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Abstract

®

CrossMark

A Lamb wave is a kind of elastic wave propagating in a plate-like structure with stress
distributing through the whole thickness of the plate. A Lamb wave is multimodal, and each
mode has unique through-plate-thickness stress profiles, called wave structure. The existence
of a specific structure flaw at a certain position in the thickness direction will weaken the
ability of the plate to support a specific component of stress, which means each Lamb wave
mode would interact with structure flaws in a different way, or that each Lamb wave mode
has a unique sensitivity to flaws. Conventionally, a sensitive single mode has been selected
for defect detection. However, due to the inconsistency in actuators or sensors, the robustness
of detection is limited. In this paper, the difference in the sensitivity of each mode to flaws,
rather than a single mode, was used for defect detection. Based on this idea, numerical and
experimental studies of the interaction between hidden corrosion and multiple modes were
first conducted. Then, a new index, the relative amplitude coefficient, which evaluates the
difference in sensitivity between lowest-order modes and higher-order modes, was proposed.
Next, by using a double crosshole array and combining it with a probabilistic reconstruction
algorithm, a multimodal Lamb wave corrosion detection method was developed. The results
show greater robustness in corrosion location and better accuracy, compared with the location
results of conventional single mode defect detection. Furthermore, by applying the double
sensor strategy, the effective operating frequency range is extended and the location accuracy

enhanced.

Keywords: multimodal Lamb wave, two-dimension Fourier transform, frequency-wavenumber
domain distribution, interaction with defect, corrosion detection

(Some figures may appear in colour only in the online journal)

1. Introduction

Hidden corrosion is a kind of threatening thin wall structure
flaw and its detection is a serious problem. Conventional ultra-
sonic bulk waves are usually limited by the poor time resolu-
tion in thin wall structures due to a series of unclear echoes [1].
With great sensitivity to abnormalities near the propagation
path, Lamb waves are considered a promising nondestructive
evaluation method for plate-like structures [2—-6]. Lamb wave
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propagation properties in plates are dependent on the thick-
ness and material properties of the structure. Structural flaws
would affect the propagation properties of multimodal Lamb
waves [7]. Therefore, before developing a Lamb-wave-based
hidden corrosion detection method, the interaction between
structure flaws and the individual Lamb wave mode needs to
be studied.

Kundu et al [8] proposed the idea that the existence of a
specific structure flaw at a certain position in the thickness
direction will weaken the ability of the plate to support a spe-
cific component of stress. Alleyne and Cawley [3, 9] proposed

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. Frequency-wavenumber domain distribution of simulated 4000 equal space step recorded signals.
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Figure 2. Configuration of numerical modeling. (a) Normal aluminum plate. (b) Corroded aluminum plate.

a 2D Fourier transform method and quantified the interactions
between multiple modes and structure flaws in both exper-
imental and finite element numerical investigations. Zhu
and Rose [1] presented a quantitative technique for hidden
corrosion depth based on the numerical studies by a hybrid
boundary element method. Lee and Staszewski [10] proposed
the local interaction simulation approach (LISA) for Lamb
wave propagation modelling and studied 2D wave interac-
tions with notches. Leonard et al [11] developed a Lamb wave
tomographic reconstruction method based on the frequency-
dependent velocity of the dispersive Lamb wave mode. Zhao
et al [12] developed a Vold—Kalman filter in the time—fre-
quency domain to extract interfered wave modes and esti-
mated quantitative propagation characteristics of waveforms
from damage. Besides, some researchers had investigated

scattering and mode conversion of Lamb waves from various
defects [13-16].

According to the previous studies, multimodal Lamb modes
show different sensitivities to different specific defect types.
Some corrosion detection methods were developed. Zhu et al
[17] studied several feature variations, such as mode cutoff,
group velocity changes, mode frequency shifts, and transmis-
sion and reflection amplitudes. Silva ef al [18] showed that the
loss of the S1 mode near its cutoff frequency can be used for
corrosion detection. Zeng et al [19] applied the nondispersive
SO mode for propagation distance correction, which helped
Lamb wave tomography in corrosion detection.

In this paper, the numerical modeling and experimental
study was first conducted to investigate the interaction
between the structure flaws and multiple Lamb wave modes.
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Figure 3. Numerical results of the normal plate. (a) Time histories of the response of the top surface of the normal plate. (b) The

frequency-wavenumber domain distribution of the 500 equal space step recorded signals. (c) Comparison between the numerical frequency-

wavenumber domain distribution and theoretical dispersion curves.
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Figure 4. Numerical results of the corroded plate. (a) Time histories of the response of the top surface of the normal plate. (b) The

frequency-wavenumber domain distribution of the 500 equal space step recorded

Based on the numerical and experimental results, a new index
exploiting the multimodal Lamb wave feature, which is robust
regardless of inconsistency in sensors, was proposed. Then,
combined with a probabilistic reconstruction algorithm, a cor-
rosion detection method was developed.

signals.

2. Method

Assuming a Lamb wave propagating in a free plate, the
displacement on the surface, denoted by u(x, ), can be
represented:
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Figure 5. Amplitude distribution curve of each mode. (a) The normal plate. (b) The corroded plate.

o0

w6 1) = A (w) / Flw)e M @idedy (1

— 00
where A(w) is the response amplitude of the Lamb wave mode,
k(w) is the wavenumber of the Lamb wave mode, and F(w) is
the Fourier transformation of the excitation f{(f).

Propagating Lamb waves are sinusoidal in both the fre-
quency and wavenumber domains. Therefore, a time domain
signal can be transformed to the frequency domain by a tem-
poral Fourier transform, and a space domain signal can be
mapped to the wavenumber domain by a spatial Fourier trans-
form. With a series of time-space domain signals carried out
by a 2D Fourier transform, the amplitudes and wavenumbers
of individual modes would be cleared in a frequency-wave-
number domain [3].

H (k.f) = / h / T (x, )e "1 FeD dudr, )

Figure 1 shows a 2D Fourier transform of 4000 simulated
Lamb wave signals. The simulation was conducted according
to equation (1). The excitation f{#) is a one-cycle Hanning
windowed sine signal centered at 500 kHz. The response
amplitude A(w) was set as one for each mode. The sampling
frequency is 20 MHz and the space interval of 4000 recorded
points is 1 mm.

As shown in figure 1, AO, SO, A1, S1, S2 and A2 modes
are discerned clearly in a frequency-wavenumber domain.
Compared with the theoretical dispersion curves, the fre-
quency-wavenumber distribution is highly matched.

3. Numerical modeling

3.1 Numerical setup

Commercial finite element (FE) software, Comsol, had been
used for 2D simulation of Lamb wave propagation. The numer-
ical modeling was carried out in a solid mechanic module,
transient study (or time-dependent study). The aluminum plate
(p =2700kg m~3, E=7.17 x 10'° Pa, = 0.33) is 4mm
thick and 560 mm long. Two absorbing layers were arranged
at both ends of the plate to avoid boundary reflections, as

shown in figure 2(a). X-direction displacement was loaded at
the source with a one-cycle Hanning windowed sine signal
centered at 500kHz. The distance between the generating
point and the first received point is 40 mm. 500 points acted
as the received sensors to record the x-direction displacement
signal with a 1 mm space interval between each one.

The element size should be less than one-tenth of a wave-
length, 0.15mm in the model. Based on the CFL condition
and Nyquist criteria, the time step was set as 25 ns. In order
to figure out how Lamb wave modes interact with defects,
a 0.2mm deep and 35mm diameter oval corrosion was set
between the source and the first receive point, as shown in
figure 2(b).

3.2. Numerical results

Figure 3(a) shows some time histories of the response of the
top surface of a normal plate. By applying a 2D Fourier trans-
form to the 500 time histories, the frequency—wavenumber
domain distribution of the Lamb wave in the normal aluminum
plate was obtained, as shown in figure 3(b). The frequency—
wavenumber relationship matched the theoretical dispersion
curves well, as shown in figure 3(c). Figures 4(a) and (b) show
the recorded signals and the frequency—wavenumber domain
distribution of Lamb waves in a corroded plate, respectively.
Comparing figure 4(b) with 3(b), there seems to be no differ-
ence in the frequency—wavenumber relationship but a slight
difference in amplitude, especially near the cutoff frequencies
of all higher-order modes in these two plates. The amplitude
difference shows that the corrosion greatly affects the trans-
mission coefficient of higher-order modes.

In the frequency—wavenumber domain distribution, due to
the sparse nature, every individual mode can be extracted and
the amplitude distribution can be calculated by integrating
the amplitude in a small region near the dispersion curves.
Figures 5(a) and (b) show the amplitude distribution of the
normal plate and corroded plate. It should be noted that there
is no significant difference between the normal plate and the
corroded plate in the response amplitude of the lowest-order
modes, A0 and SO, under the first cutoff frequency. Namely,
the lowest-order modes are insensitive to the corrosion. The
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Figure 6. Amplitude distribution curves of three aluminum plates

with different ellipsoidal corrosions, with the same 35 mm diameter

but different depths. (a) 0.1 mm deep. (b) 0.2mm deep. (c) 0.3 mm

deep.

situation is different for higher-order modes. Almost all the
higher-order modes have a peak value near their cutoff fre-
quencies in the normal plate. While, after introducing the
corrosion, these peak values decreased. With the frequency
increasing away from the cutoff frequency, these higher-order
modes turn insensitive to the corrosion. The main reason may
be, according to the wave structure, that each higher-order
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Figure 7. Amplitude distribution curves of three aluminum plates
with different ellipsoidal corrosions, with the same 0.2 mm depth
but different diameters. (a) 15 mm diameter. (b) 25 mm diameter. (c)
35mm diameter.

mode gets the largest in-plane displacement at its cutoff fre-
quency, and with increasing frequency, the proportion of in-
plane displacement decreases [2]. In a word, the closer the
operating frequency is to the cutoff frequency, the more sensi-
tive a higher-order mode is to defects.

In these amplitude distribution curves, another inter-
esting phenomenon that should be noted is that at the cutoff
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frequencies of all higher-order modes, mode conversion
occurs. For example, A0 and SO modes show an amplitude
increase at A1 mode cutoff frequency, and A0Q, SO and Al
mode increase at S1 mode cutoff frequency. The energy trans-
mitted through the defect and converted to lower order modes
may explain the amplitude loss of higher-order modes.

3.8. Parametric studies

In order to investigate how the hidden corrosion influences the
transmitted signals, a series of numerical models were also
built and the transmission characteristics through corrosions
were studied.

Figure 6 shows the amplitude distribution curves of three
aluminum plates with different ellipsoidal corrosions, with the
same 35mm diameter but different depth (0.1 mm, 0.2mm,
0.3mm). In order to reveal how higher-order mode inter-
acts with the corrosions, the amplitude distribution curves
of the normal plate were also shown in figures 6(a)—(c) for
comparison.

As can be seen, except for near the cutoff frequency of each
higher-order mode, the amplitude distribution curves remain
almost the same in most frequency ranges, regardless of the
depth of corrosions. However, in the frequency range near the
cutoff frequency of each higher-order mode, with an increase
in the depth of corrosions, the difference between the normal
plate and the corroded plate enlarges. Due to the introduction of
corrosions and the occurrence of mode conversion, amplitude
curves of each higher-order mode near the cutoff frequency
are transferred to other lower-order modes, which can be
regarded as a shift of cutoff frequency. With the depth of cor-
rosion increased from 0.1 mm to 0.3 mm, the frequency gaps of
peak value of each higher-order mode between corroded plates
and the normal plate are 8 kHz, 16 kHz and 28 kHz (A1 mode);
14kHz, 36 kHz and 58 kHz (S1 mode); and 14kHz, 46 kHz and
80kHz (A2 mode). As can be seen, the higher the mode is,
the larger the frequency gap is, which refers to better sensi-
tivity. Comparing with the cutoff frequencies of each higher-
order mode (396kHz for A1 mode, 714kHz for S1 mode, and
1186kHz for A2 mode), the relative shift of cutoff frequency
is about 2% for a 0.1 mm-deep corroded plate; about 4% for
a 0.2 mm-deep corroded plate; and about 7% for a 0.3 mm-
deep corroded plate. These percentages are close to the relative
thickness loss (2.5% for a 0.1 mm-deep corrosion; 5% for a
0.2 mm-deep corrosion; 7.5% for a 0.3 mm-deep corrosion).
Therefore, the shift in cutoff frequency may be a promising
index referring to thickness loss in structure.

After the influence of the depth of corrosions in the trans-
mission coefficient characteristics studied, some corrosions
with the same depth but different diameters (15 mm, 25 mm
and 35mm) were also introduced into the numerical studies.
The results are shown in figure 7. With the diameter of the
corrosion increased from 15 mm to 35 mm, the frequency gaps
are 6kHz, 40kHz and 44kHz (A1 mode), 12kHz, 40kHz and
46kHz (S1 mode), and 16kHz, 36 kHz and 46 kHz (S2 mode).
Except for A1 mode, the shift of the cutoff frequency of other
higher-order modes remains almost the same, which means

Figure 8. Experimental setup.
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Figure 9. Measurement arrangement (unit: mm).

that the law of mode conversion in corroded plates was almost
the same regardless of the diameter of corrosions. According
to numerical studies in models with different sized corrosions,
this conclusion is only tenable when the diameter of the cor-
rosion is large enough. In the numerical models, the diameter
should be greater than 10 mm.

4. Experimental investigation

4.1. Experimental setup

The experiment was conducted on an aluminum plate
(I m x 1 m x 3.9mm, seen in figure 8). An Innolas Spitlight
600-10 YAG laser acted as the actuator for Lamb wave gen-
eration due to the thermoelastic effect (wavelength: 1064 nm,
unfocused beam diameter: 6 mm). An Olympus C133-RM
ultrasonic probe (center frequency: 2.25 MHz, element
size: 6mm) acted as the receiver for wideband Lamb wave
recording. An Agilent DSOX-3014A oscilloscope recorded
the signals from the ultrasonic probe with a 20 MHz sam-
pling frequency. The time duration of the recorded signals is
0.5ms. The laser hit point moved through the aluminum plate
by sliding an optical reflector on a guided rail. The received
point scanned by moving the probes manually. A simulated
corrosion was ground by sandpaper on the top surface. The
ellipsoidal corrosion is 35mm in diameter and the largest
depth is 0.2 mm.
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Figure 10. (a) Time domain signals recorded from the normal path L02-P04. (b) Normalized time—frequency spectrum of signal from
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Figure 9 shows the measurement arrangement. A coordi-
nate system was employed in the monitoring area. The corro-
sion is at (100, 100) mm, shown as a red filled circle.

4.2. Data analysis and calculations

Sensing paths L02-PO4 and L02-PO1 were discussed as
examples. Figure 10(a) shows the Lamb wave responses cap-
tured by the probe P04. Figure 10(c) shows the Lamb wave
responses captured by the probe PO1.The short-time Fourier
transform (STFT) was used to map the wideband Lamb wave
signal to the joint time—frequency domain. The window used
is a 25 ps wide Gaussian window. Figures 10(b) and (d) show
the normalized time—frequency spectrum of these two sig-
nals. The arrival dispersion curves calculated by dividing the
propagation distance by the group velocity are shown in fig-
ures 10(b) and (d) (the red solid lines). It can be observed that
the arrival curves matched the main energy of the individual
Lamb wave mode well.

As can be seen, in the experimental signals, each mode has
its own predominant frequency range. For instance, there are
only A0 and SO modes under the cutoff frequency; A1 mode
is prominent in the range between the cutoff frequency of Al
and S1 (406kHz for A1 mode and 734kHz for S1 mode); S1
mode only exists in a narrow frequency range between the
cutoff frequency of S1 and S2 (812kHz for S2 mode); S2
mode is predominant above its own cutoff frequency. In sum-
mary, every mode would only dominate in the range between
its own cutoff frequency and the cutoff frequency of the next
mode.

Since different Lamb wave modes were generated in dif-
ferent frequency ranges, it is unnecessary to worry about the
complicated mode overlap effect of multimodal Lamb waves.
Therefore, single mode could be extracted from a wideband
Lamb wave signal. In the time—frequency spectrum, the energy
distribution of each mode can be calculated by integrating the
energy in a small region near the arrival curves. Figure 11(a)
shows the response amplitude of each mode of the normal
path LO2-P04. Figure 11(b) shows the response amplitude of
each mode of the corroded path LO2-PO1. As can be seen, the
response amplitude of the AO and SO modes seems have no
significant difference in these two paths. While the response
amplitude of A1 mode in the corroded path reduced to about
half of that in the normal path. There is also a large reduction
in amplitude for S1 mode and S2 mode. It can be concluded
that the amplitude loss of higher-order modes can be used for
corrosion detection.

4.3. Multimode-based defect detection

As shown in the results of the numerical modeling and exper-
imental study, higher-order modes are very sensitive to corro-
sions while the lowest-order modes are not. Conventionally,
a single higher-order mode was chosen for detecting corro-
sion. However, practically, detection effectiveness is highly
dependent on the consistency of the sensors. That is to say,
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Figure 12. Narrowband extracted signals. (a) SO mode and A1l
mode. (b) SO mode and S2 mode.

if we use a sensor array for detection, it has to be certain
that the change in signals only result from defects, not from
inconsistencies in the sensors. Otherwise, artificial error will
be introduced. Actually, due to the difference in the manu-
facturing environment and the installed environment (mainly
coupling conditions), the response of sensors is more or less
different. Therefore, a robust method for detecting corrosions
is urgently needed.

Based on the concept that each Lamb wave mode has
unique sensitivity to the flaws, the multimodal Lamb wave
feature can be used for corrosion detection. Rather than using
narrowband excitation directly, we generated wideband Lamb
waves and recorded lowest-order modes and higher-order
modes simultaneously. Then a series of narrow band wave-
forms were extracted from the wideband signals. Afterward,
we used the ratio of the amplitude of a lowest-order mode
waveform and the amplitude of a higher-order mode wave-
form as the index for representing the corrosion, such as S0/
Al or SO0/S2. Due to these two mode components from the
same sensor, the ratio would remain almost the same when the
Lamb wave propagates along a normal path. However, if there
was any defect near the path, the index would be changed.
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Figure 13. Location results of multimode-based defect detection method and higher-order mode defect detection. (a) SO mode at 360kHz
and A1 mode 560kHz. (b) SO mode at 360kHz and S2 mode 920kHz. (c) A1 mode at 560kHz. (d) S2 mode at 920kHz.

Thus, the new index is robust regardless of inconsistency in
sensors. Finally, by applying a tomographic imaging method,
the corrosion can be located.

In the paper, we define the ratio of the amplitude of a lowest-
order mode and a higher-order mode as the relative amplitude
coefficient (RAC), such as RACsya1 and RACsgs> (equation
(3)). For a normal path, RAC remains almost the same, but
after a defect is introduced, RAC would increase. Usually, we
chose SO mode for the lowest-order mode, because the group
velocity of SO mode is larger than A0 mode and the dispersion
effect of SO mode is slight under the first cutoff frequency,
which benefits the SO mode extracted from a wideband signal.
We would not choose S1 mode for corrosion detection, even
though it showed great sensitivity to corrosions. The main
reason is that S1 mode only exists in a very narrow bandwidth

with a highly dispersive effect and it is hard to extract it from
the overlap of A1 mode and S2 mode.

RACso a1 = ﬁfi(f 3)
RACs/s; = 4

where Ag is the amplitude of the extracted SO mode waveform,
Aa is the amplitude of the extracted A1 mode waveform, and
Ag, is the amplitude of the extracted S2 mode waveform.

4.4. Probabilistic reconstruction algorithm

Variations in RAC reflect some changes resulting from struc-
tural flaws. Therefore, the probability of defect existence
can be reconstructed from the severity of RAC change. The
formula used is given as [20]
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Figure 14. Location results of multimode-based defect detection method with the help of the double sensor strategy. (a) SO mode at
360kHz and A1 mode 560kHz. (b) SO mode at 360kHz and S2 mode 920kHz. (c) SO mode at 360kHz and S1 mode 800 kHz.

N N
P(x,y) =Y pxy)=) Viexp[-d;/(20%)] (&)

k=1 k=1
where P(x, y) is the defect probability estimation at position
(x, ¥) in the reconstruction region and is a linear summation of
the probability estimation from all paths. pi(x, y) is the esti-
mation from the kth path. Vj is the variations in the RAC of the
kth path and N is the total number of paths. V can be obtained
by substituting RAC; by the mean of the RAC of all paths.
exp[—d;/(20?)] is a Gaussian function. dj is the distance
between the position (x, y) and the kth path. The Gaussian
function means that the closer the defect is to the path, the
larger the probability of defect occurrence. o is the Gaussian
RMS width which controls the width of the Gaussian bell and

10

further controls the size of the effective distribution area. o is
selected to be 17.5 in this paper, which indicates the radius of
the corrosion is near 17.5 mm.

(V2 = yi)x — (X2 — x1)y + (VX2 — Xe1ye2)
\/(ykz — i)+ (e — )’

dy =

-(5)

4.5. Results and discussion

Considering the laser and the ultrasonic probe, acting as the
transmitter and receiver, respectively, the measurement system
can be considered as a linear system [21]. In a specific fre-
quency range, the laser-generated signal can be regarded as a
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Figure 15. Location results of multimode-based defect detection method of a small corrosion. (a) SO mode at 360kHz and A1 mode

560kHz. (b) SO mode at 360kHz and S2 mode 920kHz.

pulse and then the received signal can be treated as pulse transfer
function. The narrowband extracted signal can be obtained by
convolving a desired narrowband excitation with the received
signal. Figure 12(a) shows the extracted 360kHz centered
10-cycles Hanning windowed SO mode signal and 560kHz cen-
tered 50-cycles Hanning windowed Al mode signal from the
normal path, LOSPO05. Figure 12(b) shows the extracted 360kHz
centered 10-cycles Hanning windowed SO mode signal and
920kHz centered 50-cycles Hanning windowed S2 mode signal.
Then, by reading the peak value of the first waveform of these
two signals, the ratio of amplitude of these two modes, RACsy,
als RACsys2, was gained. Finally, by applying a probabilistic
reconstruction algorithm, the corrosion location images can be
obtained. Figures 13(a) and (b) show the location results. Both
these two images show a great agreement with the real location
of the corrosion. We also tried using only higher-order mode for
corrosion location. The results are shown in figures 12(c) and
(d). As can be seen, the multimode corrosion detection method
shows better accuracy in defect location, especially for A1 mode.

The first principle of operating frequency point selection is
to choose the point as close to the cutoff frequency as possible,
based on the numerical study. However, the group velocity
near the cutoff frequency is very small, even close to zero,
which makes the mode hard to extract. The second principle
is to avoid mode overlap regions, which also benefits mode
extraction. In our experiment, the best operating frequency
range for SO/A1 is [280, 380] kHz for SO mode and [540, 580]
kHz for A1 mode, respectively. In these frequency ranges, the
location method is robust. The best operating frequency range
for S0/S2 is [280, 380] kHz for SO mode and [880, 1050] kHz
for S2 mode, respectively.

1

Lamb wave mode overlap mainly occurred between sym-
metric modes and antisymmetric modes. Therefore, double
sensors mounted at the top and bottom surfaces at the same
position can help separate symmetric modes and antisym-
metric modes by the arithmetical operations of the signals
recorded by these two sensors [22]. Thus, the operating fre-
quency range can be extended and the location accuracy be
enhanced.

Figure 14 shows the location image by using the double
sensor strategy. Figures 14(a) and (b) show the images of
the defect location by using the same parameters as above.
The location accuracy is enhanced. The effective range of
Al mode is extended to [440, 670] kHz and the range of S2
mode extended to [870, 1180] kHz. Besides, S1 mode turns
out to be suitable for defect location in the frequency range
[770, 830] kHz, thanks to the mode separating effect of
this strategy. Figure 14(c) shows the result when we use S1
mode at 790kHz for defect detection. In these three images,
figure 14(c) is cleanest. In a word, the double sensor strategy
optimizes the multimode-based defect detection method.

In order to verify the robustness of the multimodal Lamb
wave corrosion detection method, an ellipsoidal corrosion of
35 mm in diameter and 0.1 mm largest depth was introduced in
a normal 3.9 mm-thick aluminum plate and the double sensor
strategy was also used. Figures 15(a) and (b) show the loca-
tion images by using the SO/A1 mode pair and S0/S2 mode
pair. As can be seen in the results, the hidden corrosion can be
identified, but there are some artifacts in the image. The result
shows that there is a detection limit for the proposed method
and the minimum depth of corrosion which can be detected is
about 0.1 mm.



Meas. Sci. Technol. 31 (2020) 044002

ZLuo et al

5. Conclusions

In this paper, a robust corrosion detection method exploiting
the multimodal Lamb wave feature is developed. Some con-
clusions are obtained as follows.

(i) An equal interval space sample and 2D Fourier transform
can help study the interaction between Lamb wave modes
and structure flaws. Based on the numerical study, thin-
ning defects greatly decrease the transmission energy of
higher-order modes, especially in the range near cutoff
frequencies. Almost all the higher-order modes are
sensitive to the variation in the depths of corrosions but
insensitive to variation in the diameters of corrosions.

(ii) The laser and ultrasound probe can generate wideband
Lamb waves. Narrowband single mode signals can be
extracted by convolving desired excitations with the
wideband Lamb wave.

(ii1) The higher-order modes are sensitive to corrosions but the
two lowest-order modes, AO and SO, are not. Therefore,
the combination of these two kinds of modes can be used
to evaluate defects. The RAC, which is the ratio of the
amplitude of the lowest-order modes and the higher-order
modes, is a robust index for representing thinning defects.

(iv) Combined with a probabilistic reconstruction algorithm,
the artificial corrosion can be located accurately. Either
the SO/A1 or S0/S2 mode can help work out structure
flaws. With the help of the double sensor strategy, the
operating frequency range is extended and the location
accuracy enhanced.
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