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Abstract
Rock burst disaster events have become one of the most common disasters in the field of underground engineering, and it is of great
practical significance to study the prediction and early warning signs of rock burst. Acoustic emission waveforms generated during a
rock burst event, which are often characterized by parameter analysis, that analysis of the waveform spectrum can reflect the
characteristics of rock damage and failure. Based on a single-axis strain-type rock burst test of deep buried marble, characteristics of
the frequency spectrum, as well as the time-domain dominant frequency of acoustic emissions during the entire rock burst process,
were analyzed.We find that the acoustic emission spectrum characteristics also have their own characteristics at different stages of rock
burst. In general, The main frequency amplitude value presents an increasing trend, the peak shape of the acoustic emission spectrum
shifts between unimodal and multimodal, and the secondary frequency typically appears in the plastic deformation stage. In the high-
frequency domain (more than 200 kHz) of the initial loading of stress redistribution, the elastic phase of the energy build-up shows a
relatively quiet period, the main frequency distribution of plastic deformation stage shows increasing tendency. Before and after the
rock burst event, the dense area of themain frequencymigrates from the high-frequency domain to the low-frequency domain, themain
frequency in the high frequency field appears dense distribution on the eve of rock burst. These changes were distinguished as
characteristic criteria for impending rock burst and can therefore be used for the prediction and early warning of rock burst events.
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Introduction

Strain rock burst is a mode of failure in which an energy build-
up is rapidly released at the free surface of surrounding rock
by man-made excavation (Zhao et al. 2019; Miao et al. 2009;
Dehghani and Lohrasb 2019). Strain rock burst is mainly

characterized by violent roof collapses and rib spalling of
the surrounding rock, and is often accompanied by the ejec-
tion of rock fragments and significant noise (Li et al. 2017;
Monte 2003). As a result, rock bursts seriously endanger the
safety of underground workers and may cause damage to their
equipment and facilities.

Acoustic emission (AE), also known as stress wave emis-
sion, is a phenomenon in which an external load causes local
internal damage to a material, and the energy build-up is rapidly
released in the form of elastic waves (Pieri et al. 2001; Tan Chee
&Mba, 2005; Kasai andUtatsu 2009; Yang et al. 2009; Liu and
Xu 2013). It was discovered that the AE phenomenon is gen-
erated by rock-type materials under external loads; the AE tech-
nique has been widely used for studying rock instability and
failure (Yuan et al. 1985). AE parameters and waveform char-
acteristics are often used for analysis in laboratory simulations
of rock burst. AE parameter characteristics mainly include
event count, ringing count, amplitude, energy count, and
RMS voltage. In waveform analysis, the frequency and ampli-
tude of the AE spectrum of the test process is studied to qual-
itatively assess the stability of the rock during the loading
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process. Compared to the parametric analysis method in the
time domain, the waveform analysis method in the frequency
domain better reflects the intrinsic information of the internal
rupture source of the rock (He et al. 2015).

In the uniaxial compression AE test, Chen found that the
frequency spectrum showed little change in the initial stage of
stress loading but changed suddenly when the stress reached
the failure limit, at which time the shape of the spectrum also
changed from a single peak to multiple peaks (Chen 1990).
Pan et al. exerted uniaxial loading on rock with a rock burst
tendency using an electro-hydraulic servo rigidity testing ma-
chine; the results showed that as the stress increased, the AE
spectrum evolved from low-frequency to high-frequency, and
the front edge of the AEwaveform became steep near the peak
load (Pan et al. 2001).

Jiang et al. established the relationship between AE param-
eters and the failure mechanism of salt rock through uniaxial
compression tests of salt rock under different loading strain
rates (Jiang et al. 2012). The tests revealed the evolution of
damage of salt rock under different strain rates. Specifically,
the faster the loading rate, the higher the AE frequency, and
the more significant the brittle failure characteristics (Zhao
et al. 2018).

Zhao et al. used the indoor MTTA true triaxial rock burst
simulation test system to extract AE characteristic waveforms
of various stages in the granite rock burst process for fast
Fourier transform (FFT) (Zhao et al. 2019). They found that
the dominant frequency of AE in the test process presented an
overall trend of shifting from low frequency to high frequency
and back to low frequency. Furthermore, they found that the
dominant frequency concentrated in the low-frequency range
of 90 to 120 kHz could be used as a characteristic frequency to
predict the rock burst of granite. Su et al. used a true triaxial
rock burst test machine to simulate the granite rock burst pro-
cess (Guoshao et al. 2016). Their study showed that there was
a “relatively quiet period” of the AE waveform signal, which
had a small amplitude when it was close to rock burst ejection
failure. During the test, the dominant frequency of AE showed
a trend of migrating from high frequency to low frequency,
and the shape of the frequency spectra alternated between
multiple peaks and a single peak (Azadi et al. 2019; Liu
et al. 2019).

In this study, the uniaxial compression AE test was con-
ducted to investigate the dominant frequency characteristics of
AE throughout the entire rock burst process. Briefly, the orig-
inal waveforms of AE at critical moments of rock burst were
extracted, and the FFT was used to obtain the frequency-
domain information of AE at the critical moments. The dom-
inant frequency information of all original AEwaveforms was
extracted usingMATLAB and the time-domain characteristics
of the AE dominant frequency were analyzed. Finally, the
intrinsic information of AE waveforms for different stages of
rock burst were investigated through analysis of the

frequency-domain and time-domain evolution trends of the
original AE waveforms of the rock burst test. As a result, the
correlation between the AE waveform characteristics of the
entire rock burst process and the intensity of the rock burst
were determined, thereby providing a theoretical basis for
identifying early warning signs and predicting rock burst
events in real-time.

Rock burst test

Rock specimen

A marble core was collected from the middle of an 810-m
section of the Daye Tonglushan Copper-iron Mine (Fig. 1a).
The deformation rate analysis (DRA) method showed that the
middle section of the marble core had an average geostatic
stress of 26.26 MPa, indicating a provenance of deep burial
and high ground-stress (Chen et al. 2015), which are condi-
tions favorable for occasional rock bursts. According to the
Standard for Test Methods of Engineering Rock Mass (GB/
T50266-2013), standard specimens with dimensions of
50 mm × 100 mm were prepared (Fig. 1b). The specimens
had a grayish white appearance and contained a small number
of ore spots. The whole rock was relatively dense and mas-
sive, with no significant cracks. X-ray dust diffraction exper-
iments showed that the main mineral composition of the mar-
ble core was calcite, along with a small amount of secondary
clay minerals such as mica.

Test methods

The rock burst test device consisted of the RMT-150C multi-
functional rock experimental system (Wuhan Geotechnical
Engineering Institute) and the PCI-II type system [Physical
Acoustics Corporation (PAC), USA], as shown in Fig. 2a.
The former has a maximum vertical output of 1000 kN, a
loading rate of 0.01 to 100 kN/s, and a deformation rate of
0.0001–1.0 mm/s, while the latter has a maximum sampling
frequency of 40 MHz, an 18-digit digital-to-analog conver-
sion capability, and the ability to record various characteristic
parameters such as ringing count, energy, and amplitude, as
well as complete waveforms of AE.

The AE sensor was fixed to the side of the test specimen
with insulating tape, and Vaseline was evenly applied on the
contact surface to ensure good coupling (Fig. 2b). The loading
system adopted displacement control with a loading rate of
0.0010 mm/s. The AE sampling frequency was set to 1 M/s,
and the gain was set to 45 dB. The AE monitoring system and
the loading system were started synchronously, and the exper-
iment was stopped when the overall specimen became unsta-
ble and ruptured.

Arab J Geosci (2019) 12: 645645 Page 2 of 11



Test results

It was observed that the significant rock burst occurred in the
rock specimen both near and during the instability failure
stage (Mo 2015; He et al. 2007; Zhang et al. 2016).
Additionally, these studies indicated that rock burst can be
analyzed from acoustic duration, rock surface dynamic failure,
failure surface characteristics, and penetrating cracks. In the
present study, two groups of marble specimens labeled N5 and
N7 were investigated, and their rock burst phenomena and
failure surface characteristics were analyzed.

In the initial stage of loading, specimen N5 underwent a
short stage of compaction, during which a slight friction
sound emitted and the surface of the specimen remained
intact. Subsequently, the specimen entered an elastic stage
but showed no significant changes. When the specimen
was loaded for 392 s and the stress was near the peak load
of 79 MPa, the surface of the rock specimen showed slight
rock fragmentation and spalling, and rock dust slipped
from the spalling area with a slight bursting sound, dem-
onstrating that the specimen was in the initial stage of rock

burst. As the load continued to increase, rock fragments
mixed with rock dust were ejected from the surface of the
specimen with a continuous bursting sound, and visible
cracks appeared on the specimen’s surface. As loading
continued for a total 515 s, rock fragments were ejected
with a loud bursting sound, macro-cracks were formed on
the surface of the specimen, multiple cracks coalesced with
each other, pieces of rock began to collapse, and the spec-
imen experienced violent rock burst. It took 123 s from the
initial stage of minor rock burst to the late stage of violent
rock burst, and the axial stress decreased to 60 MPa
(Fig. 3). From the morphology of the final failure surface
(Fig. 4), we observed that the specimen had a typical V-
shaped rock burst pit with a stepped, zig-zagged surface,
Y-shaped shear cracks penetrated the rock and five large
rock pieces had spalled, some rock dust was transferred to
the testbed (indicating that specimen N5 underwent a rela-
tively violent rock burst), penetrating cracks appeared, and
the whole rock mass became unstable. Overall, the damage
to the rock was significant; it exhibited both a V-shaped
rock burst pit and penetrating shear cracks.

Fig. 2 Test equipment and specimen. a Experimental equipment. b Specimen

Fig. 1 Rock specimens. a Field cores. b Specimens
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Fig. 3 Time-stress curve of
specimen N5

Fig. 4 Final failure mode of
specimen N5. a Front view. b
Side view. c Rock fragments
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At the initial stage of loading, the characteristics of speci-
men N7 were similar to those of specimen N5. There was a
slight friction sound and no significant crack development
was observed on the surface of the specimen. After the spec-
imen was loaded for 377 s, when the stress was near the peak
load of 73 MPa, rock fragments collapsed, a small amount of
rock dust was ejected, and visible cracks appeared on the side
of the specimen accompanied by a loud bursting sound. As the
axial stress continued to increase, macro-cracks appeared on
the surface of the specimen, cracks coalesced with each other,
and rock fragments were ejected from the surface of the rock
mass that were accompanied by a loud bursting sound.
Finally, the rock mass collapsed. Eight seconds elapsed from
the initial stage of rock burst to the late stage of rock burst
(Fig. 5), during which the specimen exhibited increasingly
severe symptoms of rock burst. The morphology of the final
failure surface of specimen N7 (Fig. 6) revealed that there was
no significant V-shaped rock burst pit, but there were many
shear cracks and splitting cracks. Additionally, the rock frag-
ments were large and the entire rock spalled, indicating that
specimen N7 underwent violent rock burst with a short dura-
tion of overall instability and failure as well as a dramatic rate
of energy release.

Frequency spectral characteristics of full
time-domain AE of rock burst

Frequency spectral characteristics of AE at critical
moments of rock burst

AE spectral analysis is a commonly used method in AE wave-
form analysis. The method interprets the signal of an AE

waveform by mapping it from the time domain to the frequen-
cy domain. Furthermore, spectral analysis is effective in
reflecting the dynamic rupture and damage characteristics of
the AE source (Xu et al. 2014; Jia 2013). The AE signal
generated during the rock damage process under loading is a
discrete non-stationary signal, and the original AE waveform
signal can be extracted by a classical spectrum analysis meth-
od, FFT (Nobukatsu 2002), to obtain the two-dimensional AE
spectrum at the critical moments of the rock burst test. Jia
defined the dominant frequency as the frequency correspond-
ing to the maximum amplitude in the two-dimensional spec-
trum (Jia 2013; Xu et al. 2019). Previous experimental results
showed that the dominant frequency as well as the secondary
dominant frequency, which corresponds to the peak shape
with an amplitude lower than that of the dominant frequency
but significantly higher than that of other frequency bands,
appear in the rock rupture process (Zhang et al. 2019; Zhang
et al. 2014; Li et al. 2010; Shen et al. 2019).

In this study, critical moments were selected from each
stage of the rock burst test (i.e., compaction stage, linear elas-
tic stage, plastic deformation stage, near rock burst stage, ini-
tial stage of rock burst, and late stage of rock burst) and used
as objects in two-dimensional AE spectral analysis.
According to the experimental phenomena and referring to
the entire stress-strain curve, six critical moments were select-
ed and the acoustic waveforms were extracted according to
these moments. FFTwas performed usingMATLAB to obtain
the two-dimensional AE spectra at each different critical mo-
ment. Using the above method, the two-dimensional AE spec-
tra of specimens N5 and N7 at six critical moments were
obtained, as shown in Figs. 7 and 8, respectively.

As shown in Fig. 7, in the compaction stage of N5 (19 s),
the frequency of the dominant frequency was 273.4 kHz and

Fig. 5 Time-stress curve of
specimen N7
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the maximum amplitude was 4.194 mV. In the linear elastic
stage (71 s), the dominant frequency decreased to 19.53 kHz
and the amplitude showed an increasing trend, reaching
10.5 mV; however, the frequency band narrowed. In the plas-
tic deformation stage (250 s), the dominant frequency and
amplitude increased to 244.1 kHz and 17.3 mV, respectively,
and, at the same time, the secondary frequency appeared with
a relatively low-frequency of 9.766 kHz. The frequency band
became wider during the plastic deformation stage (250 s). In
the near rock burst stage (355 s), the frequency of the domi-
nant frequency increased to 302.7 kHz, the amplitude in-
creased to 20.05 mV, the secondary frequency continued to
exist with a frequency of 19.53 kHz, and the frequency band
became wider. In the early stage of rock burst (392 s), the
frequency of the dominant frequency decreased to
283.2 kHz, the amplitude continued to increase to 22.99 mV,
the secondary frequency continued to exist, and the frequency
band was relatively wide. In the late stage of rock burst
(515 s), the frequency of the dominant frequency decreased

to 29.3 kHz, the secondary frequency disappeared, and the
frequency band narrowed. In contrast, the amplitude reached
a maximum value of 56.01 mV.

As shown in Fig. 8, during the compaction stage of N7
(20 s), the frequency of the dominant frequency was
283.2 kHz and the maximum amplitude was 4.681 mV.
In the linear elastic stage (226 s), the frequency decreased
to 19.53 kHz while the amplitude increased to 10.57 mV;
the frequency band narrowed during this stage. In the plas-
tic deformation stage (350 s), the frequency of the domi-
nant frequency increased to 253.9 kHz, the amplitude de-
creased to 3.384 mV, the secondary frequency occurred at a
relatively low-frequency of 9.766 kHz, and the frequency
band started to widen. In the near rock burst stage (375 s),
the frequency of the dominant frequency and the amplitude
increased to 263.7 kHz and 11.22 mV, respectively, where-
as the secondary frequency remained at 29.3 kHz and the
frequency band became narrower. In the initial stage of
rock burst (377 s), the frequency of the dominant

Fig. 6 Final failure mode of
specimen N7. a Front view. b
Side view. c Rock fragments
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frequency remained at 263.7 kHz and the amplitude con-
tinued to increase to 18.61 mV; the secondary frequency
and bandwidth did not change. In the late stage of rock
burst (385 s), the frequency of the dominant frequency
and the amplitude decreased to 19.53 kHz and 3.217 mV,
respectively. The secondary frequency remained stable at
273.4 kHz, which was greater than the dominant frequen-
cy, and the frequency band was widened.

The above analysis showed that the frequency of the domi-
nant frequency exhibited a variable pattern. The high-frequency
components revealed the activity intensity of micropores in the
rock. Initial increases in values reflected the closure of pores
inside the rock, and the continued trend indicated the formation
and development of pores in the rock. The low-frequency com-
ponents revealed that the rock remained stable or had large mac-
ro-cracks. The amplitude of the dominant frequency showed an

Fig. 7 AE spectra of different critical stages of specimenN5. aCompaction stage. b Linear elastic stage. c Plastic deformation stage. dNear rock burst. e
Initial stage of rock burst. f Late stage of rock burst
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overall increasing trend, indicating that the pores and crack prop-
agation in the rock were intensified. The peak shape of the AE
frequency spectrum showed a shift from a single peak tomultiple
peaks, and the secondary frequency often appeared for the first
time in the plastic deformation stage, suggesting that the appear-
ance of the secondary frequency indicates irreversible damage to
the rock under an external load.

Full time-domain dominant frequency characteristics
of AE of rock burst

FFTwas performed for all original AE waveform data for the
entire rock burst process of specimens N5 and N7, including a
total of 4222 and 11,275 original waveform files, respectively.
Each file was collected for 1 ms and was composed of 1024

Fig. 8 AE spectra of different critical stages of specimenN7. aCompaction stage. b Linear elastic stage. c Plastic deformation stage. dNear rock burst. e
Initial stage of rock burst. f Late stage of rock burst
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values. The dominant frequencies of all waveform files after
FFT were extracted by MATLAB, and the scatter plot and
scatter density plot of the full time-domain dominant frequen-
cy characteristics of AE of the rock burst process were drawn
according to the AE wave hit sequence, as shown in Figs. 9
and 10, respectively.

In Figs. 9 and 10, the two red lines parallel to the vertical
axes indicate the initial and late stages of rock burst, respec-
tively. In each of the two figures, panel a is the scatter distri-
bution of the full time-domain dominant frequency character-
istics of the AE of rock burst, and panel b is the corresponding
scatter density plot. The color shading represents the density
of the dominant frequency distribution of the area; the darker
the color, the more concentrated the dominant frequency.

Analysis of Figs. 9 and 10 reveals two patterns of change in
the frequency of the dominant frequency. First, the dense area
of the dominant frequency of the low-frequency domain (lower
than 50 kHz) migrated from the 9.766 kHz frequency band to
the 19.53 kHz frequency band. Second, the high-frequency
domain (higher than 200 kHz) was densely distributed for the
first time in the compaction stage at initial loading, occasionally
occurred in the linear elastic stage of energy build-up, began to
increase in the plastic deformation stage when irreversible dam-
age to the rock occurred, and appeared densely before and after
the rock burst event. Therefore, the migration of the dense area
of the dominant frequency in the low-frequency domain to a
higher frequency, as well as the density of the dominant fre-
quency distribution in the high-frequency domain, can be used
as characteristic criteria for the prediction of rock burst.

Analysis of Figs. 9 and 10 also reveals an interesting phe-
nomenon. That is, a large number of AE wave signals were
triggered in the compaction and linear elastic stages, whereas
a relatively small number of AE wave signals were triggered in
the plastic deformation stage and the stages before and after the
rock burst occurred. The reason for this phenomenon may be
that the closure of the pores in the rock released many low-
frequency low-energy stress waves, thereby triggering a large
number of AE signals. Comparatively, a small number of high-
frequency high-energy stress waves were released during the
formation and development of pores and cracks in the rock.

Conclusions

(1) In the early stage of loading on the rock specimen, there
were no significant results. In the early stage of rock
burst, however, there was slight fragmentation and
spalling at the rock surface, and rock dust was removed
from the spalling area with a slight bursting sound. As
the stress increased, rock fragments mixed with rock dust
were ejected from the surface of the specimen with a
continuous bursting sound, and visible cracks appeared
on the surface of the specimen. In the later stage of rock
burst, rock fragments were ejected, accompanied by a
loud bursting sound, macro-cracks formed on the surface
of the specimen, multiple cracks coalesced with each
other, rock fragments began to collapse, and the speci-
men experienced violent rock burst.

Fig. 9 Scatter plot of full time-domain dominant frequency characteristics of AE of rock burst in specimen N5
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(2) Based on analysis of AE spectral characteristics at six
critical moments during the entire rock burst process, it
was found that the frequency of the dominant frequency
was variable. The high-frequency components reflected
the activity intensity of micropores in the rock, whereas
the low-frequency components indicated that the rock
remained relatively stable or had large macro-cracks.
The amplitude of the dominant frequency showed an
overall increasing trend, indicating that the pores and
crack propagation became intensified during the rock
burst process. The peak shape of the AE spectrum
showed a transition from a single peak to multiple peaks,
and the secondary frequency appeared during the plastic
deformation stage. The appearance of the secondary fre-
quency indicates irreversible damage to the rock under
an external load.

(3) Analysis of the scatter plot and scatter density plot of the
full time-domain dominant frequency characteristics of
the AE of rock burst, we found that the dense area of the
dominant frequency of the low-frequency domain (lower
than 50 kHz) migrated from the 9.766 kHz frequency
band to the 19.53 kHz frequency band. The high-
frequency domain (higher than 200 kHz) was densely
distributed in the initial stage of loading and showed a
“relatively quiet period” in the linear elastic stage of en-
ergy build-up. Following these stages, the high-
frequency domain began to increase during the plastic
deformation stage and was densely distributed before
and after rock burst. Therefore, the migration of the

dense area of dominant frequency from the low-
frequency domain to the high-frequency domain, as well
as the variation in density of the dominant frequency
distribution of the high-frequency domain, can serve as
characteristic criteria for the prediction and early warning
of marble rock burst.
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