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In order to strengthen the forecasting of rockburst in underground engineering, the fractal characteristics of
the rockburst proneness of rock were studied in this paper. The fractal characteristics of rock surface and
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acoustic emission were analyzed based on four types of rocks by uniaxial compression testing. The changes

in fractal characteristics among the different types of rock were compared by calculating the geometric
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1. Introduction

With the great progress of social economy, underground engi-
neering has gradually been developed more and more deeply.
On this background, rockburst has become one of the major
geological disasters limiting the development of underground
engineering. Rockburst is a nonlinear dynamic phenomenon in
which a rock mass releases energy extremely rapidly along the
excavation free face.® Rockburst is a complicated problem and
there is neither a set of mature theories on its prediction nor
comprehensive understanding of the cause of its formation.
Some scholars believe that rockburst is a unique property of the
rock itself, which is inherently determined by the rock's phys-
ical condition.? This research was conducted from the angle of
rockburst proneness. In the course of the study, theory based on
the traditional Euclidean space suffered limitations to a certain
extent. In 1987, Xie Heping began to use the fractal character-
istics of rock in his doctoral thesis, and carried out further
studies on the application of fractal theory in rock mechanics in
1988-2003, with concentration on the fractal dimension of rock
fracture, and the relationship between fractal characteristics
and damage and energy dissipation of burst fracture. Then,
fractal geometry was introduced to the analysis of rock damage
and fracture, including microscopic fracture of rock, macro-
scopic fracture dynamic expansion and fragmentation distri-
bution of rock mass.** The acoustic emission (AE) phenomenon
in the process of failure also shows fractal characteristics. The
change of fractal dimension of rock during the deformation
process was in concert with its stress state, and mechanical,
physical and chemical properties.’ In addition, some scholars
believe that rockburst is the result of internal crack propaga-
tion; therefore the rockburst mechanism can be further
understood by studying the development of cracks during the
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dimension and acoustic emission dimension. Results showed that the rock with stronger rockburst
proneness had more intensive failure in the loading process.

rock failure process. The fractal theory is an important method
to study the development of cracks. More and more scholars use
the fractal method to study rockburst. However, as it has been
a short time since fractal theory was used in the study of rock
mechanics, and no systematic theoretical basis has been
formulated, it is difficult to study the rockburst mechanism. In
such context, it is of great significance to study rockburst
proneness based on fractal characteristics and predict rock-
burst by establishing a corresponding index. In this paper,
uniaxial compression experiments were carried out based on 4
different rocks, namely marble, granite, hornstone and skarn.
The changes of a rock's surface fractal dimension and AE
dimension were studied by determining and analyzing the
surface characteristic of rock before and after testing. Based on
this, the relationship between fractal characteristics and rock-
burst proneness was studied. The mechanism of rock with
rockburst proneness is the key problem to be urgently
addressed for underground engineering disaster prevention.

2. Experiment on rockburst
proneness

In order to study the surface fractal characteristics of different
rocks, uniaxial compression testing was conducted using
marble, granite, hornstone and skarn. Each sample used in the
experiment is a conventional standard cylinder with a size of @
50 mm x 100 mm. In this experiment we used burst energy
index and elastic deformation energy index to measure the
strength of rockburst proneness.®” Uniaxial compression
testing was conducted wusing an MTS815.04-type rock
mechanics test system developed by Wuhan Institute of Rock
and Soil Mechanics, Chinese Academy of Sciences. The equip-
ment is shown in Fig. 1. The value of each rockburst proneness
index of each rock was calculated by using MATLAB. The results
are shown in Table 1.
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Fig.1 Rock mechanics and AE test systems.

Table 1 Result of burst energy index and elastic deformation energy
index of each rock®

Sample o./MPa  E/10°MPa v Wee Wee
Marble DH4 54,74 3.37 0.12 150 —
DH5 53.15 4.05 020 132 —
DHS8 54,84 4.19 0.17 106 —
DH6 92.32 7.31 0.15 — 1.91
DH9 83.62 7.12 0.16 — 1.72
Granite HB1  117.18 4.19 0.14 231 —
HB2  311.24 4.64 022 3.00 —
HB4  189.20 4.07 0.16 171 —
HB6  151.34 3.78 0.42 — 6.15
HB7  245.60 4.27 016 — 6.17
Hornstone  JY3 109.86 7.52 021 110 —
JY4 84.18 10.65 0.17 2.00 —
JY8 125.61 7.84 0.15 — 5.21
Skarn X3 97.38 0.95 0.15 — 2.16
X4 113.99 6.21 0.07 122 —
X6 98.26 5.84 0.18 — 2.17
X8 146.95 7.95 0.15 142 —
X10 85.98 8.19 0.14 137 —

“ g.—uniaxial compression strength; E—elastic modulus; »—Poisson
ratio; Wr—burst energy index; W.—elastic deformation energy index.

The strength of rockburst proneness of the four rocks from
Table 1 can be arranged in the order: granite > hornstone >
skarn > marble.

3. The analysis of rock surface fractal
characteristics under uniaxial
compression

3.1 The extraction of the surface fractal characteristics of
rock

We must take pictures of the four rocks before and after testing.
In order to obtain surface features of rock before and after the
test, as far as possible, we must adopt a professional digital
camera. The pictures we take should have high image definition
and uniform brightness, without large areas of shadow. The

43074 | RSC Adv., 2017, 7, 43073-43082

camera lens should be adjusted perpendicularly to the sample
surface to avoid image deformation. In order to ensure the
consistency of the images before and after the test, we should
place the specimens and camera in the same position.® During
data analysis, we should select pictures at the same position
before and after testing to analyze the surface fractal feature,
and the selected picture after testing should contain at least one
crack. Then, the selected pictures were processed by MATLAB
software. Here below we take the analysis process of the marble
sample as an example.

First, we selected a 64 x 64 pixel of rock surface image at the
same position before and after testing, wherein the image after
testing contains one crack at least, as shown in Fig. 2. To
eliminate unwanted information from the picture and facilitate
software calculations, the image after extraction was converted
into a binary image after adjustment and noise reduction, so
that the fractal dimension can be calculated by MATLABS.0. The
specific operations are show in Fig. 3.

3.2 The calculation of fractal dimension of rock before and
after testing

Fractal dimension is at the core of fractal theory, which over-
comes the limitation of traditional Euclidean geometry. At
present, the common method of calculating the fractal
dimension is the box counting dimension, also known as box

Fig. 2 The position of surface feature extraction before and after
testing of marble.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 The processing of images after extraction.

dimension. The calculation formula of box dimension is as
follows:

log W(r)

D = —lim
log r

r—0

1)

D—box dimension, —box with side length r, W(r)—the number
of boxes required to cover the entire graphic. The box can be
square or round. A circle of which the radius is r can be used to
cover the space, wherein the radius is gradually reduced. Its
mathematics is simpler than that of a square, and easier to be
applied to a general distance space. However, the advantage of
a square box is that in many cases the calculation of W(r) is
simpler, and the number of boxes is equal to the number of
boxes required to cover the entire graphic.

Specific calculation steps are as follows:

(1) Conduct binarization of images and obtain a binarization
data matrix which can be analyzed.

(2) Partition the resulting data matrix into several blocks,
guaranteeing the number of rows and number of columns of
each block are both k. The number of blocks containing 1 (or 0)
is denoted as W(k), k = 1, 2, 4, ..., 2%, so the number of boxes is
W(), W(2), W(4),..., W(2) |

(3) Fit the data points (log K, log W(k), k =1, 2, 4, ..., 2) with
a straight line by the least squares method. The negative value D

B D=16395 R=0.9578 |
(o]

0 1 2 3 4
log(r)
before test

Fig. 4 Calculating results of fractal dimension of marble.
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of the slope of the resulting line is the physical dimension of the
image.

The images in Fig. 3 are divided by 2 x 2 pixels block, 3 x 3
pixels block,..., 64 x 64 pixels block. W is the number of non-
empty square partitions in the graph, and r is measurement
scale (the scale of the block). The dimension can be determined
by the linear regression of W and r in the double logarithmic
coordinate. The value of the dimension is the absolute value of
the slope of the line fitting. Calculation results are shown in
Fig. 4.

Fig. 4 shows that the correlation coefficients of surface
fractal dimension fitting of marble before and after testing are
generally over 0.98, suggesting that the surface of the rock has
fractal characteristics. The above steps were repeated to calcu-
late the dimensions of the other rocks, and the results are
shown in Table 2.

Table 2 shows that the surface fractal dimensions of the four
rocks are all increased after testing. The increase for granite is
about 2% and that for skarn is about 1%. The increases for
marble and hornstone are both below 1%. The strength of
rockburst proneness of the four rocks can be ranked in order as:
granite > skarn > hornstone > marble. According to the result, it
can be known that the rock of stronger rockburst proneness has
a bigger change of dimension between before and after testing.

8
EO D=16357 R=0.9886
o

1
z
g2

D b 4

-2

0 1 2 3 4 5 B
log(r)
after test
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Dimension before test

Dimension after test

Type Number Dimension Average Dimension Average Change of dimension

Marble DH5 1.6391 1.6380 1.6357 1.6450 0.0070
DH6 1.6538 1.6986
DHS8 1.5998 1.5896
DH9 1.6590 1.6560

Granite HB6 1.6190 1.6231 1.6611 1.6552 0.0321
HB7 1.6271 1.6492

Hornstone Jy4 1.6759 1.6587 1.6540 1.6664 0.0077
JYs 1.6414 1.6787

Skarn X3 1.5756 1.6272 1.6091 1.6470 0.0198
X6 1.6305 1.6058
X10 1.6756 1.6945

The dimension after testing is bigger than that before testing for
the four kinds of rocks. That is because cracks are generated
during the uniaxial compressive test, and surface fractal char-
acteristic of a sample will become more complex, leading to
a bigger fractal dimension. The rock with stronger rockburst
proneness has more intensive failure in the loading process,
and its crack morphology is more complex, and thus its change
of dimension during the test is bigger. Given all that, the change
of dimension during uniaxial compression can be used to judge
the strength of rockburst proneness of rock.

4. The characteristics of AE
correlation dimension of rock with
rockburst proneness

It has been found that the AE parameters of rock also show
fractal features. The changes of the four rocks’ AE parameters
were analyzed by calculating the correlation dimension of time
series of AE counts.

4.1 G-P method for correlation dimension

Correlation dimension is calculated by using G-P algorithm.
The estimated value of real dimension of the attractor is the
correlation dimension of the algorithm.” The specific calcula-
tion steps are as follows, where X is a time series of n:

X = {xla X2, eeey xn} (2)

A phase space is constructed according to formula (2). The
length of the space is N,,, and its dimension is m, wherein m < n.
m is defined as the dimension of the reconstructed phase space.
The reconstructed phase space is:

X Xige Xigm-2e  Xitm-1)
X X2+1 X2+(m—2)r X2+(m—2)f
x=| : ; 5 5 (3)
XNmfl XNmflJrr XNmflJr(mfZ)r XN*I
XNm XNV;I+I XNer(mfZ)r XN

In the formula: N—number of time series signals; Nm—number
of reconstructed vector, and Nm = N — (m — 1)t; M—dimension

43076 | RSC Aadv., 2017, 7, 43073-43082

of embedding space; t—time delay, which is usually the integer
multiple of the time interval of sampling.
The associated integral function is as follows:

1
@

NaNact 3 Do Hlr= 1%, |
i=1 j=1

In the formula: W(r)—correlation integral of signal, i.e. corre-
lation dimension; H—unit step function of Heaviside,

1 u=0 .
H(u) 0 u<o’ R—observation scale.

wi(r)

Distance between two vectors:

m—1

12
2
X - x| = {Z D) } (5)
1
W(r) is the occurrence frequency of a vector (distance less than
or equal to R) in the embedded space. In addition, there is
a formula as follows:

Clry o 1P (6)

where D is correlation dimension, which can be calculated
according to the formula as follows:

D= limo lg W(r)/lgr (7)

The scale line of Inr — In W(r) is the curve of which the
vertical coordinate is In W(r) and horizontal coordinate is In r.
Correlation dimension of time series is the slope of the straight
line in the scale-free region of the curve.

4.2 Calculation of AE correlation dimension

The AE signal of rock is generally a one-dimensional time series,
which is extremely irregular and complex, with unpredictable
and nonlinear characteristics. Correlation dimension is sensi-
tive to the data properties with different AE signals of rock, so
that the results will be different.”® In addition, due to the
difference in the role of external force, AE signals will be
different. Nevertheless, as the statistical regularity of internal

This journal is © The Royal Society of Chemistry 2017
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defects of materials and activity law of AE belong to one
statistical law, there must be some kind of connection between
the two."* Based on the analysis of the count and AE energy
during the test, AE fractal features of the four rocks under
uniaxial compression were obtained.

Due to the large data size in the calculation of correlation
dimension, we decided to deal with the calculation with the
help of MATLAB. The steps used are as follows:

(1) Determine embedding dimension M and then recon-
struct phase space.

(2) Write a command to calculate x; — x;; then we can
determine the value of r by using the formula.

(3) The calculation of W(r): write a program according to

the Heaviside function to find out the value of
Npn N

SOt - [x - x.

i=1 j=1

(4) Fit the resulting points (log(W), log(r)). The fitting results
showed that the points were linear, suggesting that the absolute
value of the slope of the line is D.

4.3 Analysis of AE correlation dimension of rock with
rockburst proneness

The AE correlation dimensions of the four rocks were calculated
with the above method. The AE counts and energy parameters
of each rock were processed by unary linear regression. The
correlation coefficients were more than 0.98, suggesting that the
AE parameter series had fractal characteristics and self-
similarity in the time domain. The value of AE fractal dimen-
sion (D) changed with the stress level, indicating the systematic
evolution of rock materials and damage mechanics of rock.
Therefore, it can be used to describe the rock mechanics
behavior and damage of internal structure.

It was found that the correlation dimensions of AE counts of
the four rocks at peak strength or before failure were both

Table 3 Correlation dimensions of AE counts
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Fig. 5 The fractal dimension reduction percentages of four kinds of
rocks.

reduced no matter whether under continuous loading or
unloading conditions. The correlation dimensions of AE counts
of each specimen are summarized in Table 3.

It can be concluded that the larger the rockburst proneness
of a rock, the larger the reduction of AE count correlation
dimension of the rock, as shown in Fig. 5. The degree of
dimension reduction of the four rocks can be ranked in the
order granite > skarn > hornstone > marble. In this way, the
degree of dimension reduction of rock is proportional to its
rockburst proneness. A rock shows great rockburst proneness
when its reduction of dimension is over 40%. Therefore, the
reduction of dimension can be regarded as a reference index of
rockburst tendency.

5. Characteristics of AE b-value of
rock with rockburst proneness

Ishimoto first proposed the b-value to characterize the rela-
tionship between magnitude and frequency of earthquakes in
1993. Then, Gutenberg and other scholars further developed it
into practical use. Previously, the b-value was only used in the
field of seismic studies. However, it has now been extended to
various fields.”” Many scholars considered AE events as

Correlation Reduction of
Type Number Loading mode dimension Average dimension Average
Marble DH4 Continuous loading 2.6328 2.3763 0.2786 0.2350
DH8 Continuous loading 2.8224 0.3156
DH6 Unloading 1.7501 0.3442
DH9 Unloading 2.2999 0.0015
Granite HB1 Continuous loading 2.4141 2.3108 1.3499 1.0436
HB2 Continuous loading 1.8463 0.9523
HB4 Continuous loading 2.1971 1.2228
HB6 Unloading 2.6649 1.1044
HB7 Unloading 2.2731 0.7199
Hornstone JY3 Continuous loading 2.4652 2.2821 0.3867 0.3039
Jy4 Continuous loading 2.2609 0.4359
JYs Unloading 2.2011 0.1965
Skarn X4 Continuous loading 2.0979 2.4867 1.0407 0.6690
X8 Continuous loading 2.6791 0.6956
X10 Continuous loading 2.7703 0.1869
X3 Unloading 2.5583 0.2435
X6 Unloading 2.3568 0.6961

This journal is © The Royal Society of Chemistry 2017
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earthquake activity or microquakes in the rock damage process,
and analyzed the change of b-value under different loading
conditions, in order to find out the failure precursor of rock for
predicting the rock mass dynamic disaster.”® There is a certain
relationship between the fractal characteristics of AE and the
change of b-value. The b-value reflects the change of the average
intensity and stress of the rock at different times, as well as the
scale expansion of microcracks in rock to a certain degree.**

5.1 AE b-value calculation model

(1) Gutenberg-Richter law.”> The Gutenberg-Richter law is
a typical fractal power law which is affected by the fractal
dimension of seismic or microseismic activity. The formula is
as follows:

log N=a— bm (8)
where m is magnitude; N is earthquake frequency; and a and
b are constants.

There are two statistical methods for calculating N according
to the particular application, i.e. cumulative frequency and
differential frequency.

In cumulative frequency, N is the number of earthquakes
(magnitude greater than or equal to m) that have occurred in
a certain area. Therefore, such a method is suitable for the
prediction of earthquakes occurring in a certain area (magni-
tude = m).

In differential frequency, N is the number of earthquakes of
magnitude range within (m — Am/2, m + Am/2). Am is the
magnitude interval which varies with actual situation. This
method has good effect in the analysis and interpretation of an
earthquake that has already occurred.

This relationship is widely used because of its invariant scale
of power exponential function. It can be used to analyze the AE
characteristics in the process of rock failure by only replacing
the “earthquake” event with AE event.

(2) Calculation method for AE b-value. The b-value can be
calculated using the calculation methods in earthquake statis-
tics, such as maximum likelihood estimation, exponential least
squares, linear least squares, maximum entropy spectral
method, etc. In this paper, the maximum likelihood estimation

60 11.2
11.0
40+ .
stress / \\ \ 108 4
(MPa) S
20l / | stress 064
A ‘\ —=—Db-value -
\..‘ 104
0 110 220 330 440 550
time(s)
(a) b-value

Fig. 6
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method was used to calculate the b-value. The calculation
formula is as follows:
nlge

b= 9
where 2(n;1g A,) is the sum of the amplitudes of all the AE
events, 4; is the amplitude, n; is the energy of an AE event of
which the amplitude is equal to 4;, 4,, is the minimum ampli-
tude of calculated object, n is the total number of AE events
used to calculate the b-value, and e is the base of natural
logarithm."

5.2 Analysis of AE b-value of rock with rockburst proneness

According to the time series of AE amplitude during uniaxial
compression experiments, the b-values of the four rocks in
different stages of uniaxial compression testing were calculated
by MATLAB. Then the AE b-values of the four rocks under
different loading modes were analyzed.

(1) Marble. Under continuous loading condition (Fig. 6), the
AE b-values of the marble specimens begin to decrease with
loading at the beginning, then increase at the point when the
stress loading rate becomes fast, and finally decrease after the
peak. From the AE energy curves, it can be seen that all b-values
are decreased at the point where energy is suddenly released.
The decrease of b-value indicates the formation of cracks or
crack coalescence. This decrease of b-value can be regarded as
a reference index of specimen failure precursor.

Under load-unload condition (Fig. 7), AE b-value of marble
specimen increases along with the decrease of stress during
unloading until reaching the loading start point. During the
reload process, AE b-value decreases with the increase of stress,
reaching the lowest point at peak intensity, before remaining
stable. The sudden release of energy before the peak indicates
the significant decrease of b-value, and the energy release at
stress mutation point after peak is decreased according to the b-
value curve.

(2) Granite. Under continuous loading condition (Fig. 8), the
b-value of granite remains stable with loading, and then begins
to decline at 70% of peak intensity, and finally maintains
a downward trend before the peak strength. In decreasing, the
b-value is enhanced when nearly approaching the peak
strength. According to the AE energy curve, it can be seen that

80 13x10*
60 -
12x10*
3
40l 3
stress — stress =
(MPa) —— energy 1x10*

0 20 400 600

0
time(s)

(b) energy

Curves of AE b-value and the energy of marble under continuous loading.

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Curves of AE b-value and the energy of marble under load—unload condition.
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Fig. 8 Curves of AE b-value and the energy of granite under continuous loading condition.

specimen failure occurs and a lot of energy is released at the
peak strength, which corresponds to the decrease of b-value.

Under load-unload condition (Fig. 9), the b-value of granite
keeps decreasing during the period from unloading to reload-
ing to 80% of peak intensity. At 80% of the peak intensity, there
is a sudden decline of b-value, and there is an even larger
decline of b-value when approaching the peak strength, which
corresponds to the AE energy curve. The b-value of the specimen
is decreased obviously in production before the peak strength,
indicating the formation of through cracks and release of
energy.

(3) Hornstone. The b-value keeps decreasing from the start of
loading to the peak stress (Fig. 10). At a certain point after peak

250 105
— stress
200f . po
b-yalue {0.4
150 - 4
stress . 5
(MPa) ] 1035
100} 1
50| l‘ 102
0 500 1000 1500
time(s)
(a) b-value

stress, the b-value starts to increase and then remains stable. It
is worth noting that when approaching final failure, the b-value
first increases and then decreases, wherein the decrease corre-
sponds to the energy jump of the AE energy curve.

In the process of unloading, the b-value decreases with
decreasing stress, wherein the decreasing ranges of the two are
similar (Fig. 11). After that in the loading process, the b-value
increases firstly and then decreases greatly. After keeping stable
for a period, there is a sharp decrease of b-value when
approaching the peak strength. This variation process is
consistent with the AE energy curve.

No matter whether under continuous loading or load-
unload condition, the b-value always decreases during the

250 19x10°
200+
16x10°
150 ®
stress 3
(MPa) I
100} ——stress <
——energy 13x10°
50+
|
0 1000 2000 3000
time(s)
(b) energy

Fig. 9 Curves of AE b-value and the energy of granite under load—unload condition.
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period from failure occurrence to the peak strength, which
further verifies that the b-value can represent the change in the
internal structure of rock.

(4) Skarn. The b-value of skarn also keeps decreasing before
peak stress (Fig. 12). The final increase of the b-value before
failure is because some blocks were still subjected to axial
compression after the failure of specimens. The AE signal
collected at this stage failed to reflect the overall property of the
specimen.

The b-value of skarn under load-unload remains stable at
initial loading, and also features a drop before the peak
(Fig. 13). After that, there is increase-decrease trend when the
reload exceeds the original level, and there is a sharp decrease at

43080 | RSC Adv., 2017, 7, 43073-43082

the peak intensity, which corresponds to crack propagation and
release of internal energy.

By analyzing the change of AE b-value of the four rocks, the
reduction of the b-value reveals the release of energy within the
specimen. Therefore, the internal damage of rock can be judged
by the changing trend of the AE b-value. The AE b-value was
generally stable in the early stage but then featured dramatic
changes before failure at the peak strength. This means that the
growth of microcracks in the early stage is not obvious. With the
accumulation of internal energy, the rock was eventually
destroyed, releasing a large amount of energy. The b-value can
be used as a reference index for evaluation of rockburst
proneness.

This journal is © The Royal Society of Chemistry 2017
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6. Conclusions

(1) The surface fractal dimension after uniaxial compression
is larger than that before testing for the four kinds of rocks.
The rock with stronger rockburst proneness had more
intensive failure in the loading process and its crack
morphology was more complex. The change of dimension
during uniaxial compression can be used to judge the
strength of rockburst proneness of rock. In this paper, when
the change of dimension was over 0.03, the rock had stronger
rockburst proneness.

(2) No matter whether under continuous loading or load-
unload condition, the AE count correlation dimensions of the
four rocks were all decreased before failure, but the dimension
changes of the four rocks were different. The change of
dimension can be ranked as follows: granite > skarn > horn-
stone > marble. The change was proportional to the rockburst
proneness. The rockburst proneness was greater when the
change of correlation dimensions exceeded 40%.

(3) AE b-values of the four rocks all declined before failure,
which indicates that the specimen released a lot of energy; in
other words, propagation and coalescence of microcracks.
When sample failure occurred at peak stress, i.e. there was no
damage in the post peak, the b-value generally remained stable
in the early stage and only changed acutely before failure. This
means the internal expansion of microcracks in rock was not
obvious in the early stage; with rock energy accumulation,
much energy was generated when failure occurred. The b-value
can be used as a reference index for evaluating the rockburst
tendency.

Rockburst is still a key and difficult problem in the rock
research field, and the occurrence mechanism is still the
primary problem faced by researchers in the mechanics of
rockburst. An effective way to study rockburst proneness is via
the physical properties of rock itself. By doing so, we can not
only make a breakthrough in the occurrence mechanism of
rockburst, but also the research findings can be applied to the
prediction of rockburst.
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