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ARTICLE INFO ABSTRACT

Communicated by Steffen Marburg The article investigates the results obtained from numerical simulations and experimental tests
concerning the propagation of guided waves in corroded steel plates. Developing innovative

Keywords: methodologies for assessing corrosion-induced degradation is crucial for accurately diagnosing

Guided waves offshore and ship structures exposed to harsh environmental conditions. The main aim of the

Irregular plate

o . research is to analyze how surface irregularities affect wave propagation characteristics. An
Numerical simulations

Random fields investigation was conducted for antisymmetric fundamental mode AO. Specifically, the study

Experimental tests examines the asymmetrical wavefronts generated by nonuniform thickness in damaged speci-

Innovative systems mens. Initially, numerical analysis explores the impact of thickness variation on wave field
symmetry. Corroded plates with varying levels of degradation are modeled using the random
fields approach, with degradation levels ranging from 0 % to 60 %. Subsequently, the research
investigates how the standard deviation of thickness distribution (from 5 % to 20 % of the initial
thickness) and excitation frequency (from 50 to 150 kHz) influence recorded signals and the
shape of reconstructed wavefronts. Each scenario compares wavefront symmetry levels estimated
using rotational and bilateral symmetry degrees as indicative parameters. The numerical simu-
lations are complemented by experimental tests conducted on plates with three different degra-
dation levels. The results demonstrate the efficacy of the proposed wave field analysis approach
for assessing structural integrity, as evidenced by the agreement between numerical predictions
and experimental observations.

1. Introduction

Corrosion is one of the most prevalent forms of degradation observed in metallic structures [1-3]. Its accurate quantification is
paramount, particularly in structures that endure constant exposure to harsh environmental conditions, such as marine vessels and
offshore installations. The conventional nondestructive methodology, based on ultrasonic testing, as recommended by Classification
Societies [4], presents several noteworthy limitations. It necessitates the application of a coupling agent, which can potentially
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influence the integrity of the structure under examination [5,6]. Although ultrasonic measurements facilitate the generation of
thickness maps, their precision is inherently contingent upon the density and distribution of measurement points, given that ultrasonic
transducers offer information concerning thickness at a single point during any given measurement. Additionally, this inspection
method can be insufficient for localized damages caused by pitting corrosion. Guided wave propagation offers the possibility for both
thickness reduction assessment and detection and localization of localized pits and cracks.

One of the most critical advantages of Lamb waves is their possibility to travel relatively long distances without significant
amplitude reduction [7]. Their dispersive capabilities have been successfully used for general corrosion assessment. It can be defined
as the attack of the entire metal surface exposed to the corrosive environment, resulting in uniform metal loss from the exposed surface.
Because the specimen thickness determines the velocity of the guided wave, the thickness reduction entails changes in propagation
velocity. This assumption is the base of many developed wave-based diagnostics methods dedicated to general corrosion assessment.
Farhidzadeh and Salamone [8] used dispersion curves, continuous wavelet transform, and wave velocity measurement to quantify
corrosion damage and diameter reduction of multiwire prestressing steel strands. The thickness reduction of ship structural elements
has been estimated by Zima et al. [9] using guided waves and spectral decomposition. The corrosion imaging algorithm based on the
Riesz transform to identify corrosion on metal plate structures quantitatively was developed by Sun et al. [10]. They introduced the
damage with a circular/umbrella shape, so it did not precisely reflect the irregular surface damage. Hua et al. [11] proposed a new
time—frequency damage index linking features extracted from Lamb wave signals for corrosion inspection applications. The significant
second/third harmonics and the resonant waves were employed by Ding et al. [12] to investigate the surface corrosion damage in
metal plates. Nicard et al. [13] used coda wave interferometry to monitor the generalized corrosion of steel strands. The problem of
corrosion detection by using guided waves has also been widely described by Cegla et al. [14-18]. In [14], they estimated the accuracy
of ultrasonically estimated corrosion rates (mean wall thickness loss) using standard signal processing methods based on the time of
flight measurement (peak to peak, first arrival and the cross-correlation) and a novel thickness extraction algorithm (adaptive cross-
correlation) has been presented. The potential of dispersive circumferential guided waves as a technique for screening or monitoring
for pipe wall thinning due to corrosion was investigated in [15]. Next, the probability of detecting corrosion pits in pipes using
circumferential guided waves was analyzed [16]. The fundamental SO, AO and SH1 modes were used to monitor, inspect, or screen for
finite areas of wall thickness change. An optimized ultrasonic corrosion monitoring technique for performing measurements in lab-
oratory conditions has been described in [17]. The results show that wall loss rates of 0.1 mm/year to 0.2 mm/year could be detected
within 1 h to 2 h, indicating that the developed technique is highly accurate and responsive. The reflection and scattering charac-
teristics of shear bulk waves from corrosion pits have been investigated numerically in [18]. Many factors can influence the mea-
surements, especially made in environmental conditions. Non-perfect transducer attachment due to. i.e., rough surfaces, initial
thickness variations, presence of coating with different parameters, variations of material parameters, and possible mode conversions
are not the only factors that can change the signal intensity, frequency content, and arrival time [19-22]. All these factors together
mean that complete defect characterization of corrosion damage can be very challenging, and it is not always possible to determine the
remaining plate thickness with any reliability.

This research paper introduces a novel method for assessing general corrosion levels. The main concept is based on estimating the
symmetry level exhibited by the propagating wavefront. Despite that, the circular array of transducers for rapid localization and
parametric identification of corrosion-type damage in metallic plates was investigated by Rathod and Mahapatra [23], and they also
based their algorithm on the symmetry breaking in the signal pattern, their approach differs significantly from the method presented in
this paper. The underlying concept assumes that thickness variations induced by general corrosion influence the wavefront circular
shape. The common assumption that general corrosion causes uniform thickness reduction has been rejected. When the specimen’s
geometry becomes irregular, the wave propagation velocity becomes anisotropic, and the wavefront loses its circular shape.

Previous paper by the authors started considering random field modeling to assess the asymmetry of the ultrasonic wavefront in
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Fig. 1. Dispersion curves determined for steel plate (E = 210 GPa, v = 0.3 and p = 7850 kg/m>) and constant thickness of d = 5 mm.
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steel structures [24]. The present work investigates further this aspect by comprehensive experimental corrosion testing supported by
ultrasonic gauge measurements. In addition, parametric numerical studies have been performed to assess the various degrees of
degradation (DoD), the influence of the surface roughness on wavefield symmetry, and the frequency dependency via three different
carrier frequencies. Experimental tests were complemented by numerical analyses conducted on plates with irregular surfaces modeled
using random fields. An essential advantage of the proposed method over existing methods is the lack of necessity of exact mode
identification and its lower sensitivity to systematic errors in time of flight (ToF) determination.

The paper is organized as follows: Section 2 introduces the theoretical background of wave propagation plates with variable
thickness. The geometry of tested specimens and the methodology used is described in Section 3. The comparison of theoretical
predictions with experimental and numerical results is provided in Sections 4 and 5. Finally, Section 6 contains the main discussion,
conclusions, perspectives for future work as well as the limitations of the proposed method.

2. Theoretical background of wave propagation in plates with variable thickness

The influence of variable thickness has been widely investigated ([25-31]). Because of the dispersive character of guided waves,
their propagation velocity depends on plate thickness. The dispersive equations were formulated by Lamb [32] and are derived for the
uniform plate thickness, and their solutions are usually presented as dispersion curves. The exemplary solution is illustrated in Fig. 1,
and the curves were traced for the steel plate with a thickness of 5 mm, considered in the further part of the paper.

Based on the dispersion curves, we can determine the group velocity ¢, for the specific constant thickness d and estimate the time of
flight (ToF) needed to travel along the distance L using a simple expression (Fig. 2a):

ToF = L (€]
Cg

Unfortunately, the dispersion equations are formulated explicitly only for a few cases, like plates with constant thickness. In the
case of plates with variable thickness, the above expression is not valid. The velocity along the propagation path in the complex plate
with variable thickness also varies, which was demonstrated in [25,33,34]. The derivation presented in [33] by De Marchi et al. was
made for tapered anisotropic plate with j segments with variable thicknesses d;. They defined a group delay as a measure of the transit
time versus frequency for a wave propagating along a waveguide. They considered the specimen with varying thickness and anti-
symmetric wave propagation along the x direction (Fig. 2b), divided into N different uniform section divisions with a length Al The
group delay of the m-th wave mode experiences in the i-th section of uniform cross-section and length Al propagating between xp and

Xc can be calculated as:

" N AL
gdxpxc (va) = Zc"! (f) (2)
8t

i=1

where ¢ denotes group velocity of m-th wave mode determined for thickness d. The derivations and the results presented in the
literature demonstrate that the wave velocity measured along distance L depends on the thickness variability which influences the
group velocity cg [35] ~ this is basic assumption in this study.

This study focuses on the impact of general corrosion on guided wave propagation. Corrosion leads to complex plate geometries
characterized by average thickness and standard deviation of thickness distribution. These parameters are crucial for estimating
thickness reduction and are commonly used to assess degradation. While these parameters describe the overall surface, each propa-
gation path between the actuator and sensor may have distinct statistical characteristics. With increasing irregularity due to corrosion,
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Fig. 2. The plates varying in thickness distribution: a) plate with constant thickness and b) plate with variable thickness.
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variations in propagation paths become more significant, which is the primary assumption of the proposed method. Wave propagation
velocity varies with thickness distribution, influencing different paths differently. The study investigates how thickness variability
affects wavefront propagation, aiming to validate assumptions without solving an inverse problem.

3. Materials and methods
3.1. Experimental models of corroded plates

The experimental tests were conducted on a square steel plate with dimensions of 500 mm x 500 mm x 5 mm, and it was cut from
the actual metal sheet prepared for ship structure repair and delivered from Remontowa Shipyard. The typical thickness of the ship hull
is about 10 mm, but in extreme cases, it can range from 3 mm to even 650 mm [34]. A plate with a smaller thickness was selected to
facilitate the experimental tests and achieve the expected corrosion level in a shorter time.

Controlled corrosion was induced via electrolysis reactions, employing an external power supply to drive ion movement. The plate
was immersed in A 5 % sodium chloride solution, with direct current (DC) applied to accelerate corrosion, positioning the steel plate as
the anode and another metal bar as the cathode. The accelerated corrosion test lasted 240 h, followed by drying. The corroded plate
was subjected to nondestructive wave propagation tests and again subjected to electrolysis for another 240 h. The procedure was
repeated until the required DoD (0 %, 10 %, and 20 %) was obtained (Fig. 3). Fig. 4 depicts the corrosion progression, showing
significant increases in pit size and number as well as notable surface degradation.

Moreover, the photos of the plate corners at the beginning and end of the corrosion degradation process have been added. They
clearly illustrate that the corners and edges are more prone to corrosion degradation, which is a common effect. This is also why the
experimental test was conducted for three corrosion degradation levels. In the case of further electrochemical processes, the mass loss
would be mainly associated with the degradation of the edges. At the same time, the middle part of the plate would be in much better
condition and characterized by greater thickness.

Two different approaches were applied to assess the thickness reduction during anodic dissolution. First, weighting the dried,
corroded plate has estimated the total mass reduction. It allowed for the estimation of the total DoD by using the expression:

m — Meorr

DoD = -100% 3

Next, ultrasonic gauge measurements were conducted. We used the calibrated device manufactured by Metrison SONO M660 to
determine the thickness on a 50 mm mesh grid. The footprint probe was circular with an 8 mm diameter. In total, 121 measurements
were made at each stage of the corrosion tests. This type of measurement was applied here because it is a common approach rec-
ommended, among others, by Classification Societies [36], defining the procedures of ship diagnostics. Ultrasonic gauge measure-
ments will prepare the thickness variability maps, visualizing the progress and the nonuniform character of general corrosion.

A primary limitation of anodic dissolution lies in the inability to enforce a specific standard deviation of thickness distribution.
Consequently, comparability of experimental signals is feasible solely for variable DoD, as the standard deviation acquired during
ultrasonic measurement using an ultrasonic gauge is included solely for informational purposes. Fig. 5 illustrates thickness maps
obtained through the standard ultrasonic gauge approach. A noticeable reduction in thickness is observed, particularly at the plate
edges, which is a common occurrence. Given that the sensors are positioned in the middle section of the plate, the wavefront is
exclusively influenced by thickness irregularities in this region. As a result, the thickness reduction at the plate edges does not impact
the measured signals.

The analysis reveals that the undamaged plate exhibits surface irregularities. Table 1 consolidates the average thickness and
standard deviation of thickness distribution for comparative purposes. These parameters are derived from measurements conducted at
121 points and offer a broad description of the surface characteristics. As the DoD increases, the standard deviation increases, which
indicates that the corrosion degradation causes the surface to become more irregular. The standard deviation noted for the whole
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Fig. 4. Process of controlled corrosion: the photographs of plate surface with DoD of a) 0%, b) 9.96%, c) 20.52% and d) comparison of the plate
corners at the beginning and the end of the corrosion process.
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Fig. 5. Thickness map obtained during ultrasonic measurement.
Table 1
Surface parameters of experimental plates.
specimen DoD [%] average thickness [mm] the standard deviation of thickness distribution [-]
#A 0 5.046 0.071
#B 10 4.501 0.100
#C 20 3.945 0.143

surface of corroded plates was 0.1007 and 0.143. If we consider only the middle part of the plate (area with dimensions of 30 cm x 30
cm, where in the following stages of the investigations, the sensors are mounted), the average thicknesses were similar (5.065 mm,
4.521 mm and 4.029 mm, respectively). Still, the surface was smoother, and the standard deviations of the thickness distribution
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obtained for corroded plates were 0.053 and 0.0741. These values were next used as indicators for the values adopted for numerical
simulations and random field generation.

The standard deviation obtained for uncorroded plate #A (0.071) is similar to that of the corroded plate #B (0.1). Usually, the
corners and the edges are more prone to corrosion degradation, while the middle part remained smoother. Moreover, the deviation
values in Table 1 were determined for the relatively sparse measurement grid, so they are only roughly estimated.

3.2. Experimental equipment

Fig. 6 illustrates the system used to conduct the experimental tests presented in this work. The guided waves were captured and
excited by piezoceramic transducers with dimensions of 3 mm x 3 mm x 2 mm (NAC2024, Noliac). The transducers were adhered by
wax, and they operated in pitch-catch mode. The excitation function was in the form of a five-cycle sine modulated by the Hann
window:

p(t) = 0.5p08i1‘1(2ﬂ'ft)(1 — cos (iif) ) t € [0, Tw] @

0t>T,

where f denotes the excitation frequency, py is the excitation amplitude, the Hann window length, n,, and the number of time steps. The
carrier frequencies were sent to the transducer via an arbitrary function generator (TiePie). The input excitation voltage after was 10 V,
and the sampling frequency was defined as 10 MHz. At the same time, the transducers were connected to the high-voltage amplifier
(Pendulum) to improve the signal-to-noise ratio (SNR). The output voltage after amplification of 10 times was equal to 100 V.

To facilitate the wavefront symmetry measurement, the circular array of 16 piezoelectric transducers was mounted on the plate
surface (Fig. 6¢ and Fig. 7). They were attached to a circle with a radius of 15 cm. The actuator was located in the middle point of the
plate, so each transducer was attached 15 cm away from the wave source. The reason for choosing the relatively high number of 16
transducers was the need to reconstruct the wavefront shape accurately. The distance of 15 cm between the sensors and the actuator
was dictated by the size of the tested plate, which is 50 cm x 50 cm. The transducers were attached to the middle part of the plate to
avoid the influence of edge reflections. Notably, in the case of the actual ship structures, they are often strengthened by stiffeners,
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Fig. 6. Experimental investigation: a) the scheme of an experimental setup, b) the photograph of the setup, and c) the detail view of the trans-
ducer attachment.
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Fig. 7. Circular array of piezoelectric transducers.

which can also affect the registered signals. Therefore, the distance between transducers cannot be arbitrary but should be adapted to
the structural geometry and the wave attenuation. Moreover, the size of the investigated plate and, as a consequence, the distance
between the sensors were also determined by the complexity and time duration of the numerical analysis described in the next part of
the paper.

The procedure of signal measurement involved recording and averaging 300 consecutive signals. Next, the average signal was
filtered by a five-order Butterworth band-pass filter with cut-off frequencies at 20 and 2f kHz, where f is the excitation frequency [37].
The signals were cross-correlated to calculate the ToFs of the first propagating mode, which were further used to reconstruct the
wavefront shape.

The sensitivity analysis has preceded both numerical and experimental tests to choose the appropriate wave mode. Because the
compressive type transducers attached to the plate surface have been used, the A0 mode has been excited mainly. However, the
frequencies for which AO was pronounced and the high SNR were selected to facilitate further signal processing. To do this, the variable
frequency signals were collected, and their amplitude and readability were compared. In this study, the frequencies below 150 kHz
were characterized by the highest SNR. To investigate the influence of the excitation frequency on the obtained results, 50, 100, and
150 kHz were used as carriers.

Fig. 8. Numerical simulations performed in Abaqus software: a) model of the corroded plate, b) zoom of the plate surface, and c) view of the
variable thickness of corroded plate.
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3.3. FE modeling

Numerical models were performed using the commercial software Abaqus/Explicit (Fig. 8). The plates were modeled as 3D objects
built of 8-node brick elements with reduced integration (C3D8R). The time step equal to 108 s and the element’s size not exceeding
0.5x0.5x0.5 mm> were adjusted to the excitation frequency range and the wavelength to satisfy the Courant-Friedrichs-Lewy con-
ditions. The time duration of the analysis was equal to 0.5 ms. The excitation was applied as a time-dependent force in the plate’s
middle point (Eq. (4)). Because of the high stiffness of the actuator (115.00 N/pm), the actuation was replaced by the time-dependent
concentrated force of 1 N applied in the middle point of the plate [38]. This simplification causes only the local, close to the excitation
point inaccuracies of simulation, which is not considered here. The time course of the excitation corresponded to experimental data.
The out-of-plane displacement components associated with AO mode were registered in selected model nodes corresponding to the
exact positions of the transducers during experimental tests. The material parameters adopted in the model were typical for steel:
elastic modulus E = 210 GPa, Poisson’s ratio v = 0.3, and density p = 7850 kg/m>. Despite the high calculation cost, the numerical
simulations were performed for the 3D models as the plain strain conditions would not provide the possibility to model the surface
roughness and observe the differences in wave propagation in various directions.

We harnessed stochastic processes known as random fields to simulate corroded surfaces, as the pits occur randomly. Random fields
are commonly employed due to their robustness in modeling spatial distributions [39,40], offering a diverse range of options such as
Markov random fields (MRF), Gibbs random fields, conditional random fields (CRF), and Gaussian random fields (GRF). Gaussian
random fields, particularly notable, produce irregular yet continuous surfaces, employing Gaussian probability density functions. Our
study used MATLAB and the Karhunen-Loeve (KL) expansion algorithm [41] to simulate rough surfaces, specifying dimensions and
truncation levels for polynomial KL expansion. Principal considerations encompass the specification of the random field’s dimensions.
Our endeavor commenced with a mesh measuring 100x100 units, a choice aimed at ensuring computationally feasible processing
durations. Another pivotal parameter is truncation, for which we established various levels of polynomial KL expansion. Furthermore,
the interrelation between mesh points is dictated by a predetermined value. By fine-tuning these parameters, we successfully simulated
corroded surfaces by applying truncated Gaussian distribution within the overarching framework of random fields.

In the first step, the numerical plate models were defined as undamaged, smooth plates with constant thickness. Next, the input file
was modified, and the mesh nodes were moved to adjust their coordinates to the generated random field performed in the MATLAB
environment.

3.4. Considered numerical models

The numerical models considered within this study are summarized in Table 1. The degree of degradation varied from 0 to 60 %.
For each DoD, the various values of standard deviation of thickness distribution were additionally considered for random field gen-
eration. The simulations were performed for ¢ equal to 0.05, 0.1, 0.15 and 0.2. The exception was DoD of 10 %, for which the standard
deviation was equal to 0.05 or 0.1. For the higher values, the maximum resulting thickness of the corroded plate would be greater than
the maximum thickness of the undamaged plate, which has no physical sense. To investigate the influence of the excitation frequency,
the signals were collected for frequencies 50, 100, and 150 kHz. In total, 69 models were considered, and 1104 signals were processed

Table 2
Numerical models considered within the study. Each model has been simulated for three frequencies (50 kHz, 100 kHz, 150 kHz).

specimen group degree of degradation DoD [%] standard deviation o (compared to the initial thickness)

A# 0 0
B# 10 0.05
0.1
C# 20 0.05
0.1
0.15
0.2
D# 30 0.05
0.1
0.15
0.2
E# 40 0.05
0.1
0.15
0.2
F# 50 0.05
0.1
0.15
0.2
G# 60 0.05
0.1
0.15
0.2
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(see Table 2).

The range of the DoD is wide — DoD of 60 % is considered excessive and dangerous for structural safety. However, in extreme cases,
the DoD may exceed 50 % [42,43]. Moreover, to better understand and observe the trend of the symmetry degrees for increasing DoD,
we decided to investigate a numerically more significant number of cases, even if the DoD of 60 % is less likely for regularly inspected
ships and offshore structures.

3.5. Wavefield symmetry assessment

To assess the symmetry of the propagating wavefront, the first necessary step is to reconstruct its shape based on the signals
registered by the sensor network. To do this, the following procedure has been developed:

1) Attach the transducers at equal distances r from the actuator and record the signals;
2) Identify the selected wave mode and determine its ToF (in this article, we consider the incident AO mode);
3) Calculate the lengths along which the wavefront extends (determine the velocities in particular directions and next calculate the
distances which were traveled in the minimal ToF):
r
Ve=—— 5
"~ ToF, 5
e = Vi - min{ToF;} 6)

where k is the number of transducers, and i is the total number of transducers. The reconstructed wavefront was spread over i arms of
lengths rx. The obtained shape is denoted as M in the further considerations. The scheme of wavefront reconstruction is presented in
Fig. 9.

This presented evaluation of corrosion-related deterioration relies on examining bilateral and rotational central symmetry degrees
[24,44]. Consider a shape denoted as M in the Euclidean space R? (Fig. 10). Concurrently, let M’ symbolize the shape resulting from
applying ith rotation operations to the original shape M. The rotation angle is denoted as a. Similarly, M* signifies the shape achieved
by reflecting shape M’ across the specified x-axis. When defining the bilateral central symmetry degree, labeled as BCSD(i) concerning
the x-axis, it is established as the proportion of the area denoted as A, corresponding to the overlapping region between shape M’ and
its mirrored counterpart M”, relative to the total area occupied by shape M:

signals
registration

| |
| 5_&"1‘..”1"“ Hilbert signal ToF and propagation

' 1R transformation cross-correlation velocity
| (L determination (Eq.(6))
“ " : alongisde all

propagations paths
actutor - sensor
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determination of the
arms length
proportional to the velocity
in each direction (Eq. (7))
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directions
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wavefront shape symmetry
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Fig. 9. The procedure of wavefront reconstruction based on ToF.
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Fig. 10. The procedure of calculation of a) rotational symmetry degree and b) bilateral symmetry degree.
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We can also establish the bilateral symmetricity of a given shape M denoted as g, which corresponds to the highest achievable value of
the bilateral central symmetry degree:

5p = max{BCSD(i)} (8)

This value falls within the range of 0 to 1, with 6 = 1 indicating a state of perfect bilateral symmetry within the shape. By searching
g =1, we can ascertain the count of axes that exhibit perfect bilateral symmetry.
The ratio of the area of the intersection of the initial shape M and the rotated shape M’ is defined as the rotational symmetry degree:

A M)

RCSD(i) = 200

©)]

and the maximum value of the rotational central symmetry degree is the rotational symmetricity of a shape M and is denoted as 8.
Because the value of RCSD is equal to 1 for an angle 0 and 27 they represent pseudo-data, which have to be discarded. The discarding
procedure can be summarized in the following steps (Fig. 11): find the first local minimum of RCSD noted [; and then find the last local
minimum denoted as l,. Discard the data close to 0 (i < [;) and data close to 2z (i > I;) and determine the rotational symmetricity,
taking into account the non-discarded data.

4. Numerical results
4.1. The influence of DoD on wavefield symmetry
In the first step, we consider the influence of the average mass loss on the wavefront shape. The visualization presented in Fig. 12

depicts the wave propagation field at selected time instants obtained for plates varying in DoD. The snapshots were performed for four

RCSD(i) 4
[[] discarded data

O
RCSD() |

]
|
|
|
0 ' .
0 ll I‘7 27[

Fig. 11. Determining the rotational symmetricity from the RCSD plot [44].

10



B. Zima and J. Moll Mechanical Systems and Signal Processing 217 (2024) 111538

t=0.05ms

t=0.025 ms t=0.05ms t=0.075 ms

t=0.025 ms t=0.05ms

t=0.025 ms t=0.05ms

Fig. 12. Visualization of wave propagation in steel plates varying in DoD: a) undamaged plate with DoD of 0%, b) plate with DoD of 20%, c) plate
with DoD of 40% and d) plate with DoD of 60% and a standard deviation of 0.1.

models (A#, C# E# and G#) with the same standard deviation of thickness distribution and an exemplary frequency of 100 kHz. Even
based on the visualization, the impact of corrosion degradation on the propagating wavefront is visible. Two main aspects should be
noted here. First of all, the wavefront loses its circular symmetry with increasing DoD. In a perfect, undamaged isotropic plate with
constant thickness, the wavefront is circular as the wave propagates with the same velocity in each direction. In the case of damaged
plates, the thickness is variable, and in consequence, the velocity differs along the propagation paths, and the shape of the wavefront
differs. However, one can notice an additional effect related to the area of the field swept by the wavefront. Due to thickness reduction,
the propagation velocity decreases; thus, the lengths of the propagation paths are shorter. One can see that the surface roughness also
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Fig. 13. Exemplary wave propagation signals obtained for variable DoD: a) DoD = 0 %, b) DoD = 20 %, c¢) DoD = 40 % and DoD = 60 % for a
frequency of 100 kHz (the standard deviation of thickness distribution was the same in all cases and it was 0.1).
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influences the symmetry of the amplitude, but this parameter is not considered in this study.

Fig. 13 demonstrates the calculated wave propagation signals for considered plates. The signals represent the displacements
measured perpendicular to the plate surface. For readability, only the signals captured by four sensors 90 degrees apart (sensors 1, 5, 9,
and 13) were plotted in the graph. The time range was adjusted to demonstrate only incident waves without edge reflection. As
mentioned, in the case of a perfect plate, we can observe the ideal symmetry of the propagating wavefront. The signals collected in
Fig. 13a obtained for plates with DoD of 0 % (undamaged) coincide perfectly with each other and are characterized by the same time
course and the amplitude of particular wave packets. The signals registered for corroded plates (Fig. 13b-d) differ in the ToF of in-
dividual wave packets. One can see that even though the DoD and the standard deviation of thickness distribution were defined for the
whole plate, the ToF, and the signal characters differ for various directions. This confirms the primary assumption made in this study:
that corrosion degradation affects not only the average wave propagation velocity because of thickness reduction but also the sym-
metry of wave motion in the plate.

To demonstrate the influence of thickness reduction on the average wave velocity, the average ToF for all sensors was calculated in
the first step. The results are given in Fig. 14. Additionally, the theoretical predictions made using dispersion curves were plotted for
comparison. It is worth noting that the theoretical ToFs were determined for the average thickness reduction. The correspondence of
the numerical ToFs averaged from 16 signals and the theoretical ToFs determined for plates with constant average thickness clearly
indicates that the proposed method is also suitable for assessing the average DoD. The progress of corrosion degradation is associated
with increasing ToF - the slope of the curve is higher for 50 kHz, which corresponds with the most significant slope of the dispersion
curve for this frequency (Fig. 1) and, consequently, in the highest sensitivity to the thickness reduction. Although the proposed
approach is based on symmetry degree assessment and the circular array of the transducers was chosen to facilitate the reconstruction
of the wavefront shape, the determined ToFs can also be used to control the average thickness reduction.

Next, the signals collected were processed using the procedure described in Section 3.5, and the wavefront shapes were recon-
structed (Fig. 15). Additionally, the procedure of wavefront comparison is illustrated in the figure. The origin of the coordinate system
is associated with the actuator position, so the extreme positions of the transducers on x and y axes are 0.15 m and —0.15 m. The
wavefront shape marked orange represents the wave propagating in the undamaged, smooth plate. The grey shape represents a wave
spreading in the corroded plate. In each case, the grey shape is characterized by a smaller area than the orange one, associated with
lower wave velocity in the corroded plate. However, one can see that the visual assessment of the corrosion degradation process based
only on comparing the wavefronts obtained for plates varying in DoD would be challenging because the differences in particular
wavefront shapes are insignificant.

To quantitatively analyze the effect of DoD on wavefront symmetry degrees, in the following figures, the RCSD (Fig. 16) and BCSD
(Fig. 17) functions were plotted for all considered cases, and the values for central symmetry degrees were also determined. For
readability and simplicity, all the functions are presented only at the beginning, while in the following sections, only maximal and
minimal degrees of symmetry will be considered. Each column contains the results obtained for different frequencies from 50 to 150
kHz, while each row contains the results for variable DoD. Each graph presents four functions (or two for DoD of 10 %) for the various
standard deviations of thickness distribution.

We can clearly see that the DoD significantly influences obtained symmetry degree functions. In both BCSD and RCSD, the functions
have smaller values for increasing DoD, and additionally, in the case of BCSD, the functions lost their regularity (see Fig. 17a and d).

From a practical point of view, detecting corrosion early in its development is crucial. Therefore, in Fig. 18 and in Fig. 19, the RCSD
and BCSD functions were plotted for DoD varying only in a limited range from 0 to 20 % and for the standard deviation of the thickness
distribution of 0.1, which also facilitates the comparison. Regardless of the symmetry type, a similar effect is observed in both cases.
For the perfect plate, the number of peaks reaching 1 is equal to the number of the transducers (16), and they appear every 22.5°,
which corresponds to their spacing, similarly to the local minima. When DoD increases, the character of the functions does not vary

0.15
numerical theoretical
0.14 | —»~-50kHz —— 50 kHz
—»%-100kHz —— 100 kHz
013} 150 kHz 150 kHz
012
@ 011}
E,
[T
01
K
0.09
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0.06 : * :
0 10 20 30 40 50 60
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Fig. 14. Average ToF determined for signals registered by 16 sensors — the results are presented for the corroded plates with irregular surfaces
characterized by a standard deviation of 0.1.
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Fig. 15. Exemplary reconstructed wavefronts for variable DoD (in each case, the excitation frequency was equal to 100 kHz, and the standard
deviation of thickness distribution was 0.1 of initial thickness): a) procedure of wavefront comparison and wavefronts for a) DoD of 20 %, b) DoD of
40 % and c) DoD of 60 % compared with the wavefront obtained for undamaged plate.

significantly. The number of maxima and minima and the frequency of their occurrence remain the same, but the value decreases.

Moreover, the decrease of RCSD and BCSD functions is more visible for DoD, increasing from 0 % to 10 % than for the increase from
10 % to 20 %. This may be associated with the symmetry being more sensitive to the surface roughness. In the case of plate, A# the
standard deviation of the thickness distribution was equal to 0, while in the case of plate #B and #C the surface roughness was
comparable, and the standard deviation was non-zero (¢ = 0.1). The results suggest that monitoring bilateral or rotational symmetry
can be especially useful in an early stage of corrosion degradation when the surface significantly changes its morphology or in late
corrosion assessment when the propagating wavefront totally loses its symmetry.
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Fig. 16. RCSD functions determined for plates varying in DoD: a) 10%, b) 20%, c) 40% and d) 60% obtained for different excitation frequencies and
standard deviations of thickness distribution.

4.2. The influence of standard deviation of thickness distribution on wavefield symmetry

The minimal and maximal values of BCSD and RCSD functions have been determined in each case and presented in figures
(Fig. 20-23). Moreover, in each case, the minimal and maximal values of the symmetry degrees were determined for perfect and
undamaged plates. The figures indicated their values by straight dashed lines (grey line A for minimal values and green dashed line B
for maximal values). The maximal value for the undamaged plate is always equal to 1, which means that the rotated and/or reflected
shape perfectly covers the initial shape of the wavefront. However, the minimal value is determined by the number of sensors
incorporated in the network, increasing with the extent of the network. For the network built of 16 sensors, it is equal to 0.9903.

The results indicate that the standard deviation of thickness distribution, which is the roughness of the surface, has a noticeable
influence on the wavefront symmetry. The increase of standard deviation results in more significant variability of wave propagation
velocity and, consequently, lower values of symmetry degrees. The comparison of the symmetry functions obtained for DoD varying
from O to 20 % revealed that roughness is the crucial parameter that affects wavefront symmetry (Fig. 18 and Fig. 19). However, as
mentioned, this effect is pronounced for higher DoD: for DoD of 20 %, the decrease in symmetry degrees is observable, but their values
are comparable for different surface roughness. The differences in symmetry degrees obtained for DoD of 60 % and for variable
roughness are easily noticeable. The explanation for this is the increasing slope of the dispersion curve for smaller plate thicknesses. As
the DoD increases and fd product decreases, we move toward the beginning of the dispersion curve representing A0 mode, charac-
terized by the significant slope (Fig. 1). This means that for higher DoD, each deviation from the average thickness is associated with a
more considerable velocity change, regardless the excitation frequency. Therefore, increasing of the standard deviation of the
thickness distribution has a more significant influence on wavefront symmetry in thinner plates.

This observation that not only DoD but also the geometry and the surface shape influence wave propagation velocity is crucial
because we can measure precisely the same velocity for two different plates varying in DoDs because of the effect of surface roughness.
This observation proves that the so far applied approach based on estimating the average thickness based on average wave velocity
measured along the propagation path may be affected with significant inaccuracies. A possible solution for separating the DoD and
roughness effect is to simultaneously analyze average velocity (Fig. 14) together with symmetry degrees.
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Fig. 17. BCSD functions determined for plates varying in DoD: a) 10%, b) 20%, c) 40% and d) 60% obtained for different excitation frequencies and
standard deviations of thickness distribution.

4.3. The influence of the excitation frequency on central symmetry degrees

The excitation frequency impacts the shape of the BCSD and RCSD functions (Fig. 16 and Fig. 17), but it is less visible when the
extreme values of symmetry degrees are compared (Figs. 20-23). In the case of all frequencies, the maximal and minimal values of
symmetry degrees were comparable for the same DoD. On the other hand, one can see that the higher frequencies (100 and 150 kHz)
gave unambiguous results in all cases, i.e., the increase of DoD or standard deviation always resulted in increasing values of RCSD and
BCSD. In contrast, for the lowest frequency considered here, i.e., 50 kHz, the results were not unambiguous in each case, especially for
the significant DoD. Notably, the course of function has been disturbed for the most corroded plates with DoD of 50 % and 60 %.
Although we consequently observed the increase of BCSD and RCSD with increasing degradation, this trend is disturbed for plates F
and G with standard deviations of 0.15 and 0.2. Despite the lower standard deviation value, we noted a higher value of symmetry
degrees (Fig. 20a — Fig. 23a). This effect was observed only for a frequency of 50 kHz with the greatest wavelength. As mentioned
above, the decrease of fd product is associated with an increasing slope of the dispersion curve and higher sensitivity to thickness
variations. On the other hand, if the decrease of fd product is caused by applying lower frequency (not thickness reduction), we also
need to consider the increasing wavelength, which is generally less sensitive to insignificant thickness changes and surface roughness.
Therefore, it is possible to note the ambiguous results for the lower frequencies.

5. Experimental results

The piezo transducers were attached in a circular array in the next step, and the guided waves were excited. The exemplary signals
measured by four sensors (s1, s5, s9 and s13) for DoD of 0 %, ~10 % and ~ 20 % are given in Fig. 24. The main difference between
theoretical predictions and experimental measurements is the lack of perfect correspondence between the signals measured for the
undamaged plate. In the case of the numerical model, the signals registered at the same distance from an actuator were the same
(compare Fig. 13). Despite significant similarity, the difference between the amplitude and the ToF is observable in the case of
experimental tests. The main reason for these differences is the difference in transducer attachment. In the experimental test, the wax
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Fig. 18. RCSD functions determined for plates varying in DoD: a) RCSD determined for excitation frequency of 50 kHz, b) 100 kHz and c¢) 150 kHz.
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Fig. 19. BCSD functions determined for plates varying in DoD: a) RCSD determined for excitation frequency of 50 kHz, b) 100 kHz and c) 150 kHz.

was used to mount the transducers. Its main advantage was the possibility of removement before immersion in electrolyte and
accelerated corrosion. However, the wax amount and its consistency affect the signals’ amplitude. Therefore, we observe the
amplitude variability because it depends on the mounting method, amount of wax, etc. The second reason for the difference in
measured signals is the accuracy of the transducer’s attachment. Despite meticulous care in the experimental tests to ensure precise
sensor mounting, there is a potential for subtle deviations in the sensor attachment locations. Measuring the distance between the
actuator and sensor employed conventional measuring equipment, precisely a tape measure, with an associated measurement accuracy
of + 1.2 of the smallest division on the scale equal to 0.5 mm. In the presented study, the experimental tests were repeated for each
case, and the difference in the ToFs because of the accuracy of the transducer’s attachment obtained for the corresponding sensors was

16



B. Zima and J. Moll

Mechanical Systems and Signal Processing 217 (2024) 111538

a) c)
1 i
— — B
_09 + b N T o MM S S st s e
= T
20.98 20.98
E g
 0.97 Tog7
E n viation E standard deviation
0.99 —0.05 0.15 956 —0.05 0.15
o 0.10 —0.20 0.95 0.10 —0.20
20 25 30 35 40 45 50 55 60 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
DoD [%] DoD [%] DoD [%]

(A) minimum BCSD for plate with uniform thickness reduction (for 16 sensors)

Fig. 20. Minimal values of RCSD functions determined for plates varying in DoD and for various excitation frequencies a) 50 kHz, b) 100 kHz and c)
150 kHz.

b) c) ®

max RCSD [-]
=)

o

=
tandard deviation 0.97} standard deviation 0'98|nr viation
—0.05 0.15 —0.05 0.15 —0.05 0.15
0.97.—0.10 —0.20 0.96L=—0:10 —020 09 —0.10 —0.20
20 25 30 35 40 55 60 T2 25 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
DoD [%] DoD [%] DoD [%]

maximum BCSD for plate with uniform thickness reduction

Fig. 21. Maximal values of RCSD functions determined for plates varying in DoD and for various excitation frequencies a) 50 kHz, b) 100 kHz and c)

150 kHz.
a) b) @ c)
1 \
1 ~ \ 1
®, e -
A e e g === B
B z 2
5098 i . 0 0.96 o 0.98
] 3 4
0.97 0.97
§ ati zomtuod’r £ ! i
E VI n £ ndart viation (3 naart viation
098005 —0.15 0.92 0.15 0% 005 —0.15
0.95L=—010 —0.20 10 —0.20 g5l—010 —020
“20 25 30 35 40 45 50 5 60 20 30 35 40 45 50 55 60 20 25 30 35 40 45 50 55 60
DoD [%] DoD [%]

—~
(\A:) minimum BCSD for plate with uniform thickness reduction (for 16 sensors)

Fig. 22. Minimal values of BCSD functions determined for plates varying in DoD and for various excitation frequencies a) 50 kHz, b) 100 kHz and ¢)
150 kHz.

max RCSD [-]

5 40 45
DoD [%]

) ®
; /
80.94 i
o
3
; ) £0.98 e
tan viation tani viati ndare viation

—0.05 0.15 —0.05 0.15 —0.05 0.15

—0.10 —0.20 0.96 —0.10 —0.20 0.97 —0.10 —0.20

0 25 30 3 50 55 60 20 25 30 3

5 40 45 50 55 60 20 25 30 35 45 50 55 60
DoD (%]

40
DoD [%]
maximum BCSD for plate with uniform thickness reduction
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not greater than 0.85 % of the average ToF for 50 kHz, 0.86 % for 100 kHz and 1.5 % for 150 kHz. The difference in ToF has been
calculated as the difference between maximum and minimum ToFs obtained for selected transducers during five experimental cam-
paigns conducted on undamaged plate. The most significant error in the case of the highest frequency is caused by the shortest duration
of the wave packets, higher signal resolution and the greater number of peaks registered in the signal. The influence of the mea-
surement accuracy on the wavefront asymmetry should be addressed in detail in the future.

The geometric irregularities also impact the undamaged plate’s measured signals. Even in the case of a structurally sound plate,
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ultrasonic gauge measurements revealed variability in thickness. This variability could stem from the initial preparation process
preceding the experimental tests, during which the plate underwent special cleaning and polishing, potentially introducing thickness
variations through mechanical surface treatment. Consequently, the ToF measured at different locations may exhibit slight discrep-
ancies. All these factors might influence both ToF and the signal amplitude. As presented in [35], the exact geometry (not only
thickness distribution in the statistical sense) significantly impacts amplitude variability, which is also visible for registered signals.

The differences between the signals become more pronounced as the DoD increases. The incident waves undergo noticeable shifts
relative to each other, signifying the asymmetry inherent in the wave propagation field. This asymmetry aligns with both numerical
simulations and theoretical predictions. Analogous to prior procedures, the experimental signals underwent processing to ascertain the
ToF and to reconstruct the wavefronts In the subsequent phase, the acquired wavefronts were employed to determine the RCSD and
BCSD functions, as illustrated in Fig. 25 and Fig. 26, respectively. A discernible correlation exists between the values of these functions
and the DoD in relation to symmetry degrees. Generally, an inverse relationship is observed, wherein the symmetry level diminishes
concomitant with escalating degradation levels. This trend persists irrespective of the excitation frequency, whether at 50 kHz, 100
kHz, or 150 kHz. Notably, at the lowest frequency of 50 kHz, all peaks of RCSD and BCSD functions exhibit a reduction as the DoD
increases.

Conversely, for higher frequencies (100 kHz and 150 kHz), specific rotational angles (a) can be identified wherein central sym-
metry degrees are elevated for lower DoDs. For instance, this phenomenon is evident in Fig. 25b for a values ranging from 120° to 130°
and in Fig. 25c for a values spanning from 160° to 180°. The possible explanation is that the AO mode exhibits the highest dispersion for
the low frequencies and, thus, is the most sensitive to thickness variations.

The quantity of peaks in all graphed functions corresponds precisely to the number of attached sensors. Nevertheless, none of the
ascertained RCSD and BCSD values attained the theoretical maximum value of 1. The physical meaning of this is that it was impossible
to distinguish any symmetry axis for the experimentally determined wavefront shape, even in the undamaged plate. The deviation
from the maximum theoretical value can be treated as uncertainty caused by imperfect transducers attachment or errors in ToF
estimation. Nevertheless, the experimental results (Fig. 25 and Fig. 26) demonstrated more significant differences for varying DoD
than analogous numerical results (Fig. 18 and Fig. 19). The reason for a more clearly observed decreasing trend in the case of
experimental results is associated with the experimental corrosion process. The corrosion degradation affects on both surface
morphology, as well as the average thickness of the plate. With increasing DoD, the plate surface also changes. Thus, the functions
given in Fig. 25 and Fig. 26 demonstrate the cumulative effect of DoD and surface irregularities on the wavefront propagation. In the
case of numerical simulations, the DoD was variable, but the standard deviation of the thickness distribution was the same for plate B#
and C#.

Fig. 27 and Fig. 28 present the maximum and minimum values of symmetry degrees extracted from experimental and numerical
RCSD and BCSD functions, incorporating horizontal grey and green lines A and B denoting the theoretical extremes established for a
sensor network comprised of 16 sensors. Solid lines represent experimental values, while dashed lines represent numerical results.
Consistently, irrespective of the nature of symmetry (rotational or bilateral) and the specific symmetry degree (minimum or maximum)
under consideration, a distinctly discernible diminishing trend has been observed with the progression of corrosion-induced damage.
Moreover, the slopes of the particular lines are comparable for numerical and experimental cases. The main difference between the
experimental and numerical results is their absolute values: the symmetry degrees obtained numerically are higher, which is associated
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Fig. 26. BCSD functions determined for plates varying in DoD: a) BCSD determined for excitation frequency of 50 kHz, b) 100 kHz and ¢) 150 kHz.
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of BCSD for variable frequencies.

with the homogeneity of the material and precise selection of the sensor node in the numerical model, which was more challenging to
achieve in experimental tests. Despite that, the numerical and experimental results coincide well. The employed frequencies varied in
dispersion level and exhibited different sensitivities to thickness variations, but a decreasing trend was noted in each case.

Despite a clear decreasing trend with increasing DoD obtained for both experimental and numerical results, we can also observe the
differences between the obtained results. In Fig. 27b, the highest symmetry degrees were noted for 150 kHz, then for 50 kHz and next
for 100 kHz. The order of curves differs for experimental results when the highest RCSD values were obtained for 50 kHz, then for 150
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kHz and 100 kHz. Such shift is also observed in other cases: experimentally, the highest symmetry degrees were noted for 50 kHz in all
considered cases i.e. for this frequency the wavefront was “most symmetric”. A possible explanation might be the measurement un-
certainty. The wave packet for 50 kHz has the most significant time duration and was not characterized by the highest SNR in our
study. Due to the relatively small monitored area, long time duration of the wave packet and the signal noise, for 50 kHz it was more
difficult to observe changes in ToF, which determined the decrease in the degree of symmetry. However, the influence of the excitation
frequency and associated effects i.e., SNR on wavefront symmetry assessment was not considered in detail and requires further in-
vestigations, which would allow for formulations of the guidelines for mode selection.

6. Discussion and conclusions

This section summarizes the results and indicates the limitations and necessary future studies on the developed approach. The
presented investigation was focused on the impact of Degrees of Degradation (DoD), standard deviation of thickness distribution, and
excitation frequency on the symmetry degrees of wavefronts. Several noteworthy conclusions can be drawn from the findings:

e The experimental tests indicated that corrosion damage leads to nonuniform degradation, and therefore wave propagation velocity
depending on plate thickness may be characterized by significant variation. Because the dispersion relations are usually nonlinear,
the assumption that wave velocity measured on a certain distance can be used for assessing the average thickness can be associated
with some inaccuracies.

In this study, three different frequencies were initially selected based on the SNR ratio and next were used for symmetry degree
determination. They varied in the dispersion level and, therefore, should exhibit different sensitivities to thickness variations.
Meanwhile, regardless of the dispersion level, the decreasing trend of symmetry degree with increasing DoD was noted in all cases.
The main difference between particular frequencies was in symmetry functions. For the lowest and most dispersive frequency (50
kHz), all peaks of RCSD and BCSD functions exhibit a reduction as the DoD increases.

Conversely, for higher frequencies (100 kHz and 150 kHz), specific rotational angles (a) could be identified wherein values of RCSD
and BCSD functions were elevated for lower DoDs. On the other hand, when the extreme symmetry degrees have been extracted
from symmetry functions, the higher frequencies (100 and 150 kHz) exhibit more unambiguous trends, with extreme symmetry
degrees consistently increasing with DoD and standard deviation. At lower frequencies (50 kHz), especially for significant DoD,
results are less unequivocal, and disruptions in functional trends are observed for the most severely corroded plates. The longer
wavelengths, associated with lower frequencies, display a degree of insensitivity to minor thickness changes and surface roughness.
This characteristic suggests the potential for more reliable and unambiguous results in specific scenarios. However, the influence of
the excitation frequency on wavefront symmetry assessment was not considered here in detail and requires further investigations,
which would allow for formulations of the guidelines for mode selection.

The research establishes a substantial influence of DoD on both BCSD and RCSD functions. Notably, higher DoD values consistently
lead to decreased symmetry degrees, emphasizing the sensitivity of wavefront symmetry to structural degradation. The main
reason for variable propagation velocity in different directions is the complex geometry of the degraded specimen. Therefore, the
effect of velocity changes is more visible for specimens with higher DoD. On the other hand, the symmetry degrees are completely
independent of the exact ToFs. They depend only on the difference in ToFs noted for the particular sensors. It can be considered as
an advantage because it excludes the influence of systematic errors in ToF estimation. Moreover, detailed knowledge about
dispersion curves (and in consequence, about material properties) is not required. However, considering only differences in ToF
without considering their exact values means that if the degradation were uniform, the presented approach would be ineffective as
the propagation wavefront would be symmetric. This is one of the limitations of the proposed approach. One possible solution to
eliminate or reduce the possibility of incorrect corrosion assessment is to develop a combined approach exploiting the currently
developed ToF-based methods for average thickness determination and symmetry-based methods. The problem of combining these
two approaches to elevate the reliability of corrosion assessment should be considered in the following steps.

o The study underscores the indispensable influence of the standard deviation of thickness distribution, representing surface
roughness, on wavefront symmetry. Increased roughness correlates with more significant variability in wave propagation ve-
locity and lower symmetry degree values. The main advantage of this is the possibility of even an insignificant DoD decrease if it
is associated with a surface roughness increase. However, despite the overall trends, disruptions in functional courses are
observed (i.e., symmetry degrees increased despite increasing DoD), particularly for severely corroded plates. This means that
the significant roughness of the plate surface may affect the estimation accuracy of the average thickness reduction. As
mentioned, the combined approach considering the exact values of the ToF and its relative changes due to degradation might be
the solution for this limitation. The more profound insight into the physical aspects of the wave propagation phenomena in
irregular plates is crucial for further developing these methods.

Despite promising results, the presented method has some limitations. First of all, it is sensitive to measurement uncertainty, and
moreover, the influence of the measurement uncertainty is not always the same, i.e., the imperfect attachment of two sensors
placed next to each other has a more significant impact on the wavefront symmetry degree, than the imperfect attachment of the
two sensors located 180 degrees apart. Therefore, assessing the influence of uncertainty might be more difficult in the case of the
proposed method. The second limitation is the need for a specific sensor network arrangement. The paper presents the initial
results and demonstrates the possibility of using wavefront symmetry in corrosion assessment. However, the need to use a
circular sensor array may be very challenging in the case of real structures, especially in the extended sensor network, which
facilitates wavefront reconstruction and may positively influence the measurement accuracy. The presented method is also
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ineffective if the corrosion does not impact the surface roughness. We can still assess the thickness reduction using averaged ToF,
but the symmetry degrees are sensitive only to irregularities.

Moreover, the symmetry degree varies only in the limited range, even for the significant thickness reduction. This means that the
notable corrosion degradation may cause an insignificant reduction in symmetry degree, which entails problems with the inverse
problem solution. The limitations mentioned above are also the possible directions for further investigation.

The study underscores the multifaceted interplay of degradation, surface roughness, and excitation frequency in shaping wavefront
symmetry, offering valuable insights for structural health monitoring and nondestructive evaluation applications. Despite that, there
are several areas which must be considered in the future studies:

o Assessment of the influence of the sensor network’s extent and the distance from the actuator: the longer the distance from the
actuator, the larger the monitored area. On the other hand, the lower resolution of the monitoring system and the lower accuracy of
the corrosion degradation we have;

Uncertainty analysis: The second important aspect crucial for practical application, which was not considered here, is the
assessment of the proposed method’s reliability, including uncertainty analysis. Perfect repeatability is usually not possible to
obtain and in this study, the errors in ToF due to uncertainty of transducers attachment reached 1.5 %. Despite the inaccuracies, a
decreasing trend in symmetry degrees with the progress of corrosion degradation was observed for the plates considered. However,
uncertainty analysis is crucial for developing the proposed approach, especially in solving inverse problems aimed at estimating the
DoD and surface roughness based on the wavefront symmetry degrees.

Possibility of corrosion detection in an early stage of its development: corrosion detection is crucial, especially in its early
development stage. It allows for the repair or for the further monitoring of the damaged areas. The results presented in the paper
indicate that the proposed methodology can be effective in the case of relatively low DoD (up to 20 %). However, it would be
beneficial to develop procedures that allow for the distinguishing and evaluating of both DoD and the surface roughness effect on
the wavefield symmetry, especially if their values are relatively low and the influence of the inaccuracies is significant. The target
effect would be determining the probability of corrosion detection for the variable parameters describing thickness and plate
surface.
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