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Rock joints have obvious acoustic emission (AE) Kaiser effect and Felicity effect under multilevel cyclic shear conditions. The TFD-
20H/50] rock shear apparatus was used to carry out cyclic loading and unloading joint shear tests, and the acoustic emission
parameters and frequency spectrum characteristics of the whole shearing process were analyzed. The results show that, under
the cyclic loading, the shear stress-displacement curve forms several cyclic hysteresis loops, and the number of loops increases
with the increase of normal stress. With the cycles increase, the shear damage gradually increases, and the Felicity ratio
gradually decreases. The Felicity ratio at the final shear failure moment is about 0.94~0.99. The ratio of the RA value (rise
time/amplitude) and the average frequency value (RA-AF) is used to classify the cracking mode of the joint sample. There are
two AE crack signal types (tensile type and shear type) during shear damage. The peak frequency is displayed as high, medium,
and low three frequency bands, which are distributed in the range of 0~35kHz, 35~122kHz, and 122~300 kHz, respectively.
Both low-frequency and high-frequency signals account for less than 10%, and medium-frequency signals account for more
than 90%. The research of the AE monitoring signals of multilevel shear behaviors can help understand the shear-friction

mechanisms of rock joints.

1. Introduction

The deformation failure mechanism and slope instability
mechanism of mine rock slopes in alpine area have always
been the focus of mine disaster prevention research. Due to
the influence of the harsh natural environment, the rock
mass of the slope usually produces discontinuous, irregular,
and heterogeneous rock joints. After being affected by rock
mass excavation, mine blasting, vehicle loads [1], or earth-
quakes, the structural surfaces of rock masses often close
and slip under the action of cyclic load, which seriously
affects the structural integrity and stability of the rock slopes
[2, 3]. Therefore, it is necessary to conduct a deep study on
the jointed rock mass under cyclic shear load.

In the laboratory research of cyclic loading and unload-
ing experiments, Kaiser first discovered the acoustic emission
stress memory function of polycrystalline metal in 1950 [4, 5]
and Goodman [6] proved that the rock also has the Kaiser
effect during loading. The Kaiser effect of acoustic emission
means that during the unloading process, no obvious acous-
tic emission event generating, and once the stress reaches the
previously largest reached stress, the AE activity would
increase dramatically [7-10], that is, the rock has the ability
to remember the stress information experienced in the past.
The Kaiser effect often appears at a stress level not exactly
equal, but a little higher or lower than the previous largest
stress of load. Such advanced or delayed memory properties
are usually estimated by Felicity ratio (FR value) [11-13],
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which is the ratio of the stress with generating obvious acous-
tic emission activity to the previous peak stress, as shown in
equation (1).

FR = JAE (1)

In the formula, FR is the Felicity ratio, i is the i-th cycle;
0 5 1s the stress of Kaiser effect point, and o;_, is the previous
maximum stress.

Felicity ratio is an indicator of the material damage sever-
ity. Generally speaking, the FR value is between 0.9 and 1.1.
As the FR value decreases, the material damage degree
becomes larger. In some composite materials, the FR value
less than 0.95 is usually used as an important criterion for
the material damage [14].

Afterwards, many scholars expounded the influencing
factors of Kaiser effect from different perspectives, including
stress level, time delay, loading rate, confining pressure, rock
heterogeneity, and loading direction in cyclic loading and
unloading test. Lavrov [8, 9] pointed out that the memory
stress of rock Kaiser effect is closely related to the time delay
between loading cycles. The longer the time delay, the more
fully crack development, the more significant the Kaiser
effect during reloading. Lavrov also pointed out that in brittle
rocks, the Kaiser effect begins to occur when the rock is sub-
jected to a stress level of 70%-80% (when dilatancy begins)
[10]. However, in ductile rocks, Kaiser effect can be observed
in the whole loading range [15]. Furthermore, the water sat-
uration, heating, or loading rate [16, 17] of rock can also
reduce the discriminability of the Kaiser effect. Larger load-
ing rate can shorten the crack propagation time, inhibit the
propagation of small cracks in the rock, reduce the acoustic
emission events, and finally lead to an increase in the FR
value. When the loading rate is low, the stress producing
significant AE activity is usually lower than the previous
maximum historical stress, while at a high loading rate, the
stress is close to the maximum historical stress, which is the
reason that the large loading rate is recommended to estimate
the in situ stress in engineering [12]. In addition, the Kaiser
effect is highly sensitive to rotation in the loading direction
[18]. When the repeated loading direction is different from
the initial loading direction, the Kaiser effect of the rock will
gradually weaken or even degenerate and disappear.

The identification and differentiation of acoustic emis-
sion frequency spectrum are the key content in the field of
material microfracture research. The acoustic emission
source signal analysis is now mainly based on the AE corre-
lation parameter method and the waveform spectrum analy-
sis method. Based on the parameter classification method,
the characteristic relationship between the acoustic emission
RA value (rise time/amplitude) and the average frequency
can better reflect the types of crack, which is regarded as a cri-
terion to classify the tensile crack and shear crack [19-23].
Based on the spectrum feature analysis method, the time
domain signal of the waveform is usually converted into fre-
quency domain signal by means of fast Fourier transform
(FFT) [24-26]. According to the peak frequency distribution
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characteristics of acoustic emission signals, the purpose of
AE source crack pattern recognition can be achieved.

At present, the research on acoustic emission waveform
and frequency spectrum characteristics of rock mainly
focuses on compression aspect [27-32], and the frequency
spectrum analysis had also been carried out on the direct
tensile test [33], the Brazilian tensile test [34], and three-
point bending test [35, 36]. However, there are few reports
on the Kaiser effect and spectrum analysis of rock joint shear
test. Therefore, it is necessary to have a deep study about the
multistage cyclic shear test of rock joints to further systemat-
ically and comprehensively understand the acoustic emission
mechanism of shear failure.

2. Specimens and Methods

2.1. Specimen Preparation of Rock Joints. The rock studied
was skarn, obtained from the western slope of the Beizhan
open-pit iron mine in Xinjiang, Northwestern China, as
shown in Figure 1. The local climate is the continental
temperate semiarid climate, high mountains are covered with
snow all year round, and the altitude of the mining area is
3450-3730 m. The temperature in winter is cold, with a
minimum temperature of -40°C; in summer, the temperature
has a big difference between day and night, with a maximum
temperature of about 20°C during the day and a temperature
of -5°C at night. After continuous freezing, thawing, and
weathering, the rocks are mostly fragmented. The microfrac-
tures in the rock are developed, the physical and mechanical
properties are reduced, and discontinuities are generally
formed (joints, cracks, bedding planes, faults, block struc-
tures, and other fractures). The natural density of rock is
2.73 g/cm3, wave velocity is 5682 m/s, uniaxial compressive
strength is 81.3 MPa, and Poisson’s ratio is 0.29.

The samples were cut from a single block of skarn. Con-
sidering the size of the shear box, the sample is shaped and
trimmed into a cuboid of 100 mm length, 60 mm width,
and 60mm height. The joint samples were split from the
middle of the cuboid in the laboratory, thus forming two
samples of equal size [37]. The untested samples were fixed
into the mold and cured with encapsulating material at
20°C and 90% relative humidity for more than 28 days. The
joint surface height is approximately 5mm higher than the
encapsulating material surface height. After the sample was
prepared, the direct shear test can be carried out under con-
stant normal load (CNL) condition according to the ISRM
recommended methods [38].

2.2. Experimental Scheme and Test Apparatus

2.2.1. Rock Joint Shear Testing System. The direct shear test
was carried out with the TFD-20H/50] rock joint shearing
apparatus under constant normal load (CNL) conditions at
the University of Science and Technology Beijing, as shown
in Figure 2. The shearing machine has a rated normal force
of 20kN, a rated shear force of 50kN, a normal stroke of
100 mm, and a tangential stroke of 200 mm. It is equipped
with a rigid test box that is symmetrical up and down and
is equipped with a sensitive load and deformation testing



Geofluids

FIGURE 1: Rock joint sample collection: (a) high elevation slope and (b) massive block structure with rich joints of the natural slope.

Encapsulating material

| Rock sample

FIGURE 2: Rock shear testing system and PCI-2 acoustic emission
device.

device. According to the method recommended by ISRM
[38], the upper and lower parts of rock joint were, respec-
tively, perfused in shear boxes with encapsulating material.
The rock joint sliding in nature condition is often repeated.
With the influence of geological tectonic stress or production
activities, the normal stress on the joint surface is likely to
increase or decrease. The shear test for a piece of rock is more
consistent with the slope sliding phenomenon.

Figure 3 shows an overview of the test scheme, including
applied normal stress, applied shear stress, and designed
loading path. In this multilevel shear test, one same rock
sample was tested under four normal stresses. The normal
forces were 5kN, 7.5kN, 10kN, and 12.5kN, respectively,
which the corresponding normal stresses were 1.39 MPa,
2.08 MPa, 2.78 MPa, and 3.47 MPa. The loading rate of the
normal displacement was 0.02 mm/s. When the normal load
reaches the predetermined load, the shear load can be
applied. During the shearing process, the upper shear box
was remained fixed, and the lower shear box was moved
under the control of lateral loading axis. First, load the shear
strength to a set value at a shear rate of 2 mm/min and then
unload it to 1 kN at the same rate to complete a cycle. Then,
increase the shear strength step by step until the residual
shear strength of joint was reached. After each shearing, the

joint samples were adjusted and reset to make the upper
and lower surfaces match each other; then, we can carry
out a next test. The whole shearing process was automatically
controlled by the software, and the test data could be auto-
matically recorded and saved. After the test, the normal axis
was raised and the test sample can be taken out.

2.2.2. AE Testing Approach. Acoustic emission technique was
used to monitor the friction damage of rock joints during the
whole shearing process. Based on the AE test theory, a series
of AE signal parametric features, including AE ringing
counts, rise time, amplitude, duration time, average
frequency, peak frequency or accumulated trend, are custom-
arily used for characterizing the damage degree of materials.
The PCI-2 acoustic emission monitor can completely record
AE waveforms and AE characteristic parameters in the dam-
age process of material, which is a high-performance acoustic
emission system developed by the American Physical Acous-
tics Corporation (PAC), as shown in Figure 2. The system has
a built-in 18-bit A/D converter and processor, with a
frequency bandwidth of 1kHz-3 MHz, which is suitable for
low-amplitude, low-threshold signal monitoring. The
sampling frequency in this shearing test was set at 1 MHz,
the threshold level was set at 35dB, and the amplification
gain was set at 40 dB. The acoustic emission sensor was an
RS-2A sensor with a resonance frequency of 150kHz.
Specific steps of acoustic emission monitoring are as follows:

(1) Arrange the Sensors. Two acoustic emission sensors
were arranged outside of the lower shear box. The
area of the sensor arrangement needs to be properly
cleaned, and an appropriate amount of Vaseline was
applied to the sensor surface, and the sensor should
be gently squeezed to make the sensor and the shear
box completely contact.

(2) Set the AE Monitoring Parameters. Open the acoustic
emission software, adjust the receiving channel, and
set the monitoring frequency range and threshold
value.

(3) Pretrigger Debugging. Perform short-time signal
acquisition on the instrument to ensure that the
connectivity between the probe, data line, and the
acoustic emission instrument is intact well before
starting the acoustic emission test.
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FiGure 3: The designed loading path under CNL condition. (a) The set normal force of 5kN, 7.5kN, 10kN, 12.5kN. (b) Multilevel cyclic

shear loading path.

2.3. Theory of Acoustic Emission Crack Classification. Acous-
tic emission is a phenomenon caused by stress concentration
in a material local area, rapidly releasing energy and generat-
ing transient elastic waves [39, 40]. AE events are generated
by fracture phenomena and are identified by the electrical
signals which are amplified, filtered, and processed. The
frequency domain, amplitude, and frequency characteristics
of signals vary greatly with the material type, and different
materials need to consider different working frequencies.
For example, the frequency domain of metal materials is
about several kilohertz to several megahertz, composite
materials are about several kilohertz to hundreds of kilohertz,
and rock and concrete are about several hertz to hundreds of
kilohertz [41].

AE signal source types are classified by the use of AE
parameters, such as count, amplitude, rise time, duration,
frequency, or the related parameter distribution characteris-
tics. In rock and concrete materials, the classification of crack
types is proposed, using the ratio between the RA value (rise
time/amplitude) and the average frequency (AF) value. This
classification method has been used and standardized in
nondestructive testing [42-44]. The expressions for RA value
and AF value are clearly shown in the following equations.

RA value = Rise t.ime ’
Amplitude 2)
Count:
AF value = Lw .
Duration

The combination of four AE parameters reflects two
cracking behaviors: the tensile type and the shear type. It is
well known that in rock or concrete structures, tensile motion
occurs when cracks nucleate or opening, and frictional
motion occurs when fretting or sliding over existing cracks.
Generally speaking, AE activities of tensile cracks are usually
observed in the stable stage of fracture growth, as
approaching the final failure, AE activities of shear cracks
are observed. The AE signal classification between tensile
crack and shear-friction crack is shown in Figure 4. In
general, the mode of tensile cracks mostly has low RA value

and high AF value, while the mode of shear cracks have the
characteristics of high RA value and low AF value. However,
there is still no definite signal ratio for how to accurately
distinguish the tensile crack from the shear crack. It is more
often distinguished by the inherent characteristics of mate-
rials or by empirical relationships [45]. In the field of brittle
materials such as concrete, the ratio of the RA value and
the AF value for crack classification is usually set at
1:8000~10:1 according to different test methods [23]. Once
the relationship ratio is determined, no matter how large or
small the value is, it can well show the change trend of the
tensile and shear signals.

3. Results and Analysis

3.1. Shear Strength Curves. Figure 5 shows the normal force-
time curve of four shear tests. Curves show that the normal
force remains unchanged with only sporadic jitter, which
conforms to the CNL test standard.

Figure 6(a) shows the shear stress versus shear displace-
ment curves of the rock joint cyclic shear behaviors, and
Figure 6(b) shows the partial enlargement of the curve under
the condition of 0, = 3.47 MPa. The shear strength of each
curve is in the range of 71%~84% to the corresponding
normal stress. The shear strength parameters are summa-
rized in Table 1. Four stress-displacement curves all form
several cyclic hysteresis loops. As the normal stress increases,
the number of hysteresis loops increases. Among them, four
hysteresis loops are formed under the condition of o, = 1.39
MPa, five hysteresis loops are formed under the condition of
0, =2.08 MPa, five hysteresis loops are formed under the
condition of 0, =2.78 MPa, and seven hysteresis loops are
formed under the condition of o, = 3.47 MPa. The descend-
ing curve and the ascending curve of each hysteresis loop
are close to overlap, and the slopes of the two curves are
approximately equal, which means that the resistances to
the joint movement in the positive and negative directions
are the same. Besides, if ignore the cyclic hysteresis loop of
the shear curve, when the shear stress increases again, the
shear curve will continue to rise monotonously along the
original “expected” trajectory and will not be affected by
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the loading path, that is, the joint rock has a memory ability
of shear deformation.

3.2. Felicity Ratio of Cycle Loading. Figure 7 shows the
relationship between the shear stress, AE count rate, AE
accumulative counts, and the test time for skarn joint under
four normal stresses. The shear stress-time curve reflects
the macroscopic mechanical characteristics of skarn speci-
mens, while the acoustic emission count-time curve provides
the severity of rock shear damage [46]. During the download
and upload processes of each cycle curve (without exceeding
the previous maximum shear force), acoustic emission events
are rarely generated. Once the previous maximum stress is
exceeded, continuous acoustic emission events occur.
Accordingly, the shear cycle loading and unloading processes
have an obvious Kaiser effect. From the AE count rate curves
and AF cumulative count curves, it can be seen that the AE
activity under low normal stress (o, = 1.39 MPa) is signifi-
cantly greater than that under high normal stresses. That is
because the sample used was the same rock. The rock joint
would produce intense acoustic emission events during the

first cycle shearing, but for repeated more cycle shearing,
the joint surface would become smoother, and fewer acoustic
emission events would occur.

At present, how to judge a “significant” emission for
determining the Kaiser effect point has no uniform standard,
usually based on a matter of experience. American Society of
Testing Materials (ASTM) had given three recommendations
[14]: (1) more than five bursts of emission during a 10%
increase in load; (2) more than half of total duration value
during a 10% increase in load, where the duration value is
determined by a pencil lead broken test; (3) emission
continues at a load hold.

The Felicity ratio of the cyclic shear process under differ-
ent normal stresses is calculated by equation (1). Figure 8
and Table 2 show the FR variations under different normal
stresses. The FR value generally decreases with cycle number
increasing. In the first two cycles, the FR value is greater than
or close to 1, and in the subsequent cycles, the FR value is
less than 1. For o, =1.39 MPa, the Felicity effect appears
when the relative stress of the third cycle is 87.18%, and
the FR value is 0.99; for o, =2.08 MPa, the Felicity effect
appears when the relative stress of the third cycle is
74.83%, and the FR value is 0.99; for o, =2.78 MPa, the
Felicity effect appears when the relative stress of the fourth
cycle is 69.19%, and the FR value is 0.98; for o, =3.47
MPa, the Felicity effect appears when the relative stress of
the second cycle is 43.65%, and the FR value is 0.98. That
is, the greater the normal stress, the easier it is to achieve
the stress conditions of Felicity effect.

In summary, the Felicity effect is generated in the latter
part of the shearing process, and the RF value before rock
failure is about 0.94~0.99. In engineering applications, ana-
lyzing the size of the Felicity ratio can measure the force state
of the rock. If the RF value is close to 1, it indicates that the
rock damage is getting more serious, and the rock is close
to the failure strength. Sufficient attention should be paid to
avoid the occurrence of engineering geological disasters.

Figure 9 shows the morphology damage features of
jointed skarn. Owing to the effect of shear friction, uneven
symmetrical scratches are left on the joint surface after shear-
ing. The high convex parts of the joint surface were cut off,
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FIGURE 6: Shear stress versus shear displacement curves. (a) Cyclic shear behaviors of rock joints with constant normal stress of 1.39 MPa,
2.08 MPa, 2.78 MPa, and 3.47 MPa; (b) partial enlarged view of curve with a constant normal stress of 3.47 MPa.

TABLE 1: Shear strength parameters under different normal force conditions.

Rock joint type Normal force Normal stress  Shear loading rate  Number of cyclic ~ Shear strength /0,
J YP F, (kN) o, (MPa) (mm/min) hysteresis loop 7 (MPa) (%)
5.0 1.39 2.0 4 1.17 83.84%
Joint of skarn , 7.5 2.08 2.0 5 151 72.77%
(length x width x height, 60 x 60 x
50 mm) 10.0 2.78 2.0 5 1.98 71.38%
12.5 3.47 2.0 7 2.52 72.70%

and the low concave areas were filled with powdery rock
debris. A few large rock particles were produced at the joint
surface edge, and the particle diameters ranged from 1 mm

to 15 mm. After shear test, the joint surface is more close to
flat and much smoother, and the roughness of surface is
significantly reduced.
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stress of 1.39, 2.08, 2.78, and 3.47 MPa, respectively.

3.3. AE Classifications of Tensile Crack and Shear Crack
Signals. Figure 10 shows the AE crack classification 3D
results of the shearing progress of rock samples at different
normal stresses. Figure 11 shows the signal distribution pro-
jection results on the average frequency axis and the RA value

axis. The RA value is distributed in the range of 0~120 ms/V,
and the average frequency is distributed in the range of
0~500kHz. In this article, we set the ratio of the RA and
the AF value of crack classification to 1:10 and use this signal
ratio to distinguish the tensile signal from the shear signal.
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FIGURE 9: Upper and lower parts of jointed skarn specimens: (a) before shear test and (b) after shear test.

Figure 10 intuitively shows that the number of AE signals
under low normal stress is obviously higher than that under
high normal stress. This phenomenon has been mentioned
in Section 3.2, and the reason is that the joint surface
becomes smoother with the increase of the cycle number,

so that causes the number of acoustic emission signals to
decrease after multiple shears.

To further analyze the number of acoustic emission
tensile signals and shear signals, as well as the AE signal trend
changes, we conducted a statistical quantification for each
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cycle based on the ratio value of RA: AF (RA: AF=1: 10), In the cyclic shearing process under four normal stresses,
and the statistical results of the signals are shown in  the acoustic emission signal of skarn joints has three signal
Table 3, and the signal variation trends are shown in characteristics. (1) For different normal stress shear tests,
Figure 12. the tensile signal is dominant during the first cycle shearing,
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FiGure 11: Signal distributions of tensile and shear cracks under different normal stress levels, which the ratio of the RA and the AF value is set

to 1:10.

while the shear signal is dominant during the last cycle shear-
ing. (2) With shear cycles increase, the proportion of tensile
signals gradually decreases and the proportion of shear sig-
nals gradually increases. Especially when the normal stress
is equal to 1.39 MPa, this trend is particularly obvious in
the cyclic shearing process due to the joint surface sheared
for the first time. (3) In a complete cyclic shear process, the
number of tensile signals generated is less than that of shear

signals. When o, =1.39MPa, the proportions of tensile
signal and shear signal are 40.8% and 59.2%, respectively.
When o, =2.08 MPa, the proportions of tensile signal and
shear signal are 45.9% and 54.1%, respectively. When o, =
2.78 MPa, the proportions of tensile signal and shear signal
are 44.2% and 55.8%, respectively. When o, = 3.47 MPa,
the proportions of tensile signal and shear signal are 46.1%
and 53.9%, respectively.
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TaBLE 3: Statistical distribution results of tensile and shear signals in each cycle.
Number of (a) 0, =1.39 MPa (b) 0, =2.08 MPa (c) 0,=2.78 MPa (d) 0, =3.47 MPa
cycle Tgnsile Shear Total T.ensile S.hear Total Tf:nsile Shear Total Tf:nsile S.hear Total
signal signal  signal  signal signal  signal  signal signal  signal  signal signal  signal
Cycle1 (5411.13%4) (459?%) 210 (656.2%) (343.2%) 104 (523.(6)%) (472.1%) >7 (633.3%) (361;%) 47
Cycle 2 (42?9%%,) (5431.31%%,) 818 (473.2%) (52%431%) 63 (591.2%) (401.2%) 32 (41.57%) (58.73%) 12
Cycle 3 (410(?302) (519?;;)) 2638 (42.82%%) (53.38{%) 615 (414.5%) (586;%) 108 (732;%) (26.87%) 30
et oty osw) 26 aaw) wew 07 @ esw P aow sow B
s ooy crow P @ oraw PP wen eow 2P wsew e B
Cycle 6 @i om0 srew wwaw ®
Cycle 7 (4;.676%) (5;?32%) 348
Cycle 8 (4142.;‘?&:) (515?;);) 2733
Total (4302;09@) (;97;;) 7991 (4251;;) (5245.11;4/0) 4699 (4247.;;)) (535%3;) 6181 (416?‘;) (5137;;) 3335

3.4. Distribution of AE Peak Frequency. Based on the signal
analysis of AE events (or cumulative parameters) in time
domain and frequency domain, we can get the activity
performances of rock acoustic emission events. In this paper,
AE data were processed by using discrete Fourier transform,
and the frequency spectrums of waveform signals were
obtained. For a discrete AE event f(t) at a given time ¢, it
can be decomposed by its Fourier transform F(w) [24, 26],
that is,

+00

1 )
F(w) e dw,

0= 5

—00

e g
F(w):J f(t)e ™ dt,

—00

where f(t) and F(w) are a pair of Fourier transforms. F
(w) is independent of time and represents the frequency
composition of a random process. Assuming that the AE
signal f(t) contains N points, the corresponding discrete
Fourier sums [25] can be expressed as

N-1
Y f(n)e N0 (0 <k < N),

n=0

flk)= (4)

where f (k) represents the FFT algorithm. Therefore, the
frequency spectrum characteristics and dominant peak of f
() can be obtained by the FFT.

Frequency domain characteristics are often intrinsic and
unique, ranging from microscopic particles to objects in the
macroscopic world and even celestial bodies, all of which
have inherent frequency characteristics. The uniqueness of

the frequency spectrum can well reflect the fracture charac-
teristics inside the rock, such as the crack initiation and prop-
agation, and all deformation of material has corresponding
frequencies and amplitudes. In the AE frequency distribution
diagram, the area with dense frequency distribution can be
defined as the main frequency band or the intrinsic fre-
quency. In general, the AE frequency is inversely propor-
tional to the crack size. Small-scale cracks accompanied
with high-frequency signals, and large-scale cracks accompa-
nied with low-frequency signals [27, 28]. Spectrum analysis is
actually to obtain the essential characteristics of AE signals in
the frequency domain for the information that cannot be
found in the time domain.

Figure 13 and Table 4 show the AE peak frequency with
amplitude distributions. For the shear tests under the four
normal stresses, although the normal stresses are different,
the distribution of peak frequency information is the same,
and 99% of the frequencies are distributed in 5~170 kHz.
The peak frequency is displayed as high, medium, and low
three frequency bands, which ranges are 5~35kHz,
35~122kHz, and 122~ 170kHz, respectively. The distribu-
tions of these three bands are concentrated and clearly
visible, as shown in Figure 13. In the whole shearing process,
the proportion of low- and high-frequency signals is rela-
tively small, both proportions are less than 10%. The propor-
tion of medium-frequency signals is large, reaching more
than 90%. Meanwhile, with the normal stress increase, the
proportion of high-frequency signals gradually decreases,
and the proportion of medium-frequency signals gradually
increases, while the proportion of low-frequency signals does
not change significantly. The decrease of high-frequency
signal indicates that the fracture of small cracks gradually
disappear, while the increase of medium-frequency signal
indicates that the shear-slip and friction of large cracks are
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FI1GURE 12: The proportion variation trend of the tensile signal and the shear signal in the cyclic shear process under four normal stresses.

increasing, indicating that the damage is gradually aggra-
vated. This also verifies the change rule in Section 3.3 that
with the increase of normal stress, the tensile cracks decrease
and the shear cracks increase.

3.5. Frequency Spectrum Characteristics of AE Signal. In each
shear test, the acoustic emission monitor had received thou-
sands of AE waveform signals. After classifying and counting

these signals, it can be found that there are mainly one type of
tensile signal and three types of friction signals during the
whole shearing process, as shown in Figure 14. The tensile
signal is mainly a burst-rupture type signal, as shown in
Figure 14(a), which is characterized by high frequency and
low amplitude, usually occur at the early stage of shear test,
indicating a crack initiation behavior. The three friction
signals have low-frequency characteristics and are divided
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FIGURE 13: The frequency and amplitude distribution characteristics of rock joint shearing under four normal stresses.

TABLE 4: Percentage of AE signals of low, medium, and high frequencies in the rock shearing process under four normal stresses.

i:g:;lal Low Medium High Total I;?gvrlﬁ/eo;l' Medium freq. High freq.
. 0 . 0, ~ . 0 -
o./MPa freq./number freq./number freq./number signal/number (0~35kHz) signal/%(35~122kHz) signal/%(122~300 kHz)
o, =1.39
n 272 8705 563 9540 2.85% 91.25% 5.90%
MPa
0, =2.08
224 5734 305 6263 3.58% 91.55% 4.87%
MPa
(;\7[;;78 149 6758 299 7206 2.07% 93.78% 4.15%
0, =347 59 3783 80 3922 1.50% 96.46% 2.04%

MPa
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FiGure 14: Typical AE waveform and spectrum signals of rock joints under direct shear test.

into three amplitude types: low amplitude, medium ampli-
tude, and high amplitude, as shown in Figures 14(b), 14(c)
and 14(d), which represent the friction behaviors between
cracks or joint contact surfaces. The low-amplitude, low-
frequency signals and medium-amplitude, low-frequency
signals are mostly generated during the whole shear test,
accompanied by a few slight friction sounds. The high-ampli-
tude, low-frequency signals usually occur at the end moment
of the experiment, accompanied by a violent sound, and the
signal amplitude is thousands or hundreds of times that of
the low-amplitude signal.

4. Discussion

It is generally believed that rock damage is a gradual process,
from the early, middle, and final stages of damage, including
rock crack initiation, propagation, friction, and fracture
deformation mechanisms. These deformation processes of
cracks are released with different energy intensities and
accompanied by different acoustic emission signal character-
istics. In the initiation stage of cracks, sliding friction and
intergranular slip are formed between rock particles, result-
ing in low-amplitude and low-energy friction signals. As
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TABLE 5: Acoustic emission spectrum characteristics in different failure forms of rocks.
Rock Dominant frequency -
Test types types distribution/kHz Frequency spectrum characteristics References
Uniaxial compression Sandstone 10-70 kHz (much) As the test progresses, low frequency increases, high ~ Wang et al.
test 120-180 kHz (few) frequency decreases [30]
True triaxial . Low-amplitude and high-frequency signal (low stress)  He et al.
compression test Limestone 60-110kHz, 170-190 kHz High-amplitude and low-frequency signal (high stress) (28]
Direct tensile test Marble 14-86kHz, 200-268 kHz (more Tensile failure is more than shear failure Li et al. [33]
than 90%)
100-150 kHz (60.02%) Friction signal Ban et al
Brazil tensile test Shale 150-250kHz (11.26%) Shearing signal [34] ’
250-350 kHz (28.72%) Tensile (tearing) signal
Three-point bending Concrete 50-250 kHz High frequency (microcracks) Chen et al.
test Low frequency (macrocracks) [36]
5~35kHz (less than 5%) . . .
Joint shear test Skarn 35~122 kHz (more than 90%) Low-amplitude and high-frequency signal (low stress) This paper

122~170 kHz (less than 5%)

High-amplitude and low-frequency signal (high stress)

the cracks grow, weak tensile signals and medium friction-
type signals are generated. Until the end of loading, macro-
scopic large-scale cracks are formed, and the friction is inten-
sified, and high-amplitude and high-energy acoustic
emission signals are mostly generated [27].

Through literature research, it can be found that there are
some similarities and differences between rock shear failure
and other forms of rock failure. These failure modes include
rock uniaxial compression test, direct tensile test, Brazil
tensile test, and three-point bending test, and their acoustic
emission peak frequency characteristics of damage are shown
in Table 5. The acoustic emission frequency band of rock
failure is mainly in the range of 0-400 kHz. When the rock
is compressed and sheared, its frequency band is mostly in
the range of low frequency, and as the load increases, the
high-frequency signal gradually decreases, and the low-
frequency signal gradually increases; when the rock is under
tension, the proportion of high frequency is obviously more
than that of the rock under compression and shear. It is
worth noting that no matter the rock is under compression,
shear, or tension, macroscopic large cracks are formed when
the rock is broken, and high-amplitude, low-frequency
acoustic emission signals are formed. This signal feature
has a certain guiding significance for the precursor informa-
tion identification of rock failure.

In this article, the issue of setting the ratio of the acoustic
emission parameter RA value to the AF value needs further
discussion. In the next study, we can set the ratio value to
1:1,1:5,1:20,1:50, or 1:100, rely on these ratios to distin-
guish the tensile signal from the shear signal, and analyze
these signal evolution trends.

In summary, as an accompanying phenomenon in the
rock failure process, rock acoustic emission contains a lot of
information about the internal failure process of rocks.
Acoustic emission technology, as a prediction method of
rock microcracks and expansion, has an important value in
monitoring the occurrence of rock or rock mass destruction
and earthquake prediction [47]. After having a preliminary
understanding of the shear acoustic emission behaviors of
rock joints, we can apply it to the monitoring and forecasting

of rock mass stability and safety issues in metal mines, coal
mines, tunnel engineering, and slope engineering.

5. Conclusions

By processing and analyzing the AE signal, the shear failure
behaviors of rock joints under different normal stress were
studied from the point of view of tensile and shear crack
signals, and the following four conclusions are obtained.

(1) Under cyclic shearing load, the stress-displacement
curve forms several cyclic hysteresis loops, and the
number of hysteresis loops increases with the
increase of normal stress. The shear strength of each
curve is about 70%~80% of the corresponding
normal stress

(2) There are obvious Kaiser effect and Felicity effect in
the multistage cyclic shear conditions of rock joint.
The Felicity ratio is greater than 1 at the early stage
and less than 1 at the later stage. The Kaiser effect
of rock joints indicates that rock has the ability to
remember shear deformation, and the Felicity effect
indicates that rock produces an irreversible damage

(3) With the proportional classification method of RA
value and AF value, it is easy to distinguish the acous-
tic emission signals of tensile crack and shear crack in
the joint shear process and the evolution characteris-
tics of that two signals. The spectrum distribution
diagram of acoustic emission shows that its peak
frequency has three frequency bands: high, medium,
and low, which are distributed in the range of
0~35kHz, 35~122kHz, and 122~300kHz, respec-
tively. Both low-frequency and high-frequency
signals account for less than 10%, and medium-
frequency signals account for more than 90%

(4) By performing the fast Fourier transform (FFT) on
the AE waveform signals, we can obtain the fre-

quency domain information of the waveform signals.
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There are one type of tensile signal and three types of
friction signals in the shearing process. The tensile
signal has the characteristics of high frequency and
low amplitude, and the friction signal has the charac-
teristics of low frequency and low amplitude, low fre-
quency and medium amplitude, and low frequency
and high amplitude
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