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In this paper, the relationship between acoustic emission (AE) parameters and coal-rock fracture is investigated by using the
discrete element particle flow simulation software PFC. PFC is used to simulate the coal-rock uniaxial compression test for
extracting the time series of AE event number, calculate the maximum Lyapunov exponent of the time series, and analyze the
chaotic characteristics of AE event number. Combined with the relationship between the maximum point of the Lyapunov
exponent and the peak point of the stress-strain curve, the coal-rock fracture precursor model was developed. The results
indicate that during the uniaxial compression of coal-rock, the number of AE events first increases and then decreases, while
the maximum point appears after the peak point of the stress-strain curve. The lower the coal-rock homogeneity, the earlier is
the initial occurrence time of AE events. The AE event number has chaotic characteristics. In most cases, the chaotic
characteristics of the number of AE events are the most evident before the specimen is completely destroyed. When the
maximum Lyapunov exponent of AE event number time series mutates, it indicates that the specimen is about to be destroyed
entirely, which can be used as a precursor criterion for coal-rock fracture.

1. Introduction

When rocks are deformed or damaged under external forces,
strain energy is released as elastic waves, which is termed
acoustic emission (AE). AE has been widely used in rock sta-
bility monitoring and predicting mines, slopes, and tunnels
since it was discovered in the 1930s.

AE signals can not only reflect the failure process of the
rock but also indicate the characteristic information of the
internal structure of the rock. Over the years, many
researchers have studied the relationship between AE signal
parameters and rock fracture, further explaining the mecha-
nism of rock fracture and putting forward reasonable pre-
cursor criteria for rock fracture. Shkuratnik et al. [1]
studied the AE characteristics of coal-rock fracture under
different loading methods. Liu et al. [2] developed a coal-

rock damage model based on the AE characteristics of
coal-rock under uniaxial compression to reveal the damage
evolution of coal-rock under load. Cao et al. [3–5] conducted
uniaxial compression tests on rock specimens, using ringing
count, main frequency and entropy values of AE signals, and
AE energy rate as main characteristic parameters to predict
rock fracture. Wang et al. [6] examined the rock critical frac-
ture criterion and precursor characteristics based on the uni-
axial compression AE test of granite. The results obtained
were used for monitoring and preventing the occurrence of
coal-rock composite dynamic disasters. Li et al. [7, 8] used
AE technology in No. 10 Coal Mine of Ping Coal Mine for
monitoring and early warning of coal-rock dynamic disaster
and proposed AE identification and early warning criteria
for coal-rock gas dynamic disaster based on the ringing
count and energy value.
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In terms of numerical simulation, Tang [9] indepen-
dently developed RFPA software based on the finite element
method (FEM) and conducted a preliminary study on the
numerical simulation of AE models. Subsequently, many
researchers [10–12] used RFPA to conduct numerical simu-
lations and explore the relationship between AE parameters
and rock fracture.

Chaos system is sensitive to initial conditions. In recent
years, many researchers have applied chaos theory to the
study of coal-rock gas dynamic disasters [13–16], laying
the foundational basis for the study of chaos theory in the
early warning and prevention of coal-rock gas dynamic
disasters.

In this paper, based on the discrete element method
(DEM), the numerical simulation method to obtain the AE
parameter is used. Based on AE parameter data, the nonlin-
ear chaos theory is introduced for in-depth investigation of
the chaotic characteristics of AE parameters and analyzed
them. The relationship between the chaotic characteristics
of AE parameters and coal-rock fracture was explored to
put forward a new precursor criterion of rock fracture,
which effectively avoids the error caused by data
contingency.

2. PFC Simulation of Coal-Rock Uniaxial
Compression Test

PFC is a particle flow numerical simulation software for
material damage evolution, fracture mechanism, and
deformation process from the mesolevel based on the
DEM theory. It is used for simulating the uniaxial com-
pression of coal-rock. It can reproduce the mechanical
behavior obtained from field experiments and observe
the changes in the whole process from a microscopic view.
The generation and development of microcracks in coal-
rock will produce an AE phenomenon. In the PFC simu-
lation, each link bond fracture releases strain energy, and
an AE signal is generated with each release of strain
energy [17]. Therefore, the number of broken particle
links is regarded as the number of AE events of coal-
rock in this paper. As the elastic modulus of the parallel
bond model gradually decreases in the cyclic loading and
unloading simulation process, it can simulate the coal-
rock damage in the loading process. Therefore, the parallel
bond model is selected to simulate coal-rock and calibrate
the mesoparameters in this paper [18]. The mesomechani-
cal parameters of the specimen are given in Table 1.

In order to study the AE characteristics during uniaxial
compression of coal-rock, the standard specimen with the
same size as the laboratory test (50mm diameter and
100mm length) was adopted in the simulation, while the
displacement loading method with the loading rate of
0.03m/s was adopted.

3. Uniaxial Compression Test Results and
Analysis of Coal-Rock

3.1. Numerical Simulation Characteristics. Figure 1 shows
the stress-strain-AE event number variation curve of coal-

rock. As can be seen from Figure 1, the curve can be
divided into three parts. The first part is the elastic stage
of the stress-strain curve. In this stage, there are no AE
events at the beginning, but sporadic AE events occur as
the loading progresses. The second part is the plastic stage
of the stress-strain curve in which the number of AE
events increases significantly, and the frequency of AE
events accelerates. In the third part, at the postpeak stage
of the stress-strain curve, the number of AE events
increases sharply to the peak and then decreases sharply
until the loading stops.

In Figure 1, the AE event distribution at six points, i.e., a,
b, c, d, e, and f, is shown in Figure 2.

In Figure 2, the red parts are the broken particle link
keys, namely, the AE events. As can be seen from
Figures 2(a) and 2(b), the distribution of AE events in
the elastic stage of the stress-strain curve of coal-rock
is uniform, random or disordered, and without apparent
stress concentration phenomenon. As the loading pro-
ceeds, the distribution of AE events appears disordered.
However, the events are orderly and begin to show a
trend of stress concentration. As shown in Figure 2(c),
the AE events may exhibit stress concentration phenom-
ena at 1, 2, 3, and 4, generating large through cracks.
After the coal-rock is destroyed, the stress concentration
becomes gradually noticeable, particularly in zone 1 and
zone 2 in Figures 2(d) and 2(e); the stress concentration
phenomenon is the most obvious, followed by zone 3,
while in zone 4, it is the weakest. When loading is car-
ried out to point F in Figure 1, as shown in Figure 2(f),
only large through cracks in zones 1, 2, and 3 are
generated.

3.2. Numerical Calculation Method of Maximum Lyapunov
Exponent Based on Small Data Volume Method. The exis-
tence of chaos can be determined by the positive and nega-
tive properties of the Lyapunov exponent [19]. It is
sufficient to look at the largest Lyapunov exponent λ1 for
the chaotic judgment of multidimensional dynamical sys-
tems. If λ1 > 0, it means there is chaos. The larger the λ1
value, the more obvious are the chaotic characteristics of
the data. If λ1 = 0, there is a limit cycle. If λ1 < 0, there is a
fixed point.

In this paper, the maximum Lyapunov exponent of cha-
otic time series is calculated using the small data volume
method. Specific calculation steps are as follows:

(1) FFT transformation on the time series fxðtiÞ, i = 1,
2,⋯,Ng is performed, and the average period P is
calculated

(2) The C-C method is used to calculate the embedding
dimension m and time delay τ

(3) Phase space fYi, i = 1, 2,⋯,Mgis reconstructed based
on time delay τ and embedding dimension m

(4) The nearest neighbor point Y j∧ of each point Y j in
the phase space is found, and the short separation
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(6) The average yi of all ln djðiÞ for each ln djðiÞ is deter-
mined:

yi =
1
qΔt

〠
q

i=1
lndj ið Þ, ð3Þ

where q is the number of nonzero djðiÞ; 1/τ ⋅ djðiÞ⟶ i
point curve is drawn, and the regression line is made by
the least-squares method; the slope of the line is the maxi-
mum Lyapunov exponent λ1

3.3. Analysis of AE Characteristics Based on Maximum
Lyapunov Exponent. During coal-rock uniaxial compression,
the distribution of AE events is random. However, although
the macrocracks formed in the end are different due to dif-

ferent microscopic parameters, the crack morphology pre-
sents a certain regularity, and the distribution process of
AE events seems random and irregular. However, in fact, it
is orderly, indicating the existence of chaos phenomenon
in the process.

In this study, the recorded AE data is divided into groups
of every 300 data points. The maximum Lyapunov exponent
of each group of data is obtained by using the small-data vol-
ume method. The stress-strain-number of AE events-
maximum Lyapunov exponent change relation is shown in
Figure 3.

It can be seen from Figure 3 that the maximum Lyapu-
nov exponent is greater than zero, indicating that the num-
ber of AE events during the coal-rock uniaxial
compression has chaotic characteristics. In the elastic stage
of the stress-strain curve, when the AE events start occur-
ring, the maximum Lyapunov exponent of each data set can-
not be calculated due to the weak continuity of AE events,
i.e., there are no chaotic characteristics at this time. With
the loading process, the frequency and continuity of AE
events increase, and the maximum Lyapunov exponent of
some time series can be calculated. The initial value of the
maximum Lyapunov exponent fluctuates around zero, and
chaos exists, but its characteristics are not prominent. Before
the stress-strain curve reaches the peak point, the maximum
Lyapunov exponent suddenly increases to the maximum
value. At this time, the chaotic characteristics of AE events
are the most apparent. In the postpeak stage of the stress-
strain curve, the value of the maximum Lyapunov exponent
is always smaller than the peak of the maximum Lyapunov
exponent before the peak of stress-strain curve and gradually
returns to zero, even though the number of AE events
increases sharply and reaches the maximum value.

4. Simulation Validation and Analysis

AE is a kind of stress wave phenomenon produced during
the deformation or damage of coal-rock under external
force. The AE signal can not only reflect the internal struc-
ture of the specimens but also further extract the precursor
information of the complete damage of the specimen, pre-
dict the occurrence of the specimen damage in advance,
and then predict the occurrence of the coal-rock power
disaster in advance.

If the maximum point of the maximum Lyapunov expo-
nent of the time series of AE events shown in Figure 3 always
appears in the stress-strain curve before peak point, then the
maximum Lyapunov exponent of maximum points can be
applied to warning specimens destroyed. In order to explore
this idea, a simulation study on ten groups of coal-rock stan-
dard specimens is carried out in this paper. The mechanical

Table 1: Mesomechanical parameters of coal-rock specimens.

Minimum particle
size (mm)

Grain diameter
ratio

Contact modulus E
(GPa)

Normal strength of bond
σ (MPa)

Tangential strength of bond
σ (MPa)

Coefficient of
friction

0.3 1.6 0.7 1.105 3 0.8
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Figure 1: Stress-strain-AE event number variation curve of coal
rock.
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Figure 2: AE event distribution diagram.
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parameters of coal-rock standard specimens are enlisted in
Table 2.

Table 3 is the summary table of the maximum Lyapunov
exponent. The initial value of the maximum Lyapunov expo-
nent is the first maximum Lyapunov exponent, and the sub-
maximum value of the maximum Lyapunov exponent is the
submaximum value before the occurrence of the maximum
value of the maximum Lyapunov exponent. It is not the sub-
maximum of all the maximum Lyapunov exponents.

It can be seen from Figures 4–13 that during coal-rock
uniaxial compression, the variation pattern of AE events of
all specimens is consistent with the scenarios shown in
Figure 1, which generally shows a trend of first rising
and then declining. In the initial stage of loading, no AE
event occurred. As the loading progressed, sporadic AE
events started appearing. When the stress-strain curve
transitions into the plastic stage, the number of AE events
increases significantly, and frequency is accelerated. When
the specimen is near failure, the number of AE events
increases sharply, and the maximum value appears after
the peak point of the stress-strain curve. Subsequently,
the number of AE events decreases sharply until the end
of loading.

The homogeneity of coal-rock also influences the occur-
rence time of AE events. The lower the homogeneity of coal-
rock, the smaller is the strain corresponding to the initial
occurrence of AE events, i.e., the earlier is the initial occur-
rence time of AE events.

The maximum value of the maximum Lyapunov expo-
nent in the time series of the number of AE events of speci-
mens 1, 2, 3, 5, 7, 8, 9, and 10 appears before the peak of the
stress-strain curve, i.e., before the specimen is completely
destroyed, the chaotic characteristics of AE event number
are the most obvious, which is consistent with the results
shown in Figure 3. From Table 3, it can be seen that the
maximum value of the largest Lyapunov exponent has a dif-
ference in magnitude compared with other values. Among
these, there is an order of magnitude difference between
specimen 2 and specimen 8, and two orders of magnitude
difference between other specimens. However, the
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Figure 3: Coal-rock stress-strain-number of AE events-maximum Lyapunov exponential variation diagram.

Table 2: Summary of mechanical parameters of coal-rock standard
specimens.

Specimen number Peak stress (MPa) Peak strain

1 4.983107832 0.001380257

2 4.25060345 0.001200344

3 2.543909411 0.000707774

4 6.694057265 0.001823883

5 2.976446791 0.00086566

6 8.223110102 0.002464985

7 3.151081825 0.000962933

8 8.619113876 0.002626044

9 3.169886512 0.001005317

10 3.169886512 0.001005317

Table 3: Summary table of maximum Lyapunov exponent.

Specimen
serial
number

Maximum
initial

Lyapunov
exponent

Maximum
Lyapunov
exponent

submaximum

Maximum
Lyapunov
exponent
maximum

1 5:76 × 10−5 1:70 × 10−3

2 1:16 × 10−4 7:27 × 10−4 6:20 × 10−3

3 −3:75 × 10−5 9:34 × 10−4 1:70 × 10−3

4 1:34 × 10−4 3:53 × 10−4

5 3:06 × 10−5 3:70 × 10−3

6 1:46 × 10−4 5:82 × 10−4 1:30 × 10−3

7 3:06 × 10−5 5:98 × 10−4 1:70 × 10−3

8 1:43 × 10−4 2:53 × 10−3 4:28 × 10−3

9 3:06 × 10−5 7:66 × 10−4 1:70 × 10−3

10 3:06 × 10−5 7:66 × 10−4 1:70 × 10−3
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Figure 4: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 1.
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Figure 5: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 2.
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Figure 7: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 4.
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Figure 10: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 7.

0.0000 0.0005 0.0010 0.0015 0.00250.0020
0

2

4

6

8

10

Strain (%)

0

2

4

6

8

10

12

–0.001

0.000

0.001

0.002

0.003

0.004

0.005

St
re

ss
 (M

Pa
)

N
um

be
r o

f A
E 

ev
en

ts

M
ax

im
um

 L
ya

pu
no

v 
ex

po
ne

nt

Number of AE events
Stress (MPa)

Maximum Lyapunov exponent

Figure 11: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 8.
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Figure 12: Stress-strain-number of AE events-maximum Lyapunov exponential variation diagram of specimen 9.
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maximum value of the maximum Lyapunov exponent
remains in the order of 10−3.

In the AE event number time series of specimen 6, the
maximum Lyapunov exponent and the peak value of the
stress-strain curve appeared almost simultaneously, incon-
sistent with the results shown in Figure 3. However, it can
be seen from Figure 9 that before the maximum point of
the maximum Lyapunov exponent appears, there is a sub-
maximum point whose value is greater than 5 × 10−4.

The maximum Lyapunov exponent of the AE event
number time series of specimen 4 appears almost simulta-
neously with the peak point of the stress-strain curve. How-
ever, it could be found that it is located behind the peak of
the stress-strain curve, which is inconsistent with the situa-
tion shown in Figure 3.

The results of ten sets of simulation tests showed that
before the specimens are destroyed, the maximum Lyapu-
nov exponent in the AE event number time series of nine
sets of simulation tests suddenly changed to the maximum
(the maximum is 10−3) or the submaximum (the submax-
imum is greater than 5 × 10−4). This shows that the sud-
den change of the maximum Lyapunov exponent in AE
event number time series can be used as a precursor to
rock fracture.

5. Conclusions

In this paper, the relationship between acoustic emission
(AE) parameters and coal-rock fracture is investigated by
using the discrete element particle flow simulation software
PFC. PFC is used to simulate the coal-rock uniaxial com-
pression test for extracting the time series of AE event num-
ber, calculate the maximum Lyapunov exponent of the time
series, and analyze the chaotic characteristics of AE event
number. The following conclusions are drawn by analyzing
the stress-strain-AE events-maximum Lyapunov exponent
relationship curves of different coal-rocks in uniaxial
compression:

(1) During coal-rock uniaxial compression, the variation
of AE events generally shows a rising trend, which
declines afterward. Before the specimen is near fail-
ure, the number of AE events increases sharply,
and the corresponding frequency accelerates. The
maximum number of AE events occurs after the
peak point of the stress-strain curve

(2) The lower the homogeneity of coal-rock specimen, the
smaller is the strain corresponding to the initial occur-
rence of AE events, i.e., the earlier the AE events occur

(3) The maximum Lyapunov exponent of the AE event
number time series is high than zero, indicating that
the AE event number has chaotic characteristics dur-
ing coal-rock uniaxial compression

(4) The chaotic characteristics of the number of AE
events are most prominent before the specimen is
completely destroyed

(5) From the fact that the maximum Lyapunov expo-
nent of the time series of AE events suddenly
changes to the maximum (the maximum is of the
order 10-3) or the submaximum (the submaximum
is greater than 5 × 10−4) before the specimen is
completely destroyed, it is feasible to use the maxi-
mum point of the maximum Lyapunov exponent of
AE event number time series as the precursor crite-
rion of rock fracture

(6) The maximum Lyapunov exponent of the AE event
number time series appears before the maximum
AE event number. Compared with the AE identifica-
tion and warning criterion based on the AE parame-
ters, the precursor criterion based on the chaotic
characteristics of the number of AE events can effec-
tively avoid the errors caused by parameter contin-
gency. It can also early forewarn the occurrence of
coal-rock damage and improve the accuracy of
coal-rock gas dynamic disaster warnings
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