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Rock burst is a catastrophic dynamic disaster caused by sudden failure and instability of coal, which brings threats to deep coal mining;
the AE-charge signals and the fragment distribution are related to bothmechanical properties of coal and disaster early warning directly.
Hence, the variation of AE and charge induction during coal failure, fractal feature of coal fragments, and their relationship should be
studied in depth. In this paper, uniaxial loading test was carried out for coal with bursting tendency samples produced by blocks cored
from 800mdepth in Xiaoqing coalmine of the Tiefa Coal Group in northeast China; the fractal characteristics of specimens are obtained
by using the statistical fractal method. 1e mechanics of similarities and differences between acoustic emission and charge signal is
investigated by using loading experiments and theoretical analysis. It is found that the fragments of coal have good self-similarity
properties; the fractal dimension of the specimens is in the range 2.085–2.521, the maximum range being 2.300–2.468, which is slightly
higher than that of rock. 1e high-amplitude pulses of the acoustic emission and charge are concentrated in the macroscopic fissure
development and expansion stage but they have asynchronous characteristics between them. 1e charge generation process is ac-
companied by the inhomogeneous deformation and sliding friction; the friction slip is the major one and is analysed theoretically. A
theoretical model for the force-electric coupling relationship is established. 1e statistical results show that both the acoustic emission
and the charge signal accumulation have a significantly proportional relationship with the fractal dimension. Both the acoustic emission
and charge signal reveal coal breakage evolution process, which will help in obtaining the precursor information on coal failure.
Furthermore, the monitoring results can predict the extent of coal mass instability.

1. Introduction

Coal is a strong nonlinear engineering rock [1, 2], prone to
instability and induced dynamic disasters such as rock burst
[3–5]. Synchronous monitoring could reveal the trend of
stress and strain energy in coal mass and warn of the
impending disaster, thus reducing the risk evaluation error
efficiently compared with the traditional mechanical-pa-
rameters index hazard identification, which is due to the
discrete coal mechanical behaviour caused by external load
and the internal structure. 1erefore, the exploration of
effective and reliable monitoring methods has become an

engineering challenge in need of an urgent solution for
China’s coal production industry, predominantly for the
purpose of rock burst disaster prevention and control.

It has been widely confirmed by scholars that the sound
and electrical anomalies during coal or rock failure process
[6–10], which are the acoustic emission or charge signal, can
be used for disaster monitoring and early waring [11–13]. In
applications, the use of a single monitoring method was
limited by important precursor information that was
missing, binary signal monitoring of acoustic emission and
charge becoming the primary research direction in the di-
saster monitoring field [14]. During the loading process of
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coal, there are some different manifestations of the two
aforementioned parameters, due to the distinct mechanism
[15–22].1erefore, one of the key scientific issues is studying
the manifestations and mechanisms of acoustic emission
and charge signals, for quantitative analysis of early warning
and prediction of dynamic disaster, in overcoming the
discrete mechanical behaviour of coal.

Fractal geometry theory describes and studies objective
problems based on the concept of fractal dimension and
mathematical methods [23], which provide a new way to
reveal the complex problems in rock mechanics. Main [24]
and Tian et al. [25] explained the mechanism of rock burst
using the distribution law of rock fragments and their fractal
characteristics. Xie et al. [26, 27] introduced fractal theory to
the study of rock mechanics for the purpose of simulating the
local stochastic irregular roughness on fracture surfaces.
Xu et al. [28] and Liu et al. [29] found that high temperature
has a significant effect on the fractal distribution of rock
fragments, while the combined effect of high temperature and
impact load results in differences in the fragment distributions
of rocks. Eremin and Makarov [30] found that the amplitude-
frequency characteristics reflected the state of the rock mass
and might be considered as the fractal characteristics of the
fracture process. Özgen Karacan [31] analysed gamma ray and
density logs using univariate statistical techniques and fractal
statistics for similarity and ordering of the log data in depth. Li
et al. [32, 33] discussed the fractal dimension of AE during coal
or rock samples failure affected by preexisting flaw of various
inclinations and loading path. 1e fractal dimension can be
used as an indicator that reflects the coal fragments distri-
bution, in mechanical hazard exploration in coal, which has a
direct connection with coal crushing.

In the present research, the rock burst appeared mostly
in the vicinity of the working face [2, 3], the results being the
fracturing of coal and instantaneous loss of carrying ca-
pacity. Furthermore, the acoustic emission and the charge
were accompanied by the rupture of coal. 1e instability of
coal and the sound-electrical anomalies have a direct rele-
vance to the crack propagation. 1e questions that arise are
as follows: (1) what is the intrinsic association between the
fractal dimension and sound-electricity anomalies? and (2)
how to describe the charge initiation mechanism in coal
during friction slip? 1e acoustic emission mechanism is
almost clearly understood, but the charge generation
mechanism is not; to date, there is no unified understanding
of coal charge generation, but it is believed that it is mainly
caused by friction slip.1erefore, a study on the formation of
crack interface and piezoelectric effect in coal, and the
differences and similarities in the specific forms of expres-
sion, which can provide strong guidance for the acoustic
emission and charge signal integrated in rock burst is im-
portant both in theory and in engineering applications.

In this paper, the fractal dimension of coal fragments and
the law of acoustic emission and charge signal accompa-
nying coal deformation under uniaxial loading are inves-
tigated by using a method involving the combination of
piezoelectric experiments and theoretical analysis. 1e
characteristic of charge signal analysis is deeply referenced to
the acoustic emission signals, the mechanics of crack slip

friction charge is discussed, and then a theoretical model of
lattice slip and inhomogeneous deformation-sliding friction
charge generation during coal deformation and failure
process is established. 1e relationship between the fractal
dimension of coal fragments and the accumulation of
acoustic emission-charge is studied statistically. 1e results
provide a reliable theoretical and experimental basis for
obtaining precursor information to monitor rock bursts.

2. Materials and Methods

2.1. Preparation of Specimens. 1e coal specimens were
obtained from a depth of 800m in the Xiaoqing mine of the
Tiefa Coal Group in northeast China. Cylindrical specimens
measuring φ 50mm× 100mmwere prepared, and both ends
of each specimen were polished to ensure that the flatness
error was less than ±0.02mm (Figure 1). Affected by the
special occurrence state and material composition of coal, as
well as the initial damage formed inside, the samples taken
from the same block have different characteristics of color
uniformity in the macro, which leads to the dispersion of the
mechanical properties of coal samples [34, 35].

2.2. Experimental System. Tests were conducted at the
Liaoning Key Laboratory of mine environment and disaster
mechanics, Liaoning Technical University, Fuxin. A TAW-
2000 digital hydraulic servo test machine was used for the
uniaxial compression test, and load and displacement data
acquisition processes were used to automatically obtain the
measurements. 1e machine had a compression capacity of
2000 kN with a resolution of the number of impressions as
5‰ (Figure 2(a)).

A USEA-2 AE monitoring system, manufactured by
Beijing Soundwel Technology Ltd., was used in this study.
1is monitoring system was composed of AE transducers,
preamplifier, signal acquisition, and processing and re-
cording units (Figure 2(a)). 1e AE transducers were placed
on the surface of coal and the coupling surface was coated
with a coupling agent; the sampling frequency was set to
1000 kHz, the preamplification was 40 db, gain amplification
was 20 db, and the number of sampling points was 1024.

1e charge signal was obtained using a self-developed
charge-signal monitoring system that included a micro-
electro-sensitive alloy sheet, preamplifier, acquisition in-
strument, and computer. 1e charge amplifier was mounted
on the cylinder, the alloy sheet had no contact with the coal
surface, and we ensured that the distance between them was
maintained at 5mm in each experiment. 1e sampling
frequency was set to 1000Hz, and the sampling point was
1024 Figure (3).

2.3. Experimental Scheme. 1e experiment involved a uni-
axial compression test of coal, where the loading rate was set
at 0.01mm/s and the following procedure was carried out:

(a) Place the coal specimen between the top and bottom
indenters at each coupling surface with an insulating
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pad to prevent charge overflow, debug equipment,
and set parameters.

(b) Start the test system, AE monitoring system, and
charge signal monitoring system simultaneously to
collect information during the coal deformation and
failure process and convert it to a digital signal for
storage based on the A/D conversion, until the final
destruction. It is worth to point out, where the AE
and charge monitoring system controlled by a
synchronization module self-written, to achieve the
purpose of simultaneous startup.

(c) Store the result, screen the fragments of coal and take
photos, and carry out postprocessing of the data on a
PC based on Matlab, Origin, or similar software.

2.4. Calculation of the Fractal Dimension of Coal. 1e results
show that the self-similarity of the rock is due to fragments
belonging to the statistical fractal distribution [24, 26, 27];
thus the fractal characteristics of coal can be determined by
measuring its fragment size and number with the method of
screening statistics. However, accurately estimating the
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Figure 2: System for testing. (a) Instruments of the testing system. (b) Structural diagram of the shield cylinder. In the figure, the location of
the AE transducers and charge preamplifier is shown, but the number of sensors is not limited.
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Figure 1: Coal specimens.
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number of fragments is challenging when the size is less than
5mm. According to the proportional relationship between
mass and block size, M∝ x3, coal fragments and fractal
dimensions can be calculated using the following mass-
frequency relationship:

M(x)

Mt

�
x

xm

􏼠 􏼡

3−Db

, (1)

where x is the diameter of the fragment, xm is the maximum
diameter of a fragment, M (x) is the cumulative quality of
fragments with size less than x, Mt is total mass of the
fragments, andDb is the fractal dimension. Taking the log on
both sides of equation (1), we have

log
M(x)

Mt

� 3 − Db( 􏼁log
x

xm

. (2)

Equation (2) shows that the slope of the fitted
straight line is (3Db) in the coordinate curve
“log[M(x)/Mt]−log(x/xm)”; thus, the fractal dimension of
coal fragments can be calculated from the slope of the fitted
straight line in the curve, which was under the uniaxial
loading.

3. Result

3.1. /e Characteristics of the Fractal Dimension of Coal
Fragments. 1e broken blocks of coal were collected, and
the size distribution of the fragments was obtained by using
the method of screening statistics. 1e sieve size was set as
0–2.5mm, 2.5–5mm, 5–10mm, 10–15mm, 15–20mm,
20–30mm, 30–40mm, 40–50mm, and 50–100mm. 1e
masses of fragments of each size and the size of the largest
fragment and its mass were recorded. Finally, the fractal
dimension of each specimen was calculated. Table 1 and
Figure 4 present the fragment distribution of coal and the
result of fracture. 1e calculations for the fragment fractal
dimension are depicted in Figure 5, which shows coal under
uniaxial loading.

1e relationship between the mass frequency probability
and the cumulative number of pieces is presented in
Figure 6. 1e distribution of fragments with self-similarity
characteristics: the mass of fragments changes linearly with
the cumulative increase in the number of pieces. 1erefore,
the fractal theory can be introduced into the study. 1e
greater the fractal dimension, the more the cumulative
number of fragments [27]. When the quality and volume of
specimens are constant, the cumulative number of frag-
ments is more, and the higher is the degree of fragmentation.
In this work, we set the fractal dimension as an indicator of
the degree of fragmentation. 1e fractal dimension of
specimens was in the range of 2.085–2.521, mostly within the
range of 2.300–2.468, which was slightly higher than that of
the rock in the range of 1.7–2.0 [27], which was under the
uniaxial loading.

3.2. Results of the Similarity of Acoustic Emission and Charge
Signalsduring theFailureProcess ofCoal. A set of data results
from the experiments was analysed and found to be

consistent. Figure 7 indicates the relationship between stress,
acoustic emission, and charge signal with time.

In Figure 7, the pink line denotes the charge pulse, the
blue scatter is AE energy, and the black line is the stress. 1e
whole loading process of coal deformation is analysed. A set
of data results is analysed for the experimental results that
are consistent that notable law of acoustic emission and
charge signal existed, even though the fractal dimension of
coal is different. 1e loading of coal is divided into three
stages: original crack closure, microcrack forming-extend-
ing, and macrocrack extending, which is based on the
distribution of the signal. In the original crack closure stage,
there was some weak acoustic emission signal at first and a
gradual decline caused by the original fracture gradually
closed with the increase in loading, but no charge pulse
appearance. In the microcrack forming-extending stage,
there is a significant energy release, but the amplitude of AE
is generally in a lower range of 1.0×104mV/μs, indicating
that the microcracks have been gradually sprouting and
slowly expanding; the weak energy is released to the exterior,
and the charge signal is expressed as a sporadic pulse (in
Figures 7(a) and 7(c)) or no pulse appearance (in
Figures 7(b) and 7(d)). In themacrocrack extended stage, the
high-amplitude signal of AE density appeared continuously,
and its average value was generally greater than
1.0×104mV/μs. Until the loading reached the first peak
stress, the high-amplitude charge signal appeared contin-
uously, and then for both the acoustic emission and charge
signal there was a high-amplitude pulse at each stress drop.

To assess the asynchronous phenomenon of AE and
charge signal and its primary reason, the accumulation of AE
energy and charge pulse with time is visualized in Figure 8,
each specimen having a different fractal dimension.

1ere still is a significant consistency law for AE energy
and charge generation. It should be noted that the distri-
bution characteristics of the development stage of AE energy
and charge accumulation are very similar for the results
listed as before. 1e accumulation of AE energy for 3%–
8.22% of the total and for the charge was less than 1%, from
the original crack stage to microcrack forming-extending.
1e main part of the AE and charge is generated during the
macrocrack extending stage, where the curves of accumu-
lation manifest growth, according to the research result that
both of them are directly related to cracks. 1erefore, the
greater the physical signal generated in this process, the
more the number of cracks formed inside the coal.

3.3. Results of the Difference in Acoustic Emission and Charge
Signals during the Failure Process of Coal. Figure 8 indicates
the result of the AE energy and charge pulse evolving with
stress at different strengthening stages in the coal rock failure
experiment. 1e local data of loading increased before peak
strength, and a stress drop after peak was intercepted. 1e
difference between the two signals was analysed.

Figure 9 shows the difference between acoustic emis-
sion and charge signal in response to the variation of stress.
For the loading before peak strength, as shown in
Figure 9(a), the AE signal varies with a stable and
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continuous high-value signal reflecting the stress increase,
but the charge is weak, and the two signals exhibit sig-
nificant asynchronous features. On the other hand, for the
loading after peak strength, as shown in Figure 9(b), the AE
and charge signal both produce a significant high-value
signal response at the stress drop. 1e charge amplitude is
much higher than that before peak strength but the AE
signal is similar to the size before.1is indicates that the AE

signal produced with the nonuniform deformation of coal
matrix particles forms microcracks before the peak and the
macrocrack expansion at the post-peak strength. 1e
charge generated by the deformation of the coal matrix due
to piezoelectric effect before peak and the fracture slip
caused by stress drop at the post-peak strength indicates
that the charge generated by the fracture slip is much more
intense than that by the former.

Table 1: Size and quality of the fragments.

0–2.5 2.5–5 5–10 10–15 15–20 20–30 30–40 40–50 50–100 Maximum diameter (mm)
and mass (g) Total mass (g) Fractal dimension

M01 9.38 10.42 25.66 13.32 9.93 22.6 46.9 43.77 95.4 51–83.29 277.38 2.08465
M02 15.92 12.48 23.91 7.29 0 15.87 44.33 60.65 36.81 63.02–34.26 217.26 2.29279
M03 43.84 26.09 64.51 50.76 9.32 48.37 38.2 9.59 74.36 65.1–74.36 290.68 2.30991
M04 24.2 23.5 33.34 16.42 14.42 36.97 45.37 100.38 0 50–70.66 294.6 2.30002
M05 41.39 24.49 36.9 22.73 11.61 8 11.26 76.66 17.79 60–17.79 250.38 2.39812
M06 19.08 27.52 57.09 29.83 7.73 40.75 17.49 29.82 0 45.56–14.85 229.31 2.32257
M07 22 27.04 37.16 20.76 2.02 14.36 32.73 87.42 0 50–39.34 243.49 2.36342
M08 21.65 26.49 47.64 30.75 3.72 28.1 34.62 10.86 33.72 50–33.72 237.55 2.35924
M09 12.04 11.82 26.57 20.39 19.1 26.1 0 53.87 65.59 74.95–65.59 235.48 2.19368
M10 12.78 10.33 10.53 5.99 0 2.57 0 12.69 236.5 79.5–100.04 291.39 2.36636
M11 22.12 10.03 11.24 13.22 2.14 3.52 10.46 28.35 222.53 68.9–104.28 323.61 2.39332
M12 20.35 13.6 18 2.98 1.61 9.56 13.28 19.8 159.74 85.8–108.68 258.92 2.42207
M13 7.19 6.59 9.28 9.68 1.52 6.92 2.98 52.64 182.67 98.9–182.67 279.47 2.12686
M14 17.68 18.71 30.5 22.55 2.46 38.22 36.11 18.13 71.01 63.28–23.28 255.37 2.28294
M15 23.1 14.42 8.75 2.2 0 4.28 6.94 38.61 218.9 67.20–150.58 317.22 2.45008
M16 18.69 22.2 26.05 15.91 0 0 13.35 26.23 141.01 62.1–82.38 263.44 2.40037
M17 24.27 17.69 18.33 4.8 3.2 6.39 15.3 23.35 164.71 73.8–38.75 278.04 2.52142
M18 18.51 10.16 7.98 0.93 2.49 7.29 0 0 260.74 91.50–111.61 308.1 2.45534
M19 23.01 13.44 12.16 9.92 5.81 8.43 18.82 33.66 155.61 81.1–83.48 280.86 2.40018
M20 29.05 24.77 15.24 8.24 0 1.22 33.42 36.57 152.4 53.98–66.73 300.91 2.46801
Due to space limitation, only 20 sets of data have been listed.

50–100mm 40–50mm 30–40mm

15–20mm 10–15mm

0–2.5mm2.5–5mm5–10mm

20–30mm

10mm

Figure 4: Distribution of coal fragments.
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Figure 10 displays the result of accumulation of AE
energy and charge with time, with the data of the strength
stage before peak strength and stress drop after peak.

We observed that the accumulation of AE energy in-
creased at an approximately linear trend with stress growth.
From Figure 10(a), the ratio is about 2.5×106mV·μs−1/
MPa, the line of charge shows a ladder-like growth, and its
rate is 8.2 pC/MPa for the loading before peak strength. By
contrast, in Figure 10(b), at the post-peak destruction
phase, both of them show an improvement in the growth
rate. 1e AE energy still increases linearly, the rate is
improved to 4.02×106mV·μs−1/MPa, and the charge im-
provement reaches 125 pC/MPa at the stress drop and little
at the “stress platform.” 1e result shows the acoustic
emission stable generation with the crack expansion at both
the pre- and post-peak strength, but the accumulation rate
of the latter is slightly higher than that of the former, while
the charge accumulation rate at the post-peak stage is much

higher than before, which is especially obvious in the stress
drop. 1is demonstrates that there is a much greater crack
development in the posterior peak stage, and the fraction
slip between the crack faces is the cause of the majority of
the charge.

It is known that the acoustic emission is an elastic wave
accompanied by crack propagation; the larger the number of
and the faster the expansion of cracks, the more the energy
released. In the macrocrack expanding stage, the micro-
cracks gradually turn macroscopic and develop until the
complete destruction of coal. 1e crack propagation in the
process of both the before-loading and post-peak strength
increases the AE energy. 1e degree in damage after-peak
strength is higher than that of before-peak strength and the
fracture tip stress concentration is much higher than that in
the latter. Its propagation speed increases correspondingly
and the AE energy grows fast. During the coal failure
process, there is not only matrix particle deformation but
also large number of crack formations and perforations,
according to the research in rock mechanics. Before peak
strength, there were a deformation and a small amount of
cracks in the coal, while post peak, a large number of
expanding macroscopic cracks and a small amount of de-
formation were observed, with the fissure surface friction at
each stress drop. Combined with the test results, we can
consider the charge generation during the coal failure to be
divided into two stages: the first is before the peak stress
expansion process of lattice slip and inhomogeneous de-
formation, and the second is the post-peak stress process of
crack surface friction slip and lattice deformation com-
prehensive charge initiation, the latter being the foremost
reason.

Based on previous research [20], the crystal interface
charge generated in the expansion process of inhomoge-
neous deformation is expressed as

Q �
εtkTd2

δbSbeηρ
, (3)

where Q is the charge number, ε is the deformation, Sb is the
diffusion coefficient of the crystal interface, δb is the
thickness of the crystal interface, k is the Boltzmann con-
stant, T is the absolute temperature, d is the lattice length,
and η is the resistivity.

1e coal loading during post-peak strength includes two
parts: crack surface friction slip and lattice deformation. In
the stress drop, there was a shear slip friction between both
sides of the crack surface. Taking a fracture as the research
object, as seen in Figure 10, the sliding friction (Fd) between
the two crack surfaces [36, 37] can be expressed as

u �
dx

dt
,

dz

dt
� u −

|u|

g(u)
z,

(4)

Fd � ζ0z + ζ1
dz

dt
+ ζ2

dx

dt
, (5)
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Figure 5: log[M(x)/Mt]−log(x/xm) curve of coal fragments. In
the figure, the scattered points are measured results, and straight
lines are linear fitted results.
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where z is a state variable, u is the relative velocity between
both sides of the crack, g (u) is a function that models the
constant velocity behaviour, ζ0 is an equivalent stiffness for
the position-force relationship at velocity reversal, ζ1 is the
microviscous friction coefficient, and ζ2 is the viscous
friction coefficient.

Figure 11 shows the situation for a crack when it was
loaded on post-peak strength. Setting an angle θ between the
fissure extension and the horizontal direction, the falling
force (Fs), which causes a shear slip along the upper part of
the crack, can be expressed as

Fs �
σ′s cos θ
1 − D

, (6)

where σ is the stress loaded on the crack, s is the loaded area
of the fracture, and D is the damage variable.

Based on the friction slip theory [38], the friction slip
speed velocity can be expressed as

dx

dt
� v − v cos

����
K

m
􏼒 􏼓

􏽲

t􏼢 􏼣 +
Fs − Fd����

mK
√ sin

����
K

m
􏼒 􏼓

􏽲

t􏼢 􏼣, (7)

where K is the string constant,m is the mass of the shear slip
part, t is the time, and v is the drive velocity.1e loading rate

is slower when carried out in the laboratory, and the drive
velocity is approximated to v � 0; then, equation (7) can be
written as

dx

dt
�

Fs − Fd����
mK

√ sin

�����
k

m
􏼠 􏼡

􏽳

t⎡⎢⎣ ⎤⎥⎦. (8)

Substituting equations (5) and (6) in equation (8), it can
be transformed into

dx

dt
�

σ′s cos θ/1 − D( 􏼁 − ζ0z + ζ1(dz/dt)( 􏼁sin[
�����
(k/m)

􏽰
t]

����
mK

√
+ ζ2 sin[

�����
(k/m)

􏽰
t]

.

(9)

1e relative displacement of the two contact surfaces is

x � 􏽚
t′

0

σ′s cos θ/1 − D( 􏼁 − ζ0z + ζ1(dz/dt)( 􏼁sin[
�����
(k/m)

􏽰
t]

����
mK

√
+ ζ2 sin[

�����
(k/m)

􏽰
t]

dt.

(10)

Assuming that the post-peak bearing structure is elas-
tomeric, still consistent with Hooke’s law, the variation of
axial load (ΔF) caused by the shear slip between the two
cracks is given by
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Figure 7: Stress-acoustic emission-charge signal curve of coal. (a) Db � 2.36342; (b) Db � 2.19368; (c) Db � 2.13784; (d) Db � 2.15006.
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ΔF �
x · cos θ

l · (1 − D)
Es, (11)

where l is the original length of coal, E is the elastic modulus,
and s is the cross-sectional area of coal.

1e relative shear slip, which causes friction sliding
electricity, the amount of charge, and stress drop are
directly proportional [39] and the relationship between
them is
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Figure 9: Evolution of AE energy and charge pulse with stress. (a) 1e stress growth before peak strength. (b) 1e stress drop after peak
strength.

30

25

20

15

10

5

0

St
re

ss
 (M

Pa
)

0 100 200 300 400 500 600
Time (s)

a b c

Stress-time
AE energy
Charge pulse

a.Original crack closure stage
b.Microcrack forming-extending stage
c.Macrocrack extending stage

100

80

60

40

20

0

A
E 

en
er

gy
 ac

cu
m

ul
at

io
n 

× 
10

6 
(m

V
·µ

s–1
)

1400

1200

1000

800

600

400

200

0

Ch
ar

ge
 ac

cu
m

ul
at

io
n 

(p
C)

(a)

18

12

6

0

St
re

ss
 (M

Pa
)

0 100 200 300 400 500 700600
Time (s)

a b c

Stress-time
AE energy
Charge pulse

60

70

40

50

20

30

10

0

A
E 

en
er

gy
 ac

cu
m

ul
at

io
n 

× 
10

6 
(m

V
·µ

s–1
)

Ch
ar

ge
 ac

cu
m

ul
at

io
n 

(p
C)

900

600

300

0

a.Original crack closure stage
b.Microcrack forming-extending stage
c.Macrocrack extending stage

(b)

12

8

4

0

St
re

ss
 (M

Pa
)

0 20 40 60 80 100
Time (s)

a b c

Stress-time
AE energy
Charge pulse

A
E 

en
er

gy
 ac

cu
m

ul
at

io
n 

× 
10

6 
(m

V
·µ

s–1
)

60

50

40

30

20

10

0

Ch
ar

ge
 ac

cu
m

ul
at

io
n 

(p
C)

900

600

300

0

a.Original crack closure stage
b.Microcrack forming-extending stage
c.Macrocrack extending stage

(c)

10

8

6

4

2

0

St
re

ss
 (M

Pa
)

0 10 20 30 40 50 7060
Time (s)

a b c

Stress-time
AE energy
Charge pulse

A
E 

en
er

gy
 ac

cu
m

ul
at

io
n 

× 
10

6 
(m

V
·µ

s–1
)

20

25

10

15

5

0

Ch
ar

ge
 ac

cu
m

ul
at

io
n 

(p
C)

500

400

300

200

100

0

a.Original crack closure stage
b.Microcrack forming-extending stage
c.Macrocrack extending stage

(d)
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nq �
ΔF
α

, (12)

where nq is the amount of charge generated and α is the
average lateral force per charge, related to the electrical
property of coal. Combined with equations (10)∼(12), the
model of cracks shear slip friction electoral induction can be
defined as follows:

Q �
eEs cos θ

αl · (1 − D)

· 􏽚
t′

0

σ′s cos θ/1 − D( 􏼁 − ζ0z + ζ1(dz/dt)( 􏼁sin[
�����
(k/m)

􏽰
t]

����
mK

√
+ ζ2 sin[

�����
(k/m)

􏽰
t]

dt.

(13)

1erefore, combined with equation (3), the model of
force-electric coupling of coal charge generated in the failure
process, which is the mechanics of inhomogeneous defor-
mation and sliding friction, can be expressed as

Q �

εtkTd2

δbSbeηρ
, 0≤ ε≤ εc,

εtkTd2

δbSbeηρ
+

eEs cos θ
αl · (1 − D)

· 􏽚
t′

0

σ′s cos θ/1 − D( 􏼁 − ζ0z + ζ1(dz/dt)( 􏼁sin[
�����
(k/m)

􏽰
t]

����
mK

√
+ ζ2 sin[

�����
(k/m)

􏽰
t]

dt, ε≥ εc.

⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

(14)
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4. Discussion

1e form of destruction of coal is ever-changing affected
by its characteristic of discreteness, noncontinuity, and
nonuniformity, which is mainly reflected in the fragment
size and mass distribution. 1is is more obvious in the
uniaxial compression process, and then the fractal di-
mension can be used to describe coal failure. 1e acoustic
emission and charge are accompanied by destruction, and
therefore, they are the precursors to the whole process of
destruction. Figures 12 and 13 indicate the statistical re-
sults of AE energy and charge accumulation of coal
specimens with different fractal dimensions, both of them
having a linearly positive correlation with the fractal di-
mension, which indicates that the higher the fractal di-
mensions, the more the signals generated during the
process of coal destruction. A research [1] investigated the
relationship between the new surface area formed and the
particle size of coal after crushing, as in equations (15) and
(16), which indicates that the new surface area is inversely
proportional to the weighted average diameter of the
fragment; the smaller the particle size, the higher the
fractal dimension. 1erefore, according to the calculation
method for fractal dimension, the higher the fractal di-
mension of the coal fragments, the larger the new surface
area generated:

S �
60Mt

ρda

, (15)

da �
􏽐

n
x�1 mx · dx

Mt

, (16)

where S is the new surface area, Mt is the total mass of the
specimen, ρ is the density of coal, da is the weighted average
diameter of the fragment, dx is diameter of the fragment, and
mx is its mass.

A higher fractal dimension of coal fragments means
there is more new surface area generated with the coal
sample breakdown, which is more native, and new fissures
participate in this process. For acoustic emission, there is
more crack propagation, implying greater area of crack
formed, and it would have released greater elastic perfor-
mance, more signals will be received by the transducers, and
thus, the total AE energy accumulated is mounted with the
increase in the fractal dimension. For the charge, according
to the previous conclusion, where the friction slip is the
major charge generation process in coal, the increase in new
surface area generated indicates that more cracks are in-
volved in friction sliding. A large amount of charge is
generated with the damage variable of specimen of friction
slip at each stress drop.1e fractal dimension is the indicator
of the damage in the coal; the more the cracks generated due
to mutual friction inside the coal, the more the total charge
accumulated before the coal sample ruptures. 1us, the
charge has a positive correlation with the fractal dimension
identical.

1erefore, the precursor information on acoustic emis-
sion and charge can be obtained before the coal sample breaks

down and can demonstrate the rupture. 1e monitoring
results can predict the extent and state of coal breakage.

5. Conclusion

In this paper, a uniaxial compression experiment was carried
out to investigate the feature characteristic AE events and
charge induction pulse during the failure process of coal
samples, the fractal feature of fragments was obtained by the
statistical method, and the similarities and differences of
acoustic emission and charge signals were theoretically
analysed. 1e following conclusions can be drawn:

(1) 1e experimental results confirm that coal failure
also belonging to the category of statistical fractal
research, which the fragments of it after crushing had
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a good self-similarity property under uniaxial
loading, can be calculated by mass of different size
pieces and total. 1erefore, the fractal dimension of
the specimens was 2.085–2.521, with a maximum of
2.300–2.468, which was slightly higher than that of
rock, effected by its special occurrence environment
and composition; the larger the fractal dimension,
the higher the degree of coal fragmentation, and then
the fractal dimension can be used as a mathematical
expression describing the coal breakage evolution
process.

(2) 1e acoustic emission and charge signal in the
process of coal failure have significant regularity with
the loaded stage. 1e high-amplitude pulse of
acoustic emission and charge are concentrated in the
macroscopic fissure development and expansion
stage, but there are asynchronous characteristics
between them. 1e AE is approximately the same in
the pre- and post-peak strength; the charge gener-
ated in the former is much more than that in the
latter. Based on the cumulative distribution of AE
energy and charge in coal deformation, taking the
acoustic emission signal as a reference, we theoret-
ically analysed the charge generation process, which
is generated by the inhomogeneous deformation and
sliding friction, the friction slip being the major
contributor. 1en, a theoretical model of the force-
electric coupling relationship was established.

(3) Both the acoustic emission and the charge signal
accumulation have a significantly proportional re-
lationship with the fractal dimension. It is shown
that the more new fragments generated during the
coal failure and the higher the degree of crushing, the
richer the acoustic emission events and charge pulse
generated in process, and the richness of the signal
increases with the deterioration of coal while stress
improving. 1us, the precursor information can be
obtained before the coal sample breaks down, and
demonstrates the rupture. 1e results provide a
theoretical basis for further development of acoustic-
charge composite signal monitoring.
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