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An imaging accuracy improving method is established, within which a distance coefficient including location

information between sparse array configuration and the location of defect is proposed to select higher signal-

to-noise ratio data from all experimental data and then to use these selected data for elliptical imaging. The

relationships among imaging accuracy, distance coefficient and residual direct wave are investigated, and then

the residual direct wave is introduced to make the engineering application more convenient. The effectiveness

of the proposed method is evaluated experimentally by sparse transducer array of a rectangle, and the results

reveal that selecting experimental data of smaller distance coefficient can effectively improve imaging accuracy.

Moreover, the direct wave difference increases with the decrease of the distance coefficient, which implies that the

imaging accuracy can be effectively improved by using the experimental data of the larger direct wave difference.

PACS: 43.60.Lq, 43.35.Cg, 43.20.Mv

The Lamb wave has attracted considerable at-
tention for structural health monitoring (SHM) of
plate-like structure because of its capability of prop-
agating along the plane of plate-like structures with
slight propagation loss and sensitivity to both surface
and subsurface features.' *] The imaging algorithm
is critical for damage localization by using the Lamb
wave method, and in the past few years, it has been
widely investigated by many researchers. Michaels
et al.ll proposed an ellipse damage localization algo-
rithm based on the TDOA model. Yu et all’l de-
veloped an imaging algorithm of focusing array for
Lamb wave. After that, a baseline-free inspection
method for composite plates using a virtual time re-
versal imaging algorithm was developed by Jeong et
all%l De et all”) proposed a defect localization method
by the combination of the probability ellipse and ar-
tificial neural networks. The technology of baseline
subtraction plays a key role in many imaging algo-
rithms. However, the residual signal is strongly im-
pacted by noise, dispersion, multi-mode characteris-
tic of the guided wave and reflection from structural
boundaries, which seriously degrade imaging accuracy.
To resolve these problems, several methods are stud-
ied from different fields. Hayashi et al.[*! employed the
FFT transform to realize the separation of A0 and SO
modes. Crazy climber algorithm was used by Xu et
all’! to deal with multi-mode signal. A method of
dispersion compensation is proposed by Xu et al.l'"!
to realize the separation of A0 and SO mode. Park et
al.'"1 used the group velocity ratio rule and the mode
amplitude ratio rule to achieve mode decomposition
of the Lamb wave. The combination of the MVDR
method and the two-dimensional array is studied by
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Engholm et al.l'? to reduce the influence of interfer-
ing Lamb wave modes. The influence of various inter-
nal and external noises on imaging performance is in-
evitable. When Lamb waves are propagating in plate-
like structures, the signals are always interfered with
by noise,['?] which always has a significant influence
on extraction of the scattering signal from the time-
domain signal. Continuous wavelet transform was em-
ployed by Liu et al.l'¥l to remove noise. Michaels et
al.l'"] used digital band-pass filtering to reduce com-
plexity of the signals, and then defects were detected
and localized by using a signal after the filter.

Although the aforementioned studies have shown
different levels of success in improving imaging accu-
racy, in practice, the residual data obtained by base-
line subtraction often contain some lower signal-to-
noise ratio (SNR) data, which may have a significant
influence on imaging accuracy. Therefore, how to se-
lect higher SNR data from all residual data is still a
challenge for improvement of imaging accuracy. The
main innovation of this study is to provide a method of
how to choose higher SNR (signal-to-noise ratio) data
from all test data and then to use these selected data
for elliptical imaging. Compared with current tech-
nologies such as probability damage algorithm, time
reversal algorithm, the method has both the advan-
tages of improving the defect location accuracy and
easy to implement.

To detect defects of plate-like structure using the
Lamb wave, the fundamental theory of imaging algo-
rithm is briefly introduced. As shown in Fig. 1(a), the
incentive sensor T and receiving sensor R are attached
in the plate, where the point D is the location of the
defect. The Lamb wave generated by the sensor T
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propagates to the location of defect D, and then is
scattered by the defect D; finally the scattering sig-
nal is received by the receiving sensor R. The time of
scattering signal t is considered directly from a time
domain waveform. In addition, the group velocity of
the Lamb wave v, can be read directly from the dis-
persion curve.

The propagation distance dr_p_g of Sy modes can
be calculated by

dr_p_r =drp +drp = Vgt. (1)

The Sy mode is excited at point T (PZT T), propa-
gates to the defect D and then is reflected by D. The
reflected signal is received by point R (PZT R).

According to the geometric relations of the ellipse,
it can be seen that defect D is on the elliptical tra-
jectory where sensors T and R are the focuses and
dr_p—_r is the long axis (as shown in Figs. 1(a) and
1(b)), which is the principle of the ellipse location of
the defect.

~ " @ Defect ® Sensor

Fig. 1. Ellipse imaging algorithm: (a) defect is not in the
direct path, and (b) defect is in the direct path.

Consider a sensor pair ij, where the ith transducer
(the transmitter) is located at (x;,y;), and the jth
transducer (the receiver) is located at (z;,y;). The
time, taking account of when the Lamb wave is gener-
ated by the incentive sensor (z;,y; ), propagated to any
discrete point (z,y) of the plate, and then reflected to
the receiving sensor (x;,y;), is determined by

tih, =V (@i —2)? + (yi — )
T (T R AT S )

Let s;;(t) refer to the amplitude of the difference signal
computed by baseline subtraction for the sensor pair
ij, the defect imaging results I, (t) can be calculated
by

L&) =11 TI s, (3)

i=1j=1,j#i

1=

—

where N is the number of sensors of sparse array.
Ideally, by subtracting baseline signals recorded from
the damage-free structure from current test signals,
a residual signal assumed to arise from damage is ob-
tained. These residual signals can be applied to ellipse
imaging for damage detection and localization. How-
ever, the ellipse imaging algorithm is strongly affected
by a mismatched environment and operational condi-
tion. Therefore, the reflection signal resulting from

the boundary and noise cannot be completely elimi-
nated by baseline subtraction. In addition, the single-
mode (such as the Sy mode) will be converted into
all possible modes (such as Sy + Ag + SHy) when the
Lamb wave interacts with the defect, and the Lamb
wave of the conversion (such as Ag + SHy) cannot be
eliminated by the baseline subtraction. These factors
will seriously reduce the signal-to-noise ratio (SNR) of
some residual signals, and affect the imaging accuracy.
Therefore, the residual signal with a higher SNR can
improve the imaging accuracy.

Imaging performance for structural health mon-
itoring using the Lamb wave is often impacted by
the number of sensors, array diameter and location
of defect. Hall et al.l'?! investigated that the signal-
to-noise ratio increases with the number of transduc-
ers. Wandowski et al.l'”l indicated that the directiv-
ity of imaging result correlates with distance between
transducers (array diameter). Although the aforemen-
tioned investigations have shown that the imaging ac-
curacy is closely related to the location of defects rel-
ative to incentive and receiving sensor, how to quali-
tatively study this relationship is still unclear. There-
fore, the distance coefficient is defined in this work
to study the relationship between imaging accuracy
and location of defect relative to the sensor pair ¢j in-
cluding excitation and receiving sensors. The distance
coeflicient 7 is given by

_ dtp +drp
n=——
TR

; (4)

where dtp is the distance between the incentive sen-
sor T and defects D, dgrp is the distance between the
receiving sensor R and defects D, and drg is the dis-
tance between the incentive sensor T and receiving
sensor R.

Equation (4) shows the positional relationship
among the incentive sensor, the receiving sensor and
the defect. As shown in the formula, the distance co-
efficient is not less than 1, and the distance coefficient
can be determined by both locations of the defects
and the sensor pair ¢j where the ith is used as excit-
ing and the jth is used as receiving. When the defect
location or the sensor pair 45 changes, the distance co-
efficient also changes. Moreover, the smaller the dis-
tance coefficient is, the closer the defect is to the line
between the sensor pair ij (ith as exciting and jth as
receiving), and this indicates that the scattering sig-
nal would be superimposed with the direct wave signal
(Lamb waves transmitted directly from the excitation
sensor to the receiving sensor or the first wave packet
in the time domain signal recorded by receiving sen-
sor) at this moment because of extremely fast speed of
propagation of the Lamb wave. In addition, when the
distance coefficient is 1, defect D is located between
excitation and receiving sensors (as shown Fig. 1(b)),

044301-2


Chin. Phys. Lett.
References

Chin. Phys. Lett.
References

http://cpl.iphy.ac.cn

CHIN.PHYS.LETT. Vol. 34, No.4(2017) 044301

which indicates that the direct wave recorded by the
receiving sensor R is a transmission wave (or forward-
scattered wave). Figure 2 shows the energy distri-
bution of the Sy mode interacting with through-hold
defect in the plate. As shown in Fig.2, mode converse
and scattering would be generated when the incident
wave interacts with the hole defect. However, the en-
ergy distribution of the scattering wave around the
defect is extremely unbalanced. From Fig.2, it can
be seen that forward-scattered waves of the Sy mode
(distance coeflicient n = 1 or 7 close to 1) are signif-
icantly larger in amplitude than the other direction
scattered wave (distance coefficient 1 > 1), and other
Lamb wave modes are generated due to mode con-
verse. Therefore, the test data with smaller distance
coefficient can obtain a larger scattering signal, which
improves the imaging accuracy.

Since the location of defect is unknown in the ac-
tual monitoring, the distance coefficient cannot be
computed directly even if the array diameter has been
determined. As discussed above, however, the scatter-
ing signal would be superimposed with the direct wave
signal when the distance coefficient is at a smaller
value, which leads to a significant change in the di-
rect wave compared with the damage-free structure.
With the increase of the distance coefficient, the scat-
tered signal gradually separates from the direct wave
packet, which means a decreasing change in the direct
wave. Therefore, the range of the distance coefficient
can be determined by the residual direct wave.

Direct wave refers to the first wave packet in time-
domain signal. In this study, the residual direct wave
signal is obtained by subtracting baseline direct sig-
nals recorded from the damage-free structure from the
current direct signal. The Hilbert transform is per-
formed for the residual direct wave signal to obtain
the envelope of the signal. However, the envelope of
the residual direct wave contains hundreds of ampli-
tude points. Therefore, the maximum value of the
envelope signal is selected as an indicator of the resid-
ual direct wave to explore the relationship between
the distance coefficient and the residual direct wave
signal. The Hilbert transformation of residual direct
wave and the maximum value of the envelope signal
are given by

Hau) =1 [~ 2D )
3 = max([HAu) (W), (6)

where t is the time in the wave packet of the residual
direct wave signal, Au;; is the residual direct wave
obtained from baseline subtraction and ¢j is the num-
ber of a pair of sensors including excitation and re-
ceiving sensors. As described above, the scattering
signal would be superimposed completely with the di-
rect wave signal when the distance coefficient is 1.0,

and with the increase of the distance coefficient, the
scattering signal is gradually separated from the di-
rect wave, where the residual direct wave signal de-
creases with the increase of the distance coefficient.
Therefore, there is a definite relationship between the
distance coefficient and the residual direct wave signal.

Direct wave

ard-scattered

Back-scattered wave /7

Fig. 2. Scattered field distribution.

Power amplifier
(AG 1006)

Fig. 3. Experimental setups of (a) waveform generator,
(b) digital oscilloscope and (c) signal amplifier.

Experiments are performed on an aluminum plate
with the length of 1000 mm, width of 1000 mm, thick-
ness of 1mm, and the sparse transducers array of a
rectangle is introduced for defects localization. De-
fects of through-hole with diameter of 10 mm are made
in the aluminum plate. Figure 3 shows the exper-
imental setup. The experimental system includes a
waveform generator (Tektronix AFG 3021C), a power
amplifier (AG 1006), a digital oscilloscope (Tektronix
DPO02012B), a changeover switch, a computer, and
sparse array of piezoelectric transducers with size of
10 mm (diameter) x 1 mm (thickness) in which the dis-
tance between the adjacent sensors is 200 mm.

The selection of excitation mode and frequency
range is very important for the use of ultrasonic guided
waves inspection. Dispersion curves are the essential
tool to optimize mode and frequency. Figure 4(a)
shows the dispersion curves of phase and group ve-
locity of the aluminum plate (the length of 1000 mm,
width of 1000 mm, and thickness of 1 mm). Accord-
ing to the dispersion curves in Fig. 4(a), ranging from
80kHz to 500kHz, only two basic modes of Sy and
Ap are shown and the dispersion has slight influence
on the mode of Sy and has a larger influence on the
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mode of Ay in these frequency. Figure 4(b) shows
the amplitude of modes of Sy and Ag processed by
normalization from 80kHz to 500 KHZ. As shown in
Fig.4(b), the amplitude of Sy mode is much greater
than that of Ag at 300 kHz. Consequently, the 300 kHz
frequency is chosen as excitation frequency to reduce
the effects of both dispersion and multi-mode on the
experiment.
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Fig. 4. (a) Dispersion curves of the Lamb wave. (b) Am-
plitude of Ap and Sp modes.
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Fig. 5. Imaging using all the experimental data.
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Fig. 6. Time-domain wave: (a) for the distance coefficient
1.0, and (b) for the distance coefficient 2.0.

To inspect and localize defects including crack and
hole-through, the imaging algorithm is used in struc-

tural health monitoring of plate-like structures. Fig-
ure 5 shows the imaging result using all test signals.
As shown in Fig.5, the result is very different from
the actual location of the defect, due to the fact that
a large number of test data contain some lower SNR
signal because of the noise and reflection from bound-
ary. The distance coefficient has been defined to ex-
plore the relationship between the distance coefficient
and SNR of text data. Figure 6 shows the two time-
domain waves including the original signal measured
by experiment, the residual signal computed by base-
line subtraction and the envelope of the residual signal
obtained by the Hilbert transform, where the distance
coefficients (computed by Eq. (4)) are at 1.0 and 2.0,
respectively. From Fig.6, it can be seen that there
are higher SNR of residual signals when the distance
coefficient is at 1.0. However, with the increase of
the distance coefficient, noise and reflection from the
boundary have increasing influence on the residual sig-
nal, which results in decreasing signal-to-noise ratio of
the residual signal. Therefore the residual signal ob-
tained by the sensor pair ij with a smaller distance
coefficient has a larger signal-to-noise ratio, which in-
dicates that the imaging accuracy can be improved by
selecting residual data with a smaller distance coeffi-
cient.
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Fig. 7. The distance coefficient and the residual direct
wave.

As described above, the residual direct wave signal
(computed by Egs. (5) and (6)) decreases with the in-
crease of the value distance coefficient. Figure 7 shows
that the residual direct wave varies with the increase
of the distance coefficient in the square sparse array.
As shown in Fig. 7, the amplitude of the residual di-
rect wave decreases with the increase of the distance
coefficient. Moreover, the amplitude of the residual
direct wave sharply decreases with the increase of the
distance coefficient when the value of distance coeffi-
cient is in the range of 1-1.3, and then it gradually
tends to zero when the value of distance coefficient is
higher than 1.3. As discussed above, the amplitude
of the residual direct wave decreases with the increase
of the distance coefficient. Combined with the above
theory, of which the residual signal with smaller dis-
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tance coefficient has a larger signal-to-noise ratio, it
can be seen that the residual signal with larger value
of residual direct wave has a larger signal-to-noise ra-
tio, which indicates that the imaging accuracy is im-
proved by selecting residual data with a larger value
of the residual direct wave.
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Fig. 8. Imaging result: (a) the distance coefficient is in
the range of 1-1.5, and (b) the distance coefficient is larger
than 1.5.
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Fig. 9. Imaging result: (a) the residual direct wave is in
the range of 0-1, and (b) the residual direct wave is larger
than 3.

As discussed above, it is effective to improve the
imaging accuracy by selecting the experimental data
with a smaller distance coefficient. Figure 8 shows
that the imaging algorithm is performed by select-
ing experimental data with different distance coeffi-
cients in sparse transducer array of rectangle. Figures
8(a) and 8(b) show that the imaging algorithm is per-
formed by the experimental data with distance coeffi-
cients from 1 to 1.5, and higher than 1.5, respectively.
Figure 8(a) shows that the image constructed by se-
lecting residual signal with the distance coefficient of
1-1.5 is coincident with the location of the actual de-
fect. Compared with Fig.5, its imaging accuracy is
obviously improved in Fig. 8(a). From Fig. 8(b), it can
be seen that the image constructed by selecting the
residual signal with the distance coefficient of higher
than 1.5 is very different from the actual location of
the defect. Compared with Fig. 5, its imaging accu-
racy in Fig.8(b) is obviously degraded. According to
the above discussion, the imaging accuracy can be im-
proved by selecting residual data with a smaller value
of distance coefficient.

Figure 9 shows four images that were constructed
by selecting data with residual direct wave of 0-1 and
higher than 3, respectively. Figure 9(a) demonstrates

that the image constructed by selecting the residual
signal with residual direct waves of 0-1 is very dif-
ferent from the location of the actual defect. Figure
9(b) shows the image that is generated by selecting
the residual signal with residual direct wave of higher
than 3. As shown in Fig. 9(b), the imaging results are
completely coincident with the location of the actual
defect. Compared with Fig.5, it can be seen that the
imaging accuracy can be effectively improved when
the imaging algorithm is performed by selecting resid-
ual data with a larger deference value of the direct
wave.

In summary, a distance coefficient-based imaging
accuracy improving method has been proposed. One
finding is that the residual signal obtained by the sen-
sor pair 4j with a smaller distance coefficient has a
larger signal-to-noise ratio, which indicates that the
imaging accuracy can be improved by selecting resid-
ual data with a smaller distance coefficient. The other
finding is that the value of the residual direct wave
decreases with the increase of the distance coefficient.
Therefore, in the process of defect detection and loca-
tion using baseline subtraction, imaging accuracy can
be effectively improved by selecting residual data with
a larger value of residual direct wave to perform the
imaging algorithm in the plate-like structure.
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