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Abstract The RA-value characteristics and distribution versus rock acoustic emis-
sion average frequency, the peak frequency characteristics, and the evolution of rock
fracture modes under dynamic and static loads were studied to understand the
fracture modes of rock under dynamic and static loads. The Split-Hopkinson pres-
sure bar system and MTS322 servo-controlled rock mechanical test system were
used, respectively, to carry out impact-loading tests and uniaxial compression tests at
different loading rates. The results indicate that the RA-value under impact loading is
higher in the initial stage, decreases to below 1 ms v�1 through the failure process,
and even the variation trend tends to horizontal lines with loading time, which
demonstrates that the fracture modes are dominated by tensile failure. An opposite
variation in RA-value under static loading results when the loading rate is lower, but
the variation corresponds with the impact-loading tests when the loading rate is
higher, which indicates that tensile fracture still dominates the failure process and the
occurrence of shear failure, as loads peak when the loading rate is lower. The
acoustic emission signals exhibit a higher peak frequency under impact loads than
those under static loads. Furthermore, in impact-loading tests, the peak RA-value will
increase gradually with an increase in strain rate. The RA-value can be used to
classify the crack type and as a rock fragmentation evaluation index. In general, the
peak frequency can be used to distinguish two typical signals under impact-loading
tests; signals with a higher peak frequency ( fp > 100 kHz) can be generated by rock
fracturing, whereas those with a lower peak frequency and a higher RA-value can be
generated by elastic wave propagation.
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1 Introduction

Rocks are mostly polycrystalline and brittle; thus the nucleation and propagation of
cracks that are generated by rock failure will emit energy outward as elastic waves
when subjected to loading conditions. Such elastic waves that are derived from
microscopic dislocations, twinned crystals, crystal interfaces, and the slip and
separation of macroscopic mineral grains, joints, and other weak planes are referred
to as acoustic emission (AE) activity [1–5]. For polycrystalline and anisotropic
rocks, it is a general trend that an extensive understanding of the development and
propagation of cracks requires a knowledge of their fracture modes to understand the
microscopic failure mechanisms of rocks more easily based on their structural
complexity. A very important aspect is the close relationship of the AE parameters
to fracture modes (tensile fracture, shear fracture, and their coupling fracture) [6–
11]. One of the critical parameters is the RA-value, which is a calculated feature that
is derived from the “rise time” divided by the “amplitude” in ms v�1 and which
shows the reciprocal of the gradient in the AE signal waveforms [7, 8]. The RA-value
is extremely sensitive to the fracture modes. Frequency parameters, such as the
average frequency, which is the number of threshold crossings over the signal
duration, are measured in kHz. Another important frequency feature is the peak
frequency ( fp), which is defined as the point in the power spectrum at which the peak
magnitude was observed [11].

Many scholars have presented research on concrete’s fracture modes based on the
characteristics of the AE parameters and have shown that the AE signals in shear
failure had a longer waveform and lower frequency than those in tensile failure
[9, 10]. Shear failure dominated at the last failure stages, whereas initially, the tensile
mode was mostly active [12–14]. Several studies have shown that shear cracks lead
to AE signals with a higher RA-value and lower frequency characteristics than tensile
cracks [8, 15]. However, a series of achievements has been made specifically for
rocks. For example, Shiotani [7] considered that the variation gradient of the
ascending part in the waveform increased, which indicates that cracks of the tensile
type were generated predominantly, whereas smaller values correspond to those that
occur by shear type. Yang [16] proved that shear failure was a major microscopic
failure mechanism of rock in a triaxial compression test that is based on a moment
tensor analysis. Cheon [17] proposed that the current damage level of the rock slope
and fracture type can be evaluated by changing trends and variation ranges of the AE
parameters. Bucheim [18] pointed out that the AE signals of rock samples were
characterized by a long duration time and a wide frequency spectrum when subjected
to shear failure, whereas the results contrasted in tensile failure. Wang [19] demon-
strated that AE signals always exhibited a higher amplitude and lower frequency in
shear mode compared with a lower amplitude and higher frequency in tensile mode
in three-point bending and shear fracture tests.

In previous work, tensile and shear failure phenomenon were distinguished by
their AE behaviors. Limited related work exists on the failure mechanism and AE
characteristics of rock under impact loads. Therefore, we investigated the RA-value
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characteristics and its distribution versus the average frequency of the rock AE, the
peak frequency characteristics, and the evolution of rock fracture modes under
dynamic and static loading tests.

2 Experimental Details

2.1 Sample Preparation

To compare the fracture modes of rock under different loading conditions, an
igneous rock granite was selected for impact and uniaxial compression loading
tests. Five rock samples were prepared for each loading test, and their basic data
are listed in Table 1.

2.2 Experimental Setup

Many comparisons between dynamic and static rock properties exist in rock
mechanics and rock engineering [20]. Because the loading rate matches the drilling
and blasting, a 50-mm-diameter Split-Hopkinson pressure bar (SHPB), as
recommended by the International Society for Rock Mechanics Commission on
Rock Dynamics, was used for the impact-loading test as shown in Fig. 1. A PCI-2
system and one ultra-mini sensor-PICO with a 550-kHz resonant frequency were
used to collect the AE signals. The AE signals as detected by the sensor were
pre-amplified by 40 dB. The detection threshold and sampling rate were set at
45 dB and 40 Msps, respectively. A MTS322 servo-controlled rock mechanical
test system was used to carry out the uniaxial compression tests. In the uniaxial
compression tests, the displacement control mode was used, with a loading speed of

Table 1 Basic data statistics of each specimen

Loading conditions
Sample
code

Diameter
(mm)

Height
(mm)

Density
(g cm�3)

Wave velocity
(m s�1)

Impact-loading tests A1 47.92 26.06 2.64 4137.21

A2 47.83 25.91 2.64 4178.67

A3 47.72 26.11 2.67 4280.19

A4 47.81 26.25 2.63 4303.15

A5 47.85 25.70 2.59 4355.81

Uniaxial compres-
sion tests

B1 48.02 98.41 2.62 4432.88

B2 47.78 99.06 2.65 4762.50

B3 47.78 99.06 2.65 4762.50

B4 47.79 97.56 2.66 4414.48

B5 47.74 96.85 2.65 4656.25
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0.0025, 0.025, and 0.25 mm s�1, respectively. A PCI-2 system and the ultra-mini
sensor-PICO with a 550-kHz resonant frequency were used for AE signal collecting.
Four sensors were arranged on the cylindrical surface for measurements during
uniaxial compression testing. AE signals that were detected by the sensor were
pre-amplified by 40 dB. The detection threshold and sampling rate were set to
40 dB and 10 Msps, respectively.

3 Experimental Results and Discussion

3.1 Analysis of RA-Value and Frequency Characteristics

The distribution of RA-value versus time from the static- and impact-loading tests
(Fig. 2) shows that the RA-value under impact loading is higher in the initial stage
and decreases suddenly to less than 1 ms v�1 through all fracture levels, and the
variation trend tends to a horizontal line with the fracture progress. During the static
loading tests, the RA-value is less than 20 ms v�1 in the early stage and then exceeds
100 ms v�1 during the fracture strength at a lower loading rate. With an increase in
loading rate, the signals with a higher RA-value approach those of the initial stage,
namely, the variation of RA-value, agree with the impact loading. The reasons can be
derived from the impact of the equipment on the rock samples, which expands
horizontally before the crack initiation, and leads to an increase in amplitude and rise
time of the AE signals. However, the increase in rise time exceeds the amplitude
significantly. The above results indicate that the granite fracture mode changes from
a shear- to a tensile-type fracture with the progress of the fracture, but the fracture
modes are dominated by tensile failure under impact loading. In static loading tests,
the opposite occurs when the loading rate is lower; whereas the result agrees with the
impact loading, when the loading rate is higher. These results prove that the granite
fracture modes are more inclined to tensile failure with an increase in loading rate.

Unfortunately, the major fracture mode cannot be obtained under static loading in
Fig. 2. Much research [9–12, 21] has shown that the RA and average frequency (AF)
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Fig. 1 Schematic of Split-Hopkinson pressure bar system with acoustic emission (AE) testing
device. (1) Gas tank, (2) pressure vessel, (3) control valve, (4) striker, (5) light beams, (6) input bar,
(7) strain gauge, (8) specimen, (9) output bar, (10) absorption bar, (11) dash pot, (12) electronic
counter, (13) bridge, (14) ultra-dynamic strain gauge, (15) transient wave memory, (16) data
processing unit, (17) AE sensor, (18) AE signal collecting and processing unit
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distribution of each sample could evaluate the type of fracture. AE signals that are
emitted from rock have a higher RA-value and a lower average frequency in shear
failure than those in tensile failure. Figure 3 shows the RA and AF distribution of
each sample (B1–B5) under uniaxial compression tests. Because much less data
were collected for sample B3, the RA and AF distribution analyses for sample B3
were not performed. The left figure shows the distribution of the original RA and AF
values, whereas the right figure shows the data density map as processed in
MATLAB, which is better for visualizing the distribution features. The red squares
cover the high-density core data, and they tend to approach the vertical axis, which
indicates that in the uniaxial compression test, the granite fracture mode is domi-
nated by tensile failure. This result agrees well with the common understanding that
90% of fractures in rock material under uniaxial compression loads results from
tensile failure [22].

From the above results, we conclude that the rock fracture modes are dominated
by tensile failure under dynamic and static loads. The evolution of rock fracture
modes varies for these two loading conditions. The fracture morphology also proves
this point, as shown in Fig. 4. The macroscopic crack propagation direction deviates
from the axial pressure direction at a lower loading rate. As the loading rate
increases, the direction of macro-crack propagation is parallel to the axial pressure,
that is, the macroscopic fracture morphology of granite changes gradually from shear
to tensile failure. At a higher loading rate, the macroscopic fracture morphology is
the same as that which occurs under impact loading, namely, axial cracks are
formed.

The abovementioned AE descriptor (RA-value) is one of the most powerful in
discriminating fracture modes [17, 18]. However, the individual fracture modes
result in differences in other AE parameters, such as amplitude and peak fre-
quency ( fp). Figure 5 shows the average peak frequencies and amplitudes for the
two loading tests. The AE signals exhibit a higher amplitude and peak frequency
under impact-loading tests than those under uniaxial compression tests. In general, it

Fig. 2 Variation of RA-value with loading time under impact loading (left) and static loading
(right) in granite. Numbers A1–A5 represent different strain rates of 115, 109, 103, 85, and 72 s�1,
respectively, under impact loading. Numbers B1–B5 represent different loading rates of 0.0025,
0.025, 0.25, 2.5, and 25 mm s�1, respectively, under static loading
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Fig. 3 AF versus RA-value for uniaxial compression test of granite. Numbers B1–B5 represent
different loading rates of 0.0025, 0.025, 0.25, 2.5, and 25 mm s�1, respectively, under static loading
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is accepted that AE signals exhibit a higher frequency in tensile mode compared with
a lower frequency in shear mode [9–12, 19]. Although the granite fracture modes are
dominated by tensile failure under static loading, the above results prove the
existence of shear failure under static loads, which leads to the entire peak frequency
( fp) in the uniaxial compression tests being smaller than in the impact-loading tests.

3.2 Analysis of Waveforms in Impact-Loading Tests

In the impact experiment, the sensor on the rock sample will receive a signal that is
generated by elastic stress-wave propagation, which can be considered an inherent
characteristic of the rock AE under an impact load. However, if we distinguish the
signal from the elastic wave propagation and that generated by rock fracturing, it

Fig. 4 Fracture morphology for static loading and impact-loading tests of granite

Fig. 5 Peak frequency
versus amplitude for
different loading conditions
(each symbol is the average
of all AE events in each
experiment)
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should be helpful to understand the fracture characteristics of rock under the impact-
loading conditions. In the AE signal parameters, frequency is a major parameter that
represents the source characteristics of the elastic waves. According to the stress-
wave signals that are detected by the sensor that is glued on the elastic bar in this
experiment, the peak frequencies of these stress-wave signals are less than 100 kHz,
and the signals that are generated by the stress waves in the rock specimen should be
similar in waveform to those recorded by the input elastic pressure bar of the SHPB
system. Therefore, we divide the AE signals of rock under an impact load into two
parts, namely, those that exceed 100 kHz and those below 100 kHz at peak
frequency. Table 2 lists the corresponding RA-value for these two signals and
shows that the RA-value of the signal below 100 kHz at a peak frequency varies
significantly, whereas those of the signals that exceed 100 kHz at a peak frequency
change only slightly. It can be inferred that signals that exceed 100 kHz derive
mainly from rock fracturing, but additional analytical methods are required to verify
this result, such as the correlation analysis of signals.

The coefficient of correlation can be used as an indicator to evaluate the similarity
of signals in digital signal processing. If x(n) and y(n) are two AE signals, then the
coefficient of correlation can be defined as follows:

ρxy ¼
PL

n¼1
xðnÞyðnÞ

½P
L

n¼1
x2ðnÞ P

L

n¼1
y2ðnÞ�1=2

where L is the length of the signals. The formula above shows that |ρxy| � 1. If two
signals are correlated completely (the same signal), then |ρxy| ¼ 1. If two signals are
independent, ρxy ¼ 0. The strength of the correlation also depends on a significant-
difference t-test.

Figure 6 shows the waveform of a typical signal that is recorded on an input
elastic bar. Figures 7 and 8 show the waveforms of typical signals that are recorded
on rock samples with a peak frequency ( fp) that is lower and higher than 100 kHz,
respectively. The waveform in Fig. 7 is more similar than that in Fig. 6. The
calculated correlation coefficients of the various typical waveforms in Table 3 also
show their similarity.

In Table 3, symbol E is used to represent the waveform that is collected on the
input bar. Symbols H1 and H2 are used to represent the waveforms of the signals
with a higher peak frequency. Symbols L1 and L2 are used to represent the
waveforms of signals with a lower peak frequency and a higher RA-value. The
results show that signals H1 and H2 exhibit no correlation with that of E because
p > 0.05. These results indicate that signals with a higher peak frequency are
generated by rock failure, whereas the comparison between the signals of L1, L2,
and E is statistically significant because p < 0.05. Although the ρxy of L1 and L2 is
less than 1, it is larger than that of H1 and H2, so the signals of L1 and L2 could be
derived from the elastic pressure bar, combined with the similarity of the waveform
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Fig. 6 Typical waveform of a hit that is recorded on the elastic pressure bar

Fig. 7 Two typical waveforms of a hit from a rock sample with a peak frequency below 100 kHz
and an RA-value that exceeds 20 ms v�1

Fig. 8 Two typical waveforms of a hit from a rock sample with a peak frequency that exceeds
100 kHz
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features. To analyze their correlation, a t-test was used as an evaluation index to
distinguish the signals of the elastic wave propagation from the signals that are
generated by rock fracture based on the existence of elastic waves under impact-
loading tests. From the above results, we can probably conclude that signals with a
higher peak frequency ( fp > 100 kHz) can be thought of as AE signals that are
generated by rock fracturing. Those with a lower peak frequency and higher RA-
value can be regarded as signals of elastic wave propagation. Therefore, if the signals
of the elastic wave propagation are eliminated, the RA-value will be below 1 ms v�1

through the failure process. Even the variation trend tends to horizontal lines with
loading time, as shown in Fig. 2, which indicates that tensile failure dominates the
fracturing process when rock is subjected to impact loads.

4 Conclusions

Under dynamic and static loads, the granite fracture modes are dominated by tensile
failure. The evolution of granite fracture modes varies with different loading condi-
tions: the granite fracture modes convert from tensile failure to shear failure under
uniaxial compression tests when the loading rate is lower, whereas tensile failure
tends to dominate the failure process. The RA-value under static loading is higher in
the later period at a lower loading rate, which indicates the occurrence of shear
failure as loads peak. If the signals of elastic wave propagation are eliminated, the
RA-value will be lower at even less than 1 ms v�1, and the variation trend tends to
horizontal lines throughout the fracture process, which indicates that tensile failure
dominates the fracturing process when granite is subjected to impact loads.

The AE signals always exhibit a higher peak frequency ( fp ¼ 250–400 kHz)
under impact-loading tests compared with those under uniaxial compression tests.
Although fp ¼ 100 kHz cannot be used as a boundary to distinguish signals that are

Table 3 Calculated correlation coefficient of above waveform

Symbol Parameter E H1 H2 L1 L2

E Pearson ρxy 1 0.000 0.004 �0.018* 0.061**

t-test p(two-tailed) 1.000 0.604 0.023 0.000

H1 Pearson ρxy 0.000 1 �0.153** �0.006 �0.001

t-test p(two-tailed) 1.000 0.000 0.486 0.914

H2 Pearson ρxy 0.004 �0.153** 1 �0.062** �0.091**

t-test p(two-tailed) 0.604 0.000 0.000 0.000

L1 Pearson ρxy �0.018* 0.006 �0.062** 1 �0.051**

t-test p(two-tailed) 0.023 0.486 0.000 0.000

L2 Pearson ρxy 0.061** �0.001 �0.091** �0.051** 1

t-test p(two-tailed) 0.000 0.914 0.000 0.000

Remarks: *, significant correlation on 0.05 level (two-tailed); **, significant correlation on 0.01
level (two-tailed)
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generated by elastic stress-wave propagation from those generated by rock fractur-
ing, the peak frequency can be used to distinguish two typical signals under impact-
loading tests. The signals with a higher peak frequency ( fp > 100 kHz) can be
generated by rock fracturing, whereas those with a lower peak frequency and a
higher RA-value can be generated by elastic wave propagation.
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