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Abstract

The study presents experimental and numerical identification of corrosion degradation of thin-
walled structural components employing guided wave propagation. The steel structural
components are subjected to through-thickness varying corrosion degradation levels. The
developed approach using the non-destructive guided wave-propagation quantifies the
equivalent average corrosion degradation level exploring a limited number of transducers. A
group velocity dispersion curve reconstruction has been used to determine the corrosion-
induced plate thickness reduction. Two case studies are used to examine experimentally the
newly developed approach. In the first one, the dispersion curve and the assessment of the
corrosion thickness reduction have been made using wave signals of various excitation
frequencies. In the second one, the analysis has been conducted only for two wave propagation
signals and one excitation frequency which allowed for reconstructing the dispersion curve in
a limited frequency range. In both case studies, a good agreement between the natural and
estimated corrosion degradation levels was observed. The present study develops a signal
processing methodology, which can be used in the SHM systems, where several aspects still
need to be further investigated before it can be applied in large size and complex geometry of
ship hull structures.
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1 Introduction

Ships and offshore structures are operating in a highly corrosive environment. The

excessive corrosion degradation may lead to catastrophic consequences, e.g., exceedance of the
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ultimate strength of ship structural components (Woloszyk et al., 2018) and entire ship hull
(Parunov et al., 2007). According to Zayed et al. (Zayed et al., 2018), even up to 90% of ship
hull damages are primarily or indirectly caused by corrosion. An example of tanker ship loss,
mainly driven by excessive corrosion degradation, breaking the ship's hull in two parts, is the
tanker Prestige in 2002 (Flashback history: Tanker Prestige sinking (Video), 2015).

There are regular surveys of the entire ship to avoid severe degradation, where the
thickness of structural components is measured using an ultrasonic thickness gauge. This
method has various advantages, i.e., the equipment is portable, and the usage is user-friendly.
However, it provides information about thickness in one point of any particular measurement.
Thus, numerous thickness measurements must be done to correctly map the distribution of
thickness corrosion diminutions within larger structures like ship hulls.

Cegla and Gajdacsi (Cegla and Gajdacsi, 2016) found that irregularities in corroded
surfaces disturb the ultrasonic measurements and usually overestimate the corroded plate
thickness value. Similar observations have been found in (Woloszyk et al., 2021). Zayed et al.
(Zayed et al., 2008) analysed the factors that may disturb the ultrasonic measurements, e.g.
lighting, cleanliness and accessibility to the inspected area. Additionally, there is always a
probability that some deteriorated structural components are omitted during the inspections.
Such a possibility may be seen in a more difficult area for inspection as double bottom or closed
spaces.

To reflect some problems faced with using the non-destructive measuring techniques,
some new approaches were developed, especially based on guided waves, which were proved
to be very useful in diagnostics of both localized damages (Cao et al., 2021; Wandowski et al.,
2011; Zima, 2021), as well as surface damages (Ding et al., 2021; Hu et al., 2022; Zima and
Rucka, 2017). The guided wave propagation seems to define the corrosion degradation level
around the structural components effectively. The most advantageous feature of the guided
wave propagation approach is mapping a larger area of the thickness of structural components.
Moreover, high-frequency wave-based methods are generally insensitive to applied loads and
low-stress levels (the differences in wave velocities are negligible), which significantly
facilities the analysis and results interpretation (Li et al., 2021).

Ervin and Reis (Ervin and Reis, 2008) tested the guided waves’ low and high-frequency
ranges to monitor the reinforced bar's corrosion degradation in mortar specimens. Ervin et al.
(Ervin et al., 2009) used longitudinal ultrasonic waves of high frequencies to monitor the

reinforced mortar specimens undergoing accelerated uniform and localised corrosion.
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Two ultrasonic techniques of pulse transmission and pulse-echo were used to monitor the
healthy and damaged bar by Sharma and Mukherje (Sharma and Mukherjee, 2010). Fractal
analysis of guided ultrasonic waves for evaluating the corrosion degradation level in post-
tensioned systems was proposed by Moustafa et al. (Moustafa et al., 2014). Farhidzadeh and
Salamone (Farhidzadeh and Salamone, 2015) used dispersion curves, continuous wavelet
transform, and wave velocity measurement to quantify the corrosion damage of multiwire
prestressing steel strands.

In all reported cases, the corrosion degradation was accelerated by applying the direct
current. The level of corrosion degradation (mass loss) was linearly dependent on corrosion
current and time elapsed. The corrosion degradation assessment was based on the analysis of
the dispersion curves. Because the shape of dispersion curves mainly depends on the geometric
parameters, monitoring the trace changes efficiently assessed the corrosion degradation level.

Recently the methods of dispersion curve reconstruction have been extensively studied.
However, the dispersion curve reconstruction demands multiple measurements along the
relatively short propagation path, which would be inefficient in a large-scale structure like
offshore platforms or ships (Draudviliene et al., 2021). Finally, there are almost no studies
regarding guided wave propagation to identify the corrosion degradation of thin-walled
structures subjected to environmental corrosion. Most of the studies were related to localised
pitting corrosion (Ciampa et al., 2015; Ding et al., 2021; Howard and Cegla, 2017; Hua et al.,
2020; Tian et al., 2021). The corrosion degradation observed in ship structures is mainly general
(Panayotova and Garbatov, 2010), although pitting one is quite common too. General corrosion
is observed, e.g., in cargo holds as well as in ballast tanks.

Recently, the study aimed at a corrosion assessment using the guided ultrasonic waves
(Zima et al., 2022), contained a detailed description of a methodology based on the phase
velocity and convex optimization. The study performed here is the next step aimed at procedure
simplification and reducing the extent of the sensors network, as well as the collected data in
the future SHM systems. Previously employed phase velocity was determined using spectral
decomposition and the zero-cross method. Because of the dispersive nature of guided waves
and spreading the wave packet, the unambiguous identification of corresponding roots may be
associated with impediments to interpretation. Moreover, it was proved that usually the phase
velocity is overestimated which leads to underestimation of corrosion degradation level [20].
Therefore, in the following study, the approach based on dispersion curve reconstruction has
been modified and we have used the Hilbert transform and group velocity curve to assess the

degradation level of thin-walled ship structures. Such modifications allow for simplification of
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the signal processing procedure. The newly developed approach's main advantage is that only
two adjacent wave propagation signals are needed in the identification process. The limited
number of essential signals processed within the algorithm is extremely important from the
point of view of the further development of the diagnostics systems and data communication.
The smaller number of signals requires fewer measurements which in turn means a smaller size
of memory and the whole size of the potential devices. Additionally, the smaller size of the
device and a limited number of excitations and registrations entail longer battery life and lower
costs of equipment maintenance. Although the presented algorithm is only the first step in the
development of the diagnostics methods for ship structural monitoring and its requirement
improvements which are faithfully discussed in the paper, the small amount of necessary data
is one of its most significant advantages.

The corrosion degradation level of a significant area may be assessed, which makes the
newly developed approach far more effective than the standard one of the ultrasonic thickness
measurement or wave tomography. The analysed corroded thin-walled structural components
were initially corroded employing an originally designed corrosion deterioration set-up. The
corrosion degradation process was in line with in-situ environmental degradation. The designed
corrosion deterioration set-up has a significant advantage over the efficient DC-induced
corrosion degradation and leads to more realistic surface characteristics (Xiao et al., 2020; Yuan
et al., 2007), but is still very different from the real one.

Based on the obtained reconstructed dispersion curves the corrosion degradation level has
been assessed. To analyse the effectiveness and accuracy of state assessment of the specimen,
the analysis stage has been divided into two stages. Within the first stage, five different
frequencies were used in the study and the curves have been reconstructed in the wide frequency
range. At the second stage, the curve was traced only for a narrow frequency range
reconstructed after one excitation. In both cases, the progress of corrosion degradation affected
the shape of the curves. The results collected within both stages were compared with the actual
one determined by mass calculation. The agreement between the results suggests the potential
of the novel method in corrosion degradation monitoring. The article discusses both advantages

and disadvantages of the proposed method.
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2 Guided waves propagation in thin-walled structures

2.1 Theoretical background

The guided waves in plates are generated due to the interaction of compressive and shear
waves propagating in elastic, homogeneous, isotropic medium bounded with two equidistant
surfaces. Horace Lamb foresaw their existence (Lamb, 1917) and derived dispersion equations
relating to the propagation velocity and the number of possible wave modes with an excitation
frequency. In general, the Lamb waves can exist as symmetric and antisymmetric. They are
high dispersive, and their propagation velocity depends on the frequency and plate thickness
product. Two equations describe the dispersive characteristics of both types:

tan(qd ) __(k2 —q2)2
tan(pd)  4k’pg (1a)
tan(qd) 4k*pq

=- 1b
tan(pd) (kz_qz)Z (1b)

where d is the plate thickness and the parameters p and g depend on wavenumber k, angular
frequency @, longitudinal wave velocity (C, ) or shear wave velocity (C;) in the infinite

medium. The velocities of guided and bulk waves depend also on the material parameters of
the considered medium. Eqn la is associated with symmetric particle motion about the
midplane, while Eqn 1b describes the antisymmetric particle motion caused by wave
propagation. The number of possible solutions fulfilling the Egn (1) is infinite, and in general,
the roots may be complex. However, the real roots are associated with propagating waves, while
imaginary roots corresponding to evanescent waves will not be considered in further analysis.
The solution of the dispersion equation is presented in the form of dispersion curves. At least
one symmetric mode (S) resembling axial waves and one antisymmetric mode (A) resembling
flexural wave exists for each frequency. The number of possible curves associated with any
particular wave mode increases with the increase of the considered frequency range. The

exemplary dispersion curves traced for a steel plate are presented in Figure 1.
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Figure 1 Dispersion curves for a steel plate with a thickness of 5 mm, elastic modulus E = 198 GPa, v=0.3 and
density 7,850 kg/m?

It has to be pointed out that the Lamb theory is valid only for plates with constant
thickness, and their material fulfils the conditions of elasticity, homogeneity, and isotropy.
Meanwhile, the corroded specimens are usually covered with corrosion products varying in
mechanical properties from the undamaged core. In general, the additional layers require
different wave theories, but in the following study, the corrosion products were removed before
the investigation to assess the damage degradation level. This research will verify the

correctness of the assumption about the constant thickness.

2.2 Signal processing procedure

As mentioned, the shape of dispersion curves depends on the material and geometric
parameters of the considered plate. The proposed approach for a corrosion level assessment
assumes that corrosion degradation influences the thickness of the plate. At the same time, the
elastic modulus, density, and Poisson's ratio are considered to remain unaffected. In
consequence, the shape of the dispersion curve depends on the corrosion deterioration level. In
general, the assumption about the constant material parameters is not valid for cases of corroded
structures and will be verified in this study. However, the plate thickness is the most influential
factor, and its variation affects the wave velocity the most. Figure 2 presents the dispersion
curve associated with the first antisymmetric Lamb mode in the frequency range (0-500 kHz)
for steel plates with varying thicknesses. For some frequencies, the degree in the group

propagation velocities is significant (i.e., 100 kHz). In contrast, for some frequencies, the curves
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coincide with each other, which indicates that the corrosion degradation (plate thickness
reduction) does not impact the wave propagation (i.e., 400-500 kHz).
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Figure 2 Dispersion curve associated with the first antisymmetric Lamb mode for plates with a varying thickness

Moreover, the corrosion degradation impact depends on the initial parameters of the
uncorroded plate. One-millimetre thickness reduction in a plate with an initial thickness of 5
mm results in an insignificant change in the dispersion curve shape. In contrast, in the case of
thinner plates, the difference is noticeable. There is no explicitly given relationship between the
frequency, propagation velocity, and thickness reduction. However, for every thickness,
frequencies of corrosion damage can be identified. The newly developed approach here aims to
reconstruct the dispersion curve representing group velocity, enabling a better estimation of the
average plate thickness during corrosion degradation.

The corrosion degradation level identification is based on measuring at least two signals
by the transducers attached at two distinct positions. The distance between the actuator and
sensors should be established by taking into account the dispersive nature of guided waves,
signal attenuation, the energy of the input wave, and the size of the area, which is monitored.
The shorter distance results in a greater signal-to-noise ratio (SNR), which facilities the
interpretation of the results. The longer distance allows for assessing a greater area of the tested
structure.

The algorithm presented here aimed at the reconstruction of dispersion curves using
adjacent signals has been also analysed and utilized by other researchers (Draudviliene et al.,
2021; Zimaet al., 2022). The main development is its modification for group velocity extraction
and employment in the corrosion degradation assessment. For clarity, a brief description of the

following steps is presented here.


http://mostwiedzy.pl

A\ MOST

198
199
200

201

202
203

204

205
206
207
208
209
210
211
212

213

214
215
216
217

218

219
220
221

222

223
224
225
226

In the first step of the developed approach, the guided Lamb waves are excited by an
actuator triggering a narrowband burst. In this study, the five-cycle sinusoid modulated by the

Hann window is used (Lyons, 2011):

[ pesin(2zft)-w(t) te[0,T,]
MO—{ 0 (sT )

w
where f is the excitation frequency, P, denotes the excitation amplitude, and T,, is the modulating

window length. The modulation window is described by a function:

w(t) = 0.5(1—003[2:—ﬂj} te[0,T,], (3)

W

Next, the incident waves captured by sensors are identified and extracted from the
adjacent signals (Figure 3, stage I1). The reflections from the edges or other obstacles registered
further in the signal are not considered, significantly simplifying the analysis, which is one of
the most important advantages of this approach, especially in the context of the further research
dedicated to diagnostics of large and complex structures. The trigonometric representations of
the incident waves are calculated using the Fourier integral and the frequency response
amplitude (Figure 3, stage I11). The spectrum is normalised as the maximum value equals 1.0

in each case (Figure 3, stage 1V). Based on the frequency ranges of the obtained spectra, the

frequency limits f_ and f, are established. In general, the spectrum vanishes above the upper-

frequency limit f, and below the lower frequency limit f, (Figure 3, stage V). Regardless of

the spectra’ differences for signals registered during the same measurement, the frequency limits
are the same. Next, the frequency spectra S(f) are filtered by using n bandpass filters defined
as a Gaussian magnitude function:
. o anos{hetonar

(F)=S(f)B(f)=S(f)e : (4)
and k=1, 2,...n. According to recommendations formulated by He (Ping He, 1998), the number
of filters n depends on the bandwidth parameter AB , which defines the frequency range limited
by the single filter:

n>1+j%§;£, )

Here, the bandwidth parameter AB was determined based on the normalised Fourier
frequency spectrum. Its value was established based on the spectrum width for the normalised
amplitude corresponding to the -3dB value. In the next stage, the signal is synthesised from the

basic trigonometric functions by using the inverse Fourier transform (Figure 3, stage VI).
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Finally, the time of flight was determined by the envelope method. The envelope of the signal
was calculated using the Hilbert transform (Figure 3, stage VII and VIII). The time of flight
was computed using the cross-correlation method and was defined as the peak-to-peak value.
The group velocity of Lamb waves was calculated as the distance X divided by the time of the
flight. The shape of the dispersion curve was reconstructed by plotting the set of frequencies
and corresponding group velocities (Figure 3, stage 1X). Employing the group velocity instead
of the phase velocity as a quality indicator significantly facilities the robustness of the

developed procedure.
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237 The frequency range within the shape of the dispersion curve can be reconstructed based

238  on the excitation frequency, the width of the signal spectrum, and spectra frequency limits f,

239 and f,. In general, the segments of dispersion curves obtained for various frequencies may
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240  overlap (Figure 4a). In such a case, the procedure has been extended by an additional step, and

241  the group velocity was averaged within the common frequency region (Figure 4b).
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243 Figure 4 Processing of experimental data: a) spectra overlapping and b) averaging of group velocity determined
244 in a common frequency range of both spectra

245 2.3 ldentification of corrosion degradation level

246 To estimate the thickness reduction based on the reconstructed dispersion curve, first, the
247  dependence for the first antisymmetric Lamb mode A, was calculated for the pre-established

248  plate thickness d. Then, the dispersion curve determined numerically based on the analytical

249  equation was considered as the sets of n pairs of numbers:
250  Cj.(d)={(af,c}.(af)),(24f ¢}, (241)), ... (naf, ¢, (nAcy,) )} = {(AF, cgt ). (24 ¢§;?)....(naf  cg" )}
251 The second set of data was obtained from the experimental analysis:

252 Cp ={(Af,cf (af)),(24F ¢, (2A1)),....(nAf  cj (nacy) )} ={(Af ,c5t). (2aF ,¢5?). ... (naf, cg")}

' Mg ' Mgr ' Mor

253 Next, the value of the following function has been calculated:

1 n 2 1 n i i 2
254 Y(d) =2 (y(d) =2 (e (@) -5 (10)
255 The calculations were performed for a varying plate thickness. The function Y (d) reached

256  the minimum value for the best matching of numerical and experimental dispersion curves
257  (Figure 5).
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Figure 5 Matching of experimental and analytical results

In general, one can say that a similar effect in the form of a dispersion curve can be easily
obtained using different excitation types i.e., broadband pulse excitation providing triggering
multiple frequencies at the same time. This approach has been widely tested in corrosion
assessment applications and its effectiveness in dispersion curve reconstruction based on Short
Time Fourier Transform has been demonstrated. However, the broadband pulse excitation has
several disadvantages which caused to decide to employ narrowband excitation. First of all,
simultaneous excitation of several frequencies is associated with multiple wave mode excitation
and further conversions. In the case of the specimens with more complex geometry and several
modes varying in carrier frequency and velocity, it would be difficult to extract the part of the
signal which should be processed. The second important reason is the possible application in
real monitoring systems. Narrowband excitation associated usually with one single wave mode
is much more effective in the detection of localized damage like corrosion pits or cracks. It is
particularly important as long these two types of corrosion damage can occur simultaneously.
Despite the fact this paper considers only general corrosion, the application of narrowband
excitation potentially allows for both general corrosion degradation assessment (Zima et al.,

2022), as well as the detection and localization of other damage types (Zima, 2021).

3 Experimental study

The experimental analysis of a stiffened steel plate was conducted, which is considered a
primary structural component of the ship hull girder (Figure 6). The analysed stiffened plate
was of 5 mm thickness, and its geometry is presented in Figure 6. The mechanical properties

were determined via tensile tests of coupon specimens according to ISO standard (1SO, 2009).
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The mean value from seven samples was estimated for the elastic modulus of 198 GPa and
yield stress of 272.3 MPa.

1260

"ik _— Y
. I

[mm]
z \

Figure 6. Stiffened plate geometry.

3.1 Corrosion degradation

The corrosion testing set-up was presented in (Woloszyk et al., 2021), together with the
analysis of the generated corrosion degradation. The accelerated marine immersed corrosion
degradation was generated by controlling the most important natural factors without applying
DC. The specimens were placed in a 900-litre tank made from glass-reinforced plastic. The
controlled environmental factors were the salinity (35 ppm), water circulation (induced by the
circulation pumps), temperature (approx. 35 C, increased by heaters), and dissolved oxygen
content (augmented by the aeration pump over the limit of fully saturated conditions). The
periodical measurements of the stiffened plate specimen's mass were carried out using the scale
with an accuracy of 2 g. Based on that, the propagation of each specimen’'s mean value corrosion
diminution with the time was determined. The mean corrosion rate obtained for 5 mm
specimens was equal to 0.774 mm/year, and the total duration of the corrosion tests was 428
days. In comparison to long-lasting experiments in natural seawater conditions, accelerated
testing was a very efficient method. In real ship structures, the mean corrosion rate of the
structures does not exceed the level of 0.1 mm/year (Melchers, 2008).

Three specimens of an initially 5 mm thickness were corroded, and three different
degradation levels (calculated as the percentage loss of the initial mass of the specimen) were
generated namely: 7%, 14% and 21%, by pulling the samples out of the water at different times.

Although plate surfaces of different initial thicknesses were also corroded, the 5 mm plates

13
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were chosen for validation of the new methodology. The thickness variability increased with
the corrosion degradation level growth. Figure 7a shows the most severely corroded specimen,

while Figure 7b presents the surfaces of any particular specimens.
a)

specimen #1 specimen #2

specimen#3 | specimen #4

Figure 7 Corroded specimens: a) specimen with 21 % degradation level and b) surfaces of corroded specimens

It must be mentioned here that between environmental accelerated corrosion and the actual
corrosion process some differences may occur, especially concerning the internal
microstructure of the corroded element. However, the current study is mainly focused on the
guided wave-based diagnostics method and recent studies (Zima, 2022) proved that the wave
propagation velocity, as well as the time course of the signals, are dependent only on specimen
thickness distribution. It means that two specimens varying in geometry but with the same
thickness distribution will result in the same velocity and shape of the incident wave. Thus, the
speed of the corrosion process has no direct influence on wave propagation signals but the
resulting thickness variability and differences in specimen geometry may affect signal
characteristics.

3.2 Guided wave propagation

The excitation and measurements of elastic waves were carried out by an experimental
set-up comprised of an oscilloscope, function generator and piezoelectric transducers Noliac

NAC2024. To improve the signal-to-noise ratio, the receiver was connected to the high voltage

14
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amplifier ThorLab. The Lamb wave excitation was realised as a wave packet consisting of a
five-cycle sine modulated by a Hann window. The carrier frequency was from 50 to 250 kHz
with a step of 50 kHz (Figure 8a). The proposed algorithm has been tested for a low-frequency
range to avoid the excitation of the higher-order modes. The sampling frequency was 500 MHz,
and the input voltage was 20 V. To minimise the influence of electrical noises in the amplifier,
each signal was averaged 1024 times. The perpendicular excitation is associated with triggering
the propagation of flexural waves. Despite that, the presented reasoning is also valid for
symmetric modes, from practical reasons it is much easier to attach the transducer at the plate
surface rather than at the free edge. Therefore, further analysis concerns the antisymmetric
Lamb modes defined by Eqg. (1b).

The first signal was captured at 10 mm from the excitation source, while the second was

310 mm. The distance x between sensors was 300 mm (Figure 8c).
b)

corroded
specimen

0.8
0.6
0.4
0.2}

%

sensor

0.2k LN
04t

-0.6
-0.8

relative amplitude

0 05 1 15 2 25 3 35 4 45 5
time [s][x10°®]

actuator A sensor S, sensor S,
i @ tested plate ﬁ
z -W\:— propagation path

y
o 1cm 30cm
excitation | }

Figure 8 Experimental tests: a) excitation functions and b) sensor attached at the corroded plate surface, c)
configuration of the transducers

The waves were propagated along the longer edge of the specimen (the propagation path
was parallel to the stiffener). Such placement of the transducers allowed for avoiding the
interference of reflections from edges and from stiffener with an incident wave which is further
processed. Indeed, the influence of the additional structural elements should be included in
further research. However, because the main aim of the present study is to develop and test the
novel procedure of the corrosion degradation level assessment, we have used the favourable

configuration of the transducers.
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The reconstructed dispersion curve allows for assessing the corrosion degradation level
along the propagation path. The longer the distance, the greater the monitored area, and the
corrosion’'s thickness variability will be estimated as an equivalent average plate thickness.

The newly developed approach was tested in dispersion curve reconstruction on shorter
distances not exceeding a few centimetres. The short distance minimises the dispersion effects
and allows for a better characterisation of the corroded plate thickness variability as an
equivalent average plate thickness. However, in large-scale offshore or ship structures,
attaching sensors very close to each other would be inefficient. The distance of 30 cm was
chosen to compromise the size of the monitored area of the stiffened plate and the resolution of
the corrosion degradation plate surface roughness. Testing of more extended objects is possible
with adequate amplifying of the excitation. It is also possible to use a different approach like
multiple inputs-multiple outputs and a comprehensive sensor network to increase the monitored

area.

4 Analysis and results

Wave propagation signals were processed to estimate the group propagation velocity for
various frequencies and determine the average corroded plate thickness along the propagation
path. The analysis was implemented in a MATLAB environment, and the adopted filtering

parameters are summarised in Table 1.

Table 1 Parameters of the Gaussian filters

- frequency limits [kHz] filter bandwidth  filters number
excitation frequency [kHz]

fL fH AB [kHz] K]
50 35 65 20 11
100 70 130 40 11
150 100 200 50 11
200 130 260 60 11
250 160 330 60 11
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Figure 9 Signal processing: a) registered time-domain signal, b) Fourier transform of the extracted incident
wave, c) filters and d) reconstructed signal after filtering

An exemplary signal captured by sensor S2 registering for the corroded plate (corrosion
degradation level 7%) and the excitation frequency of 150 kHz, as well as the intermediate
results in the form of a Fourier spectrum, filters, and three signals obtained for k equals to 1, 6
and 11 are presented in Figure 9.

The analysis has been divided into two stages. The dispersion curve has been
reconstructed within the first stage based on the ten signals registered for five different
frequencies. Thus, in total, ten signals were processed. In the second stage, the dispersion curve

has been determined based on only two adjacent signals registered for one frequency.

4.1 Dispersion curve reconstruction based on several excitation frequencies

Figure 10 presents the results of reconstructing the dispersion curves for any particular
specimens. Experimental outcomes are denoted by red dots, while the solid black line depicts

the Lamb dispersion curve characterised by the minimal value of Y (d) (Eqn 10). Despite the

experimental group velocity coinciding well with the dispersion curve, the difference in
matching the analytical solution is visible, confirming the correctness of the proposed algorithm
of dispersion curve reconstruction. The most significant deviation of experimental results from
the theoretical curve was obtained for the specimen characterised by the highest corrosion
degradation level (Figure 10d), which the more intense wave integration may cause with
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irregularities of the corroded surface, as well as with the most significant deviation of the plate
thickness from the average value.
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Figure 10 Reconstruction of dispersion curves for a) specimen #1, b) specimen #2, c) specimen #3 and d)
specimen #4

The estimated parameters of the analysed corroded plates are summarised in Table 2. The
estimated corrosion level C, has been calculated based on the determined plate thickness from

the fitted dispersion curve:

C, :%-100% : (12)
where d is the thickness of the uncorroded plate determined non-destructively, and d: is the
thickness of the corroded plate, where d was estimated as 5.18 mm. Comparing the results for
corroded and uncorroded plates, it can be seen that the guided wave propagation approach limits
the inaccuracies of determination of propagation velocity caused by the chosen method of the
time-of-flight calculation and the influence of deviation of material parameters. On the other
hand, the reference signals registered for the original structure are required for such comparison.
Still, it can be noticed that the reference measurement does not have to be made on the same

structure.
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The estimated corrosion degradation levels differ slightly from the actual one, but a good
agreement between the results is observed. The absolute error, which is defined as the difference
between the accurate and estimated equivalent average thickness:

e, =|d, —d,| (13)
did not exceed 0.5 mm, which indicates that the plate thickness may be estimated with high
accuracy even without reference measurements. The maximum value of the relative error
referencing to actual thickness:

e = 3— 100%, (14)

a
is equal to 10.42% and was obtained for specimen #3 but is can be explained by the fact that
the general corrosion is not associated with perfect uniform thickness reduction. The higher

corrosion level C; does not exclude that in some regions the thickness reduction is smaller and

opposite.

Table 2 Average corrosion degradation level of stiffened plates

estimated

. average thickness determined . absolute .
specimen actual corrosion thickness d by Lamb waves d corrosion error e relative
P level Cq [%] 2 y ! level C, 2 error e, [%]
[mm] [mm] [%] [mm]
#1 0 5 5.180 0 0.180 2.40
#2 7 4.638 4.890 4.500 0.252 5.43
#3 14 4.320 4.770 6.835 0.450 10.42
#4 21 3.948 4.000 21.875 0.052 1.32

4.2  Dispersion curve reconstruction based on one excitation frequency

An attempt of corrosion degradation assessment based on one excitation frequency and
only one pair of signals captured at points S1 and S2 were made. The segment of the dispersion
curve has been reconstructed based on the measurement made for an excitation frequency of
150 kHz. Based on the theoretical solution traced for uncorroded plate (Figure 2), one can
conclude that relatively low frequencies (<100 kHz) are highly dispersive, which means that
low-frequency change results in a significant alteration in the propagation velocity.
Consequently, the shape of the propagating wave packet varies significantly along the
propagation path. The potential inaccuracies in measuring the distance between sensors or
calculating the flight time result in a substantial over-or underestimation of the propagation
velocity. Despite that this frequency range seems to be sensitive to plate thickness changes, the

reconstruction of the dispersion curve may be laden with a substantial error.
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In turn, for the high frequencies (>200 kHz), the dispersion curve becomes flat, the
velocity for various frequencies is similar, and the shape of the propagating wave packet
remains unchanged. Moreover, the higher the frequency, the shorter the wave becomes and thus
is much more sensitive to the surface irregularities caused by corrosion degradation. In the
signal, additional reflections are registered, which hinders the unambiguous indication and
further extraction of incident waves for the analysis. The wave energy is dissipated faster, and
the SNR decreases. Moreover, one can see that the higher frequencies become insensitive to
the thickness reduction. The plate thickness reduction is associated with an insignificant
propagation velocity change. Considering all aspects mentioned above, a "medium™ frequency
of 150 kHz is used, which is a compromise between dispersion effects, SNR, and sensitivity to
corrosion damage.

Figure 11 depicts the experimental group velocities and reconstructed dispersion curves,
while the corrosion degradation level assessment is summarised in Table 3. The corrosion
degradation level assessment accuracy is lower when the curve is traced based on only one
measurement. However, still, a good agreement between actual and estimated corrosion
degradation levels was noted. In all cases, the corrosion degradation level has been
overestimated. However, the absolute error did not exceed 0.8 mm.

The most significant deviations of experimental outcomes from the theoretical solution
are observed at the ends of the considered frequency range for the highest and the lowest
frequency components of the fundamental antisymmetric mode (100 and 200 kHz). The main
reason may be the presence of the side lobes, which were not eliminated from the frequency
spectrum despite windowing the input signal and subsequent filtering the Fourier spectrum
(Lyons, 2011). The same effect was also observed in the previous investigation stage for other
frequencies. Still, the averaging of overlapping curve segments at the ends of the frequency

range (Figure 4b) reduced the deviations from the theoretical curve.
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Figure 11 Reconstruction of dispersion curves for a) specimen #1, b) specimen #2, ¢) specimen #3 and d)

specimen #4

Table 3 Corrosion degradation level of stiffened plates

220

estimated

. average thickness determined . absolute .
specimen actual corrosion thickness d by Lamb waves d corrosion error e relative
P level Cq [%] 2 y ! level C, 2 error e [%]
[mm] [mm] [%] [mm]
#1 0 5 5.770 0 0.770 15.40
#2 7 4.638 5.170 10.399 0.532 11.47
#3 14 4.320 4.870 15.598 0.550 12.73
#4 21 3.948 3.290 42,981 0.658 16.67

4.3 Calibration and error mitigation

There are several different sources of inaccuracies where one of the most compelling

reasons in the applied approach is the time of the flight. In this study, the time of flight was

defined as a difference in the registration time of the peaks of the signal envelopes determined

by using the cross-correlation method. However, there are many developed approaches for

flight estimation, and the results differ slightly depending on which method was chosen (Xu et

al., 2009). Because the thickness was overestimated in most cases, one can conclude a
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systematic error made during the velocity determination. In the considered frequency range, the
increase of velocity is related to an increase in the thickness. Thus, possibly the applied method
of the time of flight determination based on cross-correlation of the Hilbert transform of
adjacent signals resulted in underestimating the registration time.

To investigate whether the systematic error of velocity determination influenced the
results, the following analysis has been conducted: based on the analytical and experimental
dispersion curves obtained for an undamaged plate with a known thickness of d = 5 mm., the
error has been determined. The velocity overestimation was A =19 m/s. The velocities obtained
for other stiffened plates have been reduced by A, which means that the obtained curves were
just shifted down without changing their shapes, and then the procedure of the corrosion level
identification has been applied (Section 2.3). Table 4 contains the results obtained after
calibrating the velocity based on an uncorroded plate. It is visible that calibrating the velocity
increases the quality of the estimated corrosion degradation level. It is noted, that in most cases,
the presented method overestimates the thickness. However, for Specimen #4, the thickness is
underestimated. At that stage of development, this does not allow to make some general
conclusions regarding that issue and future studies are needed. The error influence may be
limited by conducting the measurements for various frequencies and various distances between

the transducers.

Table 4 Corrosion degradation level of stiffened plates after velocity calibration

_ actual corrosion level corrosion level estimated based on Lamb waves [%]
specimen % : : o : . o
(%] without velocity calibration with velocity calibration
#1 0 0 0
#2 7 10.399 5.200
#3 14 15.598 9.500
#4 21 42.981 20.00

4.4 Discussion

The results presented in the previous section confirm the proposed algorithm's
effectiveness in tracing the dispersion curve and identifying the averaged structural degradation
level. The main advantage over so far presented ultrasonic methods dedicated to thickness
estimation of corroded ship's structural components is the necessity to collect a limited number
of signals. The transducers network does not demand a large number of PZT. The actuator
triggered the signals was captured by two sensors and one actuator placed on a line. The first

sensor should be attached at a short distance from an actuator, which provides a high-amplitude
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incident wave. The spatial distance between the sensors can be adjusted to the structure size,
used equipment, and the desired accuracy of identifying the average corroded plate thickness.

A significant advantage is that the presented wave-based method does not require
collecting the reference data for an uncorroded structure. The measurements of uncorroded
plates improve the quality of the results obtained and allow for better corrosion degradation
assessment by reducing the influence of systematic errors, but they are not indispensable.

The robustness of the novel procedure was examined in two stages. In the first stage, the
group velocity dispersion curve has been reconstructed using signals registered for various
excitation frequencies. The main advantage of the approach based on the measurement of
several frequencies is that the shape of the dispersion curve can be faithfully reconstructed. On
the other hand, the number of required signals and, in consequence, the time of analysis is
longer. In the second stage, the signals were registered for only one excitation type. The main
advantage of reconstructing only one chosen segment of the dispersion curve is the necessity to
use only one excitation frequency for all tested specimens. The assessment of the corrosion
degradation demands only two signals be captured at the known distance. However, it also
demands the appropriate choice of excitation frequency, which is not a trivial issue and requires
considering the shape of the dispersion curve determined based on an analytical equation.

Despite promising results, the indispensable prerequisite of the further enhancement of
the proposed approach demanded before its practical application is the consideration of its
limitations. First, the corrosion degradation identification algorithm does not take into account
the plate thickness variability. The corrosion degradation level was indirectly averaged by
assuming that the thickness is constant along the propagation path. However, the plate thickness
variability can be mapped much better by extending the sensors network or taking additional
measurements at other points.

The irregularities of the corroded surfaces influenced the quality of the results. The
disturbance interactions with abnormalities resulting in wave diffractions and conversions lead
to incident wave indication and extraction difficulties for further analysis. Though only one
antisymmetric wave mode could propagate within the considered frequency range, wave
integration with irregular surfaces might also induce low-energy symmetric wave mode.
Propagating of multiple wave packets and their interference affects the shape of the incident
wave and, in consequence, the characteristics of the frequency spectrum, which led to
inaccuracies in time of flight estimation.

The discrepancies between theoretical and experimental results can also originate from

the assumption about the constant value of elastic modulus and material density; however, the
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material parameters are also predefined in standard ultrasonic thickness measurement to
calculate the velocity of the pressure wave. Thus, further development of the corrosion
degradation level identification algorithm may include the impact on material parameters or
fluctuations on the dispersion curve shape. The dependence between wave velocity and any
parameter in the dispersion Lamb equation is strongly nonlinear, which means that, e.g., the
overestimation of elastic modulus may lead to overestimating wave velocity for one excitation
frequency and underestimating for other frequencies. It should be noted that the influence of
corrosion degradation on material properties was not considered here. The density, Poisson's
ratio, and elastic modulus were assumed the same for all analysed stiffened plates.

The next element necessary to consider in further studies is the influence of the additional
structural elements affecting wave propagation. The problem of the additional reflections can
be solved in two different ways. In general, guided wave-based algorithms are usually used for
processing the data collected by specially designed SHM systems. In such cases, signals are
measured for various states of the investigated specimen and the reference measurements are
available for the investigators. Particular reflections can be identified and interpreted and next
excluded on the further stages of monitoring and signal processing. The second way to limit the
problem of additional reflections from boundaries and stiffeners is the utilization of different
transducer types. Recently, a novel type of frequency steerable transducers has been developed.
The novel transducer allows sending of the signal only in one chosen direction, which is
dependent on the excitation frequency (Baravelli et al., 2013; De Marchi et al., 2016). The main
lobe, characterized by high amplitude propagates in one direction while small-amplitude side
lobes propagate in other directions. Even if the total elimination of the boundaries reflections
is not possible, their amplitudes can be significantly reduced by focusing wave energy only in

an interesting direction.

5 Future perspectives

Since the present study mainly focused on the development of the signal processing which
can be potentially used in the SHM systems, several aspects were not considered here and
should be investigated in future studies, including:

e Ships and offshore structures are large in size and complex in geometry. Their
diagnostics would require a more complex sensor network. The optimal sensor
placement will be considered. The trade-off between the resolution and extent of the
sensors network must be considered.

o Practical application of the developed approach requires considering the reliability of the

proposed method and the influence of inaccuracies on the determined DoD (Falcetelli et
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al., 2021). This should in particular cover further studies regarding higher thicknesses of
analysed plates and related uncertainty levels.

e Guided waves are widely used for localized damage detection. Therefore, the possibility
of building multi-step algorithms for both general uniform and pitting corrosion detection

and evaluation must be investigated.

6 Conclusions

This study conducted theoretical and experimental investigations of guided wave
propagation in corroded stiffened plates. The newly developed approach allows for an average
corrosion degradation level identification based on the single measurements of the tested
stiffened plates.

The experimental data acquired for four different stiffened plates varying in degradation
level confirmed the correctness of the developed procedure of dispersion curve reconstruction.
The corrosion degradation level identification has been made in several different ways: once
the dispersion curve has been traced based on several measurements made for various
frequencies. At the same time, in the second case, the signals were captured for only one
excitation type. It was proved that the corrosion degradation level was better assessed if the
measurements involved a wider frequency range. However, regardless of the considered
frequency range within the dispersion curve that has been reconstructed, the corrosion
degradation level remained slightly underestimated, which indicated the possible systematic
error related to the time of flight and, in consequence, with group velocity estimation. Based on
the assumption that the initial thickness of the uncorroded stiffened plate is usually known a
priori, the value of systematic error has been established and included in further assessing the
corrosion deterioration of other stiffened plates. It allowed for a better estimation of the precise
degree of corrosion degradation.

The highest deviation between experimental measurements and theoretically defined
dispersion curve was observed for the most severely corroded stiffened plates. This allows the
hypothesis that the presented methodology could determine the average thickness and its
variability level. After further development, the proposed method should be applicable in all
cases requiring multiple ultrasonic measurements to assess the thickness of steel structural

elements.
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