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Rock mass failure is gradually becoming more common as the number of
geotechnical engineering projects continues to increase. In this paper, the
probability density distributions of initial and peak frequency events in the
acoustic emission (AE) from two types of rock (phosphate rock and granite)
undergoing failure are analyzed. Feature events (FEs) in this AE are proposed and
obtained. The probabilities of events with an initial frequency of 1,000 kHz and
peak frequency of 625kHz are found to be higher than those with other
frequencies. The evolutionary behavior of the cumulative probability
distributions (CPDs) of the FEs as the rocks fail is subsequently investigated.
The characteristic FEs of the AE and their CPD evolution behavior in the two
rocks are then compared and contrasted. The CPD curves derived for both
types of rock consist of four stages: slow rise—concave rise—rapid rise—slow
rise. The differences related to the FEs for the two rocks are also found. The
duration of the last stage (near rock failure) is quite different for phosphate rock
and granite. The peak frequencies of the FEs are the highest and the smallest in
the two rocks, respectively. Our method of analyzing the AE data and results
provide a theoretical method for analyzing the stability of rock masses and
predicting their failure.
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Introduction

There has been an increase in the development of mineral
resources and the number of rock mass engineering construction
projects in response to national policies aimed at promoting the
continued social and economic development of China. As a
result, geological disasters have become progressively more
frequent leading to serious casualties and huge economic
losses (Feng et al.,, 2015; Zhou et al,, 2016; Feng et al., 2017;
Wang et al, 2019; Wang et al, 2022; Xu et al, 2022). The
characteristics and mechanisms responsible for rock mass failure
and other geological hazards have thus become hot topics of
research (Sainoki et al., 2020; Sun et al., 2020; Feng et al., 2019;
Feng et al., 2022; Yu et al., 2022a; Yu et al., 2022b).

Acoustic emission (AE) techniques are used to study the
stability of rock masses. In general, such techniques monitor
the internal state of a rock mass by detecting the elastic waves
generated as cracks are initiated, propagate, and undergo
closure in the rock mass due to loading and outputting the
resulting information in the form of electrical signals (Beattie,
1983; Scruby, 1987). AE is also commonly employed in
laboratory research studies in rock mechanics. In the 1960s,
Knill et al. (1968) performed indoor AE rock mechanics
experiments and posited that the technique had great
potential. Pollock (1968) studied the application of elastic
waves from AE. In more recent years, numerous studies have
been successfully carried out using AE. For example, Du et al.
(2020) elucidated the essential characteristics of different rock
failure modes and crack types using AE detection techniques.
Zhao et al. (2020) studied the characteristics of axial stress-
strain and time-frequency parameters of AE signals from rock
specimens. Dong et al. (2021) investigated the qualitative
relationship between rock instability precursors and
principal stress direction using the velocities of AE waves.
Wang et al. (2021) proposed a multiparameter synergetic
method for predicting rockburst based on true triaxial AE
tests. The AE data obtained by monitoring rock masses
their
internal stability (Zhou et al., 2019). However, there are

contains extremely detailed information about
still aspects of the AE data that have largely been
the data from AE

monitoring should be most effectively processed is still an

unexplored. In particular, how
issue that needs further research.
In probability theory, the concept of cumulative probability
distribution (CPD), which is derived from probability density, is
characterized by its flexibility and practical usefulness (Burr,
19425 Hatke, 1949). It is a powerful and valuable tool for
processing data and has been used in many fields, such as
geological engineering, bridge engineering, slope engineering,
image processing, systems engineering, and hydraulic
engineering (Wagner et al., 2002; Narvekar and Karam, 2009;
Tian et al,, 2018; Deng et al., 2020; Ries et al., 2020; Zhang and

Liu, 2020), and so on. For example, Garijo et al. (2021) used a
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CPD method to process data and thus propose a model to predict
the probability that natural hydraulic lime mortar will undergo
failure.

In this paper, the density distributions of initial and peak
frequency AE events in phosphate rock undergoing failure are
first analyzed. Certain feature events (FEs) in the AE data from
the phosphate rock are proposed and obtained. Then, the
evolutionary behavior of the CPDs of the FEs in phosphate
rock is investigated. Furthermore, the FEs of the AE data (and
their CPD evolution behavior) from another failing rock
(granite) are also studied and compared. The similarities and
differences of the FE characteristics and their CPD evolution laws
in the two types of rock are then discussed. This method of
analyzing AE data and the results can provide a theoretical basis
for analyzing the stability of rock masses and predicting their
failure.

Experimental overview
Rock specimens

The phosphate rocks used in this study were obtained from
an underground mining site in Yichang, Hubei Province, China.
The rocks were shaped into cylindrical specimens measuring
50 mm (diameter) by 100 mm (height). Phosphate rock is a grey-
black phosphorus-bearing ore with a microcrystalline structure
and brecciated configuration. The phosphorus pentoxide (P,05)
content is approximately 30%. The granite is a large size rock
sample of 200 mm x 200 mm x 400 mm. Granite specimens were
provided by Taiyuan University of Technology and the Chinese
Society of Rock Mechanics & Engineering. Scanning electron
microscope (SEM) images of the phosphate rock and granite are
shown in Figure 1. Their physical and mechanical properties are
listed in Table 1.

Loading system

A computer-controlled multi-function electro-hydraulic
servo tester was used to perform the rock failure tests. It
consisted of four main components: a mainframe, a hydraulic
control system, a monitoring system, and a loading system. It was
designed to measure the mechanical properties of materials such
as rock and concrete and complies with the relevant national
standards. The system has a maximum loading capacity of
1,500 kN. The Young’s modulus and Poisson’s ratio of the test
sample can be measured during the loading process and the
system automatically generates a stress-strain curve. Loading is
carried out at a constant displacement rate of 0.001 mm/s. To
prevent detrimental effects due to friction, a layer of graphite
powder is added to the top and bottom of the specimen before
loading to act as a lubricant.
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FIGURE 1
SEM images of the rocks. (A) Phosphate rock, and (B) granite.

TABLE 1 Physical properties of the phosphate rock and grainte.

10.3389/fenvs.2022.1002474

Rock types Density (kg/m?) Young’s modulus (GPa) Poisson’s ratio UCS (MPa)
Phosphate rock 3,069 62.157 0.235 103
Granite 2,976 53.267 0.219 116
Duration a
— A - B
,,,,,,,,,,,,,,,,,, Rise time T
Maximum amplitude
Avrrival time
Threshold i A " d O
/\\/\v \/
)
| =
FIGURE 3
o Threshold crossings(Counts) Schematic diagram showing the arrangement of the AE
probes: (A) top view, and (B) front view.
FIGURE 2
Parameters used to interpret the AE data.

AE monitoring and processing

AE testing techniques are non-destructive and involve the
detection of elastic wave energy. When a rock specimen is
stressed, elastic waves are generated due to the formation and
propagation of cracks within. These propagate along the rock and
can be captured by sensors on the rock’s surface (Aggelis et al.,
2012).

Frontiers in Environmental Science

Figure 2 shows an example of the typical form of an acoustic
wave as detected using an appropriate sensor. The figure further
illustrates how certain parameters (AE count, duration, rise time,
threshold, maximum amplitude, etc.) are defined.

The AE device employed in this work was manufactured by
Changsha PengXiang Technology. The equipment has AE-
related software installed that is used to acquire and interpret
the waveform data (and other relevant data) in real-time to derive
the AE parameters of interest. Four small AE probes (2.5 mm in
diameter) are used to acquire the waveform data from the
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TABLE 2 AE parameters of interest in this paper.

Parameter Description

Initial frequency The frequency is defined by the rise time of the waveform; it is determined by the rise time of the waveform and the ringing count
within that time

Peak frequency The frequency corresponding to the maximum amplitude of the waveform spectrum

samples. The use of small AE probes is highly desirable as they significance. The probability distribution is formed by plotting

can ensure that the acoustic energy is more efficiently transmitted probability density (vertical axis) against frequency (horizontal
to the probe from the curved surface of the cylindrical specimen. axis) which allows the probability distributions of the initial and
The probes are connected to the specimens using a couplant and peak frequencies to be readily identified.
then fixed with tape. To obtain the best collection results, all The initial frequencies of all the AE events recorded during
transducers are placed as symmetrically as possible (Figure 3). the failure of the phosphate rock specimens are statistically
The AE preamplifier is set to 32dB and the collection analyzed. The number of events with an initial frequency of
threshold is set at 50 dB. The sampling frequency is chosen to x; is denoted by y; (x;) and so the proportion of events with this
be 2.5 MHz (taking into account the noise from the loading and initial frequency p(x;) is given by

collection devices during the loading process). The values of the Vi
peak definition hit definition, and hit lockout times are set to plxi) = N )
200 us, 800 us, and 1,000 us respectively. As shown in Figure 3,

the rise time is the period that elapses between the first time the where N'is the total number of events recorded during loading.

signal crosses the threshold and the time at which the amplitude The probability distributions of the initial frequencies of the

. . oo s events recorded when three specimens are loaded are shown in
reaches its maximum value. The ‘initial frequency’ is defined to

be equal to the pre-peak ringing count/rising time (in kHz). The Figure 4. As can be seen, events with an initial frequency of

. . . 1,000 kHz have a higher probability of occurring than events with
dominant frequency, i.e., the frequency corresponding to the

other initial frequencies. Furthermore, the maximum probability
at ~1,000 kHz corresponds to 0.2-0.3.

The peak frequencies of the AE events recorded as the

maximum energy point in the signal spectrum after fast Fourier
transformation, is also referred to as the ‘peak frequency’. In this
paper, it is these two AE parameters, initial frequency, and peak

frequency that are employed to study the failure of the rock. phosphate rock specimens are subjected to loading and failure

Table 2 summarizes their definitions are also statistically analyzed. The probability distribution of the
peak frequencies of the events can then be calculated using an

expression analogous to Eq. 2. Three examples are shown in

Result and analySiS Figure 5. As can be seen from Figure 5, the most likely peak
frequency is ~625 kHz which has a probability of occurrence of

Density distributions of the initial and peak 0.3-0.5. There is also a cluster of events in the 200-400 kHz part
frequencies of the AE events of the distribution with a maximum probability of ~0.13. This
cluster is generally considered to be a secondary dominant

frequency. There is also a third band in the distribution at
0-100 kHz with a maximum probability of 0.01. The peak at
625 kHz is overwhelmingly strong compared to other frequencies

In this section, we consider the probability densities of the initial
and peak frequencies of all the AE events analyzed. A probability
density function describes the likelihood that a certain output value
of a random variable is measured. Discrete data uses a distribution
law which corresponds to the probability p(x;) of finding the
variable to have one of a certain set of possible values of x; in

which suggest that a study of the events with this peak frequency
is of exceptional interest. Thus, these events are chosen for
subsequent study.

the data column vector (wherei = 1,2,+,N). The following Figure 6 presents scatter diagrams showing the distribution

normalization formula must be satisfied: of the peak frequencies of events occurring at specific times. The

two diagrams correspond to all events (a) and those with initial

N frequencies of 1,000 kHz (b). The two diagrams are very similar

Zp(x,») =1 1) in form. Figure 7 shows similar scatter diagrams based on the

i initial frequencies of the events. In this case, all events are shown

where p(x;) satisfies 0< p(x;) < 1. in (a), while (b) is filtered to show only those events with a peak
The probability densities quoted in this study are derived frequency of 625 kHz. As can be seen, the temporal distributions
from actual AE monitoring data to give them practical presented in Figures 7A,B are also very similar. The above results
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Initial frequency probability density distributions were derived for specimens (A) G1, (B) G2, and (C) G3 (G1, G2, and G3 refer to three phosphorite

specimens).

highlight the fact that the most likely events to occur are those
with an initial frequency of 1,000 kHz and peak frequency of
625 kHz.

The initial frequency, in the concept of acoustic emission,
corresponds to the count of the signal in the rise time of the
signal. The peak frequency is the highest part of the signal
spectrum. The spectrum is obtained by the Fast Fourier
Transform. The peak frequency represents the highest energy
part of a signal and is the direct representation to identify the
characteristic of a signal. In this paper, the term ‘feature events’ is
taken to be an AE event that has an initial frequency of 1,000 kHz
and a peak frequency of 625 kHz. The FEs appears at the time of
continuous rupture within the rock, and it has higher energy at
625 kHz than other frequencies. Therefore, we regard them to be
‘FE’ that are worthy of further study.

Cumulative probability distributions of
feature events

CPD is used to describe the probability that a variable

randomly sampled at a particular time falls within a certain
interval and is often regarded as a characteristic property of the
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data. If the variable is continuous, the CPD is derived by
integrating the probability density function; if the data relates
to a discrete variable, the CPD is derived by summation.

A CPD is described via its cumulative probability function
F(x) which, for continuous variables, is defined by the expression

Fo= [ fuwdr )
where f (t) is the probability density function of the variable and
F(x) > 1as x — + 0.

More specifically, in this experiment, f () is the number of
FEs monitored per second. The lower interval of ¢ is not —co, but
0, and the upper interval is not +0o, but ¢; (rock failure time).
Then F (x) is redefined:

t
F= | fodr @

The function has the following properties: (1)0<F (x)<1;
(2)F (x) increases from 0 as the loading process proceeds until it
reaches F(x) = 1 (100%) when the rock fails (loading ends).

As mentioned above, we concentrate on the FEs in the AE
monitoring data recorded as the phosphate rock specimens are
subjected to loading. The FE data are first expressed in the form
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https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002474

Zhang et al.

10.3389/fenvs.2022.1002474

A B
50 50
2nd Ist 2nd 1st
peak frequency-band peak frequency peak frequency-band peak fréghency
40 + 40 +
.\530 z 30
i 5
< <
£20t 20}
~ ~
10+ ] 10+
0 S . 2l .I | [ | [ , 0 " | .I A | 2 | [ ] )
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Peak Frequency Peak Frequency
50
C 2nd
peak frequency-band Ist
40 peak frequency
S30t
E
220
-9
0 .J] J . 1 . l | .
0 100 200 300 400 500 600 700
Peak Frequency
FIGURE 5
Peak frequency probability density distributions were derived for specimens (A) G1, (B) G2, and (C) G3.
A B
800 800
o0®@ 00 e®w oo e oo
600 - 600 ee  cmen @ cmancum amme
~ ~
g g L] L] -e
> > e o0 o 00 e
Q Q
5400 L 5400 L : ° ... .... L] .g.-
E E MR £ ol
~ ° ° ~ d © O °3%1°2°0 A BWML.
& [ ] & L4 ®  ceceed o @venem o
200 200
L]
{ ]
o. ° 0.
L] ° L]
O 1 1 O 1 1 1
0 100 200 300 400 500 600 0 100 200 300
Time(s) Time(s)
FIGURE 6
Temporal distribution of events with specific peak frequencies showing: (A) all events and (B) only those with an initial frequency of 1,000 kHz.

Frontiers in Environmental Science

06

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002474

Zhang et al.

10.3389/fenvs.2022.1002474

A
1500
L] L] L] L] o0 OGP GB GBS
1200 -
x
)
2
5
g
=
E]
i
Time(s)
FIGURE 7

Temporal distribution of events with specific initial frequencies showing: (A) all events and (B) only those with a peak frequency of 625 kHz.
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Results obtained for specimen G1: (A) CPD of the feature events and (B) variation of the stress and strain in the specimen during the same period.

of the number of FE events recorded per second and this data are
then summed to generate the corresponding CPD (Figures 8-10).

The paper shows three sets of data (G1, G2, and G3), due to
the variability of the specimens. Figure 8A, Figure 9A, and
Figure 10A show the cumulative frequency curves of the FEs
and the number of times the FEs occurred per second for
specimens G1, G2, and G3, respectively. Figure 8B, Figure 9B,
and Figure 10B show the corresponding changes in the stress and
strain in the specimens during loading over the same timescale.

The CPD curves inFigure 8A, Figure 9A, and Figure 10A all
show the same trends: slow rise—concave rise—rapid rise—slow
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rise. The durations of each of these stages, however, vary from
specimen to specimen and relate to the performance of the
specimen. For example, the slow rise stages in specimens
Gl and G2 end after 287 and 330 s Respectively. That in G3,
however, lasts only 132 s. Similarly, G2 completes its concave rise
stage (and started its rapid rise stage) at 430s. In contrast,
specimens G1 and G3 do not reach the rapid rise stage until
514 s. Then again, G1 and G3 reach their straight-up stages when
the CPD reaches 25.1 and 28.5%, respectively. Specimen
G2 reaches the rapid rise stage with a cumulative probability
of 17.2%. These variations arise due to differences occurring
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FIGURE 10
Results obtained for specimen G3: (A) CPD of the feature events and (B) variation of the stress and strain in the specimen during the same
period.

inside the specimens. However, the cumulative probabilities of Figure 8B, Figure 9B, and Figure 10B show the variation of
the FEs in the different specimens are all around 98.8% at the the stress and strain as the phosphate rock is subjected to loading.
beginning of the fourth (slow rise) stage. The rocks subsequently Points A-C is also marked on these diagrams. At the point where
fail 5-10 s later. the CPDs of the FEs end their slow rise stages (i.e. point A), the

We denote the point at which the slow rise stage ends and the stress and strain end their slow and rapid rise stages, respectively.
second stage begins as ‘A’. Similarly, the letters ‘B’, ‘C’, and ‘D’ The B-C stage encompasses the plastic stage of the phosphate
represent the ends of the second, third, and fourth stages, rock. This is especially the case for specimen G2 where the curve
respectively. Point D, of course, represents the failure of the does not break down after the peak stress is reached—rather, the
rock. The times at which these points occur in the CPDs and the stress decreases as the loading proceeds and there is a tendency
corresponding CPD values are summarized in Table 3. for a second peak to appear after the first peak. In general, we
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https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1002474

Zhang et al.

10.3389/fenvs.2022.1002474

TABLE 3 The times and CPD values corresponding to the ends of the different stages in specimens G1-G3.

Point Gl G2 G3
Time (s) CPD (%) Time (s) CPD (%) Time (s) CPD (%)
A 287 1.7 330 2.2 132 0.7
B 514 25.1 430 17.2 514 28.5
C 619 98.8 595 98.8 654 98.6
D 625 100 601 100 665 100
A B
100 F 100 5955
80 | 80 - C
. 4308 ——— B
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FIGURE 11

Stress—strain curves for: (A) G1, (B) G2, and (C) G3.

consider a specimen to be damaged when the peak stress is
reached. If it is not damaged, and the stress decreases, then we
consider the moment at which the stress reaches 1/2 of the
highest peak to be the moment when the sample is damaged.
Figure 11 presents stress—strain curves for the three specimens
highlighting the values occurring when the points A, B, and C are
reached. Such curves give a good indication of the state of the rock
specimen during loading. The CPD of the FEs for G1 suggests that
the slow rise stage is completed in this specimen after 287 s. In the
corresponding stress-strain curve, this time is when the compressive
stage of the phosphate rock is completed and there is a tendency to
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enter the plastic stage at point B (after 514 s). At point C, the peak
stress is reached and critical failure occurs. The specimen G2 is not
ready to break after reaching its peak stress but goes on to produce a
second stress peak at point C. Specimen G3 starts to enter the linear
elastic stage at 132 s (point A) and is ready to enter the plastic stage
at 514 s (point B). The results in Table three show that the durations
of the C-D intervals in the three phosphate rock specimens near
failure are 6, 6, and 11 s, respectively, representing 0.96, 0.99, and
1.65% of the total loading times, respectively. The CPD of the FEs
therefore gives a good indication of the loading state of the rock in
terms of the timescale of the stress—strain curve.
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G3

Percentage number of events in the different stages of the CPDs: (A) 1,000 kHz initial frequency events, (B) 625 kHz peak frequency events, and

(C) FEs at each stage.

TABLE 4 Ratios of FEs in each stage.

Specimen Percentage number of events in each stage
0-A (%) A-B (%) B-C (%) C-D (%)

Gl 16.92 25.08 16.85 3.191

G2 17.14 21.02 17.53 6364

G3 13.98 27.57 16.80 5.568

The intervals O-A, A-B, etc. divide the FE CPD curves into
different stages. The proportion of the initial frequency events at
1,000 kHz, peak frequency events at 625 kHz, and FEs can then be
determined in each stage (Figure 12 and Table 4). The proportion of
1,000 kHz initial frequency events, 625 kHz peak frequency events,
and FEs is the highest in the A-B stage and lowest in the C-D stage,
while the ratios in the O-A and B-C stages are approximately equal.
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The above analysis indicates that the FEs do not make a
major contribution to the rock fracturing taking place in the
period just before the rock fails. However, they do make
outstanding contributions to the linear-elastic and elastic-
plastic stages as the fractures evolve in the rock.

Comparison between granite and
phosphate rock

Experiments were also carried out on a granite specimen and
the probability density distributions were calculated for the initial
and peak frequencies (Figure 13). The results shown in
Figure 13A indicate that the initial frequencies of most events
are concentrated around 1,000kHz (p = 0.35). The peak
frequency results (Figure 13B) appear to be divided into four
frequency intervals corresponding to 6-24, 64-119, 222-305, and
625 kHz. The FEs are similarly expressed, except that the peak
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frequency of 625kHz is not the first highest (60%) but the
smallest (about 10%) in the granite experiment.

Figure 14A shows CPD curves for events with an initial
frequency of 1,000 kHz and peak frequencies of 6-24, 64-119,
222-305, and 625kHz. And the FEs are considered to be
consistent with an initial frequency of 1,000 kHz and a peak
frequency of 625kHz. The CPDs in Figure 14A all show an
explosive increase in the period before the granite fails. However,
as can be seen from Figure 14B, the FE CPD of the granite shows
a slow increase in the period before failure. It is also observed that
the CPD curve of the FEs follows the same pattern observed
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before: slow rise—concave rise—rapid rise—slow rise. And the
period of the final stage is also longer for granites than for
phosphorites as a percentage (final stage period/total loading
time).

The cumulative probabilities at the times corresponding to
the points A-D are shown in Table 5 which should be compared
to the results shown in Table 3 for phosphate rock. Point A is
reached in granite after 1,200 s when the cumulative probability
is 2.8%. This is similar to the results obtained for phosphate rock
specimens. Point B (3,491 s) is reached when the cumulative
probability is 47.9% in granite (~24% in phosphate rock). Point C
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TABLE 5 Times and corresponding cumulative probabilities of the FEs
in granite.

Point Time (s) CPD (%)
A 1,200 2.80
B 3,491 479
C 4373 947
D 5,296 100

a(MPa)

0 1 1 1 1 1 1 1

00 02 04 06 08 1.0 1.2 14
£(%)

FIGURE 15
Stress-strain curve for granite.

(4,373 s) is reached when the cumulative probability is 94.7% in
granite (98.7% in phosphate rock). Of course, point D (5,296 s) is
reached when the granite fails (which occurs after ~630s in
phosphate rock).

Figure 15 also shows how the stress in the granite varies with
time. At point A (1,200 s), the stress stops fluctuating and begins
to rise more smoothly. When it reaches point B (3,491 s), the rate
at which the stress is rising begins to slow down. Finally, at point
C (4,373 s), the stress begins to fluctuate rapidly.

These times are highlighted on the corresponding stress-
strain curve for granite shown in Figure 15. At 1,200 s, the granite
appears to enter the linear elastic stage; at 3,491 s the slope of the
stress-strain curve starts to decrease; and at 4,373 s, the stress-
strain curve starts to fluctuate violently as it reaches its peak value
(which is a very good indication that the granite has entered the
elastic-plastic stage). Ten minutes before it fails, a loud noise is
emitted from the granite. An examination of Table 5 shows that
the C-D stage (when the granite is approaching failure) lasts for
923 s, accounting for 17.4% of the total loading time. At the same
time, the loading stress when this stage begins is ~90% of the peak
stress and so the granite is in a very dangerous state throughout
this stage.
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TABLE 6 Percentage of FEs in each of the stages for granite.

Stage Proportion (%)
O-A 7.3
A-B 7.1
B-C 5.7
C-D 0.8

The proportion of FEs in each of the stages in granite is
analyzed giving the results shown in Table 6. The number of
feature events in stage C-D is similar to that found in the
phosphate rock, that is, the proportion of FEs (0.8%) is
significantly lower than those in other stages. That is, the FEs
contribute very little to the fracturing processes occurring just
before the granite fails as well.

Some interesting results are shown by comparing the results
of phosphate rock and granite. The CPDs produced all have the
same trend. The trend can be used to establish feature points
(labeled A, B, C, and D here) which mark the times at which the
behavior changes. It is found that these times correspond to
points in the stress and strain curves where these parameters
undergo characteristic changes (see Figures 8-10, 14B, 15). The
feature points in the CPD have a certain regularity which can be
used as a basis for determining the stability of the phosphate rock
during loading. The result will be helpful for the warning of rock
mass failure and related geological hazards. The percentage of
FEs occurring in each stage (O-A, A-B, etc.) can be readily
calculated. According to these two points, the characteristic event
corresponds to a rupture with higher amplitude at 625 kHz
occurring within the rock (the part with lower amplitude, will
not be recognized as the dominant frequency).

Opverall, in terms of stress, the c-point of phosphorite is closer
to the peak stress than granite; in terms of the loading phase, the
CPD curve of granite expresses more obvious precursors to
failure than phosphorite; in terms of time, the CPD curve
change of granite also fits the stress-strain curve more than
phosphorite. Therefore, in terms of hazard, the c-point of
phosphorite is more dangerous because it is closer to the time
of failure; in terms of evaluating the stability of the rock, granite
performs better and can correspond more accurately to the
stability state of the rock. The result will be helpful for the
warning of phosphorite and granite failure in site.

It is worth noting that compared with the laboratory test, the
environment of on-site engineering is more complex. The
stability of rock mass and results of in-situ acoustic emission
testing are affected by many factors. The rock mass is
heterogeneous and discontinuous, including a large number of
structural planes. Therefore, there are many differences between
laboratory test and in situ monitoring. More scientific research is
needed before the results of laboratory tests can be used in the
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engineering field in the future. However, the results obtained in
this study will give a new idea for the monitoring and analyzing of
rock failure processes in engineering. The state of the rock mass
can be judged by the feature points monitored. By monitoring the
accumulated FEs events and analyzing the characteristics of CPD
curve, we may find the risk state of the rockmass and some
measure can be conducted to mitigate the risk if necessary.

Conclusion

In this paper, the AE produced in phosphate rock and granite
during the failure is analyzed and the data are used to generate
probability density distributions for the initial and peak
frequencies of the acoustic signals. The probabilities of events
with an initial frequency of 1,000 kHz and peak frequency of
625 kHz are found to be higher than those with other frequencies.
Therefore, such events are given a special name: ‘feature events’
(or FEs for short).

The forms of the CPDs of the FEs in phosphate rock and granite
are then studied. The CPDs of both materials show a similar pattern
involving four stages: slow rise—concave rise—rapid rise—slow rise.
As loading commences, the number of FEs per unit time slowly
increases. In the second stage, the number of FEs recorded per unit
time increases more rapidly and the proportion of events that are
FEs reaches its maximum value. In the third stage, the number of
FEs per unit time increases very rapidly (and the rate of increase
reaches its maximum value). In the last stage, the number of FEs per
second decreases, and the proportion of events that are FEs also
decreases. The FE CPD curves contain information about the
behavior of the test specimens as loading proceeds and so there
is a certain correspondence between the CPD curves and stress-
strain curves of the specimens.

The FEs recorded using the two different types of rock are also
found to show different characteristic. The FE peak frequency
(625kHz) is the strongest peak frequency band observed in
phosphate rock, whereas it is the smallest strongest in granite. In
terms of hazard identification, FEs CPD curves reflect the stability
state of the rock. The analysis of curve characteristics enables to
make judgments about the state of rocks. The research presented in
this work suggests that using FEs CPD can provide useful
information about damage evolution mechanisms in rock masses
and hence the stability of the rock masses. The period evolution of
the CPD clearly corresponds to the state of stress changes in the
rock. This result will provide a reference for disaster waning and risk
mitigation in the construction of rock engineering.
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