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In this paper, the parallel-joint rock columnmodel is established based on PFC software, and the effects of different joint positions
on the mechanical properties, acoustic emission characteristics, and damage evolution characteristics of rock columns are
analyzed. In the PFCmodels, the intact rock is simulated by parallel-bond model, and the joints are simulated by flat-joint contact
model. )e research result shows that on the whole, when the joint is outside the rock pillar, the UCS of the rock pillar is higher
than that of the joint inside the rock pillar, while the elastic modulus is less than that of rock pillar with joint inside. )e evolution
characteristics of acoustic emission of rock pillars at different joint positions are basically the same. However, the maximum value
of acoustic emission events and corresponding deformation of rock pillars at different joint positions are different. )e damage of
jointed rock mass can generally show three stages: no damage, slow damage increase, and sharp damage increase.

1. Introduction

Rock pillars are often reserved to support the excavation
space in underground mining, transportation, water con-
servancy, and other projects [1–3]. However, the stability of
these rock pillars is affected by internal joint fissures. Under
the condition of special joint location, the bearing capacity
of some rock pillars will be reduced, which is easy to cause
mine roof disaster or tunnel collapse disaster [4–6].
)erefore, exploring the influence of different joint posi-
tions on the stability of rock pillars has important practical
engineering value.

At present, many scholars have done a lot of researches
on the mechanical properties of jointed rock mass.
Bahaaddini et al. [7] used particle flow program (PFC3D)
SRM model and studied the effect of joint geometric pa-
rameters on the failure mechanism, unconfined compressive
strength, deformation modulus, and failure modes of rock
mass.)e results show that the joint direction and step angle
are the main determinants of the failure mode of rock mass,
and the joint direction has the greatest influence on the
properties of rockmass. Xu et al. [8] reported the plane stress

numerical test of embedded partial crossing joints rock
mass. )e effects of joint position, joint direction, and track
length on the mechanical properties are studied. )e nu-
merical results show that the failure stress increases with the
increase of joint position. When the joint angle is 45°, the
compressive strength is the smallest. )e compressive
strength of partially cut specimens is correlated with the
joint trace length using an approximately linear relationship.
Kulatilake et al. [9] conducted indoor tests and numerical
simulation by using PFC3D and studied the mechanical
behavior of model material jointed block under uniaxial
load. )e influence of joint geometric parameters on the
uniaxial compressive strength of joint specimens is studied.
)e joint geometry is proved to control the failure mode of
jointed rock mass under uniaxial loading. Yang et al. [10]
studied the peak strength, Young’s modulus, and failure
mode of brittle-like rock specimens with multiple nonper-
sistent joints under uniaxial compression. )e test results
show that the joint angle has the greatest influence on the
peak strength and Young’s modulus, followed by the joint
length. Cao et al. [11] investigated the UCS and failure mode
of commonly existing jointed rock specimens by using the
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method of similar material test and PFC2D numerical
simulation. )e results show that the failure modes of joint
specimens under uniaxial compression can be divided into
four categories: stepped path failure, plane failure, shear type
I failure, and shear type II failure. )e failure pattern of the
specimen depends on the joint-1 inclination angle α and the
intersection angle c between joint-1 and joint-2, while α
strongly affects UCS. )ese studies are of great value for
understanding the failure mechanism and stability of jointed
rock pillars. However, there are few systematic studies on the
effect of parallel-joint position on the mechanical properties
of rock pillar, which has an important impact on the stability
of rock pillars.

In addition, a large number of studies have found that
rock columns are often accompanied by acoustic emission
(AE) in the process of damage and failure. By using acoustic
emission characteristics, Lin et al. [12] studied the effect of
joint orientation and joint space on rock fragmentation. Liu
et al. [13] analyzed the mechanical properties, acoustic
emission characteristics, and the relationship between rock
mass damage laws and AE based on PFC 3D models. Jiang
et al. [14] investigated the acoustic emission characteristic
during rock fatigue damage and failure. )e research result
shows that the AE signal of materials arises from the damage,
and the damage variable of rock mass can be established
based on AE count, energy, and hits. Zhang et al. [15]
discussed the failure and acoustic emission characteristics of
jointed rock masses with different joint inclination angles
and combination modes. All of the researches show that the
stability of rock pillars can be analyzed by AE.

Based on the above researches and with the help of
PFC2D numerical model, this paper explores the influence
of the position of parallel joints on the mechanical properties
and acoustic emission characteristics of rock pillars. In our
models, the intact rock and joints are simulated by parallel-
bond model and flat-joint contact model. In our cognition,
there are few studies on the acoustic emission characteristics
of rockmass with considering different joint positions.)en,
based on the characteristics of AE, the damage evolution of
parallel-joint rock pillars is explored.)e research results are
of great significance for further understanding the stability
of rock pillars.

2. Parallel-Joint Rock Pillar Models

2.1. Numerical Method. Due to the complexity of geotech-
nical engineering, conventional numerical simulation
methods such as finite element method, finite difference
method, and block discrete element method have limitations
in the analysis of large deformation and geotechnical failure
so that the particle discrete element method (PFC) has been
tried and applied in various projects in recent years [16].
PFC program is based on the disk or ball particle generation
model and simulates the macro and micro properties of
materials through the particles and the bonding properties
between particles [17]. In PFC model, two models named
contact bond (CB) model and parallel bond (PB) model are
usually used to simulate to intact materials [17]. )e CB
model can transfer tensile and compressive stress, but

cannot transfer shear force, so it is suitable to simulate soil
materials. )e PB model can resist bending moment; it is
more suitable to simulate rock mass materials [13]. Mean-
while, in order to simulate joints, PFC provides flat-joint
contact model (FJCM), as shown in Figure 1 [17]. By adding
FJCM to PBM, the rock pillar model with parallel joints can
be made.

2.2. Numerical Model Parameters. )e macroscopic me-
chanical behavior of PFCmodel needs to be characterized by
meso parameters, such as particle mechanical properties and
contact bonding properties. Because these meso parameters
are difficult to be obtained directly through indoor exper-
iments or field tests, “trial-and-error” method is usually used
to obtain them by comparing the results of uniaxial com-
pression and indoor experiments, and the specific check
sequence is shown in Figure 2 [18]. Based on this method,
Peng and Liu [19] checked themeso parameters of sandstone
samples for PFC 2D model. )e meso parameters of
sandstone PFC are shown in Table 1.)e comparison results
of stress-strain curves of sandstone indoor experiment and
numerical simulation are shown in Figure 3. It can be seen
from the figure that the parameters in Table 1 can better
reflect the mechanical properties of complete sandstone.
)erefore, the mechanical properties of the complete rock
column in this paper are modeled with the parameters in
Table 1.

In addition, since it is difficult to obtain the actual
mechanical properties of joints through indoor experiments
and field tests, this paper uses previous experience [20] to set
the mechanical properties of joints to 5% of the micro-
mechanical properties of intact samples, as shown in Table 2,
for modeling.

2.3. Numerical Schemes and Loading Conditions. In order to
explore the mechanical behavior and acoustic emission
characteristics of rock pillars with parallel joint at different
positions, six models as shown in Figure 4 are set. In these
models, PBM is used for intact rock mass and FJCM is used
for joints. )e scale of the model is 50mm (length)×

100mm (height). )e joint length is 20mm and the joint
spacing is 2.8mm. )e specific information of parallel-joint
location is shown in Table 3. )e model first generates PBM
and then inserts FJCM. After the model is generated, the
displacement loading is carried out by moving the wall at the
top of the model, and the loading speed is 0.1m/s.

3. Analysis of Numerical Results

3.1. Mechanical Properties Analysis. Figure 5 shows the
stress-strain of rock pillar with different parallel-joint po-
sitions, and Figure 6 shows the UCS and elastic modulus.
From these figures, it can be seen that the mechanical
properties of rock pillar with different parallel-joint posi-
tions are different. When the joint position is on the outside-
middle, the UCS of the rock pillar is the largest, about
56.2MPa, while the UCS is the lowest, 38.26MPa, when the
joint position is on the inside-bottom of the rock pillar. On
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the whole, when the joint is outside the rock pillar, the UCS
of the rock pillar is higher than that of the joint inside the
rock pillar. )e elastic modulus of rock pillar with parallel-
joint outside itself is less than the rock pillar with parallel-
joint inside itself. )e largest value of elastic modulus of rock
pillar is when the joint on inside-top of rock pillar,

12.14GPa, and the lowest value is when the joint on outside-
top of rock pillar, 11.56GPa. On the whole, the difference of
elastic modulus of rock pillar with different parallel-joint
positions is not very large, about 0.58GPa.

3.2. AE Characteristics Analysis. Since acoustic emission
monitoring plays an important role in engineering stability
evaluation, it is of great significance to analyze the acoustic
emission characteristics of rock pillar at different joint
positions in this section. )e mechanism of acoustic
emission is the crack propagation in rock mass caused by
external energy, which is a physical phenomenon of crack
fracture. In PFC model, the fracture of the parallel bond will
release a certain amount of elastic energy. )erefore, the
fracture of the parallel bond can be used to reflect the
acoustic emission of rock mass [19]. In this paper, the AE
events of different rock pillars are analyzed based on the
number of bonds breakages. Figure 7 shows the AE char-
acteristics of rock pillar with different parallel-joint
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Table 1: Physicomechanical parameters of PFC 2D test model [19].

Parameter Value
Minimum particle diameter (mm) 0.3
Maximum particle diameter (mm) 0.5
Contact modulus of the particle (GPa) 10.2
Parallel-bond deformation modulus (GPa) 16.2
Contact bond gap (mm) 0.05
Porosity 0.1
Density (kg/m3) 2500
Parallel-bond tensile strength (MPa) 22
Parallel-bond cohesive force (MPa) 56.5
Stiffness ratio 1.51
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positions. It can be seen from the figure that with the
continuous increase of stress, the number of acoustic
emission events presents a process of none-slow increase-
sharp increase. At the initial stage of the compression
process, because the numerical rock pillar does not consider
the damage inside the rock mass (except a group of joints),
there are no acoustic emission events under the action of
small stress. With the continuous increase of stress, micro
cracks appear in the rock mass, and the acoustic emission
events of rock pillars increase slowly. In this process, the
interior of the rock pillar is gradually damaged, but it does
not reach the failure strength. Subsequently, a large number
of acoustic emission events occurred near the peak strength
of rockmass, that is, before and after rockmass failure.)ere
may be multiple peaks of acoustic emission events. It can be
seen that acoustic emission events are accompanied by rock
mass damage, which is consistent with the previous re-
searches [12–15].

)e evolution characteristics of acoustic emission of rock
pillars at different joint positions are basically the same,
which goes through the process of none-slow increase-sharp
increase. )ere may be multiple peaks of acoustic emission
events. However, the maximum value of acoustic emission
events and corresponding deformation of rock pillars at
different joint positions are different. When the position of
parallel-joint on the outside-middle of rock pillar, the event
of the acoustic emission events is the most, about 65 times,
followed by when parallel joint is on outside-top, outside-

bottom, and inside-middle of rock pillar, around 30 times.
Finally, when the parallel-joint positions are on the inside-
top and inside-bottom positions, the acoustic emission event
is the lowest, about 25 times or below. For the strain cor-
responding to the maximum acoustic emission event, the
deformation of condition #2 is the largest, followed by
conditions #1 and #3 and then conditions #4, #5, and #6.
)at is, when the joint is inside the rock pillar, the defor-
mation of rock mass failure is less than that when the joint is
outside the rock pillar.

3.3. Failure Modes Analysis. Figure 8 presents the failure
modes of rock pillar with different parallel-joint positions.
)e failure modes of rock pillars at different parallel-joint
positions are different. When the joint position is working
condition #1, the failure of rock pillar is mainly in the upper
left corner. When the joint position is the working condition
#2, the failure of rock pillar is the whole pillar through
failure, with the top in the upper right corner and the bottom
in the middle of the pillar. When the joint position is the
working condition #3, the failure of the rock pillar is mainly
in the middle of the bottom and connected with the joint
failure on the left. When the joint position is the working
condition #4, the failure of the rock pillar is mainly at the top
of the rock pillar (near the left), accompanied by the through
failure in the rock pillar. When the joint position is working
condition #5, the failure of rock pillar is through the top joint
of rock pillar and the bottom of rock pillar (on the right).
When the joint position is the working condition #6, the
failure of the rock pillar is mainly at the bottom (to the right),
accompanied by the through failure in the rock pillar.
Generally, when the joint is at the top or bottom of the rock
pillar, the instability of the rock pillar is mainly due to the
accumulation of cracks at the top or bottom and the pen-
etration failure with the joint. When the joint is in the center
of the rock pillar, the instability of the rock pillar is the
overall penetration failure of the connecting joints. )e
practical engineering can grasp this basic information to
strengthen the rock pillar.

4. Damage Evolution of Parallel-Joint Rock
Pillars Based on AE Events

A large number of studies show that acoustic emission
events can be used to define damage variables and then study
the damage evolution characteristics of rock mass [21, 22].
)e damage variables based on acoustic emission charac-
teristics can be defined as follows:

D �
Ci

C
, (1)

where Ci represents the acoustic emission event cumulative
times when rock damaged in a certain time and C represents
the acoustic emission event cumulative times when rock
damaged completely.

Figure 9 shows the damage evolution characteristics of
rock pillar with different parallel-joint positions. It can be
seen from the figure that the damage of jointed rock mass
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Figure 3: Stress-strain curves of real sandstone and PFC 2D model
[19].

Table 2: Physicomechanical parameters of FJCM.

Parameter Value
Joint tensile strength (MPa) 1.1
Joint cohesive force (MPa) 2.8
Joint friction coefficient 0.3
Joint normal stiffness (GPa/m) 1
Joint tangential stiffness (GPa/m) 0.5
Joint width (mm) 1
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can generally show three stages: no damage, slow damage
increase, and sharp damage increase. )is corresponds to
the three stages of acoustic emission evolution. At the same
time, there are multiple trapezoidal step stages at slow
increase stage.)e damage evolution characteristics of rock
pillars are different with different joint positions. It is
mainly reflected in the following aspects: first, the increase
rate (slope of the strain-D curves) in the slow increase stage
is different. )e growth rate of working conditions 1, 3 and
4 is faster at this stage, while the increase rate of other

working conditions is slightly moderate. Second, in the
sharp increase stage, the increase rate of working condi-
tions 2, 5, and 6 is the largest, while other working con-
ditions are slightly relieved. For working conditions 1, 3,
and 4, since they have the obvious damage fluctuation
characteristics at the stage of slow increase, it is an im-
portant signal feature for rock pillar stability analysis. For
other working conditions, due to the lack of this signal
feature, the prediction signal for rock stability is weak, so
the actual project should be more careful.

Table 3: Information of numerical parallel-joint rock models.

Joint ID Joint positions Position description Joint length (mm) Joint spacing (mm)
#1 (−15mm, 30mm) Outside-top 20 2.8
#2 (−15mm, 0mm) Outside-middle 20 2.8
#3 (−15mm, −30mm) Outside-bottom 20 2.8
#4 (0mm, 30mm) Inside-top 20 2.8
#5 (0mm, 0mm) Inside-middle 20 2.8
#6 (0mm, -30mm) Inside-bottom 20 2.8
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Figure 7: Continued.
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(a) (b) (c) (d) (e) (f )

Figure 8: Failure modes of rock pillar with different parallel-joint positions. (a) #1. (b) #2. (c) #3. (d) #4. (e) #5. (f ) #6.
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Figure 7: AE characteristics of rock pillar with different parallel-joint positions. (a) #1. (b) #2. (c) #3. (d) #4. (e) #5. (f ) #6.
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5. Conclusions

Based on the PFCmodel, this paper analyzed the influence of
the parallel-joint positions on the mechanical properties and
acoustic emission characteristics of rock pillars and obtains
the following main conclusions.

)e mechanical properties of rock pillar with different
parallel-joint positions are different. On the whole, when the
joint is outside the rock pillar, the UCS of the rock pillar is
higher than that of the joint inside the rock pillar. )e elastic
modulus of rock pillar with parallel-joint outside itself is less
than the rock pillar with parallel-joint inside itself. However,
the difference of elastic modulus of rock pillar with different
parallel-joint positions is not very large.

With the continuous increase of stress, the number of
acoustic emission events presents a process of none-slow
increase-sharp increase. )e evolution characteristics of
acoustic emission of rock pillars at different joint positions are
basically the same. However, the maximum value of acoustic
emission events and corresponding deformation of rock

pillars at different joint positions are different. When the
position of parallel-joint on the outside-middle of rock pillar,
the events of the acoustic emission events is the most, fol-
lowed by when parallel-joint on outside-top, outside-bottom,
and inside-middle of rock pillar. For the strain corresponding
to the maximum acoustic emission event, the deformation of
condition #2 is the largest, followed by conditions #1 and #3.

)e failure modes of rock pillars at different parallel-
joint positions are different. Generally, when the joint is at
the top or bottom of the rock pillar, the instability of the rock
pillar is mainly due to the accumulation of cracks at the top
or bottom and the penetration failure with the joint. When
the joint is in the center of the rock pillar, the instability of
the rock pillar is the overall penetration failure of the
connecting joints. )e practical engineering can grasp this
basic information to strengthen the rock pillar.

)e damage of jointed rock mass can generally show
three stages: no damage, slow damage increase, and sharp
damage increase. )is corresponds to the three stages of
acoustic emission evolution. )e damage evolution
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Figure 9: Damage evolution characteristics of rock pillar with different parallel-joint positions. (a) #1. (b) #2. (c) #3. (d) #4. (e) #5. (f ) #6.
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characteristics of rock pillars are different with different joint
positions. First, the increase speed in the slow increase stage
is different.)e growth rate of working conditions 1, 3, and 4
is faster at this stage, while the growth rate of other working
conditions is slightly moderate. Second, in the sharp increase
stage, the growth rate of working conditions 2, 5, and 6 is the
largest, while other working conditions are slightly relieved.
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