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Rock burst is a common tunnel and mine dynamic disaster, especially for deep buried tunnels, which often leads to tunnel
construction delay and even induces tunnel collapse and subsidence of strata. Rock drilling is one of the effective pressure relief
methods to prevent these disasters. In order to study the influence of borehole diameter on rock mass pressure relief effect, indoor
acoustic emission characteristics and numerical simulation of rock samples with different borehole diameter were studied. ,e
research result shows that with the increase in borehole diameter, the effect of borehole pressure relief is better. Different borehole
diameters do not change the overall trend of acoustic emission evolution, but it will lead to different acoustic emission count
characteristics of rock damage and failure, especially the maximum acoustic emission count characteristics and corresponding
strain values. ,e existence of drilling will lead to the failure stress of rock in advance. Moreover, the existence of drilling causes a
great change in the failure mode of the specimen.

1. Introduction

Rock burst is a common tunnel and mine dynamic disaster,
especially for deep buried tunnels, which often leads to
tunnel construction delay and even induced tunnel collapse
and subsidence of strata [1–4]. ,erefore, the control and
research of tunnel rock burst are hot and difficult topics. At
present, the commonly used rock burst control technology
of tunnel is drilling pressure relief method [5, 6]. Drilling
pressure relief technology is to form a weakening zone in the
rock mass through drilling holes and provide release space
for the accumulated energy so as to reduce the risk of rock
burst.

Scholars from home and abroad have carried out a lot of
research on the mechanism of tunnel drilling to prevent rock
burst [7–20]. Krajcinovic and Silva [7] through the exper-
imental test studied the diameter and spacing of drilling hole
on the pressure relief effect, and the research result shows
that the pressure relief effect is good when the hole diameter

is 300mm and the hole spacing is 1.5m–2.0m; if the hole
spacing is increased to 3m, the pressure relief effect is re-
duced. Zhai et al. [8] thought that large-diameter drilling is
more suitable for large area stress relief. ,e research results
of Jia et al. [11] showed that the stress release caused by crack
propagation and penetration around the borehole is the
fundamental reason for the pressure relief effect of the
borehole, and the larger the diameter and depth of the
borehole, the smaller the spacing between the boreholes, the
better the pressure relief effect of the borehole. Yi et al. [12]
used FLAC numerical simulation to analyze the pressure
relief effect of large-diameter drilling in soft and hard coal
seam; the research results show that the pressure relief effect
of drilling in soft rock is better than that in hard rock. Ma
et al. [14] found that the weakening zone formed by drilling
destroyed the bearing structure of coal body, greatly reduced
the stress of shallow coal body of roadway side, and
destroyed the stress condition of rock burst. Gai et al. [15]
evaluated the rationality of pressure relief drilling spacing
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based on the expansion and closure of plastic zone of drilling
holes and found that the coupling effect of adjacent drilling
holes was strengthened, and the pressure relief range and
efficiency were increased with the decrease in drilling
spacing. Li et al. [16] analyzed the safety parameters of the
pressure relief drilling in the dangerous coal seam and found
that the larger the hole diameter of the pressure relief
drilling, the better the pressure relief effect. Zhao et al. [17]
applied the physical model and acoustic emission technology
to study the fracture evolution of rock with prefabricated
circular hole and found that tensile splitting cracks occurred
parallel to the loading direction, and compressive cracks
occurred on both sides of the hole. Wu et al. [19] used the
DIC method to monitor five kinds of prefabricated drilling
samples and obtained the fracture development and stress
distribution of different types of samples. Lin et al. [20]
studied the crack initiation, coalescence mechanism, and
failure behavior of granite samples with different pore size,
distribution, and spacing. ,e above research analyzes the
mechanism and effect of drilling pressure relief from the
stress, deformation and the layout form, and characteristics
of drilling, which is of great significance for engineering
safety control. However, the current research rarely analyzes
the influence of the change of borehole diameter on the
pressure relief effect and failure characteristics of rock mass.

In this paper, based on previous studies, indoor tests and
particle discrete element simulation of rocks with different
borehole diameters are carried out. Firstly, the pressure relief
effect of different borehole diameters on rock mass is an-
alyzed; secondly, the acoustic emission characteristics of
rock failure are analyzed; finally, the propagation and
evolution process of microcracks are analyzed, and the
failure mechanism of borehole sandstone is revealed. ,e
research provides certain guidance and reference for drilling
pressure relief of coal and rock mass.

2. Borehole Sandstone Tests

In order to understand the influence of different borehole
diameter parameters on rock mass pressure relief effect, the
mechanical and acoustic emission characteristics of sand-
stone were studied based on laboratory tests. ,e stress,
strain, and acoustic emission ringing of rock are monitored
during the tests. To reduce the discreteness of the test, the
samples are made of sandstone with good compactness and
mechanical characteristics. ,e sandstone is gray in color
and composed of quartz grains with good macroscopic
homogeneity. During the preparation and processing of
sandstone sample, the flatness of each section of the sample
is ensured to be 0.1mm through cutting, grinding, and other
processes, and the adjacent surfaces of the sample are kept
vertical as far as possible. ,e final processed samples are
processed as shown in Figure 1. ,e sample sizes are all
50× 50×100mm, and the drilling diameters D are 6mm,
8mm, and 10mm, respectively. ,e processed rock samples
are subjected to the uniaxial compression test on a com-
pression testing machine, and acoustic emission probes are
installed around the samples to monitor the acoustic
emission characteristics during the failure process of the

samples, as shown in Figure 2. In order to make the AE
monitoring more accurate, the environmental interference
of AE was measured before the experiment, and the gain and
trigger threshold of AE preamplifier were set to 40 dB. At the
same time, in order to better analyze the influence of
borehole diameter on unloading failure characteristics of
rock mass, a control group without borehole sample was set
up, as shown in Figure 2.,e loading speed of all the samples
is 0.02mm/s.

3. Analysis of Test Results

3.1. Mechanical Characteristics of Borehole Sandstone. ,e
failure stress-strain curves of sandstone with different
borehole diameters are obtained through mechanical tests,
as shown in Figure 3. ,e peak stress, UCS, of sandstone
with different borehole diameters is shown in Figure 4. It can
be seen from Figure 3 that there are four obvious stages in
the stress-strain curve. In the initial compaction stage (OA),
with the increase in loading stress, the initial cracks and
holes in the samples are compacted under pressure and the
stress-strain curve shows a concave trend; the transverse
strain is small, and the specimen volume decreases with the
increase in load. In the elastic stage (AB), with the increase in
strain, the stress increases and the rate of stress increase is
large, and the stress-strain curve is approximately linear.,e
reason is that in this stage, the crack of the sample is stable
development. In the strain hardening stage (BC), with the
increase in strain, the stress also increases, but the increasing
rate gradually decreases, and the stress-strain curve is
concave. At this stage, the crack propagates unsteadily and
accumulates a lot. In the post peak failure stage (CD), with
the increase in strain, the bearing capacity of rock decreases
rapidly, and the crack penetrates through the samples.

It can be seen from Figure 4 that the peak strength of
sandstone is 82.1MPa, 75.3MPa, 64.3MPa, and 59.7MPa
when the diameter D of different holes is 0mm (without
drilling), 6mm, 8mm, and 10mm, respectively. With the
increase in borehole diameter, the peak strength decreases
gradually, and the peak strength decreases by 8.2%, 21.6%,

(a) (b) (c)

Figure 1: Sandstone samples with different boreholes: (a)D� 6mm;
(b) D� 8mm; (c) D� 10mm.

2 Shock and Vibration



and 27.3%, which shows obvious pressure relief effect. It can
be concluded that the pressure relief effect can be achieved
by increasing the diameter of the borehole.

3.2. Acoustic Emission Characteristics of Borehole Sandstone
Damage. ,e analysis of acoustic emission characteristics
can reflect the accumulation and evolution process of
microfracture in rock mass, and the crack growth rate of
samples also reflects the pressure relief effect of rock mass.
,e damage and failure characteristics of drilling samples are
mainly analyzed from the aspect of acoustic emission counts
since it can well reflect the damage characteristics of rock
mass [21]. According to the acoustic emission test result, the
stress-strain-counts curve of sandstone with different
borehole diameters is obtained, as shown in Figure 5. In
different stages of the stress-strain curve, the emission
counts of sandstone with different borehole diameters have
different characteristics. In the initial compaction stage, with
the increase in axial stress, the microcracks in the rock are
compacted. Because the stress is relative small, the acoustic
emission counts generated in this process are weak, and only
a small number of acoustic emission events occur. In the
elastic-plastic stage, due to the continuous increase in stress,
some damage occurs in the rock mass and some acoustic
emission counts are generated. Obvious acoustic emission
events can be seen. At this time, the cumulative number of
acoustic emission counts increases slowly. In the strain
hardening stage, the acoustic emission counts rate is active,
and there is a sudden increase in the acoustic emission
counts at the place where the stress curve fluctuates greatly,
which indicates that the crack propagation of the sample is
rapid and the number of cracks increases rapidly, releasing a
lot of elastic energy. Moreover, the acoustic emission count
is the largest near the peak stress, and the acoustic emission
counts are the strongest. In the post peak failure stage, the
samples lose their load-bearing capacity and almost no crack
occurs. ,e acoustic emission ringing count decreases
rapidly and finally tends to zero. It can be seen that the
acoustic emission phenomenon can better reflect the in-
ternal damage of rock mass and help to explain the pressure
relief effect of rock mass with different borehole diameters.

From Figure 5, it is also obtained that different borehole
diameters do not change the overall trend of acoustic
emission evolution, but it will lead to different acoustic
emission count characteristics of rock damage and failure,
especially the maximum acoustic emission count charac-
teristics and corresponding strain values. ,e maximum
value of AE is about 2600, and the corresponding strain
value is about 1.02%; for the sample with a diameter of
6mm, the maximum value of AE is about 1750 and the
corresponding strain value is about 1.15%; for the sample
with a diameter of 8mm, the maximum value of AE is about
7000 and the corresponding strain value is about 1.08%; for
the sample with a diameter of 6mm, the maximum value of
AE is about 8700 and the corresponding strain value is about
1.08%. ,rough comparison, it is found that the occurrence
of borehole will lead to the increase in the maximum count
value and the corresponding strain value of acoustic
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Figure 3: Stress-strain curves of rock with different borehole
diameters.
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Figure 4: UCS of rock with different borehole diameters.

Figure 2: Sample without borehole.
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emission. Using this feature, rock burst disasters can be
predicted better.

3.3.FailureMorphologyCharacteristics ofBorehole Sandstone.
Figure 6 shows failure modes of samples with different
borehole diameters. It can be seen from these figures that
when the borehole diameter is 0 mm, the failure of the
sample is inclined splitting failure and the failure modes is
“/”. However, the failure modes of rock mass are changed
as the borehole diameters. When the borehole diameter is
6 mm, the crack extends upward and downward from the
top of the hole, and there is approximately vertical
through failure. ,e overall failure of the sample is a main
control crack, mainly tensile failure, and the failure modes
are similar to “|”. When the hole diameter is 8 mm, the
crack mainly occurs in the upper right corner and the
lower left corner. In addition to the main control crack,
there are microcracks around the hole and the failure
modes are similar to “Y.” When the diameter of the hole is
10mm, three dominant cracks are formed in the upper
and lower right directions of the hole, accompanied by
small cracks, and the failure modes are similar to “y.”
When there is no hole, the crack mainly propagates from
the top to the bottom. When there is a hole, the crack first

occurs around the hole and then extends along the hole to
both sides of the sample. It can be seen that crack
propagation and penetration are the fundamental reason
for drilling pressure relief.

4. Numerical Simulation of Sandstone
Failure with Different Borehole Diameters

4.1. Selection of Numerical Model. Sandstone is the sedi-
mentary rock formed by the cementation of lithic particles,
and the sandstone particles and cementation can be clearly
seen under magnification, as shown in Figure 7 [22]. ,e
debris particles are hard and strong and are not easy to be
broken. ,e failure of sandstone is mainly due to the ce-
mentation fracture between fine particles, which forms
cracks. ,e crack propagation and penetration eventually
form the macrofailure of the sample. ,erefore, rock mass
materials can be simulated by means of particle flow code
(PFC). PFC program is based on discrete element framework
to simulate finite size and number of particles, as well as the
movement and interaction between particles [23, 24]. ,ere
are mainly contact bond model and parallel bond model to
describe the contact between particles. ,e latter can sim-
ulate the compression failure of rock like materials along the
normal or tangential direction, which can better reflect the
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Figure 5: Stress-strain-acoustic emission counts curves with different borehole diameters: (a) D� 0mm; (b) D� 6mm; (c) D� 8mm;
(d) D� 10mm.
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failure mode of rock like materials. ,erefore, the parallel
bond model is selected in this paper.

4.2.Model Parameter Checking. In the parallel bond model
of PFC, the macromechanical behavior of rock is mainly
determined by the microparameters such as effective
modulus of particles, particle stiffness ratio, effective
modulus of parallel bond, stiffness ratio of parallel bond,
parallel bond tensile strength, parallel bond cohesive
force, and friction coefficient [23–25]. Usually, the
microparameters of PFC rock models are calibrated by
the “trial-and-error” method [23, 24]. ,e elastic mod-
ulus and compressive strength of the intact rock samples
are about 14.6 GPa and 82MPa. ,erefore, the numerical
model is mainly checked by these two parameters. Firstly,
the numerical model as shown in Figure 7(a) is estab-
lished. ,e radius of particles is 0.3–0.5 mm, and 8753
balls are generated. ,en, the model is given the above
parameters, and the model is uniaxial compressed, and
the loading speed is 0.01 m/s by moving the wall in top.
,rough repeated trial and error, the parameters in Ta-
ble 1 can simulate the sandstone well, as shown in Fig-
ures 8 and 9. ,e elastic modulus and uniaxial
compressive strength of the numerical sandstone are
13.34 GPa and 83.8MPa, and the deviations with the real
sandstone are 0.39 GPa and 1.3MPa.

4.3. Analysis Model and Results. In order to further analyze
the influence of borehole pressure relief on rock damage and
failure, the evolution process of instability and failure of
samples with different borehole diameters is simulated. ,e
analysis contents are as follows: through the preparation of
FISH language, the failure mode of rock sample in UCS and
the failure mode of 10% UCS, 30% UCS, 50% UCS, 70%
UCS, and 90% UCS before the peak and 10% UCS and 30%
UCS after the peak stress are monitored, as shown in
Figure 10. ,e “+” represents that the monitoring points are
before peak stress, and the “−” represents that the moni-
toring points are after peak stress.

Figures 11–14 show the failure evolution of numerical
samples of rocks with different borehole diameters. It can be
seen from the figures that for the rock sample without
borehole, when the stress is less than 70% of the UCS (before
peak stress), the internal failure is small. When the com-
pressive stress reaches 90% of the peak stress, the crack
inside the sample develops rapidly, which is consistent with
the results of the acoustic emission counting. ,is means
that the failure of the samples is mainly in the peak stage.
After the compression stress exceeded the UCS, the damage
of the sample was more serious, and the cracks are mainly
concentrated in the inclined angle of 60 degrees. ,e failure
form of the complete rock sample is mainly inclined splitting
failure. ,e failure shape is “/”, which is consistent with the
failure mode of the laboratory test. For the rock samples with

(a) (b) (c) (d)

Figure 6: Failure morphology of samples with different borehole diameters: (a) D � 0mm; (b) D � 6mm; (c) D � 8mm; (d) D � 10mm.

Figure 7: Grain cement structure of sandstone [22].

Table 1: Physico-mechanical parameters of the numerical sand-
stone model.

Parameter Value
Minimum diameter (mm) 0.6
Maximum diameter (mm) 1.0
Effective modulus of particles (GPa) 12
Effective modulus of parallel bond (GPa) 15
Stiffness ratio of parallel bond 2.0
Friction coefficient 0.6
Density (kg/m3) 2500
Parallel bond tensile strength (MPa) 24
Parallel bond cohesive force (MPa) 51
Particle stiffness ratio 2.0
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boreholes, when the stress is less than 50% of the prepeak
stress, the sample is basically nondestructive. However,
when the stress reaches 70% of the peak stress, cracks are
generated in the inner part of the sample, i.e., near the
borehole, and the cracks are perpendicular to the devel-
opment of the cavern. ,is mechanism will be analyzed in
section 4.4. ,e crack propagates along the upper left
corner and the lower right corner of the specimen,
forming different failure modes. ,e failure mode is
similar to inverted y shape. For the complete specimen,
the cracks are distributed in the whole specimen when the
stress is small. With the increase in the stress, the cracks
begin to expand in a certain direction and form a certain
shape of failure zone. For the sample with drilling hole,
the crack first appears around the drilling hole. With the
further increase in stress, the cracks around the borehole
increase and expand outward gradually and the crack
propagates along the hole with the cracks formed in other
places to form a failure zone. With the further increase in
stress, the cracks around the borehole increase and expand
outward gradually. ,e failure evolution characteristics of
rock samples with different drilling diameter conditions
show that with the increase in drilling hole diameters, the
higher the damage degree of rock mass is, the faster the
crack propagation speed is, which is also the reason why
the increase in borehole diameter leads to the larger
unloading range.

4.4. 9eoretical Analysis of Rock Failure with Borehole.
For the rock mass drilled, the mechanism of crack formation
can be analyzed from the stress concentration of the
borehole.,e analytical expression of stress of the hole when
the model subjected to compressive stress σ1 is as follows
[26]:
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where σr is the radial stress of surrounding rock, σθ is the
tangential stress of surrounding rock, σ1 is the compressive
stress, and r1 is the radius of the hole.
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Figure 8: Numerical model and failure mode: (a) initial model; (b) failure model.
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(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 11: Damage evolution modes of rockmass without borehole: (a) +0.1UCS; (b) +0.3UCS; (c) +0.5UCS; (d) +0.7UCS; (e) +0.9UCS; (f )
UCS; (g) −0.9UCS; (h) −0.7UCS.

(a) (b) (c) (d)

Figure 12: Continued.
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,rough formula (1), when r� r1, the stress distribution
expression around the hole is calculated as follows:

σr � 0,

σθ � σ1 + 2σ1 cos 2θ.
(2)

From formula (2), it can be obtained that when θ� 0°,
the tangential stress σθ � 3σ1, and when θ � 90°, the

tangential stress σθ � −σ1. ,is shows that the compressive
stress concentration occurs on the left and right sides of
the circular hole, and the tensile stress concentration
occurs at the top and bottom boundary of the hole. It also
means that the top rock will break first due to tensile stress.
As shown in Figures 11–14, the failure of drilling rock mass
begins with borehole failure, and the main failure is tensile
failure at the top and bottom. ,is shows that drilling is

(e) (f ) (g) (h)

Figure 12: Damage evolution modes of rock mass with borehole diameter as 6mm: (a) +0.1UCS; (b) +0.3UCS; (c) +0.5UCS; (d) +0.7UCS;
(e) +0.9UCS; (f ) UCS; (g) −0.9UCS; (h) −0.7UCS.

(a) (b) (c) (d)

(e) (f ) (g) (h)

Figure 13: Damage evolution modes of rock mass with borehole diameter as 8mm: (a) +0.1UCS; (b) +0.3UCS; (c) +0.5UCS; (d) +0.7UCS;
(e) +0.9UCS; (f ) UCS; (g) −0.9UCS; (h) −0.7UCS.

8 Shock and Vibration



beneficial to deformation and crack propagation of rock
mass and helps to reduce high stress and energy in rock
mass.

5. Conclusions

Based on laboratory experiments and numerical simulation,
this paper analyzed pressure relief effect and rock failure
characteristics with different borehole diameters and ob-
tained the following conclusions.

With the increase in borehole diameter, the effect of
borehole pressure relief is better.,e peak strength decreases
by 8.2%, 21.6%, and 27.3%when borehole diameter increases
from 0mm to 10mm. ,e pressure relief effect can be
achieved by increasing the diameter of the borehole.

Acoustic emission can effectively reflect the internal
damage characteristics of rock mass. With the change of
stress and strain, the emission count characteristics of rock
mass also show the characteristics of slow and sharp increase
attenuation, and different drilling characteristics do not
affect this law. However, the increase in borehole will lead to
the increase in the maximum count value and the corre-
sponding strain value of acoustic emission. Using this fea-
ture, rock burst disasters can be predicted better and
potential disaster such as tunnel collapse and subsidence of
strata can be prevented effectively.

,e existence of drilling will lead to the failure stress of
rock in advance. For the nondrilling samples, the failure
starts at 70% of the stress before the peak value, while for
the rock samples with different boreholes, the failure is
about 50% of the stress before the peak value. Moreover,
the existence of drilling causes a great change in the failure
mode of the specimen. ,e failure of the nondrilling rock
starts from the end of the rock sample, while the failure of
the rock in the borehole starts from the bottom of the
cavern top.

,e failure evolution characteristics of rock samples are
different under different borehole diameters. With the in-
crease in borehole diameter, the more serious the failure and
deformation of rock mass around the borehole and the faster
the crack propagation.
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Figure 14: Damage evolution modes of rock mass with borehole diameter as 10mm.
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