) the strength mobilization of the pre-existing joint; and (III)
the reopening of the pre-existing joint. As the joint inclination angle increased, the
strength mobilization stage of the joint system gradually shifted from the pre-peak
stage of the stress-strain curve to the post-peak stage.
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