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Due to the transfer of Lannigou gold mining from shallow to deep, a series of stability problems of surrounding rock have been
caused. The drilling pressure relief technology has unique advantages in the control of mine pressure in high-stress roadways. In
order to explore the damage effect of borehole pressure relief technology on rock, uniaxial compression and acoustic emission tests
were carried out on siltstone specimens with borehole diameters of 8mm, 12mm, and 16mm, respectively, and the acoustic
emission signals of the whole process were collected simultaneously to explore the uniaxial compression of siltstone specimens
with prefabricated holes in this paper. According to the statistical characteristics of acoustic emission, the damage law of
siltstone specimens with prefabricated holes was explored from the microscopic point of view and the damage effect of drilling
on siltstone specimens reflected by the acoustic emission phenomenon was revealed. The research results show that there are
multiple stress drops before the deformation and failure of the rock sample with prefabricated drill holes; there is a positive
correlation between the diameter of the drill hole and the power law index of the stress drop distribution; the acoustic
emission activity of the rock during the deformation and failure process can be indirectly reflected the evolution of
microfractures; the energy probability density function under different borehole diameters conforms to the power law
distribution; the critical exponent obtained by the maximum likelihood estimation has an optimal plateau value, which can
accurately characterize the power exponent of the energy distribution; the launch waiting time and aftershock sequence have a
good power-law distribution in logarithmic coordinates. The research results provide a certain theoretical basis for the
application of drilling pressure relief technology in southwestern Guizhou.

1. Introduction

The geological structure of the southwestern Guizhou region
is complex, which makes the Lannigou gold mine show the
characteristics of high in situ stress when it is gradually
mined to the deep. With the increase of mining depth, the
in situ stress of the Lannigou gold mine will reach 30MPa,
which leads to frequent occurrence of dynamic disasters
such as the roof falling of the roadway. The mechanical envi-
ronment of surrounding rock in high-stress roadways is
more complex, showing a series of engineering response
problems such as discontinuity, noncoordinated large defor-
mation, and large-scale instability and damage [1]. For some
high-stress roadways that are difficult to maintain, pressure
relief technology can achieve better mine pressure control

effect than strengthening support and surrounding rock
reinforcement [2, 3]. Compared with other pressure relief
technologies, drilling pressure relief technology has its
unique advantages. Compared with blasting pressure relief,
drilling pressure relief does not require charging. Compared
with water injection pressure relief, drilling pressure relief
saves a lot of water resources. The construction process is
simple, and pressure relief effect is good [4, 5].

However, the drilling pressure relief technology will
weaken the strength of the surrounding rock mass. The
application of the drilling pressure relief technology in
underground engineering does not consider this damage
effect, resulting in problems such as unsatisfactory drilling
parameters design. Acoustic emission technology, as a non-
destructive testing method [6], can monitor the deformation
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and failure process of rocks in real time, dynamically, and
continuously, thus reflecting the development of internal
fractures in rocks [7]. Since the absolute energy of acoustic
emission and the number of acoustic emission events can
span multiple orders of magnitude, some scholars have intro-
duced statistical theory and used statistical methods such as
histogram method, least square method, and maximum like-
lihood estimation to study acoustic emission signals, so as to
reversely understand compression failure characteristics of
rock materials [8–10]. The moment tensor of major events
can be obtained by the full waveform inversion of the acous-
tic emission signal, which can be used to evaluate the tunnel
ground vibration caused by underground mines and study
the focal mechanism of large earthquakes [11, 12]. At pres-
ent, the research on the statistical characteristics of acoustic
emission signals mainly focuses on the rock material and
the stress environment. In terms of rock materials, there are
mainly sandstone [13], granite [14], calcareous shale [15],
goethite [16], and coal and sandstone combination rocks
[17]. In terms of stress environment, scholars’ research
mainly focuses on uniaxial compression [18], triaxial com-
pression [19], triaxial shearing [20], and wetting-drying cycle
[21].While the above studies mostly focus on intact rocks,
there are few studies on the statistical characteristics of
acoustic emission signals during the deformation and failure
of rocks with prefabricated cavities.

Therefore, it is of great significance to study the deforma-
tion and failure characteristics and acoustic emission charac-
teristics of rocks with prefabricated holes for the rational
design of drilling parameters to achieve a good pressure relief
effect. Based on avalanche dynamics and acoustic emission as
a monitoring method, this paper studies the statistical char-
acteristics of acoustic emission of siltstone specimens with
prefabricated cavities in the process of uniaxial compression.
The influence of borehole diameter on the stress drop and
avalanche dynamic activity of siltstone specimens with
prefabricated cavities is investigated from a microscopic
perspective. The stress drop of the specimen and the influ-
ence law of avalanche dynamic activity reveal the instability
and failure mechanism of rock with prefabricated boreholes
reflected by the acoustic emission phenomenon. This
research reveals the instability failure mechanism of rock
with prefabricated boreholes reflected by acoustic emission
phenomenon.

2. Test Overview

2.1. Geological Background. It can be seen from Figure 1,
Lannigou gold mine, as the largest fault-controlled Carlin-
type gold deposit in a triangular district of the junction of
Yunnan, Guizhou, and Guangxi Provinces in southwestern
China, has a complex geological structure and complex ore
body shape. The ore-hosting rock and surrounding rock
are mainly sandstone and siltstone, which have the engineer-
ing characteristics of being weak and broken, easily weath-
ered and argillized by water. Now it has been mined to
-200m horizontal elevation. Due to the influence of high
ground stress, the surrounding rock of the deep roadway
has challenges such as large deformation and difficulty in

supporting [22]. For this purpose, nine rock samples were
collected in the tunnel. Due to the influence of mineraliza-
tion (silicification) alteration, the rock samples are dense
and hard in texture. In order to more accurately identify
the lithology, the collected rock samples were observed and
identified by microscope. The magnification of the scanning
electron microscope is 100 times. As shown in Figure 2, the
particle size of the debris in the rock is generally between 0.1
and 0.4mm. And the debris has high roundness and spheric-
ity, good sorting. The debris is cemented by silica. It is thus
determined that the lithology is siltstone.

2.2. Sample Processing. The siltstone with good homogeneity
in the Lannigou gold mine was selected as the test material.
After cutting and grinding, it was processed into a cuboid
specimen of 50mm × 50mm × 100mm. A round hole with
a diameter of D was cut on the top. The parameters are
shown in Table 1. Each group of tests used 3 specimens.
The processed specimens are shown in Figure 3.

2.3. Test Plan. The test adopts the servo medium control sys-
tem to carry out the uniaxial compression test on the sam-
ple. The loading method adopts displacement loading. The
loading rate is 0.01mm/min.

In the process of uniaxial compression, the DISP type
acoustic emission system is used to simultaneously collect
the whole process acoustic emission signal of the specimen
during the loading process. Parameter setting: the monitor-
ing threshold is 40 dB, the peak definition time is 50μs, the
bump definition time is 200μs, the bump blocking time is
300μs, and the acquisition frequency is 140 kHz. To ensure
the reliability of the acoustic emission test data, two acoustic
emission probes were arranged symmetrically in the middle
of the left and right sides of the cuboid specimen during the
test. Vaseline was smeared between the probe and the spec-
imen to enhance the coupling effect between the two.

3. Results and Discussion

3.1. Mechanical and Failure Characteristic Analysis. Accord-
ing to Figure 4, when the borehole diameter is 8mm and
12mm, with the increase of the axial stress, the axial stress-
strain curve shows multiple stress drops, and there are two
obvious stress drops. When the first obvious stress drop
occurs, the specimen still has a certain bearing capacity, indi-
cating that the specimen has no overall instability and failure.
There is a certain time interval between two obvious stress
drops in the axial stress-strain curve. When the borehole
diameter is 16mm, the axial stress-strain curve also shows
multiple stress drops, but there is no obvious stress drop phe-
nomenon. When the borehole diameter is 16mm, the rock
transforms from brittle failure to ductile deformation, and
no stress drop or significant stress drop occurs at this time.
Stress drop is a range of individual variations, the brittle-
ductile transition state. At the same time, the higher the
strength of the rock fracture, the greater the stress drop, the
lower the strength, and the smaller the stress drop [24]. The
specimen exhibits plastic flow characteristics by comparing
and analyzing the stress and strain corresponding to the peak
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point 1 and the peak point 2 of the stress drop phenomenon,
it is found that with the increase of the borehole diameter, the
stress difference and strain between the two peak points grad-
ually increase. The stress of peak point 1 is 98.6% and 94% of
the stress of peak point 2, respectively, and the strain of peak
point 1 is 98% and 93% of the strain of peak point 2, respec-
tively. The fast propagation point of the rock crack gradually
moves away from the peak strength. This means that the like-
lihood of rock instability occurring increases with borehole
diameter.

The stress drop of rock specimen under the action of
force can be used as avalanche signal [25]. To further
understand the stress drop phenomenon of rock compres-
sion failure with prefabricated boreholes, the probability
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Figure 1: Regional structural geological map [23].
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Figure 2: Micrograph of siltstone.

Table 1: Geometry parameters of samples.

Sample no. L (mm) W (mm) H (mm) D (mm)

1-1 50.0 50.1 100.0 8

1-2 50.2 50.0 100.1 8

1-3 50.0 50.2 100.1 8

2-1 50.0 50.1 100.0 12

2-2 50.1 50.2 100.1 12

2-3 50.1 50.0 100.2 12

3-1 50.0 50.2 100.1 16

3-2 50.0 50.1 100.1 16

3-3 50.1 50.0 100.2 16
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density of stress drop obtained during the whole process of
compression failure of prefabricated borehole specimens
was statistically analyzed. The statistical results of the proba-
bility density of the stress difference are shown in Figure 5. In
Figure 5, Δσ is the adjacent axial stress difference, and PðΔσÞ
is the probability density function of the adjacent stress
difference. Its expression is as follows:

Δσ = σ1i − σ1i+1: ð1Þ

Among them, Δσ needs to satisfy the relation of Δσ > 0;
σ1i, i = 1, 2, 3,⋯, n is the observed value of axial stress.

According to Figure 5, the probability density map of the
adjacent axial stress difference has a good linear relationship
in the double logarithmic coordinate. This result shows that
the distribution law of the stress drop phenomenon obtained
during the compression failure process of the prefabricated
drilled specimen follows the power law distribution. At the
same time, as the borehole diameter increased from 8mm
to 16mm, the power-law exponents of the stress drop distri-
bution were -1.00, -0.81, and -0.72, respectively. It can be
seen that there is a positive correlation between the borehole
diameter and the power law exponent of the stress drop
distribution.

The occurrence of stress drop phenomenon usually
means the initiation or unstable propagation of macroscopic
cracks. In this paper, the probability density statistics
method is used to obtain that the distribution law of the
stress drop phenomenon follows the power law distribution,
which directly proves that the deformation and failure of the
rock with prefabricated boreholes need to go through a grad-
ual process from instability to failure.

3.2. Basic Characteristics of Acoustic Emission Energy. The
intensity of an acoustic emission event is related to the
amount of energy released. The absolute energy of acoustic
emission is defined as the integral over the duration of the
square of the acquired signal voltage. Its expression is as fol-
lows:

E = 1
R

ðt j
ti

U2 tð Þdt: ð2Þ

Among them, ti is the time when the acoustic emission
event signal starts, t j is the time when the acoustic emission
signal ends; R is the internal resistance value; the unit of
absolute energy is aJ.

It can be seen from Figure 6 that the overall trend of the
σ − t curve for different borehole diameters is relatively con-
sistent. The energy signal is disordered and spans multiple
orders of magnitude over time. As the borehole diameter
increases, the number of acoustic emissions decreases. Espe-
cially when the hole diameter is 16mm, the number of
acoustic emissions is greatly reduced and the strength to
the specimen is significantly reduced. The reason may be
that when the borehole diameter is 16mm, the weakening
effect of the drilling technology on the strength of the rock
specimen is obvious, which greatly reduces the strength of
the rock, and which greatly shortens the fracture process of
the specimen and reduces the acquisition of acoustic emis-
sion signal collection time. The whole process can be divided
into the following stages.

Combined with the number of acoustic emission events
reflected in the rock and the corresponding energy, each
loading stage has different acoustic emission characteristics.
In the fracture compaction stage, the acoustic emission
events are less and more sparse and the energy value is rela-
tively stable. This is mainly due to the end effect and the
closure of the initial internal microcracks. In the linear elas-
tic stage, the acoustic emission energy is briefly in a quiet
period. At this time, the microcracks inside the sample have
been compacted, and there are not new cracks generated. In
the stage of microcrack generation and propagation, as the
stress increases, microcracks begin to appear inside the sam-
ple. The crack gradually expands, and high-energy acoustic
emission events increase. When the loading reaches the
failure stage, the crack continues to expand violently, the
energy accumulated inside is released, and the number of
acoustic emission events increases sharply. The energy value
of the acoustic emission event expands rapidly and is densely
distributed, spanning multiple orders of magnitude. Due to
the continuous accumulation of energy, the peak intensity
of the specimen is reached and rupture occurs. At this time,
the acoustic emission energy value is the largest, the event
frequency is the largest, and the stress drops instantly.
According to Figure 6, the evolution law of the acoustic
emission energy of the rock during the deformation process
with time reflects the change trend of its stress with time to a
certain extent. This feature is not affected by the change of
the diameter of the borehole, which indirectly proves that
the acoustic emission activity can reflect the microfracture
evolution activity.

3.3. Statistical Characteristics of Acoustic Emission Energy.
Since both the AE energy and the AE event number span
multiple orders of magnitude, they can be expressed in log-
arithmic coordinates. For acoustic emission signals spanning
multiple orders of magnitude, it is an appropriate and effec-
tive analysis method to introduce avalanche theory and use
statistical methods to study.

(1) Gutenberg-Richter law

Figure 3: The processed siltstone specimen.
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The acoustic emission energy data obtained during the
whole process of compression failure of the specimen with
prefabricated drilling holes were counted by the histogram
method, and the acoustic emission energy probability den-
sity map of the specimen was obtained. The result is shown
in Figure 7. The acoustic emission energy of the specimen
with prefabricated holes obeys a power-law distribution [26]:

p xð Þ = x−r

τ r, xminð Þ : ð3Þ

In the formula, r is the critical exponent characterizing
the entire probability density distribution; τ is the Huiwiz-
zeta function.
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It can be seen from Figure 7 that the acoustic emission
energy probability density map has a good linear relation-
ship in the double logarithmic coordinate, and the inherent
property of the acoustic emission energy distribution follows
a power-law distribution and is not affected by the change of
the borehole diameter. The absolute value of the slope of the
fitted straight line in Figure 7 can be expressed as the magni-
tude of the power-law exponent of the acoustic emission
energy. The power exponent can reflect that the damage of
rock originates from the development process [27].

When using maximum likelihood estimation, the distri-
bution index r of the absolute energy of acoustic emission
can be expressed as [28]

r xminð Þ = 1 + n 〠
n

i=1
ln xi
xmin

 !−1

, ð4Þ

where xi, i = 1⋯ n are all observations that satisfy the
inequality xi ≥ xmin.

It can be seen from equation (4) that the number of crit-
ical exponent r and histogram units is independent of the
length. There are not artificial parameters introduced in
the whole calculation, and the result is only related to its
own data structure.

However, using different energy intervals as the esti-
mation basis will result in different power exponents r,
that is, the power exponent as a function of the energy
interval r = f ð½Xlow, Xhigh�Þ. Therefore, each different sam-
ple interval ½Xlow, Xhigh� can get a power exponent estimate

r’. Sample interval is selected according to the following
rules. In the case of fixed Xhigh, the corresponding power
exponent is estimated by sliding Xlow. Research shows
(J.BAR), when Xhigh = Xmax, the distribution of the power
exponent r corresponding to different sample intervals is
the most concentrated by sliding Xlow. Therefore, by set-
ting Xhigh = Xmax, a more accurate power exponential
dynamic distribution curve can be obtained by changing
the size of the sample interval.

The maximum likelihood method is used to calculate
and analyze the absolute energy of acoustic emission gener-

ated by the specimen in the process of compression failure
by using MATLAB software. The calculation results are
shown in Figure 8.

According to Figure 8, the plateau value of the power-
law exponential curve can represent the best estimate of
the power-law of the probability density curve. The power-
law exponent r at this stage can well represent the energy
distribution of the entire process. For 8mm, 12mm, and
16mm different drill hole diameters, the value range of the
power law index is r8mm = 1:62 ± 0:05,r12mm = 1:54 ± 0:05,
and r16mm = 1:5 ± 0:05. The absolute energy of acoustic
emission generated during the compression failure process
of rock specimens with prefabricated cavities can better
satisfy the G-R law. The power-law exponent decreases grad-
ually as the borehole diameter increases. The trend of nega-
tive correlation is between borehole diameter and absolute
energy power law exponent of acoustic emission. The
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acoustic emission energy power-law index obtained by the
maximum likelihood method is roughly the same as the
acoustic emission energy power-law index obtained by the
histogram method. Therefore, the absolute energy power-
law index of acoustic emission obtained in this study has
high reliability.

(2) Distribution of waiting time

The time interval between adjacent acoustic emission
events is regarded as the waiting time, denoted by the sym-
bol δ.

For the compression failure of rock materials, the calcu-
lation results are shown in Figure 9 through statistical anal-
ysis of the waiting time of adjacent acoustic emission events.
In Figure 9, PðδÞ represents the probability density function
of the waiting time of adjacent acoustic emission, δ repre-
sents the waiting time of adjacent acoustic emission events,
and <n > represents the unit time of the absolute energy
of acoustic emission under the diameter of the borehole
average number of acoustic emission events. For acoustic
emission events with waiting time less than 0.1 s, the power
critical exponent is 1 − ν, while the power critical exponent
for acoustic emission with waiting time greater than 0.1 is
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2 + ζ. According to Figure 9, it can be seen that the waiting
time distribution of the three specimens with different bore-
hole diameters shows a good power-law distribution in the
double logarithmic coordinate. The waiting time distribu-
tion of the siltstone specimens with the three borehole diam-
eters is basically the same, which shows that the time
distribution of AE signal generation is not affected by the
diameter of the borehole.

(3) Distribution of aftershock sequences

The relationship between the main shock and after-
shocks can be described by Omori’s law, that is, the number
of aftershocks decreases exponentially with the time from
the main shock [29]. For the data analysis of Omori’s law,
artificially divided energy intervals 101 aJ~102 aJ, 102
aJ~103 aJ, and 103 aJ~104 aJ are used, and the main shock
is selected in the above energy interval. Count the frequency
rAS of aftershocks in the time interval ΔtAS from the main
shock.

Figure 10 shows the statistical results of aftershock
sequences for sandstone specimens with three borehole
diameters. For the sandstone specimens with three different
borehole diameters, their aftershock sequences show good
power-law distribution in the above three orders of magni-
tude, and the aftershock frequency attenuation coefficients
are all about 1 in the double logarithmic coordinate. Thus,
the distribution of aftershock sequences of sandstone speci-
mens with three borehole diameters satisfies a power-law
distribution, and the distribution index is close to the seismic
statistics in the case of uniaxial compression. The power-law
similarity of the three mainshock energy intervals reflects the
scale-free characteristics of Omori’s law, that is, the selection
of mainshock energy does not affect the attenuation coeffi-
cient of aftershock frequency and the law of aftershock fre-
quency attenuation over time. The data for the sandstone
specimen with a borehole diameter of 16mm is not as linear
in logarithmic coordinates as for the sandstone specimens
with a borehole diameter of 8mm and 12mm. The reason
may be related to the fact that the amount of acoustic emis-
sion data of the 16mm sandstone specimen is far less than
that of the other two groups of specimens.

4. Conclusion

In this paper, the uniaxial compression acoustic emission
test is carried out on siltstone specimens with different bore-
hole diameters, and the acoustic emission signals of the
whole process are collected simultaneously.

(1) The prefabricated drilled rock has multiple stress
drops before deformation and failure, but when the
diameter of the drilled hole is 16mm, the stress drop
is small. The rock failure occurs after a certain stress
drop Δσ. The evolution law of the acoustic emission
energy of the rock during the deformation process
reflects the change trend of its stress with time to a
certain extent, which indirectly proves that the

acoustic emission activity can reflect the microfrac-
ture evolutionary activity

(2) The acoustic emission energy obeys the power-law
distribution in multiple orders of magnitude, and
the change of the borehole diameter does not
change. The two methods of the histogram method
and the maximum likelihood estimation method also
confirm that the critical exponent of the acoustic
emission energy probability density has a high
reliability

(3) The larger the absolute value of the slope is, the
steeper the probability density curve is, which is
reflected in the figure as the increase in the rate den-
sity PðEÞ of the low-energy acoustic emission signal.
The change of the slope reflects the deterioration of
the rock by the drilling technology. The changing
behavior of the critical index can characterize the
damage

(4) The distribution of acoustic emission waiting time of
siltstone specimens with different borehole diame-
ters. The distribution of aftershock sequences have
similar power-law distributions in double logarith-
mic coordinates. The waiting time distribution of
the specimens has the same power-law exponent,
and the aftershock attenuation coefficient p is close
to 1

(5) As the borehole diameter increases, the weakening of
rock strength increases significantly. Therefore, on
the premise of obtaining a good pressure relief effect,
the diameter of the drill hole should be selected as
small as possible to prevent the instability of the rock
mass
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