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RESUMEN

® Aunque la tecnologia de emision acustica se ha utilizado en los
ensayos no destructivos de diversas estructuras de placas, su
aplicacion y desarrollo siguen siendo limitados debido a que las
leyes que rigen la atenuacion de la amplitud de las ondas de
emision acustica en las estructuras de las placas siguen siendo
poco claras. El objetivo de este estudio fue revelar las leyes de
atenuacion de amplitud de las ondas de emision acusticas en
las estructuras de las placas. Asi, en este estudio, el modelo
tradicional de atenuacion de amplitud, que se presenta en
forma de una funcion exponencial, fue mejorado en referencia
a las ondas cilindricas, y se propuso un modelo de atenuacion
de amplitud en forma de una funcién de potencia adecuada
para estructuras de placas. Ademas, se establecio un sistema
experimental para la atenuacion de las ondas de emision
acustica en placas de aleacion de aluminio para verificar
experimentalmente el modelo propuesto. Finalmente, se
discutieron las leyes de atenuacion de amplitud de las ondas de
emision acusticas dentro del campo completo, campo cercano
y campo lejano de las estructuras de las placas. Los resultados
muestran que las leyes de atenuacion de amplitud de las ondas
de emision acustica dentro del campo completo, campo cercano
y campo lejano de las estructuras de las placas se ajustan al
modelo de funcion de potencia y se reducen gradualmente a
medida que aumenta la distancia de propagacion. Ademas, el
modelo de atenuacion de amplitud mejorado se corresponde
mejor con la tendencia real de atenuacion de amplitud dentro
del rango de campo cercano de la fuente de emision acustica
que otras formas de modelos de atenuacién de amplitud.
Especificamente, el modelo tradicional de atenuacién de
amplitud concuerda con las leyes de atenuacion reales de las
ondas de emision acusticas s6lo dentro del rango de campo
lejano de la fuente de emision acustica. Los resultados de
este estudio proporcionan valiosas referencias para el analisis
profundo de las caracteristicas de propagacion de las ondas de
emision acusticas en estructuras de chapa y pueden emplearse
en la investigacion de nuevos métodos para la localizacion de
fuentes de ondas de emision acusticas tipo rafaga basadas en
la atenuacion de la amplitud acustica.

© Palabras clave: Ondas de emision acustica, Amplitud,
Atenuacion, Leyes, Chapa.

ABSTRACT

Although acoustic emission technology has been used in the
nondestructive testing of various plate structures, its further ap-
plication and development remain limited because the laws gov-
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erning the amplitude attenuation of acoustic emission waves in
plate structures remain unclear. This study aimed to reveal the
amplitude attenuation laws of acoustic emission waves in plate
structures. Thus, in this study, the traditional model of amplitude
attenuation, which is in the form of an exponential function, was
improved in reference to cylindrical waves, and an amplitude
attenuation model in the form of a power function suitable for
plate structures was proposed. Moreover, an experimental system
for the attenuation of acoustic emission waves in aluminum al-
loy plates was established to experimentally verify the proposed
model. Finally, the amplitude attenuation laws of acoustic emis-
sion waves within the full field, near field, and far field of plate
structures were discussed. Results show that the amplitude atten-
uation laws of acoustic emission waves within the full field, near
field, and far field of plate structures all conform to the power
function model and gradually reduce as propagation distance in-
creases. In addition, the improved amplitude attenuation model
better corresponds with the actual amplitude attenuation trend
within the near-field range of the acoustic emission source than
other forms of amplitude attenuation models. Specifically, the tra-
ditional model of amplitude attenuation model agrees with the
actual attenuation laws of acoustic emission waves only within
the far-field range of the acoustic emission source. The results
of this study provide valuable references for the profound analy-
sis of the propagation characteristics of acoustic emission waves
in plate structures and can be employed in the research of new
methods for source localization of burst-type acoustic emission
waves based on acoustic amplitude attenuation.

Keywords: Acoustic emission waves, Amplitude, Attenuation,
Laws, Plate.

1. INTRODUCTION

Plate structures, including curved surfaces with small curva-
tures, are common structures in the industrial field and have been
widely used to fabricate the main wall panels of products, such as
pressure vessels, boilers, and spacecraft. Given that these products
are deployed under harsh conditions, including high temperature,
high pressure, and corrosion, they are subjected to highly com-
plex local stresses that promote crack generation. Crack genera-
tion and expansion rapidly release local source energy to generate
stress waves that result in the occurrence of acoustic emission.
The elastic wave sources of fluid leakage, friction, and collision in
local structures can be considered acoustic emission [1].

Enero - Febrero 2019 | Vol. 94 n°1 | 67/74 | Dyna | 67


http://dx.doi.org/10.6036/8987
mailto:zhangjianchao@yeah.net

articulo de investigacion [ research article

Acoustic emission technology has been successfully applied as
a nondestructive testing (NDT) method in the safety monitoring
of plate structures in the above products [2-5]. A surface dis-
placement signal is generated when stress waves originating from
acoustic emission sources are propagated onto the medium sur-
face and detected by the acoustic emission sensor [6]. It is then
used to infer the internal status of the material or defect-type
changes or to evaluate the severity of defects. Thus, acoustic
emission technology exhibits an effect that cannot be replaced by
other NDT methods.

The amplitude of acoustic emission waves attenuates as the
propagation distance increases. If the attenuation laws of acous-
tic emission waves propagated in plate structures cannot be con-
trolled, the spacing of acoustic emission sensors and the threshold
of the detection system cannot be properly set, and signal errors
in damage evaluation and acoustic source positioning cannot be
effectively reduced [7-9]. These limitations seriously restrict the
application and development of acoustic emission technology in
plate structures.

Progress has been achieved in identifying the amplitude at-
tenuation laws of acoustic emission waves [10-13]. Neverthe-
less, available studies have not been fully considered the differ-
ent mechanisms, such as diffusion, scattering, and absorption,
underlying the attenuation of acoustic emission waves or else
have neglected the effects of different structural features (body,
plate, and line) of the propagation medium on the form of the
energy propagation of acoustic emission waves. The theoretical
model of the amplitude attenuation of acoustic emission waves in
plate structures continue to deviate from actual attenuation laws.
Therefore, a specific detailed analysis and experimental study of
the theoretical model of the amplitude attenuation of acoustic
emission waves must be conducted in accordance with the con-
crete structural forms of propagation media.

2. STATE OF THE ART

In recent years, the laws governing the attenuation of acous-
tic emission waves have been applied in related fields, such as
damage monitoring, life prediction, material analysis, and dam-
age positioning [14-17]. Domestic and international scholars
have conducted certain in-depth researches from different angles.
Nasholm et al. [18] believed that in complex media, such as bio-
logical tissues and polymers, acoustic attenuation conforms to the
frequency power law. However, these materials are viscoelastic
materials. Thus, their acoustic attenuation laws cannot be applied
to the elastic materials used in the present study. Capeli et al.
[19] used acoustic emission technology to evaluate the instability
of snow slope and obtained attenuation coefficients related to
frequency by fitting the power spectra of different discrete fre-
quencies at different distances. They studied the attenuation laws
of acoustic emission waves from the aspect of frequency but did
not analyze the influence of the change in distance on ampli-
tude attenuation. Wang et al. [20] investigated the attenuation
conditions of acoustic emission waves at two common structural
interfaces and experimentally verified the influence of interfaces
on attenuation. This approach, however, is inapplicable in studies
on the attenuation of acoustic emission waves in plate structures.

The analysis of amplitude attenuation laws should proceed
from factors that influence acoustic emission wave attenuation.
These factors mainly include diffusion, scattering, and absorption
attenuation. Zhang et al. [21] accurately determined the position
of a faulty planetary wheel on the basis of the amplitude attenu-
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ation characteristics of acoustic emission waves but deemed that
the diffusion attenuation laws of acoustic emission waves pre-
sented exponential attenuation with propagation distance. This
conclusion warrants further discussion. Manthei et al. [22] pro-
vided the relational expression between the amplitude of acous-
tic emission waves and propagation distance in the context of
diffusion attenuation and absorption attenuation. However, their
diffusion attenuation laws are applicable only to body structures
but not to plate structures.

Wang et al. [23] studied the propagation law of acoustic emis-
sion signal of slewing outer ring and thought that the form of
signal energy attenuation of outer surface can be described as
an exponential attenuation. Smith et al. [24] proposed using the
attenuation of acoustic emission waves to monitor the deforma-
tion of buried pipes and posited that the amplitude attenuation of
acoustic emission waves is in the form of an exponential function.
Li et al. [25] believed that energy, vibration amplitude, duration,
and ringing count of the acoustic emission wave amplitude of
steel strands embedded in concrete all present exponential func-
tion attenuation with increasing propagation distance. The slew-
ing outer ring, buried pipe and steel strand investigated by Wang
et al. [23], Smith et al. [24] and Li et al. [25] can be approximated
as linear structures and can be said as not experiencing diffusion
attenuation. The mechanism underlying propagation under this
condition is different from that underlying propagation of acous-
tic emission waves in plate structures. Therefore, the suitability of
the traditional exponential attenuation model for plate structures
requires further study.

Some studies focused on the attenuation laws of acoustic
emission waves in plate structures. Tang et al. [26] tested the
Lamb wave propagation property of carbon-fiber-reinforced com-
posite laminated plate. However, they only qualitatively analyzed
the attenuation characteristics of the amplitude and energy of
waves with different frequencies and did not propose an attenu-
ation law formula. Sabzevari et al. [27] only considered diffusion
attenuation factor and neglected the effects of factors, such as
scattering attenuation and absorption attenuation, when studying
the acoustic emission source positioning of a composite board at
an airplane nose and thus failed to fully reflect the attenuation
laws of acoustic emission waves in plate structures. Hafizi et al.
[28] applied the acoustic emission attenuation method to monitor
damages in fiberglass reinforced composite laminates. However,
they directly adopted the exponential functional formula of the
amplitude attenuation and did not conduct related derivations
and verifications. Asamene et al. [29] studied the attenuation laws
of acoustic emission waves in carbon fiber reinforced polymer
panels and directly obtained the amplitude attenuation formula
by accounting for diffusion attenuation and absorption attenua-
tion. Nevertheless, they lacked convincing theoretical derivation.

Overall, previous studies on the attenuation laws of acoustic
emission waves did not consider the different forms of medium
structures or failed to account for diffusion, scattering, and ab-
sorption attenuation. Moreover, most scholars tend to believe that
amplitude attenuation presents an exponential function form. In
particular, few have focused on the amplitude attenuation laws of
acoustic emission waves in plate structures. In the present study,
the traditional model of amplitude attenuation was improved, a
power function model of amplitude attenuation in plate struc-
tures was established, and a pencil lead break (PLB) experiment
was performed to validate the improved model. The results of this
study will preliminarily reveal the laws governing the amplitude
attenuation of acoustic emission waves in plate structures.
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The remainder of this paper is organized as follows: In Sec-
tion 3, the improvement of the traditional model of the amplitude
attenuation of acoustic emission waves is discussed. This section
also provides a discussion of the experimental verification of the
improved model. The results of the multiple analyses of the im-
proved mathematical model of amplitude attenuation through the
curve fitting method are presented in Section 4. The summary and
conclusions are provided in the final section.

3. METHODOLOGY

3.1. TRADITIONAL MODEL OF AMPLITUDE ATTENUATION
AND ITS CORRECTION

Traditional studies on the amplitude attenuation of acoustic
emission waves considered that acoustic emission waves are prop-
agated in the form of plane waves. Plane waves do not experience
diffusion attenuation, and their energy transfer loss is only caused
by scattering attenuation and absorption attenuation.

The propagation of the acoustic emission of plane waves per
unit area is shown in Fig. 1.

7

Eo E

0 1 X

/

Fig. 1: Diagram of plane-wave acoustic emission

The energy loss per unit area caused by scattering attenuation
and absorption attenuation is calculated as follows:

dE = —aFdx (1)

where a is the proportionality coefficient, and E is the energy
of the acoustic emission of the wave at position x.
The following can be obtained by taking the integral of Eq. (1)

jEE %dE =—af ax (2)

where E is the unit energy of the acoustic emission source,
namely, the wavefront energy per unit area at x=1.
Thus, the following equation can be obtained as follows:

E=Ee‘’e™ (3)

The vibration energy of the particle m within this unit area is
set as:

E:%mﬁ (4)

where m is the mass of the particle per unit area, and v is the
vibration amplitude of the particle per unit area.

By simultaneously solving Egs. (3) and (4), the vibration ampli-
tude of this particle is obtained as:
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V= 2E°—ee7x = Ae ™ (5)
m

where A4 is the maximum amplitude, which is expressed as
- e, and Bis the amplitude attenuation index, expressed as s-<.

A% shown in Eq. (5), amplitude attenuation caused by scatter-
ing attenuation and absorption attenuation is traditionally mod-
eled in the form of an exponential function.

In fact, the diffusion and propagation of acoustic emission
waves around the plate structure will change energy density
per unit area in the propagation direction. The signal amplitude
caused by diffusion attenuation is assumed to be inversely propor-
tional to the square root of the distance from the acoustic source.
After the correction of the amplitude attenuation of Eq. (5), the
corrected exponential functional amplitude attenuation model is
obtained as follows:

V= i eiﬂ'x (6)

NP

where the meanings of coefficients B and A are similar to
those of 4 and 8 in Eq. (5).

3.2. IMPROVED AMPLITUDE ATTENUATION MODEL

The model of the amplitude attenuation of acoustic emission
waves in plate structures was improved to fully account for the
effects of diffusion, scattering, and absorption on acoustic emis-
sion wave attenuation.

An isotropic plate with unit thickness was obtained, and the
energy of acoustic emission waves was assumed to be uniformly
propagated in the form of a cylindrical wavefront (Fig. 2).

G

Fig. 2: Diagram of acoustic emission in the form of a cylindrical wavefront

The wavefront energy per unit area at position 7" is as follows:

e =— (7)

where k is the proportionality coefficient,  is the radius of the
wavefront, and E is the unit wavefront energy at radius .

The energy loss per unit area is assumed to be not only directly
proportional to the propagation distance » of acoustic emission
waves but also to the wavefront energy e_per unit area at this
position.

Then, the energy loss per unit area is as follows:
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dE =% 4y )
r

where a’ is the proportionality coefficient related to medium
grain size, anisotropy coefficient, and acoustic emission wave fre-
quency.

The following formula is obtained by taking the integral of Eq. (8):

IE la’E =—a'k :Cldr E)
r

E F

where E is the unit energy of the acoustic emission source
and is defined as the energy of the unit wavefront at r=1.
The following is obtained:
E=Ex*“" (10)
The energy at any particle on the wavefront of r=x is as fol-
lows:

Ly o _ Lo

o= x _ § @k
2z

(1)

The vibration amplitude at this particle is obtained in accor-
dance with Egs. (4) and (11):

Ly
mi

(12)

V= x @D = Dy

where D is the maximum amplitude and is expressed as D:\/%,
andy is the amplitude attenuation index and is expressed as ,-<%1.

As shown in Eq. (12), the improved model of the amplitude
attenuation of acoustic emission waves is in the form of a power
function, and the values of coefficients D and y are not constant.
For example, if o= 0, scattering attenuation and absorption at-
tenuation are ignored, and only diffusion attenuation is consid-
ered. Then, y is taken as 0.5, and Eq. (12) is simplified into:

v=Dx" (13)

Eq. (13) indicates that the particle vibration amplitude caused
by the diffusion attenuation of cylindrical waves is inversely pro-
portional to the square root of the propagation distance. This con-
clusion is consistent with the hypothesis used to derive the cor-
rected model in Section 3.1.

3.3. EXPERIMENTAL VERIFICATION

As revealed by the above theoretical study, the improved
model of amplitude attenuation conforms to the attenuation
laws of acoustic emission waves propagating in plate structures.
The power function for the law of amplitude attenuation in plate
structures was experimentally verified.

(1) Selection of the detection instrument

An experimental system for the attenuation of acoustic emis-
sion waves in an aluminum alloy plate was established (Fig. 3). The
acoustic emission source was simulated through the PLB method,
which provides the advantages of simplicity, economic efficiency,
and favorable repetition.
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Fig. 3: Experimental system for the attenuation of acoustic emission waves

A DS5 holographic acoustic emission signal analysis system
from Beijing Softland Times Scientific & Technology Co., Ltd was
used as the detecting instrument with the following concrete set-
tings: channel threshold of 10 dB; preamplifier gain of 40 dB; peak
definition time (PDT), hit definition time (HDT), and hit lockout
time (HLT) of 1,000, 2,000, and 20,000 pm, respectively; and sam-
pling frequency of 3 MHz.

(2) Setting of plate boundary conditions

The rectangular aluminum alloy plate was 2,455 mm in length,
1,220 mm in width, and 2 mm in thickness.

When both sides of the plate are air, the boundary conditions
of the plate are considered to be a vacuum given the drastic dif-
ferences between the acoustic impedances of aluminum alloy and
air. Thus, the energy of acoustic emission waves would not be
transferred beyond the plate structure.

When one or two sides of the plate are a solid medium, acous-
tic emission energy will be propagated to other solid media, fur-
ther enlarging attenuation. Thus, setting the boundary conditions
of the aluminum alloy plate during the experiment is necessary.

To ensure the normal propagation of acoustic emission waves
in the aluminum alloy plate in the PLB experiment, the aluminum
alloy plate was separated from the table with an underlayer of the
minimum number of small foam boards.

(3) Selection and arrangement of sensors

The acoustic emission sensor was selected as R150 with the
diameter of 19 mm, central frequency of 150 kHz, and frequency
bandwidth of 50-400 kHz.

The sensors were arranged on the aluminum alloy plate in the
order shown in Fig. 4 to measure the change trend of the ampli-
tude attenuation of acoustic emission wave at different positions.

—
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Fig. 4: Arrangement of experimental measuring points

Cod. 8987 | Tecnologia e ingenieria mecanicas | 3313.99 Otras



Amplitude attenuation laws of acoustic emission waves in plate structures
Jianchao Zhang, Shaopu Yang, Rujiang Hao and Xiaohui Gu

A total of 25 measuring points were set in this experiment. The
first measuring point was 0.01 m away from the original point,
and the other 24 measuring points were equally spaced (0.1 m)
from the original point. An appropriate amount of couplant was
smeared between each sensor and aluminum alloy plate. Other
clamping devices were not used.

(4) Selection of the PLB method

In accordance with the requirements of Hsu-Nielsen PLB
method, the acoustic emission source was simulated through the
breakage of a HB-type pencil core with a diameter of 0.5 mm. The
length of broken core was 2.5 mm.

The lead-break position was selected at the left-end face of
the aluminum alloy plate at the origin of coordinates. The direc-
tion of lead-break force was parallel to the upper surface of the
plate, and the inclusion angle between the pencil lead and plate
end face was 30°.

4. RESULT ANALYSIS AND DISCUSSION

4.1. EXPERIMENTAL SIGNAL PROCESSING

The acoustic emission waves underwent reflection, refraction,
and pattern conversion as they propagated through the medium
surface. As a result, complex signal data were acquired through
the acoustic emission system. The waveform curve acquired by
channel 8 of the acoustic emission system is shown as an example
in Fig. 5 (a). Its spectrogram is shown in Fig. 5 (b).

As shown in Fig. 5 (a), the PLB signal waveform is a complicated
waveform of multiple pulses or mutually superposed waveforms. It
is formed through the separation of complicated sequences, such
as longitudinal, transverse, surface or plate, and multiwave-path
late waves. As shown in Fig. 5 (b), although the frequency range
of the PLB signal is extensive, it mainly concentrates at approxi-
mately 150 kHz.

After the band-pass filtering of 100 to 200 kHz of the acoustic
emission signals acquired at 25 measuring points, the first peak
amplitudes (maximum value of the first amplitude peak) of the
filtered signals were taken as attenuation measurement scales
to verify the amplitude attenuation model of acoustic emission
waves. This approach effectively avoided the disturbance caused
by environmental noise to the first peak amplitudes of the mea-
sured signals and effectively reduced the effects of reflection and
refraction of acoustic emission waves on the results of amplitude
attenuation.

The original signals acquired by the first four channels of the
acoustic emission system and first peak waveform curves after

EZE “M mm\ “ MWWMMW’"’WMWM”M“‘“’“‘W ‘2““ﬁ“ﬂw,}T‘MM w’%M\M\W w

t(s)
(a) The waveform curve

Fig. 5: Waveform curve of the eighth channel of the system
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band-pass filtering are shown in Fig. 6 (a-d) (see section: supple-
mentary material).

The data for the first peak amplitudes acquired at 25 measur-
ing points of three PLB experiments were extracted and recorded
in Table | (see section: supplementary material).

4.2. CURVE FITTING AND ANALYSIS OF FULL-FIELD
ATTENUATION LAWS

To study the amplitude attenuation laws of the above PLB sig-
nal in the full field (from the acoustic source to the 24th measur-
ing point), the improvement effect was verified through the curve
fitting and analysis of the traditional exponential function, cor-
rected exponential function, and improved power function models
of amplitude attenuation.

The fitting diagrams for the first peak amplitude attenuation in
the full field of the three PLB experiments, including the first peak
amplitude ligature measured by the PLB experiment, fitted curve
1 of the traditional exponential function model, fitted curve 2 of
the corrected exponential function model, and fitted curve 3 of
the improved power function model, are shown in Fig. 7 (a-c) (see
section: supplementary material).

As shown in Fig. 7 (a-c), the attenuation trends of the four
curves are basically identical. The first peak amplitudes all gradu-
ally decrease with distance from the acoustic source. Moreover,
attenuation rates decrease because high-frequency components
attenuate faster than low-frequency components. Compared with
fitted curve 1 of the traditional exponential function model, fitted
curve 3 of the improved power function model and fitted curve 2
of the corrected exponential function model demonstrated favor-
able degrees of fitting with the data ligature measured through
the PLB experiment. In particular, the fitting degree of fitted curve
3 is better than that of the other fitted curves.

Parameters, such as the sum of squared errors (SSE), root mean
square error (RMSE), and R-square will be used to analyze experi-
mental fitting conditions in detail. SSE is the square sum of errors
between fitted data and original data of the measuring points, and
RMSE is the square root of the mean of the square sum of errors
between fitted data and original data of the measuring points. SSE
and RMSE values close to 0 indicate good curve fitting effects and
successful data prediction. R-square is the ratio of the quadratic
sum of the difference between the mean values of predicted data
and original data to the quadratic sum of the difference between
original data and mean value. R-square values close to 1 indicate
that the model fits the data well.

The fitting parameters of fitted curve 1 of the traditional model,
fitted curve 2 of the corrected model, and fitted curve 3 of the im-
proved model inferred from the data of three PLB experiments, as

0.07
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well as these mathematical models' coefficients, were calculated
and are listed in Tables Il to IV (see section: supplementary material).

The scale values of the fitting parameters of fitted curve 1 of
the traditional model, fitted curve 2 of the corrected model, and
fitted curve 3 of the improved model in the three PLB experiments
are normalized to facilitate the discussion on the fitting condi-
tions of the three models and are listed in Table V.

1 1:0.019:0.016 1:0.210:0.128 0.705:0.998:1
2 1:0.050:0.015 1:0.223:0.124 0.835:0.995:1
3 1:0.212:0.033 1:0.461:0.181 0.897:0.981:1
Mean 1:0.094:0.021 1:0.298:0.144 0.812:0.991:1

Table V Parameter proportions of the fitted curves of the three models

Table V clearly shows that the mean values of SSE and RMSE of
the improved power function and the corrected exponential func-
tion models are 2.1% and 9.4% and 14.4% and 29.8%, respective-
ly, of the traditional exponential function model. The two fitting
parameters of the improved power function model and corrected
exponential function model are significantly lower than those of
the traditional exponential function model. This result indicates
that the goodness of fit of the improved power function and the
corrected exponential function models are better than that of the
traditional exponential function model.

As shown in Table V, the mean SSE and RMSE values of the
improved power function model are 22.3% and 48.3% of the cor-
rected exponential function model, respectively indicating that
the two parameters of the improved power function model are
close to 0 and that the power function model better corresponds
to the actual attenuation laws of acoustic emission waves in plate
structures. This conclusion can also be obtained on the basis of the
proportions of R-squares presented in Table V.

As shown in Table IV, the model coefficients D and y that cor-
respond to the three PLB data for the improved power function
model of amplitude attenuation are considerably different. The
drastic difference in values indicates that these coefficients are
not constant and are dependent on propagation medium charac-
teristics and wave source properties. These values can be obtained
through the corresponding experimental analyses.
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4.3. CURVE FITTING AND ANALYSIS OF NEAR- AND FAR-
FIELD ATTENUATION LAWS

The acoustic emission field is divided into near field and far
field in accordance with the distances of acoustic emission source
and the sensor array. The amplitude attenuation laws of the prop-
agation of the above PLB signals in the near-field and far-field
will be studied.

(1) Division of near and far fields

The division of the near and far fields of acoustic emission
waves lacks an absolute standard. When the distance from the
acoustic source to central reference point of the sensor array is
far greater than the acoustic wavelength, it is considered far field,
otherwise, it is near field.

The empirical formula for the division of near and far fields is
as follows [30]:

(14)

where 7 is the distance from near-far-field boundary to the
acoustic source; d is the distance between two neighboring sensors
and is taken as 0.1 m; and )»mm is the minimum wavelength, which
can be calculated on the basis of zm:f(m where C, is longitudinal
wave velocity, f is the maximum frequency of acoustic emission
waves, and the PLB signal frequency is taken as 333.3 kHz.

The theoretical velocity C, of longitudinal waves of the alumi-
num alloy plate is as follows [31]:

C, - {El—iv
p 1+v)(1-2v)

where E is the elasticity modulus and is taken as 7.0 x 10*
MPa; v is Poisson's ratio and is taken as 0.3; and p is the density
and is taken as 2.7 x 10° kg/m.

The empirical value for the division of the near and far fields in
the PLB experiments was calculated to be »=1.1 m.

(15)

(2) Curve fitting and analysis of near field
The first peak amplitude data of the first 12 measuring points
in the three PLB experiments are shown in Table I, and the near-

Traditional exponential function 1.019 0.319 0.794
Corrected exponential function 0.035 0.059 0.993

1 Improved power function 0.018 0.043 0.996
Normalized proportion value 1:0.034:0.018 1:0.185:0.135 0.797:0.997:1
Traditional exponential function 3.170 0.563 0.874

5 Corrected exponential function 0.150 0.123 0.994
Improved power function 0.040 0.064 0.998
Normalized proportion value 1:0.047:0.013 1:0.218:0.114 0.876:0.996:1
Traditional exponential function 4.048 0.636 0.920

3 Corrected exponential function 0.772 0.278 0.985
Improved power function 0.099 0.099 0.998
Normalized proportion value 1:0.191:0.024 1:0.437:0.156 0.922:0.987:1

Mean normalized proportion value 1:0.091:0.018 1:0.280:0.135 0.865:0.993:1

Table VI Near-field fitting parameters of the three models
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field data within 0 < » =< 1.1 m are taken as an example. The
near-field amplitude attenuation fitting conditions of three PLB
experiments are listed in Fig. 8 (a-c) (see section: supplementary
material).

As shown in Fig. 8 (a-c), within the range of the near field,
fitted curve 3 of the improved power function model exhibits the
best degree of fitting with the data ligature measured through PLB
experiments. The near-field fitting parameters of the three models
are listed in Table VI.

As shown in Table VI, the SSE and RMSE mean values of the
improved power function model are 19.8% and 48.2% of the cor-
rected exponential function model, respectively. This result shows
that the two fitting parameters of the improved power function
model are significantly lower than those of the corrected expo-
nential function model. Comparison with 22.3% and 48.3% of the
corresponding data of the full field calculated indicates that the
improved power function model is highly effective within the near
field of acoustic emission waves in the plate structure.

(3) Curve fitting and analysis of far field

The first peak amplitude data of the last 13 measuring points
in the three PLB experiments are shown in Table I. Far-field data
within 1.1 < » < 2.4 m are taken as an example. The far-field am-
plitude attenuation fitting conditions of three PLB experiments
are provided in Fig. 9 (a-c) (see section: supplementary material).

As shown in Fig. 9 (a—c), within the far-field range, the differ-
ences among fitted curve 3 of the improved power function model,
fitted curve 1 of the traditional exponential function model, and
fitted curve 2 of the corrected exponential function model are
negligible. The far-field fitting parameters of the three models are
listed in Table VII.

As shown in Table VII, the differences among the SSE, RMSE,
and R-square values of the three models are small and stable. This
result indicates that all of the three models are effective models
of acoustic emission waves in plate structures within the far-field
range. Moreover, the normalized proportion data in Table VIl show
that compared with those of the other two models, the SSE and
RMSE values of the traditional exponential function model are
close to O, and the R-square value is close to 1. This result in-
dicates that the traditional exponential function model is more
effective in describing the amplitude attenuation laws of acoustic
emission waves within the far-field range.

The above experimental results show that the propagation of
acoustic emission waves within the near and far fields of plate
structures can be understood as follows: Within the near-field

articulo de investigacion [ research article

range, acoustic emission waves are considered cylindrical waves,
and the gradual expansion of their wavefront gradually weakens
energy and intensity. The analysis of their attenuation laws must
consider the effect of diffusion attenuation in addition to scat-
tering and absorption attenuation. Within the far-field range,
acoustic emission waves can be regarded as plane waves, and the
analysis of their attenuation laws must consider scattering and
absorption attenuation and cannot ignore diffusion attenuation.

5. CONCLUSION

This study improved the traditional model of amplitude at-
tenuation to reveal the laws governing the amplitude attenuation
of acoustic emission waves in plate structures. It also identified
the mathematical model applicable to the amplitude attenuation
in plate structures. The amplitude attenuation model of acoustic
emission waves in plate structures was theoretically investigated
from the perspective of cylindrical waves. The suitability of the
power function attenuation model was verified through the PLB
experimental method with an aluminum alloy plate. Finally, the
following conclusions were drawn:

(1) The amplitude and attenuation rate of acoustic emission
waves in plate structures within full-field, near-field, and far-field
ranges conforms to the power function model and gradually re-
duce as propagation distance increases.

(2) The corrected exponential function model provides a more
reasonable description of amplitude attenuation laws within the
full-field and near-field ranges than the traditional exponential
function model. However, these models are less accurate than the
power function model.

(3) The traditional exponential function model can appropri-
ately describe the amplitude attenuation laws of acoustic emis-
sion waves only within the far-field range of acoustic emission
waves in plate structures. Using this model to describe the ampli-
tude attenuation laws of acoustic emission waves in the full-field
and near-field ranges will result in drastic deviations.

The effects of diffusion, scattering, and absorption attenuation
were considered in the analysis of the amplitude attenuation laws
of acoustic emission waves within the full-field, near-field, and
far-field ranges in plate structures. The results of this work provide
theoretical guidance for development of the acoustic emission
technology. However, the amplitude attenuation laws of acoustic
emission waves are only applicable in isotropic plate structures,
and its application in anisotropic plate structures remains limited.

This study shows that the mathematical model of the ampli-

Traditional exponential function 0.007 0.026 0.709

1 Corrected exponential function 0.008 0.027 0.679
Improved power function 0.008 0.028 0.667
Normalized proportion value 0.875:1:1 0.963:0.964:1 1:0.958:0.941
Traditional exponential function 0.015 0.037 0.732

2 Corrected exponential function 0.017 0.039 0.703
Improved power function 0.017 0.040 0.690
Normalized proportion value 0.882:1:1 0.949:1:1 1:0.960:0.943
Traditional exponential function 0.018 0.040 0.702

3 Corrected exponential function 0.020 0.042 0.671
Improved power function 0.020 0.043 0.660
Normalized proportion value 0.9:1:1 0.952:0.977:1 1:0.956:0.940

Mean normalized proportion value 0.886:1:1 0.955:0.972:1 1:0.958:0.941

Table VIl Far-field fitting parameters of the three models
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tude attenuation of acoustic emission waves in plate structures
can be used in the research of new methods for the acoustic source
positioning of burst-type acoustic emission waves. Thus, this study
may promote the development and application of acoustic emis-
sion technology.
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