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This paper aims to detect the structure damage in KT type jacket offshore platforms using acous-
tic emission analysis. Experimental investigation has been implemented to analyze the transmission
characteristics, attenuation law, and source localization of the acoustic emission signals. The range of
energy attenuation coefficient a and the signal amplitude attenuation law were obtained from exper-
imental data. Hence, the layout of acoustic emission sensors was optimized based on the energy
attenuation to achieve online damage monitoring for KT-jacket platforms. In order to validate the
performance of the optimized sensor layout, another experimental test was conducted on the designed
KT-jacket offshore platform to locate the acoustic emission sources. The test results demonstrate that
a positioning error of 8§ mm or below can be obtained using the optimized sensor layout, and the
number of sensors can be reduced by 80% compared with that of the theoretical layout. As a result,
the optimized sensor layout enables efficient and effective damage detection for KT-jacket offshore
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I. INTRODUCTION

Offshore platforms are subject to extreme loads during
their long service lives, resulting in common structural dam-
ages such as fatigues, cracks, and corrosion.! It is reported
that 80% severe structure damages in offshore platforms are
caused by fatigue crack on tube joints.! Therefore, online
monitoring of fatigue cracks is of important significance to
prevent failures of offshore platforms.*> Due to deep sea envi-
ronment, it is impossible/difficult to perform visual inspection
on structural damages of offshore platforms. Alternatively,
the damage detection can be carried out by monitoring the
changes of modal characteristics in the offshore structures.®
In addition, the ultrasonic and radiograph detection tech-
niques are also employed to inspect the potential structure
damages.

Recently, the acoustic emission has become the most
promising tool for damage detection of offshore platforms.
The acoustic sources of complicated structures can be located
using two positioning algorithms. One is the spatial spec-
trum estimation, and the other is the time delay estimation.
Schmidt’ proposed the multiple signal classification (MUSIC)
algorithm for sound signal processing. MUSIC enables simul-
taneous direction finding of either multiple or instant short
signals with high precision. However, MUSIC is mainly
used for spatial spectrum estimation of narrow-band signal
and is limited in processing wide-band signals like acoustic
emission signal due to heavy computation cost. Omologo
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and Svaizer® put forward a cross-spectrum-phase time delay
estimation algorithm, which can locate the sound source in
three-dimension (3D) space under different noise and echo
conditions. Yegnanarayana et al.’ divided two sound signals
generated by the same source into equal-length fragments and
extracted their short-time spectrum characteristics. On this
basis, the time delay estimation to each fragment was con-
ducted to achieve better positioning effect than that of the
generalized cross correlation. Jia ef al.'” calculated azimuth
and slope of each sound sensor in 3D space using the time delay
estimation to locate the sound source according to geometric
positions. Previous researches demonstrate that the time delay
estimation is more suitable for acoustic emission processing
than the spatial spectrum estimation. The time domain correla-
tion of multi-sensory signals is usually calculated to determine
the spatial position of the sound source. However, in prac-
tice, the identification accuracy of sound sources is subject to
heavy distortion of the acoustic emission signals and the sensor
noise.! 12

In order to accurately determine the sound source local-
ization, it is critical to optimize the sensor layout in the
online damage monitoring system for offshore platforms.'3~13
Although independent 3D positioning monitoring of all joints
of offshore platform structures could improve monitoring pre-
cision, it requires a large number of sensors and thereby
produces poor economic efficiency.'®!” Considering prac-
tical environment and economical efficiency,'®! only lim-
ited number of acoustic emission sensors is expected to be
installed on suitable positions of the offshore platforms. It is
an important premise to propose a practical sensor layout as
improper layout will affect parameter identification accuracy,
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thus decreasing the detection accuracy of the online moni-
toring system for offshore platform damage. Sensor layout
optimization should meet the following constrains: (1) the
sensor measurements are able to contain structural informa-
tion to the maximum extent, and (2) the measurements are
sensitive enough to the changes of structural health state.
However, because the layout of acoustic emission sensors
is closely related with the materials and scales of the struc-
tures,’>3 it is a challenging task to optimize the sensor
layout for the practical use of damage detection. Very lim-
ited work has been found in the literature to address this
challenge.

In order to bridge the research gap in sensor layout opti-
mization for online monitoring of offshore platform damage,
theoretical and experimental analyses have been conducted
to optimized acoustic emission sensor layout using a spe-
cial designed offshore platform with 12 KT jackets. The
energy attenuation coefficient o and attenuation law of the
sensory signal amplitude were obtained through experimen-
tal data. An optimized layout algorithm of acoustic emis-
sion sensors for online monitoring of fatigue crack was pro-
posed. The experimental evaluation shows the effectiveness
of the optimized sensor layout for acoustic emission source
identification.

Il. THE PROPOSAL METHOD
A. Energy attenuation experiment
1. Main legs of KT-Jacket offshore platform structure

An experimental model of a KT jacket offshore platform
(scale ratio: 1:100) was designed and manufactured based on
the geometric similarity theory (see Fig. 1). The platform was
welded by plain round bars, and each 2 bars were fixed with a
joint. The main frame consists of four pieces of leg reinforcing
bars, three layers of horizontal supporting reinforcing bars, and
one roof plate. The total height was 2430 mm, the length and
width of the base legs were 682 and 445 mm, respectively. The
diameter of the main legs was 18 mm, the horizontal support-
ing diameter was 10 mm, and the thickness of the roof plate
was 2 mm.

The PXWAE digital full-waveform acoustic emission
detector made by Beijing Pengxiang Science and Technology
Co., Ltd was used in the experiments to record the structure
acoustic emissions (see Fig. 2). According to the requirements
of American Society for Testing and Materials (ASTM), the
wave attenuation test for the acoustic emission signal should
be implemented by using ¢ = 0.5 mm HB pencil lead. The
pencil lead was extended by 2.5 mm and then was broken up
when forming a 30° angle to the component surface. PXR15
acoustic emission sensors were used in the pencil lead test.
The center frequency of PXR15 was 150 kHz. PXPAIV low-
noise amplifier with 40 dB gain was used as the preamplifier.
The main amplifier gain of PXWAE was 0 dB. Good sound
coupling between the sensor and test surfaces is the prerequi-
site of sensor installation. Loose coatings, oxide skin, rough
surface, oil stain, or excessive materials on test samples were
removed before the test. The sensor contact surface was filled
with appropriate amount of coupling agent, and the coupling
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FIG. 1. The designed KT-jacket offshore platform structure.

layer was made thin enough to ensure good measuring sensi-
tivity. The magnet bases were used to fix the sensors on the
offshore platform.

For the convenience of experimental result analysis and
intuitive representation of attenuation law, the wave attenua-
tion test was conducted on the main leg. Figure 3 shows the
breaking positions of the pencil lead. An acoustic emission
sensor was fixed on the left end of the main leg and 19 lead-
breaking positions were chosen with an interval of 0.1 m to

FIG. 2. The acoustic emission signal acquisition system.
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FIG. 3. Lead-breaking positions on the main leg for energy attenuation
experiment.

each other, starting from the sensor position. The wave atten-
uation test was repeated for six times, and the mean of the
sensor measurements was used.

The test results are shown in Figs. 4 and 5. The amplitudes
and the energy of the collected acoustic emission signals were
displayed.

It can be seen from Figs. 4 and 5 that both the amplitude
and energy of acoustic emission signals declined when trans-
mitting in the main leg, but presented small fluctuations. It is
important to note that obvious amplitude and energy concen-
tration at 0.5 m position can be observed in all tests. In addition,
the amplitude/energy decreased continuously from 0.1 to 0.5 m
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FIG. 4. Amplitude-distance attenuation curves.
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FIG. 5. Energy-distance attenuation curves.
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and then fluctuated from 0.5 to 1.2 m and decreased after 1.2 m.
This is because when the distance between the acoustic emis-
sion source and the sensor is smaller than 0.5 m in the jacket
offshore platform, the sensor may miss some signal compo-
nents, resulting in energy attenuation within a small range. As
this distance increases to 0.5-1.2 m, acoustic emission waves
may superpose in medium because of reflection and diffrac-
tion, leading to signal energy growth and fluctuation. After
1.2 m in distance, the signal energy of the acoustic emission
obeyed the attenuation law.

The results of the wave attenuation tests show that the
acoustic emission technique is applicable to crack detection
on KT jacket offshore platforms. Influenced by the mate-
rial type, structural shape, and scale, the acoustic emission
wave transmission in actual structural medium is very com-
plicated. Hence, it is important to investigate the attenuation
characteristics in the damage detection to optimize the sensor
layout.

2. Supporting rods of KT-jacket offshore
platform structure

Figure 6 describes the joint details in the KT-jacket off-
shore platform. Rods 1 and 3 are the lateral supports, rods 2
and 5 are the main support of the cross section, and rod 4 is
the lateral support of the cross section. In order to investigate
the attenuation characteristics of the joint, the acoustic emis-
sion sensor #1 was fixed on the joint to measure the energy
released by the lead-breaking source and the sensor #2 was,
respectively, fixed on the rods to measure the signal energy in
different transmission paths. In the attenuation tests, sensor #2
was put at different positions on each rod. On this basis, the
energy attenuation characteristics of the supporting rods were
analyzed.

The attenuation test at each rod was repeated for three
times, and the mean of the sensor measurements in the three
tests was used. Define E; as the energy of the acoustic emis-
sion source collected by sensor #1 and E; as signal energy
collected by sensor #2. The energy ratio of the two sen-
sors is E;/E. Figure 7 shows the experimental results. Due
to reflection and diffraction effect of the acoustic emission,
the lead-break energy received by sensors #2 at rod 3 with
long-distance was stronger than that with short-distance. For
the other four rods, the energy attenuated continuously as
the distance increased, which was in consistent with the
theoretical analysis. However, the attenuation law on different
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FIG. 6. Sensor layout on supporting rods.
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FIG. 7. Energy ratio-distance curve on supporting rods.

rods varied due to different diameters and directions. It is
difficult to obtain a unified attenuation law. However, it should
note that E;/E; at 0.5 m of rods 1, 3, and 4 presented evident
concentration to value 2, while E;/E; at 0.5 m of rod 2 was
about 1. These observations can be used for practical dam-
age detection. Because rod 5 is too short, we did not discover
valuable attenuation information.

The energy attenuation transmission model of the acoustic
emission signal can be described as a function of the distance
to the acoustic emission source.?* Assume that a coordinate
of the sound source is r and a sensor array of N sensors is
used to measure the sound transmission signal. The position
coordinates of the ith sensor is expressed as r;, (i = 1, 2,
..., N). The acoustic emission energy measured by the ith
sensor is

ES - l
zﬁ + &(1), €))

Ei(t)=¢
where #; is the time delay when the acoustic emission transmits
to the ith sensor; E(f — t;) is the energy emitted by the source at
the position of the ith sensor, and r(¢ — #;) is the corresponding
coordinate of the source; r; is the coordinate of the ith sensor,
and g; is the gain coefficient of the ith sensor; a (=2) is the
energy attenuation coefficient; and &;(¢) is the collaborative
effect of the model cumulative error caused by observation
noise. Neglecting &;(7), Eq. (1) can be reduced as

‘Es(t - ti)

ril* =gi EXD) 2

lr(r — 1) -

Then, the energy attenuation coefficient o can be deduced by

Es()

gl%
a=log, 1y, HO . 3)

Since the sensors used the same preamplifier, the effect of
the gain coefficient g; can be neglected. Thus, Eq. (3) can be
rewritten as

@ =10g,—1)-r,) 5O - C))

The energy attenuation coefficients calculated based on Eq. (4)
using the experimental data are listed in Table L.

It can be seen in Table I that the wave transmission atten-
uation in practice is more complicated than that in theoretical
analysis because a at different points of the jacket offshore
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TABLE I. Energy attenuation coefficients.

Distance (m) Rod 1 Rod 2 Rod 3 Rod 4 Rod 5
0.1 0.71 0.77 0.58 0.30 0.70
0.2 0.46 0.97 0.50 1.07 0.73
0.3 0.57 1.38 0.90 -0.40 NA
0.4 1.19 1.64 1.14 -0.77 NA
0.5 1.54 -0.17 1.21 1.05 NA
0.6 -8.37 NA 3.32 0.82 NA
0.7 NA NA -1.75 -10.28 NA

platform varied significantly; even though the distance to the
sound source was the same. This is probably because the struc-
tural medium is not complete elastic so that wave decays at a
certain degree due to geometric factors (i.e., with the expan-
sion of wave surface, the distribution volume of the elastic
wave will increase, thus decreasing energy per unit volume).
Moreover, wave transmission is influenced by various factors,
such as the structure shape and scale. It should be also noticed
that in Table I the a values of rods 1, 3 and 4 with 0.5 m dis-
tance are closer to the theoretical value 2 compared to those at
other positions. Therefore, the following research will focus
on the 0.5 m position.

B. Sensor layout optimization

Cracks often appear and propagate randomly on the jacket
offshore platforms. Any part of the platform structure may be
a potential acoustic emission source of cracks. As a result,
it is very difficult to make an optimal arrangement of acous-
tic emission sensors. To this end, a hypothesis that assumes
equal probability of acoustic emission cracks in the struc-
ture joints is made in the sensor layout optimization. Since
the tube joint is the most important but the most frequently
broken component in the KT jacket offshore platforms,>~2’
this paper considers the sensor layout optimization for tube
joints.

According to the relationship between the vibration direc-
tion and the acoustic transmission direction, acoustic emission
wave may transmit in different modes such as the longi-
tudinal wave, shear wave, Rayleigh wave, and plate wave.
Reflection, refraction, and mode conversion will take place
when the wave reaching different medium interfaces.”® If
acoustic emission wave is generated from a single source in
a semi-infinite solid body, the transmission of longitudinal
wave, shear wave. or Rayleigh wave will follow closely to
one point on the surface. Interaction between different trans-
mission models will complicate the wave transmission (see
Fig. 8).

The transmission mode of acoustic emission wave in the
thick steel plate is shown in Fig. 9. During the transmission,
the acoustic wave will reflect many times between the two
medium interfaces and each reflection will excite the mode
conversion. It also will generate plate wave with a wavelength
almost equal to the plate thickness. As a result, in practice, the
wave transmission of acoustic emission is more complicated
than that in ideal medium.

According to the energy attenuation characteristics of
the acoustic emission signals in the experimental tests,
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acoustic emission source
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FIG. 8. Wave reflection and mode conversion: O denotes
the wave source; L denotes the longitudinal wave; S
denotes the shear wave; and R denotes the Rayleigh wave.

\ 4

FIG. 9. Wave transmission in thick plate.

concentrations of both the amplitude and energy of the sound
signals were found at 0.5 m on the main leg of the KT jacket. If
install the sensors at 0.5 m away to the acoustic emission source
on the main leg, the acoustic emission signals can be mea-
sured stably to ensure the quality of measurements. Because
the wave attenuation may concentrate at 0.5 m away to the
acoustic emission source, once a crack appear at the joint in
the KT jacket, it is possible to detect the damage using the
change in attenuation coefficient. As introduced, the energy
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FIG. 10. Sensor layout: the number indicates the sensor’s serial number and
the arrow indicates the sensor’s position.

ratio (E;/E) of rods 1, 3, and 4 stabilized around the value 2,
while for rod 2, it was about 1. The corresponding attenuation
coefficients calculated from the measured signals were closer
to 2 at 0.5 m than those at other distances. Therefore, it is
reasonable to place the sensors at 0.5 m away to the joint for
each rod.

According to Green’s function, the transmission space of
the acoustic emission source in the KT jacket can be regarded
as a perfect sound field.? Its direct sound field is a spherical
space, and its reflection reverberation sound field is a complex
plane space. Ideally, the acoustic emission wave transmits in
the spherical space. However, due to attenuation, in practice,
the acoustic emission wave will not transmit in an ideal spher-
ical pattern; but its transmission trend still remains spherical.
Hence, in the present research, the measureable radius of the
spherical space that the emission source of the joint damage
transmits in was 0.5 m. The sensors can be placed at the edge
of the spherical space.

Based on the obtained experimental results about the
energy attenuation characteristics of the joints, a sensor lay-
out optimization method is proposed for KT-jacket offshore
platforms. For each tube joint, the acoustic emission sensors
can be installed at 0.5 m position for rods 1, 3, and 4, while
for rods 2 and 5, the distance can choose 0.1 m. Figure 10
depicts the optimal sensor layout, where a total 16 sensors are
used to monitor the KT-jacket offshore platform, comparing
to a number of at least 80 sensors according to theoretical
analysis.

lll. RESULTS AND DISCUSSIONS

In order to verify the feasibility of the sensor layout opti-
mization method, experimental verification was conducted.
A. Experimental apparatus and procedure

PXR15 sensors with a center frequency of 150 kHz
were used in the experimental verification. PXPAIV low-noise
amplifier with 40 dB gain was used as the preamplifier. In the
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FIG. 11. Sensor layout in sound source positioning experiment.

practical structure, the wave speed was unknown because it is
influenced by various factors, such as material type, structural
shape, and scale. Therefore, field measurement was carried
out to determine the wave speed. The average wave speed
in the jacket offshore platform was 3487 m/s. Limited by
experimental condition, only five acoustic emission sensors
were used in the validation. Figure 11 shows the locations of
the jacket joints and sensors. The lead-break simulation test
was repeated for five times to analyze the acoustic emission
signals.

B. Experimental results

According to the positioning principle of time-
difference,” the time-difference positioning was implemented
using the first two sensors that received the acoustic emis-
sion signals. Then, the sound source location can be calculated
from the time difference value. Table II lists the sound source
positioning error in the experiments.

In Table II, positions 1 and 3 produced the two smallest
positioning errors. The maximum error at these two positions

TABLE II. Positioning error at different lead-break positions (mm).

Location Groupl Group2 Group3 Group4 Group5 Average
1 2.48 6.82 4.49 3.33 6.82 4.79
2 10.46 13.95 15.11 4.65 4.64 9.76
3 3.645 0.98 6.81 7.99 6.82 5.25
4 6.97 4.65 4.65 9.30 10.466 7.21
5 8.14 8.14 6.97 4.65 8.14 7.21
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was less than 8.0 mm. This is because for position 1 (or 3),
sensors 3 and 4 (or 1 and 2) were at 0.5 and 0.1 m away the
joint on the same rod. In Table I, it concluded that the mea-
surements within 0.5 m away the sound source was reliable.
Thus, the collected signals by sensors 3 and 4 (or 1 and 2) con-
tained accurate information about the location of the acoustic
emission source.

The positioning errors at positions 2, 4, and 5 in Table II
were much larger than these at positions 1 and 3. This is prob-
ably because that the actual fatigue damage often occurs at
the joints 1 and 3. Therefore, according to Table I, the signals
collected at position 2, 4, and 5 may lose useful positioning
information. The amplitude and energy curves of the acous-
tic emission signals emitted from positions 1 and 3 are shown
in Figs. 12 and 13. It can be seen from Figs. 12 and 13 that
both the amplitude and energy acquired from sensors 3 and
4 (or 1 and 2) were larger than those from sensor 5. These
observations were consistent with the results in Table II.

In Fig. 14, the positioning error at positions 2, 4, and 5 is
higher than that at positions 1 and 3 in term of the mean value
and the maximum value. However, in each experimental test,
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FIG. 12. (a) Amplitude and (b) energy curves obtained from five sensors at
position 1.
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the positioning errors of positions 1 and 3 were not always
the least. The main reason is due to signal fading. For exam-
ple, the acoustic emission signal generated at joint position
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oo
1

Experimental group

FIG. 14. Positioning test errors at different positions.
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1 will transmit from position 2 to sensors 1 and 4. During
this transmission process, the acoustic emission signal will
be reflected and its energy will disperse to directions of the
jacket supporting rods, causing amplitude and energy atten-
uation. Furthermore, the test results at positions 2, 4, and 5
demonstrated that the maximum positioning error were less
than 15 mm, which was nearly twice of that at positions 1
and 3.

C. Discussions

According to the energy attenuation characteristic test on
supporting rods of the KT jacket, the energy attenuation curve
of the acoustic emission signal presented a convergence trend
at 0.5 m away the sound source. If the acoustic emission sig-
nal passes some other joints along supporting rods, the energy
attenuation characteristics will change greatly. In order to val-
idate the effectiveness of the proposed sensor layout method,
the mean positioning errors were compared with the calcu-
lation results in another set of verification tests. Figure 15
manifests the comparison result. The square points in Fig. 15
are the mean positioning errors (see Table II) at each position
of the five positions using the proposed sensor layout, while the
round points are the mean positioning errors at each position
in another set of the verification tests using a different sensor
layout (see Table III). Similar test results were obtained, where
the mean positioning errors at positions 1 and 3 were the two
least.

It is noticed in Fig. 15 that the mean errors of the compar-
ison sensor layout is much larger than that of the proposed
sensor layout. This is caused by the energy attenuation of
acoustic emission signals after passing through additional
joints. As a result, the proposed optimized sensor layout is
feasible and reliable for damage detection for the offshore
platform.

Actually, the proposed optimized layout of 16 sen-
sors is adequate to identify the acoustic emission sources
at all joints in the KT-jacket offshore platform. However,
the theoretical analysis requests 80 sensors for the same
purpose.
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FIG. 15. Mean error of the verification test.
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TABLE III. Sensor layout in the verification tests.

Rev. Sci. Instrum. 89, 115005 (2018)

Position 1 Position 2 Position 3 Position 4 Position 5
The proposed sensor layout 3and 4 1 and 4 1 and 2 land5 1and3
The comparison sensor layout 4and 5 land3 1 and 4 1 and 4 2 and 3

IV. CONCLUSION

This paper proposes an optimal sensor layout for position-
ing the sound sources in KT jacket offshore platforms, aiming
to achieve online damage monitoring with a suitable number
of sensors and accurate detection performance. Based on the
theoretical analysis on transmission characteristics of acous-
tic emission wave generated by the cracks in the KT jacket
offshore platforms, experimental data were used to determine
the optimal layout of the acoustic emission sensors. Sound
sources are located through acoustic emission monitoring test.
The main conclusions of this paper are drawn as follows.

(1) The attenuation characteristics of the acoustic emission
wave on the main leg have been analyzed. Both the ampli-
tude and energy of the acoustic emission signal declined
as the wave transmitted away from the sound source.
There was evident concentration of the signal amplitude
and energy at 0.5 m away from the sound source.

(2) Energy attenuation characteristic test on supporting rods
has been analyzed. An experiment study on acoustic
emission energy attenuation characteristic is designed
for the first time for the KT jacket offshore platform.
The analysis results showed that the energy attenuation
coefficients at different points away the test joints varied
significantly. In addition, the attenuation coefficients at
different supporting rods were also different even though
the distance to the sound source was the same.

(3) The optimized layout of the acoustic emission sensors
based on the energy attenuation characteristics has been
conducted. The optimization results demonstrated that
only 16 sensors were needed for online damage mon-
itoring, comparing to 80 of the theoretical calculation.
In addition, the positioning error of the proposed sensor
layout was less than 8 mm. As a result, the sensor layout
optimization method has practical importance.
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