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Metallic structures often face degradation, and corrosion ranks among the most prevalent forms of deterioration.
Accurate quantification of corrosion is crucial, especially for structures exposed to harsh environmental condi-
tions, such as marine vessels and offshore installations. Because the traditional measurement methods based on
scanning by ultrasonic gauge are time-consuming and provide only rough information on the thickness vari-
ability, there is a need to develop new robust and accurate diagnostics methods. This paper aims to investigate
the corrosion monitoring of metal plates using guided wave propagation. Guided waves propagate within the
entire volume of the specimen. If it is undamaged and isotropic, the velocity in all directions is the same, and the
spreading wavefront takes a circular shape. The primary assumption presented in this paper is that the potential
damage caused by corrosion leads to disturbance of this symmetry. The study shows Bilateral and Rotational
Corrosion Symmetry Degree (BCSD and RCSD) functions, demonstrating a consistent decrease in symmetry
values with increasing degree of degradation (DoD) caused by the corrosion process. The main aim of the study
was to test the possibility of corrosion monitoring by using variable number of sensors comprising the transducer
network. Also, the influence of the distance between the sensors affecting the size of the monitored area on the
corrosion monitoring procedure was investigated. The paper contains the results of numerical and experimental
campaigns conducted for corroded plates characterized by variable DoD and monitored using nine different
transducers configurations. It is the first step in developing a novel measurement procedure specially designed
for the ship and offshore industry. Therefore, because of the initial stage of the study, the last part of the paper
discusses the limitations and drawbacks of the presented wave symmetry-based approach.

1. Introduction

Metallic structures often face degradation, and corrosion ranks
among the most prevalent forms of deterioration [1-3]. Accurate
quantification of corrosion is crucial, especially for structures exposed to
harsh environmental conditions, such as marine vessels and offshore
installations. The conventional nondestructive method, relying on ul-
trasonic testing endorsed by Classification Societies [4], has notable
limitations. This method involves using a coupling agent, which may
impact the structure’s integrity [56], and is inherently time-intensive
due to extensive surface preparation. Despite providing thickness
maps, ultrasonic measurements are limited by the density and distri-
bution of measurement points, making them less effective for localized
damages like pitting corrosion.

For this reason, developing novel diagnostics methods that would
allow for more effective and accurate thickness reduction estimation due
to corrosion degradation is crucial for the industry. Guided wave
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propagation, particularly Lamb waves, offers a promising solution.
Lamb waves can travel long distances without significant amplitude
reduction, making them valuable for assessing thickness reduction and
detecting localized pits and cracks [7]. The great potential of guided
waves in diagnostics of various damage types like cracks [8,9], pits
[10,11] or debondings [12,13] has been demonstrated in many papers.
Because the guided waves are dispersive, their velocity is influenced by
the specimen’s thickness, forming the basis for wave-based diagnostic
methods for general corrosion assessment. The main assumption of these
methods is that the corrosion causes the thickness reduction which af-
fects wave propagation velocity and the shape of the dispersion curves.
Researchers have utilized dispersion curves [14], continuous wavelet
transform, wave velocity measurement [15] to quantify corrosion
damage. Various algorithms, such as those based on Riesz transform
[16], time—frequency damage indices [11], nonlinear wave propagation
[17] and coda interferometry [18] have been proposed for corrosion
inspection. Despite these efforts, environmental conditions and
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imperfect transducer attachment make complete defect characterization
still very challenging. Moreover, guided waves present significant
challenges in inverse problems. Even minor variations in input data can
lead to substantial disparities in estimated thickness variability.
Acquiring reference data from intact structures can enhance precision
but is often impractical due to the associated costs. Therefore, there is a
need for a novel, nondestructive technique that doesn’t rely on reference
data.

This paper considers different approach based on guided wave
propagation in specimens subjected to general corrosion. This in-
troduces an innovative method for assessing general corrosion levels by
estimating the symmetry level of the propagating wavefront. Unlike
previous studies [19], which explored symmetry breaking in signal
patterns, our approach focuses on the circular shape of the wavefront
influenced by thickness variations induced by general corrosion.
Experimental tests, complemented by numerical analyses on plates with
irregular surfaces, demonstrate the method’s effectiveness. Notably, the
proposed method requires less exact mode identification and is less
sensitive to systematic errors in time of flight determination.

The main idea is based on assessing the propagating wavefront
spreading in the tested structure. In the undamaged structure, we expect
to observe a circular wavefront as the wave propagates with the same
velocity in each direction. Due to corrosion degradation and irregular
thickness reduction, one can expect the disturbance of the perfect cir-
cular wavefront shape. The ship and offshore industry have raised the
need for a novel approach for plate-structure assessment. As mentioned,
the traditional method which often incorporates standard ultrasonic
measurements is very time-consuming and do not provide detailed in-
formation about the thickness variability of the, for example, ship hull.
The presented method assumes that the limited number of measured
signals may be used to assess the quality of the area surrounded by the
sensors network. The concept is shown in Fig. 1. Instead of the infor-
mation about the thickness in 8 selected points, we can measure the
vibration caused by the propagation of guided wave, estimate the
roughness of the entire area, and increase the possibility to detect the
localized pits simultaneously.

The presented study is thus the introduction for developing the novel
procedure and (from a further perspective) the device specially designed
for ship diagnostics, reducing the measurement time and allowing for a
more detailed assessment of the geometric variability of the tested
structure. The developed device will be comprised of transducers
mounted on the circle, which facilitate the assessment of the circular
shape of the wavefront. However, the wavefront shape reconstruction
accuracy strongly depends on the number of sensors in the network. The
greater the number, the more information about the structure and the
more detailed wavefront reconstruction. On the other hand, we want to
avoid the possible difficulties with sensors mounting increasing pro-
portionally to the network extent.

Moreover, the greater number of signals requires more extensive
data processing. The next parameter crucial for the proper design of the
device is its size and range of the monitored area. In the case of the
significant distance between transducers, we can monitor the significant
area during a single measurement. On the other hand, the information
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about the corrosion degradation level determined based on the sym-
metry assessment will only be rough. The greater the area monitored
during the single measurement, the faster the measurement campaign is.
However, increasing area is associated with decreasing resolution of the
damage detection. All these aspects must be considered before the
measurement system/device is designed for industry applications.

Within this study, the corrosion degradation assessment algorithm
using the transducers’ circular array will be tested for a variable number
of sensors and the distance between them. The main aim is to test what is
the influence of the transducers network extent and the distance be-
tween sensors on the corrosion degradation assessment. This study is the
first step towards the initial design of the new diagnostics system for
which certain initial parameters should be adopted, i.e. the number of
sensors and the monitoring area. Supplementary to experimental tests,
numerical analyses were conducted on plates featuring irregular sur-
faces modelled using random fields. The simulations covered plates with
diverse characteristics, including varying average thickness (DoD),
standard deviation of thickness variability, and the number of trans-
ducers within the network. Additionally, tests were conducted at
different excitation frequencies to assess the sensitivity of distinct
wavelengths to surface irregularities resulting from corrosion degrada-
tion. This study is the continuation of the research presented in [20].

The paper is organized as follows: Section 2 contains the background
of the theoretical description of wave propagation in irregular plates,
Section 3 contains a description of the material and methods. In Sections
4 and 5, numerical and experimental results are presented. Finally,
Section 6 contains the main discussion, conclusions, and perspectives for
future work.

2. Guided wave propagation in corrosion assessment
2.1. Wave propagation is specimens with variable thickness

The influence of variable thickness on wave propagation phenomena
has been widely investigated in previous studies ([21-27]). Due to the
dispersive nature of guided waves, their propagation velocity and the
number of possible wave modes depend on material parameters, exci-
tation frequency, and plate thickness. The relationships between fre-
quency and velocity are described by dispersion equations which are
formulated for the uniform geometry i.e., constant plate thickness. The
reformulation of dispersion equations for prediction the average wave
propagation velocity in specimens with variable thickness has been
demonstrated in [22]. Let’s consider the plate with non-uniform thick-
ness (Fig. 2). To the aim of velocity assessment alongside the propaga-
tion path, the plate has been divided into N equal divisions with a length
Al with varying thickness, one can formulate the time needed to travel
the distance Al

All’

Aty =— (@)
Cq

i

where cg, is the group velocity determined for the corresponding thick-
ness d; based on the explicitly given Lamb dispersion equations. If we

actuator

measurement points
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Fig. 1. Corrosion level assessment a) by the use of standard ultrasonic gauge and b) by the circular array of the sensor network.
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Fig. 2. Plate with variable geometry.

sum up the particular times of flight along with the distances Al, we can
derive the relationship for the total ToF along the distance L is a:

N

N Al N1
TOF:Z&: C—:AIZC— (2)
i=1 i=1

i=1 & 8i

Therefore, the average velocity alongside the distance L is described as:

e L __ L _ N @)
e = ToF AL T S

This straightforward derivation establishes that the average wave ve-
locity is contingent not on the precise plate shape but on the thickness
distribution. Furthermore, it underscores the necessity to rectify the
commonly employed assumption that the average wave velocity serves
as an accurate indicator of the average plate thickness. This is essential
due to the markedly nonlinear relationship between thickness and
propagation velocity. The average thickness and the standard deviation
of the thickness distribution typically characterize the corroded plate’s
geometry. The average thickness facilitates the estimation of overall
thickness reduction. However, while these parameters describe the
entire plate surface, it doesn’t imply that the same parameter set accu-
rately characterizes each propagation path between the actuator and the
sensor. As the plate surface becomes more irregular due to corrosion
degradation, one anticipates more noticeable differences between indi-
vidual propagation paths. The central concept presented in this study is
not to ascertain the average thickness of the entire plate by solving an
inverse problem, as demonstrated in [2122]. Instead, the focus is on
comparing results obtained for specific propagation paths.

2.2. Thickness variability influence on wavefront symmetry — Bilateral
and rotational symmetry

To evaluate the symmetry of the advancing wavefront, the initial
imperative involves reconstructing its shape based on the signals
recorded by the sensor network. The presented approach is usually used
to assess the symmetry of expanding galaxies [28]. This necessitates the
implementation of a specific procedure encompassing the following
steps [20]:

1) Position the transducers equidistantly at distances denoted as r from
the actuator and record the corresponding signals;

2) Identify the specific wave mode under consideration and ascertain its
ToF;

3) Determine the lengths the wavefront propagates along by calculating
velocities in particular directions. Subsequently, compute the dis-
tances travelled during the minimal ToF, utilizing the formula:

r
= @

v = V-min{ ToF;} 5)

where k represents the number of transducers, and i signifies the total
count of transducers. The reconstructed wavefront manifests as a dis-
tribution over i arms, each of length ri. This resultant configuration is
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denoted as M for subsequent analysis. The procedure of wavefront
reconstruction is schematically presented in Fig. 3.

It should be noted here that the procedure of shape reconstruction is
based only on the ToFs of incident waves measured by specific trans-
ducers. This significantly facilitate the whole procedure because we
avoid measuring edge reflections which would significantly increase the
difficulties of signals processing. On the other hand, the closely located
damages like cracks or pits may affect the signals. If the localized
damage would be positioned close to the sensor, the reflection would
overlap with incident wave affecting its ToF. Because this study is
focused on developing and testing the new procedure based on wave-
front symmetry, we do not consider the possibility of additional re-
flections from other obstacles. However, this issue is crucial for the
potential practical application of this procedure.

The assessment of corrosion-related degradation elucidated in this
manuscript hinges upon scrutinizing bilateral and rotational central
symmetry degrees. These symmetry measures are based on a series of
geometric transformations for quantitative assessment of the symmetry
of any shape. The concept of the symmetry measures is presented in
Fig. 4 and was initially used for quantitative galaxy classification [28].
The procedure of symmetry assessment of propagating wavefield was
presented in [20]. Consider a geometric shape denoted as M in the
Euclidean space R?.

Simultaneously, let M’ represent the shape resulting from applying
ith rotation operations to the original shape M. Similarly, M* designates
the shape achieved by reflecting shape M” across the specified x-axis. In
defining the bilateral central symmetry degree, denoted as BCSD(i)
concerning the x-axis, it is established as the ratio of the area designated
as A (corresponding to the overlapping region between shape M’ and its
mirrored counterpart M) to the total area occupied by shape M:

A, )

BCSD(i) = —— T

(6)

Furthermore, the bilateral symmetry of a given shape M is repre-
sented by &z, denoting the highest achievable value of the bilateral
central symmetry degree:

53 = max{BCSD(i) } @)

This value falls within the range of 0 to 1, with 1 indicating a state of
perfect bilateral symmetry within the shape. A systematic search can
ascertain the count of axes exhibiting perfect bilateral symmetry,
denoted as Np. The number of axes representing imperfect bilateral
symmetry is half of the discernible peaks in the BCSD function.

The rotational symmetry degree is defined as the ratio of the area of
the intersection of the initial shape M and the rotated shape M’:

AMNM)

RCSD(i) = =7 5

(8)
The maximum value of the rotational central symmetry degree,
denoted as &y represents the rotational symmetricity of a shape M:

Sg = max{RCSD(i) } 9

Since the value of RCSD is equal to 1 for an angle of 0 and 2x, which
represent pseudo-data, they are to be discarded. The discarding pro-
cedure involves the following steps (Fig. 5):

1) Identify the first local minimum of RCSD denoted as I;;

2) Identify the last local minimum denoted as Ly;

3) Discard the data close to 0 (i < ;) and data close to 2z (i > Iy);

4) Determine the rotational symmetricity, taking into account the non-
discarded data.

One can see, that in the case of the circular shape, both RCSD and
BCSD would be equal to 1, regardless of the rotation angle. In the case of
limited number of points used for shape reconstruction, corresponding


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

B. Zima and E. Roch

Measurement 235 (2024) 114949

wave -
excitation - /\ I
signals measurement I\ n
T 1 1 T 1 | 1 [\
o, | )\ | /\
o Q I\ \ /
2R P\ _J W ToF and propagation
6 Lo ;.\ o —_— — ati velocity
‘ \\i’/ g;";ig‘:\'vrzlzsgg | calculation (Eq.(6))
oY ' alongisde all
o o & of input and output propagations paths
signals actutor - sensor
4
minimal ToF value
laying off the lengths determination of the determination
- in corresponding - arms lengths -— L
directions (Eq. (7)) minimal ToF
(wavefront
reconstruction)
symmetry
assessment
Fig. 3. The procedure of wavefront reconstruction based on ToF.
VA VA
a) b)
reflected
shape M . —
shape M f \
X X
X’ d common
. rotate
common h : area A
shape M \
area A rotated ~S~—__~

shape M’

Fig. 4. The concept of a) bilateral and c) rotational symmetry: initial shape M, rotated shape M’ and reflected shape M*“ and common areas.

RCSD(i)A
‘1 ............................................................
OR ! i
|
! !' discarded
RL‘SD(I_’Z) ................................ : ......... ' lsg:trae
I | i
RCSD(/))|+-> | ! ! :
|
| : : |
| 1 | |
| | | |
: L |
00 [1 /3 2t A

Fig. 5. Determining the rotational symmetricity from the RCSD plot [20].

to extent of transducers network, we obtain the figure with the number
of vertexes equal to number of the transducers attached to the specimen
surface (denoted as i). Then in the case of perfect symmetry and the
equal ToFs for all sensors, the symmetry functions will have i local
maxima equal to 1.

In the subsequent approach, it is assumed that a circular array of
transducers will be employed. The significant uncertainty may arise due
to the imperfect bonding of the transducers of the circular array to the
plate, a concern to be adequately addressed in future investigations.

3. Materials and methods
3.1. Experimental tests

3.1.1. Plate models

Experimental testing was carried out on a square steel plate
measuring 500 mm x 500 mm x 5 mm—typical thickness for applica-
tions in the shipping industry. Controlled corrosion was induced through
electrolysis reactions, where ions were compelled to move by applying
voltage from an external power supply. The plate, serving as the anode,
was immersed in a 5 % sodium chloride solution, and a direct electric
current (DC) was applied to hasten the corrosion process, with another
metal bar acting as the cathode. The direction of the DC was carefully
adjusted to optimize the corrosion conditions. The accelerated corrosion
test continued for 240 h, after which the plate was removed from the
solution and dried. Subsequently, nondestructive wave propagation
tests were conducted on the corroded plate, followed by another round
of electrolysis. To maintain consistency in the experiment, the sodium
chloride solution was exchanged before each stage of the corrosion
process, ensuring uniform electrolyte concentration. This procedure was
iteratively repeated until the desired DoD was achieved. After the first
round of accelerated electrolysis, the mass reduction was equal to 10 %;
after the entire process, the mass was reduced by 20 %. Therefore, the
results are collected for three different levels of degradation (0, 10 and
20 %). Fig. 6 provides a visual representation of the corrosion process in
the steel plate.

The images clearly depict a substantial increase in the size and
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DoD = 10%

DoD = 0% 8 poD = 20%

Fig. 6. The photographs of the experimental specimen characterized by a variable DoD: the plate with DoD of a) 0%, b) 10%, c¢) 20% and d) the comparison of the
plate corners at the beginning and the end of the corrosion process.
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Fig. 7. Transducers configurations varying in number of sensors and the radius of the circular array tested during numerical and experimental campaigns: a) sensor
network comprising of 16 transducers, b) 8 transducers, c) 4 transducers and d) investigated distances between excitation source and the sensors (5, 10 and 15 cm).
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number of pits, signifying significant surface degradation. Additionally,
photos of the plate corners at the beginning and end of the corrosion
degradation process highlight the heightened susceptibility of corners
and edges to corrosion.

3.1.2. Experimental equipment

The system employed for the experimental tests outlined in this study
is depicted in Fig. 3. Guided waves were both excited and captured by
piezoceramic transducers measuring 3 x 3 mm (NAC2024, Noliac).
Operating in pulse-echo mode, these transducers were affixed to wax for
stability. The excitation function p(t) was a five-cycle sine wave
modulated by the Hann window, with carrier frequencies of 50, 100, or
150 kHz. The selection of these frequencies in detailed in the next sec-
tion. An arbitrary function generator (TiePie) sent this excitation signal
to the transducers connected with oscilloscopes (TiePie). Simulta-
neously, the sensors were connected to a high-voltage amplifier
(Pendulum) to enhance the signal-to-noise ratio (SNR). The sampling
frequency was of 10 MHz.

For the measurement of wavefront symmetry, a circular array con-
sisting of 16 piezoelectric transducers was mounted on the plate surface
(Fig. 7). Positioned on a circle with a 5, 10 and 15 cm radius. Each
transducer was 5, 10 or 15 cm away from the wave source at the plate’s
middle point. The arbitrary circular configuration of the transducers was
chosen to ensure accurate reconstruction of the wavefront shape. The
necessity for precision in wavefront shape reconstruction drove the
decision to use 16 transducers initially. In the following steps, the
configuration of transducers was modified to verify the possibility of
corrosion degradation monitoring using less extended sensor network.
The wavefront was reconstructed using 16, 8, and 4 transducers. In total,
9 different configurations were tested (different radiuses of the circle on
which sensors are mounted and different numbers of sensors). All cases
are presented in Fig. 7d. The initial and the longest distance (30 cm) was
determined by the test plate size (50 x 50 cm) and aimed to avoid the
impact of edge reflections. In practical applications, such as ship and
offshore structures, stiffeners can affect signal registration, necessitating
a thoughtful adaptation of transducer spacing based on structural ge-
ometry and wave attenuation.

It is also noteworthy that the choice of plate size and sensor distance
was influenced by the complexity and time duration of the numerical
analysis detailed in the subsequent sections of the paper.

3.1.3. Nondestructive tests

The process of measuring the signal involved recording and aver-
aging 300 consecutive signals. Following this, the averaged signal was
applied to a five-order Butterworth band-pass filter with cut-off fre-
quencies set at 20 Hz and 2f kHz, where f represents the excitation
frequency [29]. This specific frequency range was selected to exclude
any signal components outside of this band. To calculate the ToF of the
first propagating mode, the up-sampled signals underwent auto-
correlation. Peaks in the auto-correlated signals corresponded to ToFs,
providing crucial information for the subsequent reconstruction of the
wavefront shape.

The nondestructive tests were preceded by the selection of excitation
frequency. To do this, the signals were collected for frequency range of
20 to 250 kHz and next, their SNRs were compared. The signals were
easier to interpret for lower frequencies (up to 150 kHz). Above this
frequency we noted also symmetric modes with relatively high-
amplitude which hindered results interpretation. Because we wanted
to test different frequencies varying in wavelength and the velocity, we
decided to use 50, 100 and 150 kHz. The beginning of the dispersion
curve for A0 mode is characterized by the greatest slope — for such se-
lection one can expect the notable differences in propagation velocity.
Nevertheless, the procedure of the optimal frequency choice requires
further considerations and formulation of choice recommendations
considering material parameters, initial plate thickness and the actual
parameters of the irregular surface caused by environmental corrosion.

Measurement 235 (2024) 114949

For numerical simulations, investigators directly specified the
thickness variability. An exact reconstruction of the entire thickness
variability observed in experimental models would be considerably
more challenging. Nevertheless, two distinct approaches were used to
assess thickness reduction during anodic dissolution. The total mass
reduction was initially estimated by weighing the dried, corroded plate.
This approach facilitated the estimation of the overall DoD using the
expression:

DoD — M Meorr

-100% (10)
where m was the initial plate mass, and mc,, is mass reduced during
electrolysis process. Subsequently, ultrasonic gauge measurements were
carried out using a calibrated device manufactured by Metrison to
determine thickness across a 50 mm mesh grid. A total of 121 mea-
surements were conducted at each stage of the corrosion tests. The
measurement grid is presented in Fig. 8.

The utilization of this ultrasonic measurement approach served two
main purposes. Firstly, it adheres to the widely endorsed practice rec-
ommended by Classification Societies [4] for evaluating tangible
corrosion degradation, especially in the context of ship hull diagnostics.
Ultrasonic gauge measurements are crucial in generating maps of
thickness variability, providing visual representations of general corro-
sion progression and non-uniform characteristics. Secondly, opting for
this method enables a comparative analysis with the innovative
approach focused on assessing wavefront symmetry in evaluating
corrosion degradation.

3.2. Numerical study

3.2.1. Geometry of FE models — Random fields

We employed stochastic processes, specifically random fields, to
simulate corroded surfaces. Given the random occurrence of pits,
modeling their spatial distribution is effectively achieved through the
random field approach—a method widely recognized for its suitability
and robustness in handling an infinite set of spatially correlated random
variables [30]. Random fields are mathematical functions spanning
multi-dimensional spaces, incorporating pseudo-random values often
accompanied by correctional elements. Various types of random fields,
including Markov random fields (MRF), Gibbs random fields, condi-
tional random fields (CRF), and Gaussian random fields (GRF), are
available. Among these, Gaussian random fields are noteworthy for their
characteristics, involving Gaussian probability density functions and the

—/,
N

measurement
«~~  points

/

steel plate

N

Fig. 8. Experimental investigation: the measurement grid for ultrasonic
thickness determination.
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ability to generate Gaussian free fields as distinctive instances. This re-
sults in irregular yet continuous surfaces across two-dimensional planes.

This study utilized random fields, specifically Gaussian random
fields, to model the irregular surfaces of corroded plates. The MATLAB
utility [31] facilitated our simulations, employing the Karhunen-Loeve
(KL) expansion algorithm [32], which allows for the incorporation of
user-defined parameters. Key considerations included specifying the
random field’s dimensions and initiating the process with a mesh
measuring 100x100 units to ensure computationally feasible processing
durations. Truncation, various levels of polynomial KL expansion, and
the predetermined value dictating the interrelation between mesh points
were also pivotal parameters. By carefully adjusting these parameters,
we successfully simulated eroded surfaces by applying truncated
Gaussian distribution within the overarching framework of random
fields.

The numerical models considered in this study are outlined in
Table 1. The initial thickness (d) of the plate was set at 5 mm, with
adopted material parameters including an elastic modulus (E) of 210
GPa, density (p) of 7850 kg/m3, and Poisson’s ratio (v) of 0.3. The de-
gree of degradation (DoD) varied from O to 60 %. For each DoD, various
standard deviation values of thickness distribution were considered for
random field generation, precisely, ¢ equal to 0.05, 0.1, 0.15, and 0.2
(Table 1). To explore the influence of excitation frequency, signals were
collected at frequencies of 50, 100, and 150 kHz. In total, 63 models
were examined, resulting in the processing of 1008 signals (refer to
Table 1).

Due to the high stiffness of the actuator (115.00 N/pm), the actuation
was simplified by applying a time-dependent concentrated force of 1 N
at the middle point of the plate [33]. This simplification introduces local
inaccuracies close to the excitation point, which is not a focal point in
this study. The time course of the excitation aligned with experimental
data, and signals were registered at selected model nodes corresponding
to the exact positions of transducers during experimental tests. The
compressive-type actuator predominantly induced transverse vibrations
associated with AO mode propagation, leading to the recording of the
out-of-plane displacement component.

Numerical simulations were executed using the Abaqus/Explicit
module. Despite the high computational cost, 3D models were employed
as plain strain conditions would not allow modeling surface roughness
and observing differences in wave propagation directions. The models
utilized eight-node brick elements with reduced integration (C3D8R),
and t};e transient wave propagation problem was solved with a time step
of 10° s.

Table 1
Numerical models considered within the study.

Specimen group Degree of degradation DoD [%] Standard deviation ¢

A# 0 0
B# 20 0.05
0.1
0.15
0.2
C# 30 0.05
0.1
0.15
0.2
D# 40 0.05
0.1
0.15
0.2
E# 50 0.05
0.1
0.15
0.2
F# 60 0.05
0.1
0.15
0.2

p(t) =
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3.2.2. Parameters of numerical models

We conducted numerical simulations using the commercial software
Abaqus, utilizing the Explicit module to solve the transient wave prop-
agation problem. The plates were modeled as 3D objects constructed
with 8-node brick elements featuring reduced integration (C3D8R). The
time step and element size were adjusted according to the excitation
frequency range and wavelength to meet the Courant- Friedrichs- Lewy
conditions. The element size was limited not to exceed 0.5x0.5x0.5
mm?, and the time step was set at 108 5. The analysis duration was 0.5
ms. Excitation was applied as a time-dependent force at the plate’s
middle point. Fig. 7 illustrates the numerical model with the applied
load, and the excitation function took the form of a five-cycle sine
modulated by the Hann window:

0.5posin(2zft) <1 — cos <2ant> ) te[0,T,]

W

1)
0t>T,

where f denotes the excitation frequency, the excitation amplitude, the
Hann window length, and the number of time steps; material parameters
adopted in the model were typical for steel specimens and were as fol-
lows: elastic modulus E = 210 GPa, Poisson’s ratio v = 0.3, and density p
= 7850 kg/m>. The numerical simulations for the 3D model were per-
formed to reflect the surface roughness caused by corrosion degradation
(Fig. 9).

Each plate was also tested by applying variable frequencies (50, 100,
and 150 kHz). Additionally, three different sensors network extends, and
three different radiuses of the circular array have been investigated. In
total, the numerical simulations have been performed for 567 plate
models.

4. Numerical results
4.1. The influence of DoD on wavefield symmetry

In the initial phase of the analysis, we analyze the impact of the
average mass loss on the shape of the wavefront [34]. Fig. 10 illustrates
the field of wave propagation at specific time points for plates with
varying DoD. These snapshots correspond to three models A#, B#, and
D#, sharing the same standard deviation of thickness distribution and a
representative frequency of 100 kHz. The visual representation unmis-
takably highlights the influence of corrosion degradation on the
advancing wavefront.

Two main observations emerge from this analysis. Firstly, as the DoD
increases, the circular symmetry of the wavefront diminishes. This effect
is visible for wave propagation velocity, as well as for the amplitude. The
wavefront maintains circular symmetry in an ideal, undamaged
isotropic plate with constant thickness, given that the wave propagates
uniformly in all directions. However, in the case of damaged plates with
variable thickness, the propagation paths exhibit varying velocities,
disrupting the circular symmetry. Additionally, there’s an associated
effect concerning the area covered by the wavefront. The reduction in
thickness leads to a decrease in propagation velocity, resulting in shorter
propagation paths. This effect is also crucial for the investigations on the
influence of general corrosion on the time of flight and in consequences
on the all algorithms based on this parameter i.e. algorithms of point-
like damage detection.

The influence of corrosion damage on the ToF is also visible in
measured signals. In Fig. 11 the signals collected from analyzed plates
are illustrated and the incident waves were identified and highlighted.
Only signals from four sensors positioned at 90-degree intervals (sensors
1, 5, 9, and 13) are presented in the graph to enhance clarity. As
mentioned earlier, in the scenario of an undamaged plate, the graph
reveals the ideal symmetry of the advancing wavefront. The signals
depicted in Fig. 11a coincide perfectly, displaying identical time courses
and amplitudes for respective wave packets. Conversely, signals
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Fig. 10. Visualization of wave propagation in steel plates varying in DoD: a) undamaged plate, b) plate with DoD of 20%, and c) plate with DoD of 40%.
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Fig. 11. Exemplary wave propagation signals obtained for variable DoD: a) DoD = 0 %, b) DoD = 20 %, c¢) DoD = 40 % and d) DoD = 60 %.
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Fig. 12. Exemplary reconstructed wavefronts for variable DoD (in each case, the excitation frequency was equal to 150 kHz, and the standard deviation of thickness
distribution was 0.15): a) DoD of 20 %, b) DoD of 40 % and DoD of 60 %.
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obtained from corroded plates exhibit variations in the ToF of individual
wave packets. Despite the DoD and the standard deviation of thickness
distribution being defined across the entire plate, the ToF and signal
characteristics differ in various directions. Moreover, one can see that
the average ToF of measured signals also differs with increasing DoD.
For chosen excitation parameters, the ToF increases, which corresponds
to the visualizations presenting a decreasing size of the spreading
wavefront. This observation supports the central premise of our study,
emphasizing that corrosion degradation not only impacts the average
wave propagation velocity due to thickness reduction but also disrupts
the symmetry of wave motion within the plate.

The acquired signals underwent processing following the method
detailed in Section 2.2, and the resulting wavefront shapes were
reconstructed, as depicted in Fig. 12. The red-marked shape corresponds
to the wave propagating in the undamaged, smooth plate, while the
purple represents a wave spreading in the corroded plate. Despite po-
tential overlapping due to the smaller area covered by the purple shape
in each case, it is noticeable that the purple wavefront is consistently
characterized by a reduced area compared to the red one. However,
relying solely on visual assessment to discern the corrosion degradation
process by comparing wavefronts for plates with varying DoD would be
challenging. The differences in specific wavefront shapes appear insig-
nificant, making it difficult to discern the extent of corrosion degrada-
tion based solely on visual inspection.

Investigating the impact of DoD on wavefront symmetry degrees
involved a quantitative analysis. In the forthcoming figures, we illus-
trated the RCSD in Fig. 13 and the corresponding BCSD functions in
Fig. 14. The central symmetry functions were determined and presented
for clarity and simplicity at the outset. Subsequent sections will focus
exclusively on maximal and minimal symmetry degrees. The outcomes
for frequencies ranging from 50 to 150 kHz are organized in columns,
while variable DoD results are presented in rows. Because the tendency
is clearly visible in the figures, we introduced the functions only for
three different DoDs (plate B#, D#, #F). Each graph displays four
functions, each corresponding to a distinct standard deviation of thick-
ness distribution. A discernible trend emerges, showcasing the sub-
stantial influence of DoD on symmetry degree functions. Both BCSD and
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RCSD functions exhibit reduced values with increasing DoD. Notably, in
the case of BCSD, irregularities become apparent, as illustrated in
Fig. 14a and c. Moreover, one can see that both types of symmetries can
be efficiently used for corrosion monitoring.

The maximum and minimum values of RCSD and BCSD functions
have been extracted and are presented as graphs in Fig. 15. Because the
symmetry functions demonstrated similar capabilities for all frequencies
(50 100 and 150 kHz), the degrees were determined only for 100 kHz.
Additionally, we identified the theoretical minimum and maximum
symmetry degrees for each scenario in pristine, undamaged plates. The
figures indicated their values in straight dashed lines: a grey line labeled
A for minimal values of BCSD, a green dashed line labeled B for maximal
values of BCSD, a pink dashed line for minimal values of RCSD, and a
purple line D for a maximum value of RCSD. In undamaged plates, the
maximum symmetry value consistently equals 1, signifying that the
rotated and/or reflected shape precisely aligns with the initial wavefront
shape. However, the minimum value is contingent on the number of
sensors within the network, increasing in tandem with the network
extent. In the case of a 16-sensor network, the minimum value is
determined to be 0.993. Regardless of which type of symmetry degree
(minimum or maximum) and the type of symmetry (rotational or
bilateral), we can observe the decrease of the proposed indicator with
the deterioration of the plate state. The decrease is more significant for
plates characterized by the greater standard deviation of the thickness
distribution. The augmentation of the standard deviation leads to
heightened variability of the plate thickness and, in consequence, in
wave propagation velocity, resulting in lower symmetry degree values.
Furthermore, this impact becomes more pronounced, particularly with
larger DoD. The symmetry degrees obtained for DoD of 20 % (left side of
each graph) are very similar regardless of the standard deviation. The
case of DoD equal to 60 %, the difference between both types of sym-
metry degrees (right side of each graph) is much more noticeable. One
can conclude that not only the level of degradation but also the surface
roughness influences wavefront symmetry.
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Fig. 13. RCSD functions determined for plates varying in DoD: a) 20%, b) 40%, c) 60% obtained for different excitation frequencies and standard deviations of

thickness distribution.
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Fig. 14. BCSD functions determined for plates varying in DoD: a) 20%, b) 40%, c) 60% obtained for different excitation frequencies and standard deviations of
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4.2. The influence of the number of sensors on obtained symmetry
functions

In the next stage, the symmetry degrees were determined for the
variable number of sensors in the network. One can expect a reduction in
the accuracy of the wavefront shape reconstruction. However, the extent
of the sensor network influences the cost of the potential monitoring
system and the amount of data that has to be processed. Fig. 16 presents
the symmetry degrees determined for variable DoD for increasing extent

11

of the sensor network: 4, 8 and 16 sensors. Because the tendency for
other indicators, i.e., minimum and maximum values of RCSD and
BCSD, as well as for different frequencies, was the same, we present the
results only for the maximum values of RCSD and for excitation fre-
quency 100 kHz.

As anticipated, fewer sensors corresponded to diminished conclu-
siveness in the obtained results. An initial observation in the network
incorporating four sensors (Fig. 15a) revealed an escalation in the RCSD
function with increasing DoD. Specifically, across all standard deviation
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Fig. 16. Maximum values of RCSD obtained for a variable number of trans-
ducers in the network: a) results for 4 transducers, b) 8 transducers and c) 16
transducers.

values, the RCSD associated with a DoD of 30 % exceeded that of a DoD
of 20 %. Subsequently, as the degradation progressed, the degree of
symmetry exhibited a declining trend in nearly all instances. Notably, a
divergent increasing trend was once again discerned for a plate char-
acterized by a relatively high standard deviation in thickness distribu-
tion (0.15, denoted by the yellow line).

Furthermore, in the scenario involving a more comprehensive sensor
network encompassing eight sensors (illustrated in Fig. 16b), an upward
trajectory in the degree of symmetry was also discerned with escalating
degradation levels. Notably, these changes did not manifest as abrupt
peaks. Despite the most unequivocal outcomes being obtained for the
highly extensive sensor network (depicted in Fig. 16c¢), it is evident that
a less extensive network with eight sensors can still afford satisfactory
quality monitoring of corrosion progression. The subsequent sections of
the paper will delve into the discussion and description of additional
plans to enhance the accuracy of corrosion level assessment.

4.3. The influence of the distance between the actuator and sensors on the
wavefield symmetry assessment

The subsequent phase was directed towards scrutinizing the impact
of the spatial arrangement of sensors, a pivotal aspect for optimizing
sensor placement. The delineated wavefront reconstruction methodol-
ogy was formulated to augment the evaluation of corrosion degradation
in extensive plate-like structures using ultrasonic measurements,
notable for their efficiency and temporal reliability. Consequently, an
optimal scenario involves surveilling a maximal surface area within a
single measurement, prompting the placement of sensors along a cir-
cular trajectory with a substantial radius for monitoring expansive
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regions. Conversely, the corrosion monitoring approach predicated on
symmetry assessment, as presented herein, lacks granularity in detailing
the thickness distribution. Consequently, a generous radius of the cir-
cular sensor array provides only coarse insights into the degradation
within the monitored area. Furthermore, the underlying assumption of
wavefront asymmetry measurement is contingent upon variations in
wave propagation velocity induced by variable thickness. For propaga-
tion paths traversing corroded plates characterized by statistical de-
scriptors, the differences may be mitigated over sufficiently long paths,
converging towards the descriptors of the plate surface. In such in-
stances, a symmetrically reconstructed wavefront could lead to under-
estimation or even non-detection of corrosion degradation.
Alternatively, very short propagation paths may exhibit substantial
differences in parameters, such as average thickness and standard de-
viation, diverging from the overall descriptors of the plate surface due to
the presence of deep corrosion pits.

Considering a relatively short radius for the circular array of sensors
enables more precise plate assessment, albeit with an attendant increase
in the requisite number of measurements and data processing workload.
In such cases, the proposed methodology aligns in temporal investment
with conventional ultrasonic measurements. Additionally, shorter
propagation paths correspond to lower ToF for signals, where even
minor variations in ToF among sensors may approach the measurement
error, potentially induced by imprecise sensor installation. Inconse-
quential differences in ToF could manifest as elevated symmetry degrees
in the wavefront.

These considerations underscore the imperative need to account for
the influence of sensor placement on the derived results. Fig. 17 illus-
trates the maximum values of RCSD and BCSD for varying numbers of
sensors organized in circular arrays with different radii. It is evident
from the results that the efficacy of the corrosion monitoring process is
more significantly impacted by the number of sensors in the network
rather than the spatial separation between them.

The essential conclusions concern the corrosion indicators: the re-
sults obtained for variable number and configuration of sensors indicate
that the more unambiguous decreasing trend with increasing DoD was
noted for rotational symmetry degree marked by the blue solid line. In
the case of bilateral symmetry degree, the localized peaks were observed
even of the DoD increased. However, the radius of the circular array had
less influence on the determined relationships between symmetry de-
grees and the DoD. Their characteristics are similar regardless of
whether the radius of the array was equal to 5 or 10 cm. The clear
decreasing trend of both types of symmetry degrees was obtained for
each length of the radius in the case of the most extensive network
comprising of 16 sensors (see Fig. 17 — third row). We can state that the
proposed method works well for various sizes of the monitored area if
the wavefront is reconstructed with sufficient accuracy.

5. Experimental results
5.1. Thickness measurements

One key limitation of experimental tests that involve anodic disso-
lution is the inherent challenge of enforcing a specific standard devia-
tion in thickness distribution. Therefore, the experimental results are
presented only for a limited number of cases. As mentioned, the accel-
erated corrosion process was conducted in several stages, and the
measurements were made after reaching the desired DoD level. How-
ever, the standard deviation of the thickness distribution was not
possible to control and modify. The plate surface morphology was
investigated by using an ultrasonic thickness gauge and the parameters
of corroded plates are added for readers’ information. Moreover, in
Fig. 18, thickness maps obtained through the standard ultrasonic gauge
approach are illustrated. A noticeable decrease in thickness is observed,
particularly at the edges of the plate, which is a common effect. Since the
sensors are positioned in the middle section of the plate, the wavefront is
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exclusively influenced by thickness irregularities in this region. Conse-
quently, the reduction in thickness at the plate edges does not impact the
measured signals. The significant reduction of the plate thickness and
edges is also the main reason for terminating the experimental research
after obtaining the DoD of 20 %. The further anodic dissolution would
lead to deterioration of the plate edges and dissolution of the corners
rather than the entire plate surface. Therefore, we decided not to
investigate the specimens which were considered to be
unrepresentative.

Based on the ultrasonic measurements, the average thickness and the
standard deviation of the thickness distribution have been determined at
each stage of the experimental tests. The intact plate had a thickness of
5.046 mm, and the standard deviation was 0.046. Even for the DoD of 0
%, the plate surface was not perfectly flat, which is also visible in the
thickness map (Fig. 18a). After the first stage of anodic dissolution, the
DoD was about 10 %, the average thickness was 4.501 mm, and the
standard deviation increased and was equal to 0.100. The corrosion
process was terminated after reaching the DoD of 20 % and at this time
the average thickness was 3.945 mm and the standard deviation was
0.143. One can see, that due to progressive corrosion degradation not
only the mass reduction was observed but also the plate surface became
more rough. Therefore, It is justified to test various combinations of
statistic parameters and their influence on wave propagation as they can
change during corrosion.

The experimentally measured signals for variable DoD have been
compared in the first step. The selected results of the wave propagation
campaign in corroded plates are presented in Fig. 19 [34]. As previously,
the figure contains the results for selected sensors and for one frequency
(100 kHz) to avoid the deterioration of the readability of the graphs. The
plots were prepared for sensors s1, s5, s9 and s13. The discrepancy be-
tween theoretical predictions and experimental measurements arises
from the imperfect match in signals recorded for the undamaged plate.
In the numerical model, signals at the same distance from the actuator

Measurement 235 (2024) 114949

were identical, while experimental tests, though notably similar, dis-
played observable differences in amplitude and ToF. These disparities
are attributed to variations in transducer attachment methods. In the
experiments, wax was utilized for its advantage in easy removal before
immersion and accelerated corrosion. However, wax quantity and
temperature impacted signal amplitudes, leading to differences. Another
factor contributing to signal variation was the precision of transducer
attachment, despite meticulous efforts. Measurement tools, such as a
tape measure, introduced a potential for subtle deviations in sensor lo-
cations. Additionally, even when structurally sound, geometric irregu-
larities in the undamaged plate resulted in thickness variations,
potentially introduced during the initial cleaning and polishing stages.
As a result, ToF measurements at different locations may exhibit slight
discrepancies. As the DoD increases, the differences in signals become
more evident. In the case of DoD of 20 % (Fig. 19¢), The most significant
differences in ToF and the amplitude are observable, which is associated
with the highest asymmetry of the propagating wavefront.

The collected signals have been processed to determine the RCSD
and BCSD functions presented in Fig. 20. The functions were plotted for
the most extensive sensor network, comprised of 16 transducers local-
ized 15 cm from the actuator, to demonstrate the influence of DoD on the
wavefront symmetry. The function values generally decreased with
increasing DoD, regardless of the excitation frequency and the type of
symmetry (bilateral or rotational). The extracted maximum and mini-
mum values of BCSD and RCSD, considered corrosion level indicators
here, are collected in Fig. 21. The corrosion degradation inevitably in-
fluences the wavefront symmetry, manifested by the decreasing trend of
the extreme values of the symmetry functions. The colored dashed lines
denoted by A, B, C and D indicate the extreme values of the symmetry
degrees obtained theoretically for the network comprised of 16 trans-
ducers. As one can see, the theoretical value of the degree of symmetry is
always higher than the experimental one. It can be explained by the fact
that perfect symmetry is usually difficult to obtain in natural conditions.
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Fig. 19. Wave propagation signals registered by the four sensors of circular array attached on the plate characterized by variable DoD: a) DoD of 0%, b) DoD of 10%

and ¢) DoD of 20%.
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Fig. 20. BCSD functions (left column) and RCSD functions (right column) determined for experimental plate characterized variable DoD and for different excitation
frequencies a) 50 kHz, b) 100 kHz and c¢) 150 kHz.
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Fig. 22. Wavefront shapes obtained for a variable number of sensors in the network (reconstruction made based on results obtained for a plate with DoD of 20%): a)

4 sensors, b) 8 sensors and c) 16 sensors.

5.2. The influence of the number of sensors on obtained symmetry
functions

Next, the influence of network extent was investigated. To demon-
strate the accuracy of the wavefront shape reconstruction obtained for
various numbers of sensors in the network, the wavefronts determined
for DoD of 20 % and for excitation frequency of 100 kHz have been
depicted in Fig. 22. The number of corners corresponds to the number of
transducers. In each case, the wavefront determined for the undamaged
experimental plate for comparison was also added. It is evident that
regardless of the number of sensors, the difference between the wave-
fronts for health and the corroded plate is insignificant, even though the
DoD was relatively high and was over 20 %. By reflecting and/or rota-
tion, the symmetry degrees of the particular wavefront were deter-
mined, and then the extreme values of RCSD and BCSD were extracted
(Fig. 23). The decreasing trend of symmetry degrees was noted for all
extents of the transducer network. Despite that, the monitoring process
based on bilateral symmetry (Fig. 23b) would be more challenging due
to the insignificant reduction of the degree of symmetry for progressive
deterioration of the tested plate. The maximum value of BCSD obtained
by the sensor network comprising of 4 transducers varied from 0.999 to
about 0.997 for mass reduction equal to 20 %. Despite the decreasing
trend of this indicator, its variability is comparable to the measurement
error. For the greater number of transducers, the decrease was more
noticeable but still insignificant (the drop from 0.999 to 0.994 for 8
sensors and from 0.998 to 0.992 for 16 sensors). Nevertheless, the most
significant indicator reduction was observed for the most extended
network. More noticeable differences in indicators for variable DoD
were noted for rotational symmetry. Moreover, the slope of the curves
representing the DoD-max RCSD relationship was comparable regard-
less of the number of sensors used for monitoring, which suggests that
the proposed approach can be suitable even in the case of a less

max RCSD [-]

DoD [%]

2 4 6 8 10 12 14 16 18 20

extensive measurement system.

5.3. The influence of the distance between the actuator and sensors on the
wavefield symmetry assessment

The last stage of the research concerns the variable actuator-sensors
distance analysis. The comparison of the experimentally determined
highest symmetry degrees collected for different DoDs is presented in
Fig. 24. As in the case of numerical results collected for the higher
number of cases, one can see that the efficacy of the corrosion moni-
toring process is more dependent on the number of sensors in the
network rather than the spatial separation between them. The
decreasing trend of the considered symmetry degrees with increasing
DoD was noted for all transducer configurations. Both numerical and
experimental results indicate that the investigator can adjust the size of
the monitored area depending on the current needs. However, again, the
number of sensors seems crucial in analyzing the wavefront asymmetry.
It should be noted here that in some cases, the degree of symmetry
remained the same or even increased when the DoD increased from 10
%. The apparent drop of the symmetry degree value was observed only
for the network built of 16 transducers.

6. Conclusions and discussions

The last section is devoted to a discussion of the results presented,
with particular emphasis on the limitations of the method presented and
potential future work to be carried out.

The paper presents the results of numerical and experimental in-
vestigations on the influence of corrosion degradation on wavefield
symmetry. Because the proposed procedure assumed the reconstruction
of the wavefront shape by processing the collected signals’ wavefronts,
we also analyzed the influence of their number and distance between

— 4 sensors
—— 8 sensors

b) 16 sensors

o
©
©
>

0.996f L

max BCSD [-]
o
S

0.992]

0 2 4 6 8 10 12 14 16 18
DoD [%]

Fig. 23. Maximum values of a) RCSD and b) BCSD functions obtained for variable DoD (experimental tests conducted for variable number of the transducers

attached 15 cm from the actuator).
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Fig. 24. The maximum values of RCSD and BCSD collected during the experimental campaign for a variable number of sensors organized in circular arrays with
different radiuses (rows present the results for a variable number of transducers while columns contain the results for different radii of the array).

them on the accuracy of the wavefront shape determination and indirect
corrosion monitoring. This is crucial for the further development of the
novel devices used for state assessment of plate-like structures. The in-
crease of number of sensors, except the higher cost of the system, entails
increasing installation time. Also, the possibility that any sensor will be
installed incorrectly is higher, which is absolutely pivotal in wavefront
symmetry assessment. On the other hand, the greater number of signals
measured, the more information about the structure we have and the
more precise wavefront we can reconstruct. The same situation applies
the distance between sensors. The larger the distance, the greater area
we can monitor during single measurement. The shorter the distance,
the number of measurements increases but also the accuracy of the
assessment increases.

The distance between sensors and the size monitored area should be
also adjusted not only based on the obtained results and the method
accuracy but also on some technical aspects on monitored structure. As
mentioned, ships structures are often strengthened by the stiffeners
which would be the source of wave reflections affecting the signals and
hindering their interpretation. Thus, searching the trade-off between the
number of sensors, cost, time consumption, resolution and the accuracy
of the method with taking into account the geometry of the monitored
structure is one of the essential step towards developing new corrosion
assessment procedure.

The results proved that Bilateral and Rotational Corrosion Symmetry
Degree (BCSD and RCSD) functions consistently decrease with
increasing DoD, indicating the influence of corrosion degradation on
wavefront symmetry. The decreasing trend was observed for variable
distance between the transducers and for variable extent of the sensor
network. However, the more extensive sensor network monitoring was
assessed as more efficient due to more significant changes in symmetry
degrees. In the case of the smaller number of transducers (4 or 8) in some
cases, the decrease of investigated indicators was comparable to mea-
surement error, which is one of the presented approach’s drawbacks.
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Moreover, the number of sensors significantly impacts corrosion moni-
toring efficiency more than the spatial separation between the actuator
and sensors. The size of the monitored area can be adjusted based on the
investigator’s needs, but the number of sensors remains crucial in
wavefront asymmetry analysis. This finding implies the need of the
further investigations. The possible solution allowing for reduction of
the network extent would be developing the combined algorithms based
on e.g., initial scanning the surface by wavefront symmetry assessment
and next by more detailed inspection of selected areas with the lowest
symmetry levels. The another approach would involve different algo-
rithms of corrosion level assessment i.e. double-step inspection. Esti-
mation of the average thickness based on the averaged wave
propagation velocity and next the symmetry assessment would be the
additional tool for roughness estimation. Another solution is enriching
the algorithms by using additional tools such as neural networks [35,36]
which have been proven to be a powerful tool that well expresses the
mapping relationship between the inputs and outputs of a structure.
However, this needs the further tests and considerations.

The traducers’ circular array allowed for monitoring the corrosion
process without knowledge of the material parameters of the plate and
the dispersion curves usually traced for intact structure. It should be
noted here that the algorithm was formulated to exclude the necessity of
collecting this data because the reconstructed wavefront was always
“normalized” according to the minimal time of flight registered by one
of the sensors. Consequently, the length of one of the arms was equal to
the distance between the actuator and the sensor. This formulation
excluded the need to collect the reference data i.e., material parameters
of the tested specimen, which in so far developed methods incorporating
dispersion curves was crucial. The main advantage of such modification
is less sensitivity to errors in ToF estimation. Wavefront reconstruction
does not demand the analysis of the exact value of the ToF but the dif-
ferences in the ToF measured by different sensors. Therefore, we can
avoid the discrepancies in ToF determination caused, e.g., by choosing
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different methods of the ToF estimation or due to different initial delays
of various devices used in the investigation.

On the other hand, it should be considered that the differences in the
ToF may also arise from the inaccurate transducer’s attachment. In the
case of the relatively low DoD, the asymmetry caused by the specimen
degradation may be less noticeable than the asymmetry caused by
imperfect experimental conditions. Thus, the next stage of the investi-
gation should focus on the accuracy assessment of the method and on
determining the so-called curves presenting the probability of detection
for corrosion degradation.

The next limitation of the method is its lack of sensitivity to uniform
thickness reduction. As mentioned, the algorithm uses only the differ-
ences in the ToF, not the exact values. In the case of the two plates totally
differing in thickness but with smooth surfaces, we obtain the exact
shape of the propagating wavefront. The solution for this limitation
would be enriching the algorithm with an additional part regarding
determining the average thickness based on the average wave velocity in
a given section. The potential enriching the algorithm with additional
determinations of average thickness based on curves would increase the
method accuracy but it entail the need of collecting the reference data.
In such a case, the method presented in the paper would be used for
roughness assessment. In contrast, the so-far-developed algorithms
aimed on solving the inverse problem (determining the thickness based
on velocity using known shape of the dispersion curves) would be used
for the average thickness assessment. The further investigations should
also take into account the complex geometry of the tested structure
which was omitted in this study. Due to economic aspects, the ship hulls
are usually built of sheets varying in thickness. The standard ultrasonic
scanning is insensitive to such variability — the results obtained can be
easily compared with documentation. However, in the case of guided
wave propagation depending on the thickness, the velocity may be
anisotropic and the wavefront becomes asymmetric, even for undam-
aged structure. This anisotropy should be included in the developed
algorithm to avoid the misinterpretation of the asymmetric results.

The another source of the potential problems with signals interpre-
tation is the presence of localized damages i.e. pits or cracks. They would
be the cause of additional reflections in signals, or in extreme case when
located between actuator and sensor could prevent incident wave
registration. Despite that the localized damages might be the source of
the similar effects to e.g. mentioned above stiffeners, their presence is
usually difficult to predict.

Despite mentioned limitations, the obtained results proved that
guided waves can be potentially useful for corrosion degradation
assessment. The significant influence on the shape of the propagating
wavefront had the roughness of the surface, which was clearly visible
when wavefront symmetry was analyzed. Even though the whole plate
surface has been defined by using a random field with a priori assumed
statistical parameters (average thickness and standard deviation), the
velocity measured in different directions differed. Future studies should
be focused on the inverse problem, i.e., how to obtain the statistical
parameters of the surface based on guided wave propagation
measurement.
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