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Since the stability of engineering rockmasses has important practical significance to projects likemining, tunneling, and petroleum
engineering, it is necessary to study mechanical properties and stability prediction methods for rocks, cementing materials that are
composed of minerals in all shapes and sizes. Rocks will generate acoustic emission during damage failure processes, which is
deemed as an effective means of monitoring the stability of coal rocks. In the meantime, actual mining and roadway surrounding
rocks tend to have transverse effects; namely, the transverse scale is larger than the length scale.Therefore, it is important to explore
mechanical properties and acoustic emission properties of rocks under transverse size effects. Considering the transverse scale
effects of rocks, this paper employs the microparticle flow software PFC2D to explore the influence of different aspect ratios
on damage mechanics and acoustic emission properties of rocks. The results show that (1) the transverse scale affects uniaxial
compression strength of rocks. As the aspect ratio increases, uniaxial compression strength of rocks decreases initially and later
increases, showing a V-shape structure and (2) although it affects the maximum hit rate and the strain range of acoustic emission,
it has little influence on the period of occurrence. As the transverse scale increases, both damage degree and damage rate of rocks
decrease initially and later increase.

1. Introduction

Rocks are composed of different sizes and shapes of mineral
particles and bound together by certain cementing materi-
als. Under exterior loads, preexisting fissures of rocks will
evolve, produce, and develop new fissures constantly, thereby
damaging internal rocks and causing macroscopic rupture
instability [1]. Since rock mass instability will induce major
geotechnical disasters such as tunnel deformation and mine
pressure bumping, it is necessary to research rock instability
mechanisms and seek suitable means of monitoring rock
mass stability. Rock damage and rupture are accompanied
by acoustic emission that consecutively monitors microcrack
growth and effectively monitors and predicts engineering
rock mass stability and rock burst [2–4].

In terms of researches on mechanical properties and
acoustic emission properties of rocks, scholars focus on
analyzing characteristics [5–10] of rocks with standard scale
(diameter 50 ∗ 100mm) under compression, tension, and

shearing conditions. Restricted by the test conditions, sel-
dom do scholars study mechanical properties and acoustic
emission properties of rocks under scale effects. By virtue of
numerical simulation, Document [11] discusses mechanical
properties and acoustic emission properties of coal rocks
with different aspect ratios, which helps understand relations
between compression failure mechanisms and precursory
information about acoustic emission. However, actual min-
ing and roadway surrounding rocks tend to have transverse
effects; namely, the transverse scale is larger than the length
scale. Therefore, it is necessary to explore mechanical prop-
erties and acoustic emission properties of rocks under trans-
verse effects.This is of practical significance to themonitoring
and prewarning of engineering rock mass stability.

Considering that in situ engineering tests and indoor
acoustic emission tests are characterized by high discreteness
and great man-made errors, this paper introduces numeri-
cal methods to investigate damage mechanics and acoustic
emission properties of rocks with different transverse scales.
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Firstly, the paper performs uniaxial compression of rocks
by virtue of contact bond models of PFC2D and obtains
physicomechanical parameters consistent with indoor tests
through the cut-and-try method [12]. Secondly, the paper
builds models for rocks with different transverse scales and
analyzes their mechanical properties and acoustic emission
properties. Finally, the paper analyzes damage evolution
features of rocks with different transverse scales on the basis
of acoustic emission properties.

2. Uniaxial Compression PFC Models for
Rocks with Different Transverse Scales

2.1. Particle Flows. Based on the discrete element method,
Cundall and Strack [13] proposed particle flow code, a
theory that analyzes damage evolution mechanisms and
deformations ofmaterials at themicrolevel.When simulating
bond failures of particles, particle flow code offers two bond
modes [14]: contact bond and parallel bond, wherein contact
bond, which is appropriate to simulate granular materials
like soil masses, refers to bonds between particle points,
produces forces only when relative displacement between
particles occurs, and cannot carry over moment; parallel
bond, which is appropriate to simulate compact materials
like rocks, refers to bonds between particle surfaces and
carries overmoment.This paper utilizes parallel bondmodels
to establish uniaxial compression models for rocks, thereby
analyzing the influence of scale effects on acoustic emission
properties.

2.2. Physicomechanical Parameters of Rock Specimens. Parti-
cle flow theory represents the macroscopic physicomechani-
cal properties of rocks as their microscopic physicomechani-
cal properties. However, the microscopic parameters of rocks
do not directly correspond to their macroscopic parameters.
The microscopic parameters were checked and corrected
prior the numerical simulation of the uniaxial compression
model. During this process, a large number of numerical
simulation tests were performed as either laboratory or in situ
field tests under similar conditions.Thenumerical simulation
results were compared with the laboratory or in situ field
test results, and the microscopic parameters were repeatedly
adjusted via trial and error method.

2.2.1. Determining the Initial Value of the Physicomechan-
ical Parameters. The mesomechanical parameters of the
microparticle flow model mainly include the contact modu-
lus of the particles 𝐸𝑐, particle normal stiffness and tangential
stiffness ratio 𝑘𝑛/𝑘𝑠, friction coefficient 𝑓, parallel bond
radius multiplier 𝜆, bond modulus 𝐸𝑐, ratio of the normal
stiffness and tangential stiffness of bond 𝑘𝑛/𝑘𝑠, and normal
and tangential bond strengths 𝜎𝑐 and 𝜏𝑐.

The macromechanical parameters (including elastic
modulus 𝐸, Poisson’s ratio ], compressive strength value 𝜎𝑐,
and shear strengths 𝑐 and𝜑) of thematerials were determined
in the indoor test. The preliminary value of particle contact
modulus 𝐸𝑐 and parallel bond modulus 𝐸𝑐 were decided by
analyzing the macroscopic mechanical parameters.

Table 1: Physicomechanical parameters of granite.

Parameter Value
Minimum particle size (mm) 0.3
Particle size ratio 1.66
Density (kg/m3) 2800
Contact modulus of the particle (GPa) 5.0
Deformation of parallel bond modulus (GPa) 43.0
Normal/tangential stiffness 3.0
Coefficient of friction 0.8
Parallel bond normal stiffness (MPa) 88 ± 10
Parallel bond tangential stiffness (MPa) 160 ± 10

The initial particle stiffness value is computed as follows:

𝑘𝑛 = 2𝑡𝐸𝑐, (𝑡 = 1) ,

𝑘𝑠 =
𝑘𝑛
(𝑘𝑛/𝑘𝑠)
,

𝑅 = 𝑅
[𝐴] + 𝑅[𝐵]

2
,

(1)

where 𝑅 is the average radius of all model particles and 𝑅[𝐴]

and 𝑅[𝐵] are the radiuses of two contact particles.
The initial normal and tangential stiffness of the parallel

bonding are computed as follows:

𝑘𝑛 =
𝐸𝑐

𝑅[𝐴] + 𝑅[𝐵]
,

𝑘𝑠 =
𝑘𝑛
(𝑘𝑛/𝑘𝑠)
.

(2)

2.2.2. Determining the Mesomechanical Properties of Rock.
Restricted by indoor test conditions, this paper adopts
parameters in Document [15] for numerical tests. The doc-
ument based on mechanical parameters of triaxial com-
pression tests on granites in an underground crude oil
storage cavern in Huangdao National Oil Reserve Base
makes repeated adjustment by virtue of the trial and error
method and believes that physicomechanical parameters
in Table 1 approach to macromechanical parameters of
real rocks. After checking, macromechanical parameters
of rock specimens under the confining pressure of 6Mpa
are consistent with those of granite specimens. The stress-
strain curves of experimental test and numerical test of
granite rock mass are shown in Figure 1 and they have a
higher similarity. The elastic modulus, Poisson’s ratio, and
peak strength are 28.7Gpa (28.4Gpa), 0.2300 (0.2285), and
130.5Mpa (132.8Mpa), respectively. Final failuremodes of the
specimens, which are consistent with the results of indoor
tests, are shown in Figure 2.

2.3. PFC Simulation for Acoustic Simulation. When the bond
strength is smaller than the transmission strength between
particles, particle bonds shall break and generatemicrocracks
[16]. During the extension of microcracks, the expended
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Figure 1: Stress-strain curves of experimental test and numerical
test of granite rock mass.

(a) PFC (b) Granite

Figure 2: Failure modes of granite in compression at a confining
stress of 6MPa.

energy shall be quickly released in the form of acoustic waves,
which is referred to as acoustic emission.Therefore, it is feasi-
ble to script Fish languages to monitor the broken number of
parallel bonds in real time, thereby researching and analyzing
damage evolution and acoustic emission properties of rocks.

2.4. Numerical Models for Uniaxial Compression Rocks with
Different Transverse Scales. To analyze the influence of trans-
verse effects on damage evolution and acoustic emission
properties of rocks, specimenswith different aspect ratios (𝐾)
are adopted; the fixed height is 100mm and the 𝐾 values are
0.5, 0.75, 1.0, 1.25, and 1.5, respectively, as shown in Figure 3.
Thepaper employs parameters inTable 1, without considering
the influence of particle shapes and particle distribution. By
virtue of radius expansion, plenty of particles are generated

in the set region to satisfy porosity. The five modes generate
8397, 12596, 16795, 20993, and 25192 particles separately. As
for unbalanced forces arising from the generation process,
they are cyclically eliminated. The plane stress condition was
assumed and the same loading speed (bymoving the topwall)
of 0.01mm/s was adopted.

3. Numerical Result Analysis

3.1. Strength Properties of Rocks with Different Aspect Ratios.
Figures 4 and 5 demonstrate stress-strain curves and peak
intensity curves of numerical specimens of rocks with dif-
ferent aspect ratios. According to Figure 4, stress-strain
curves of rocks in all test programs experience three stages,
excluding the compaction stage. The reasons are as follows:
microparticles in the particle flow code are incompressible
and invariable rigid spheres and connected by bonds, without
initial damage. Since there is no compaction stage, elas-
tic modulus of the various programs is almost the same:
28.5MPa.

According to Figure 4, when the aspect ratio is smaller
than 1, uniaxial compression strength of rocks gradually
decreaseswith the increase in aspect ratio. In otherwords, it is
inversely proportional to the aspect ratio, which is consistent
with the opinion of Hoek and Brown [17] and Pells [18].
When the aspect ratio is greater than 1, mechanical load-
bearing capacity of numerical specimens gradually increases
with the increase in aspect ratio. What is more, the postpeak
mechanical properties are more complex. Overall, uniaxial
compression strength of rocks initially increases and later
decreases with the increase in aspect ratio, showing a V-
shaped structure. In addition, there is no corresponding
relationship between aspect ratio and changes in the peak
intensity. The uniaxial compression strength is 125.73MPa
when 𝐾 = 0.75, which is 2.47% lower than that (128.92MPa)
when𝐾 = 0.5 and 4.47% higher than that (120.11MPa) when
𝐾 = 1. When 𝐾 = 1.25, the uniaxial compression strength
of specimens is 123.31MPa, which is 2.66% lower than that
when 𝐾 = 1 and 7.36% higher than that when 𝐾 = 1.5.

Figure 6 displays failure modes of numerical specimens
of rocks with different aspect ratios. It can be seen from the
figure that numerical specimens in different programs have
different failure modes. When 𝐾 = 0.5, the failure cracks
are diagonal; when 𝐾 = 0.75, the failure cracks are crossed,
with two large cracks; when 𝐾 = 1.0, the failure cracks are
crossed, with plenty of failure cracks; when 𝐾 = 1.25, the
failure cracks are V-shaped; when 𝐾 = 1.5, the failure cracks
are wave shaped.

3.2. Acoustic Emission Properties of RockswithDifferent Aspect
Ratios. Figures 7 and 8 show AE characteristic curves and
time-series curves of numerical specimens of rocks with
different aspect ratios, respectively. According to Figure 7,
acoustic emission properties of rocks with different trans-
verse scales are as follows: (1) in the elastic stage, the number
of AE hits gradually increases. Since the models fail to fully
embody the compaction stage, there is no AE hit in the initial
phases, which is different from acoustic emission tests of
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Figure 3: Numerical specimens of rocks with different aspect ratios.
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Figure 4: Stress-strain curves of numerical specimen of rocks with
different aspect ratios.

real rocks. Due to inner pores, crack closure, and friction,
real rocks are always accompanied by acoustic emission in
the contraction stage. (2) In the plastic stage when rocks are
stable, rocks will generate plenty of acoustic emission signals
and inner cracks will evolve constantly. When the damage
reaches a certain extent, rocks will be damaged and generate
more postpeak acoustic emission signals. (3) In the failure
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Figure 5: Peak intensity curves of numerical specimen of rocks with
different aspect ratios.

stage, rock specimens still have certain load-bearing capacity,
inner cracks further expand, and hit signals decrease rapidly,
occasionally accompanied by sudden changes (e.g., when𝐾 =
0.75 or𝐾 = 1.0).

In the meantime, the influence of transverse effects on
acoustic emission is described as follows: (1) influence the
maximum hit rate. The maximum hit rate increases with the
increase in transverse scale. When𝐾 = 0.5/0.75/1/1.25/1.5, the
maximum hit rate is 30/32/33/37/42 times/step. (2) Influence
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Figure 6: Failure modes of numerical specimens of rocks with different aspect ratios.

the strain range of acoustic emission. The strain range of
acoustic emission gradually increases with the increase in
transverse scale, since the greater the transverse scale is, the
larger the rocks will be. In addition, the more failure wracks
rocks have, the higher the acoustic emission intensity will be,
with small strain range and prominent cumulative hit signals.

According to Figure 8, transverse scale has a little impact
on the period of occurrence of acoustic emission. Weak
acoustic emission signals are between 0 and 120,000 steps
and between 160,000 and 200,000 steps while strong acoustic
emission signals are between 120,000 and 160,000 steps.
The signals reach the maximum at a postpeak point, which
indicates that rock stability can be detected by acoustic
emission devices in practical application. Rocks are likely to
be instable when the acoustic emission signals are strong.

4. Damage Evolution Properties of Rocks with
Different Transverse Scales

4.1. RockDamageVariable. Copious researches have revealed
that acoustic emission counts can well reflect changes of
material performances, since they are proportional to strain
energy arising from material dislocation, fracture, and crack
growth [19]. Therefore, this paper takes acoustic emission
counts as characteristic parameters to describe damage evo-
lution properties of rocks.

The former Soviet Union scholar Kachanov [20] defines
damage variable as

𝐷 = 𝐴𝑑
𝐴
. (3)

In the formula,𝐴𝑑 is the fracture section area ofmaterials
at a certain time and 𝐴 is the section area at the initial time.

Assuming that 𝐶0 represents cumulative acoustic emis-
sion counts before 𝐴 completely lose the load-bearing capa-
bility, the acoustic emission count of damage per unit area𝐶𝑤
is

𝐶𝑤 =
𝐶0
𝐴
. (4)

When the fracture section area reaches 𝐴𝑑, the cumula-
tive acoustic emission count 𝐶𝑑 is

𝐶𝑑 = 𝐶𝑤𝐴𝑑 =
𝐶0
𝐴
𝐴𝑑. (5)

Therefore,

𝐷 = 𝐶𝑑
𝐶0
. (6)

Since it is difficult to achieve eventual failure during
compression, this paper refers to the researches of Liu et al.
[21] and modifies the damage variable as

𝐷 = 𝐷𝑢
𝐶𝑑
𝐶0
. (7)

In the formula,𝐷𝑢 is the damage threshold.
After the damage threshold is normalized in accordance

with linear function conversion, the following formula can be
obtained:

𝐷𝑢 = 1 −
𝜎𝑐
𝜎𝑝
. (8)

In the formula, 𝜎𝑝 is the peak intensity and 𝜎𝑐 is the
residual strength.
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Figure 7: Stress-strain-AE characteristic curves of numerical specimens of rocks with different aspect ratios.

4.2. Damage Evolution Properties of Rocks with Different
Transverse Scales. Figure 9 displays damage variable-strain
curves of numerical specimens of rocks with different aspect
ratios. According to the figure, the curves flatten in the elastic
stage, which indicates that the damage degree and damage
rate are small; in the elastic stage when rocks are stable,
small cracks in coal rocks quickly develop into joint fissures,

thereby macroscopically damaging the specimens and dra-
matically increasing the damage degree and damage rate; in
the damage phase, the damage degree reaches the maximum
while the damage degree and damage rate gradually level off.

Transverse effects have a little impact in the elastic stage
and make a big difference in the plastic stage and the failure
stage. In the elastic stage, the damage degree is small and



Shock and Vibration 7

0

10

20

30

40

A
E 

hi
ts

4 8 12 16 200
Steps/104

K = 0.50

K = 0.75

K = 1.00

K = 1.50

K = 1.25

Figure 8: AE time-series curves of numerical specimens of rocks
with different aspect ratios.
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Figure 9: Damage variable-strain curves of numerical specimens of
rocks with different aspect ratios.

the rocks are integral, regardless of the transverse scale. In
the plastic stage, the damage degree and damage rate initially
decrease and later increase with the increase in transverse
scale, which is similar to the influence on uniaxial compres-
sion strength. In the failure stage, since rocks are instable and
discrete, transverse effects do not obviously influence damage
evolution properties of rocks. Nevertheless, it approximately
presents the following trends: initially decrease and later
increase.

5. Conclusion

As the aspect ratio increases, uniaxial compression strength
of rocks decreases initially and later increases, showing a

V-shaped structure. What is more, there is no corresponding
relation between aspect ratio and changes in peak intensity.

The influence of transverse effects on acoustic emission
properties is mainly described as follows: as the transverse
scale increases, the maximum hit rate and the strain range of
acoustic emission increase accordingly. However, it has little
influence on the period of occurrence.

Transverse effects have a small impact in the elastic stage
and make a big difference in the plastic stage and the failure
stage. As the transverse scale increases, both damage degree
and damage rate of rocks decrease initially and later increase.

It is very important to know that this research was
based on numerical tests; the research result may have a gap
between the real rock of real scale, so the research results are
not suitable for direct application in engineering.
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