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Abstract

To study the propagation characteristics of acoustic emission signals in Zelkova schneideriana under different bound-
ary conditions, three types of boundary conditions were generated by applying aluminum plates and sound-absorb-
ing cotton on the surface of Zelkova schneideriana specimens. Firstly, the sudden and continuous acoustic emission
(AE) sources were simulated by PLB (pencil-lead break) tests and signal generator on the specimen surface, and the
AE signals were collected by 5 sensors equally spaced on the surface of the specimen, and the sampling frequency
was set to 500 kHz. Then, the detailed signals of different frequency bands were obtained by wavelet decomposition,
and TDOA (the time difference of arrival) and correlation analysis method were used to calculate the time difference
of longitudinal wave and surface transverse wave and the corresponding propagation velocity, respectively. Finally,
the pulse trains with different energy levels generated by the signal generator were used as AE sources to study the
attenuation law of AE signal energy with distance under different boundary conditions. The results show that the
boundary changes can lead to a significant increase in the surface transverse wave velocity, and have no significant
effect on the longitudinal wave velocity. At the same time, the energy attenuation of surface and longitudinal waves
is faster after the aluminum plate and sound-absorbing cotton are affixed, and the distance of longitudinal waves
attenuation to 90% is reduced from 186 to 139 mm, and the distance of surface transverse waves propagation is
reduced from 312 to 226 mm.

Keywords: Wood, Acoustic emission, Boundary conditions, Wavelet transform, Attenuation rate

Introduction AE technology is widely used in wood processing

Acoustic emission (AE) refers to the phenomenon that
the strain energy is released in the form of transient elas-
tic wave when the material is deformed and fractured by
external force or internal force [1]. AE technology as a
non-destructive testing method, has been widely used in
metals, wood, and composites [2—4].
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monitoring, drying and fracture damage. For example,
Kawamoto et al. used AE to monitor defects during wood
drying [5]. Kim et al. used principal component analysis
and artificial neural network to classify AE signals in oak
drying process, and the results showed that AE technol-
ogy could effectively monitor the drying process of wood
[6]. In recent years, AE has also been applied to wood
processing monitoring. Vahid et al. effectively moni-
tored the sawing process of fir under extreme cutting
conditions by extracting AE signal characteristics [7].
Bucur et al. used AE technology to study the relationship
between wood internal crack propagation and AE signal
characteristics [8]. Lamy et al. [9] used AE technology to
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study the failure process of wood under monotonic load-
ing [9]. Li et al. studied the acoustic emission signal prop-
agation characteristics of Pinus massoniana plywood
using AE technology [10]. In the current study, most
researchers have used pencil-lead break (PLB) as the AE
source to simulate the damage of materials and to clar-
ify the propagation characteristics of the AE signal gen-
erated by the simulated damage source [11-15]. Wang
et al. verified that PLB tests can effectively simulate wood
damage. At the same time, the effect of surface cracks on
AE signals was studied by PLB tests. The results showed
that surface cracks had an effect on the spectrum char-
acteristics and propagation speed of AE signals [16, 17].
Shen et al. [18] used the method of spectral analysis to
study the AE signals in the process of wood damage and
fracture. The results showed that it can be divided into
three categories according to the characteristic spectral
analysis of AE signals in the process of wood damage
and fracture. The propagation of acoustic emission in a
structure was accompanied by reflection, attenuation and
phenomena [19]. To study the energy attenuation law
of different waveforms in wood, Zhao et al. established
an energy attenuation model to study the location of
the damage source of wood tenon structure by simulat-
ing the acoustic emission source through PLB tests. The
location of the damage source of wood tenon structure
was determined using the energy attenuation model and
the method of two-point localization method, and the
results of the study showed that the energy attenuation
model was applicable to wood [20]. Li et al. [21] and Ding
et al. [22] studied the energy attenuation law of surface
shear wave and internal longitudinal wave in wood by
designing the separation test of surface shear wave and
internal longitudinal wave. The results showed that the
energy of surface shear wave and internal longitudinal
wave decreased exponentially. There are two methods
for processing and analyzing AE signals: one is paramet-
ric analysis and the other is wavelet analysis [23, 24]. Li
et al. [25] used wavelet analysis method to study the AE
signal characteristics of Pseudotsuga menziesii plywood
beam, and calculated the propagation velocity of AE sig-
nal in the surface direction of Pseudotsuga menziesii ply-
wood beam. Liu et al. [26] carried on the noise reduction
processing to the particleboard compression acoustic
emission signal through the wavelet analysis method, the
results showed that the wavelet analysis can well retain
the mutation part of the AE signal, which can effectively
reduce the influence of noise. Li et al. [27] used wavelet
analysis to extract AE signals in different frequency bands
on the surface and inside of camphor pine, and used the
AE signals with the effective frequency band to calculate
the propagation velocity, and the research results showed
that the accuracy of calculating the propagation velocity

Page 2 of 11

of AE signals could be effectively improved. The propa-
gation speed of AE signal is calculated according to the
propagation time difference between the two sensors and
the distance between the sensors, the commonly used
method to calculate the propagation time difference is
signal correlation analysis [28—30].

At present, most studies on the AE characteristics of
wood only focus on the AE signals of wood cracks and
wood surface. However, in practical engineering applica-
tions, wood is often closely connected with other types
of materials. To study the influence of different bound-
ary conditions on the propagation characteristics of AE
signals in wood, this paper takes Zelkova schneideriana
as the experimental material, selects isotropic metal
aluminum plate and anisotropic porous media material
sound-absorbing cotton, and closely adheres them to
the wood surface. The original boundary conditions of
wood are changed. Lead core fracture and signal genera-
tor are used as simulated AE sources, and on the basis of
lead core fracture. The propagation velocity of AE longi-
tudinal wave and surface wave is calculated by the time
difference of arrival (TDOA) and correlation analysis.
Finally, the 150 kHz pulse signals with different voltage
levels generated by the signal generator are used as AE
sources to study the influence of boundary conditions on
AE energy attenuation.

Materials and methods

Experimental materials

The Zelkova schneideriana specimen with smooth
surface and no defect was selected, and its size was
800 mm x 60 mm x 30 mm, the density was 0.72 g/cm?,
moisture content (MC) was 11.8%. The test specimens
were divided into four groups, the boundary conditions
of 3 groups were changed, and the specimens without
boundary conditions were recorded as T1, while the
specimens with aluminum plate, sound-absorbing cot-
ton, aluminum plate and sound-absorbing cotton on the
wood surface were recorded as T2, T3and T4, respec-
tively, as shown in Fig. 1. The 5-channel AE signal acqui-
sition system was built by NI USB-6366 high-speed
acquisition card and Lab VIEW 2017 software (National
Instruments of America). The RS-2A single-end reso-
nant AE sensor was selected, whose bandwidth is 50 to
400 kHz. To realize the long-distance transmission of AE
signals, the PAI front-end amplifier with gain of 40 dB
was used, as shown in Fig. 2. During the test, the sam-
pling frequency of the system was set to 500 kHz, and the
output range of the output voltage was setto (— 5V, 5 V).
The signal generator model was SIGLENT-SDG805, the
sampling channel is single channel, the maximum output
frequency is 5 MHz, the maximum sampling rate is 125
MSa/s, and the output voltage range is 4 mVpp to 20 Vpp.
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Experimental method

According to of the United States [31], the automatic
pencil lead with a diameter of 0.5 mm was placed at an
angle of 30° with the specimen surface, and the sudden
AE source was broken at 2.5 mm away from the contact
point to calculate the propagation velocity of AE signal in
wood. A signal generator was used to generate a 150 kHz
burst to analyze the energy attenuation of the AE signal
in the wood. As shown in Fig. 1, the acquisition sensor
was placed at an equal distance of 150 mm in the experi-
ment, and the distance between the sensors on both

sides of the sensor and the left and right end faces was
100 mm, which was S; to Sy from right to left. Accord-
ing to the mechanical wave vibration theory, the particle
vibration direction of shear wave is perpendicular to the
propagation direction of wave, and the particle vibration
direction of longitudinal wave is parallel to the propa-
gation direction of wave. Therefore, when the burst and
continuous AE sources are generated at the a; position
of the wood surface, the signal detected by the sensor S;
to S; is mainly the shear wave of the wood surface [21],
and when the burst and continuous AE sources are gen-
erated at the a, position of the wood end face, the signal
detected by the sensor S, to S, is mainly the longitudinal
wave of the wood.

The frequency components of AE signals produced by
PLB are complex and the distribution frequency domain
is wide, to extract clearer AE signals, wavelet analysis is
used to decompose them into four layers. According
to the multi-resolution analysis theory of the wavelet
transform, the frequency ranges of the four-layer detail
signals decomposed by wavelet are (125 kHz, 250 kHz),
(62.5 kHz, 125 kHz), (31.25 kHz, 62.5 kHz), (15.625 kHz,
31.25 kHz).

To study the propagation velocity of AE surface
transverse wave and longitudinal wave in wood, the
propagation time difference At was determined by
TDOA. On the basis of wavelet analysis, the propaga-
tion velocity of AE surface wave was calculated by sig-
nal correlation. According to the elastic wave theory,
the propagation velocity of the longitudinal wave in the
material is greater than that of the surface transverse
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wave. The first wave received by the sensor is mainly
composed of the longitudinal wave, and the longitudi-
nal wave velocity is calculated by TDOA. The distance
As of the sensors remains unchanged during the test,
and the propagation speed of AE signal can be calcu-
lated according to v = As/At. Cross correlation func-
tion represents the similarity between two signals, the
cross correlation function of signals x(f) and y(f) is
defined as

Ryy(r) = Tli_r)noo% [ex@)y(t + 1)d, 1)

When 7=1,, the absolute value of the cross-correlation
function | R,, (7,) | reaches the maximum, and it means
that the signal y (¢) has the highest similarity with the
signal x (¢) after 7, units are shifted on the time axis. To
calculate the energy of the AE signal of the specimen,
the AE signal is regarded as the alternating current. The
energy of the AE signal is the heat generated by the AE
signal through the unit resistance in a certain time:

2
W= [oLdr )

The AE signal collected through the system is discontinu-
ous, Eq. (2) needs to be discretized, and the two data are
separated by 1/f, second. Assuming that the discrete pro-
cess adopts zero-order retainer, that is, the amplitude of
the signal remains unchanged during this period, then
the AE signal energy can be calculated as Eq. (3):

W=7 Atuf =Ty uf 3)

Ati=T =1/f;(i=1,2,...,n), where f, is the sampling
frequency and # is the data length.
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Results and discussion

Surface transverse wave velocity of AE signal

under different boundary conditions

Teodorovich et al.,, Pang et al. and Calvet et al. extracted
and analyzed the features of the fading signal using
AE signal features, spectrum and pattern recognition
[32-34].

Figure 3 shows the time-domain signal and standing
wave spectrum generated by the PLB, from top to bot-
tom are sensors S; to Sy respectively. As shown in Fig. 3a,
all five sensors have a relatively stable wave in the time
domain signal, which is considered as a “standing wave”.
According to the theory of elastic wave, standing wave
refers to two kinds of waves with the same frequency
and opposite transmission direction. One wave is gener-
ally the reflected wave of another wave, and the stand-
ing wave always exists in the propagation process of AE
signal. To clarify the frequency domain characteristics of
the standing wave, the stable waves corresponding to the
five sensors are intercepted and analyzed by fast Fourier
transform. As shown in Fig. 3b, the principal components
of the five sensors are concentrated around 5 kHz. When
calculating the surface wave velocity, to eliminate the
influence of standing wave, wavelet analysis was used to
denoise the AE signal.

Figure 4 shows the wavelet analysis layering diagram,
based on wavelet theory, the AE signal is decomposed
by 4 layers of wavelets to remove the standing wave com-
ponents in the frequency band centered at 5.9 kHz. AE
signals collected by sensor are mainly distributed in d1
and d3 frequency bands, and the proportion of d2 and
d4 components in the signal is small. d1 is mainly domi-
nated by high frequency, because the porous structure
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Fig. 3 AE waveform and standing wave frequency domain of PLB. a AE waveform produced by lead breaking. b Standing wave spectrum
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Fig. 4 Layering diagram of wavelet analysis

and viscoelasticity of wood have filtering effect on AE sig-
nals in certain frequency bands [16]. So when the stress
wave propagates in viscoelastic medium, viscosity is the
main factor that causes the attenuation of stress wave at
any time and space, so the high-frequency component of
the signal attenuates rapidly [34]. Due to high-frequency
components decay faster in wood specimens, using cor-
relation analysis can increase the calculation error, so the
AE signal in the d3 band was used to calculate the surface
wave propagation velocity using correlation. Therefore,
the AE signal in the d3 frequency band was used to calcu-
late the surface wave propagation velocity by correlation.
Ten independent tests were carried out on four speci-
mens, where v; and v, denote the propagation velocity at

a distance of 150 mm and 300 mm, respectively, and the
test results are shown in Table 1.

Table 1 is the surface transverse wave velocity cor-
responding to different boundary conditions. It can
be seen from Table 1 that the velocity of the surface
transverse waves varies with the boundary conditions.
In the 10 independent tests of T1 specimens with-
out boundary conditions, the average values of v; and
v, are 938 m/s and 949 m/s, respectively. The aver-
age values of v; and v, of sound-absorbing cotton T3
specimens are 938 m/s, the sound-absorbing cotton is
loose and porous, which can absorb part of the signal,
and the reflection is less than T1, so the speed tends
to be stable. However, in T2 and T4 specimens with

Table 1 Propagation velocity of the third layer surface wave under different boundary conditions

Times T T2 T3 T4
v,/ms~! vy/m.s~! v,/ms~! vy/m.s™! v,/ms! v,/m.s~! v,/ms”! v,/m.s~!

1 938 949 1339 1240 938 938 1119 1042
2 938 949 1339 1240 938 938 1339 1042
3 938 949 1339 1240 938 938 1339 1042
4 938 949 1339 1240 938 938 1364 1042
5 938 949 1339 1240 938 938 1339 1042
6 938 949 1339 1240 938 938 1339 1042
7 938 949 1119 1240 938 938 1339 1042
8 938 949 1339 1240 938 938 1563 1042
9 938 949 1119 1240 938 938 1103 1042
10 938 949 1339 1240 938 938 1103 1042
Average 938 949 1295 1240 938 938 1295 1042

Ten independent tests were carried out on four specimens, where v, and v, denote the propagation velocity at a distance of 150 mm and 300 mm, respectively, the

test results are shown in Table 1.
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aluminum plate, the velocity increases obviously. The
reason for this change is that although the same reflec-
tion phenomenon exists in T2 and T4 specimens, since
the propagation speed of AE signal in aluminum plate
is greater than that in wood [36], when the AE signal
is transmitted to the interface of aluminum plate, the
signal is totally reflected, and most of the AE signal is
transmitted inside the wood. According to the elastic
wave theory, the internal propagation velocity of wood
is greater than the surface propagation velocity, which
leads to the increase of surface transverse wave veloc-
ity when the aluminum plate is added.

Longitudinal velocity of AE signal under different
boundary conditions

To explore the effect of boundary conditions on lon-
gitudinal wave velocity, the propagation velocity of
AE longitudinal wave was calculated by TDOA. Ten
independent experiments were carried out on the
four specimens, the experimental results are shown
in Table 2, where v;; and v;, (i=1, 2, 3, 4) represent
the propagation velocity at a distance of 150 mm and
300 mm, respectively.

It can be seen from Table 2 that the average prop-
agation velocities of vi; and vi, are 4688 m/s and
5000 m/s, respectively, indicating that there is no sig-
nificant change in the propagation velocity of AE sig-
nals by changing the boundary conditions. According
to the vibration theory of mechanical waves, longitudi-
nal waves can propagate in solid, liquid and gas media.
When AE signal propagates from wood to another
medium, there is little effect on longitudinal wave.
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Energy attenuation law of AE signal under different
boundary conditions

To study the energy attenuation law of AE signal under
different boundary conditions, the pulse signal with the
emission frequency of 150 kHz and the cycle number
of 15,000 was generated by the signal generator. In this
experiment, the position of the sensor and the AE source
was kept unchanged, and the initial energy emitted by the
AE source changes as the voltage level was set to 20 V,
15V, 10 V and 5V, thus, the energy attenuation can be
studied under different boundary conditions and differ-
ent amplitude conditions. To more intuitively reflect the
energy attenuation of each specimen at different ampli-
tudes, Figs. 5 and 6 show the energy attenuation curves
of surface and longitudinal waves at different source volt-
ages, respectively. Since the AE energy decays too fast in
wood, the real energy is taken as the longitudinal coordi-
nate after logarithm.

The energy attenuation curves of AE surface transverse
wave and longitudinal wave under different source volt-
age levels corresponding to test pieces T1-T4 are shown
in (a) to (d) of Figs. 5 and 6, respectively. Although the
voltage amplitude is different, the energy attenuation law
is basically the same under the same boundary condition.
To intuitively express the attenuation trend of energy, the
relative distance between each sensor and AE source is
taken as the independent variable, and the exponential
function is used to numerically fit the energy value of AE
signal.

Figures 7 and 8 are the fitting curves of energy attenu-
ation under different voltage levels, which clearly char-
acterize the energy attenuation of different specimens.
In the fitting process, the energy measured by the sensor
closest to the AE source is regarded as 1, and the energy

Table 2 Propagation velocity of longitudinal waves under different boundary conditions

Times T1 T2 T3 T4
v;/ms™! v;o/ms™! v, /ms! v y/m.s™! v3/ms! v 3,/m.s™! Vg/m.s™! v o/m.s!

1 4688 5000 4688 5000 4688 5000 4688 5000
2 4688 5000 4688 5000 4688 5000 4688 5000
3 4688 5000 4688 5000 4688 5000 4688 5000
4 4688 5000 4688 5000 4688 5000 4688 5000
5 4688 5000 4688 5000 4688 5000 4688 5000
6 4688 5000 4688 5000 4688 5000 4688 5000
7 4688 5000 4688 5000 4688 5000 4688 5000
8 4688 5000 4688 5000 4688 5000 4688 5000
9 4688 5000 4688 5000 4688 5000 4688 5000
10 4688 5000 4688 5000 4688 5000 4688 5000
Average 4688 5000 4688 5000 4688 5000 4688 5000
Ten independent experiments were carried out on the four specimens, the experimental results are shown in Table 2, where v;; and v, (i=1, 2, 3, 4) represent the

propagation velocity at a distance of 150 mm and 300 mm, respectively
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Fig. 6 Energy attenuation curve of AE longitudinal wave
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measured by other sensors is normalized to obtain the
fitting curve. In the fitting equations shown in Figs. 7 and
8, the coeflicient before x is the AE attenuation coeffi-
cient under different voltage levels. After calculating the
average value, the absolute value is taken, which is called
the attenuation rate of this specimen. It is expressed by K.
The greater the absolute value of K is, the faster the AE
energy attenuation rate is. To show the energy attenua-
tion law of AE signal, the distance from energy attenua-
tion to 50% and 90% and the energy attenuation rate are
used to illustrate the energy attenuation.

When characterizing the attenuation law of energy
with distance, due to the large attenuation of AE energy,
the AE energy is logarithmically processed. There is a sig-
nificant difference in the order of magnitude between the
energy value after logarithm and the distance, and direct
fitting is easy to produce a large fitting error. For this rea-
son, the distance is linearly processed in the following:

_ D—mean(D)
¥="5dD) (4)

where D is the actual distance of AE sensor placement,
D €[0,600 mm)], at this time is the sensor S, as the origin;
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Fig. 8 Fitting curve of AE longitudinal wave energy attenuation
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x is the transformed equivalent distance, that is, the
horizontal axis coordinates in Figs. 7 and 8; mean(D) is
the expectation of D; std(D) is the variance of D. In this
paper, the expectation and variance are 300 mm and
237.2 mm, respectively.

The K value in Figs. 7 and 8 is the average slope of the
fitting curve of different voltage levels, which represents
the attenuation rate of energy. The greater the abso-
lute value of K, the faster the attenuation rate of energy.

Comparing Figs. 7 and 8, it can be seen that the |K| of
surface transverse waves is greater than that the |K| of
longitudinal waves, which means that the surface trans-
verse wave energy decays faster than the longitudinal
wave. This is because the longitudinal wave mainly prop-
agates along the internal texture direction of the wood,
the propagation resistance is small, so the energy attenua-
tion is slow. But the surface transverse wave mainly prop-
agates along the surface of the wood, which will produce
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energy conversion with the surface fluid, and the energy
attenuation rate is faster than the longitudinal wave.

It can be seen from Figs. 7 and 8 that in the T1 speci-
men without any added boundary conditions, the energy
attenuation rate |K| of both surface and longitudinal
waves is smaller than that of other specimens, and as the
boundary conditions are changed, |K| increases gradu-
ally, which is mainly due to the different reflection and
transmission intensities at different boundaries. Com-
pared with the specimen T2 with aluminum plate, the
attenuation rate of T2 was greater than that of T1, which
was because the surface transverse wave mainly propa-
gated near the specimen surface, but not completely on
the specimen surface, and was greatly affected by the
medium in the propagation process [37]. When the AE
signal propagates to the boundary condition, the reflec-
tion will occur. The propagation velocity of AE signal
in aluminum plate is greater than that in wood, so the
addition of aluminum plates will make the reflection
enhanced and the energy decays fast. Compared with
T1 and T3, sound-absorbing cotton is a loose porous
medium, adding sound-absorbing cotton will make part
of the energy transmission, making the energy decay
faster. Compared with the propagation in a single wood
specimen T1, the specimen T4 with the addition of alu-
minum plate and sound-absorbing cotton can result in
enhanced reflection and transmission and fast energy
decay rate.

To clearly show the attenuation law of energy, the
energy attenuation is expressed by the distance of energy
attenuation to 50% and 90%, as shown in Fig. 7, the atten-
uation rate of surface transverse wave in single wood T1
specimen is the slowest, and the attenuation distances to
50% and 90% are 56 mm and 186 mm, respectively. When
the boundary conditions were changed, the surface trans-
verse wave attenuation rate of T4 specimen with alu-
minum plate and sound-absorbing cotton is the fastest,
and the attenuation distances to 50% and 90% are 42 mm
and 139 mm, respectively. As shown in Fig. 8, the attenu-
ation law of energy during the propagation of longitudi-
nal waves is similar to that of surface transverse waves.
The attenuation rate of longitudinal wave in single wood
T1 specimen is the slowest, the attenuation distance to
50% and 90% are 94 mm and 312 mm, respectively. When
the boundary conditions are changed, the attenuation
rate of longitudinal wave in T4 specimen with aluminum
plate and sound-absorbing is the fastest, the attenuation
distance to 50% and 90% are 68 mm and 226 mm, respec-
tively. According to the attenuation distance in Figs. 7
and 8, the distance from energy attenuation to 50% is
shorter than the distance used to increase the attenua-
tion by 40%, indicating that the energy attenuation rate of
AE signal is faster in the early stage of propagation, and
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slower in the late stage. This is mainly because at the ini-
tial stage of propagation, AE signals are mainly concen-
trated in the high frequency band, and the proportion of
low-frequency signal components is small, and the high-
frequency signal attenuation is obvious in the process of
forward propagation.

Conclusions

This paper designed the surface and longitudinal wave
extraction experiments for wood based on the theory
of elastic and mechanical wave vibrations. The propaga-
tion rates of different types of AE signals under differ-
ent boundary conditions were calculated, and the decay
characteristics of AE energy were analyzed.

In the analysis of the velocity, wavelet analysis was used
for the surface transverse waves to perform a 4-layer
wavelet decomposition of the original AE signal, and
it can be found that the main components of the sur-
face transverse waves were concentrated at 37.7 kHz
and 165.3 kHz. Since the high frequency signal decays
quickly, the third layer detail signal was used to calculate
the surface transverse wave velocity. When the bound-
ary conditions were aluminum plate and aluminum plate
with sound-absorbing cotton, the surface transverse wave
velocity increased in varying degrees compared with the
original wood specimen. Since the longitudinal wave
and the surface transverse wave propagation medium
are different, the longitudinal wave propagation velocity
was calculated based on TDOA, and the results of the
study showed that the change of boundary conditions
had no significant effect on the longitudinal wave veloc-
ity. When exploring the AE energy attenuation law, the
signal generator was used as the simulated AE source to
study the decay of AE energy under different boundary
conditions. The change in the initial energy value did not
affect the attenuation law of AE energy, and the change in
the boundary conditions caused the change in the energy
attenuation rate. Under the four different boundary con-
ditions, the surface transverse waves’ energy attenuation
rates are 2.94, 3.24, 3.15, and 3.93, respectively, and the
longitudinal waves’ energy attenuation rates are 1.75,
1.89, 2.12, and 2.24, respectively. The energy attenuation
of surface transverse wave is more obvious than that of
longitudinal wave.

The results of this paper have a great practical signifi-
cance for AE detection under complex boundary con-
ditions, and provide a basic theoretical basis for how to
deal with AE detection data under complex boundary
conditions. In the subsequent studies, the propagation
and attenuation of AE signals under different boundary
conditions can be further quantitatively analyzed.
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