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Abstract 

The study presents an experimental investigation on the corrosion degradation level assessment 

using nondestructive wave-based methods. The degradation level of ship structural elements 

has been assessed in two different ways. The first one is based on the spectral decomposition 

and zero-crossing incorporated reconstruction of the dispersion curve approach of the 

antisymmetric Lamb wave mode and the best matching of the theoretical solution. The second 

approach was based on searching for a solution to the convex optimization problem. In the first 

case, the plate thickness is assumed to be constant and the phase velocity reconstructed curve 

is fitted to match the best solution in the all considered frequency domain. In the second case, 

the assumption about the varying plate thickness is set and the optimal thickness distribution 

resulting in any times of wave flight is defined. 
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1 Introduction 

Ships and offshore structures operating in the marine environment are subjected to a 

severe corrosion environment (Melchers, 2008). The corrosion will primarily cause the 

reduction of the thickness of structural elements, which in consequence will lead to different 

structural failure modes (Saad-Eldeen et al., 2013; Woloszyk et al., 2018). One example is the 

sinkage of tanker Prestige (“Flashback history: Tanker Prestige sinking (Video),” 2015), where 

excessive corrosion degradation was found to be one of the main reasons for breaking the ship. 

Corrosion degradation was found to be one of the main reasons for breaking the ship. Therefore, 

in recent years significant attention has been paid to the development of corrosion detection and 

monitoring, e.g. employing electrochemical measurements (Xia et al., 2022). 

There are typically two main types of corrosion, i.e. general and pitting one (Pedeferri, 

2018) (see Figure 1). General corrosion is spread more within an entire element and causes 

rather non-uniform thickness reduction, where the level of non-uniformity depends on the 

corrosion medium and character. On contrary, pitting corrosion is a localized phenomenon and 

causes a significant reduction of the thickness in small regions of different sizes and shapes. In 

this view, these corrosion types should be treated separately in terms of diagnostics, evaluation 

and modelling.  

 

 

Figure 1. The comparison between general (left) and pitting (right)  corrosion (International Association of 

Classification Societies, 2015). 

 

There are specified guidelines issued by Classification Societies, e.g. (International 

Association of Classification Societies, 2017), requiring to perform regular surveys during the 

service life of ships. Periodically, the thicknesses of structural elements are measured using an 

ultrasonic thickness gauge. This method has many advantages, e.g. is portable, user-friendly 

and reliable. However, apart from the advantages, several major disadvantages need to be 

pointed out. Firstly, the accuracy of this methodology is limited, especially when considering 
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corroded ageing structures (Cegla and Gajdacsi, 2016), since a smooth and clean surface is 

required to perform the measurement. Secondly, the measurements provide information about 

the resting thickness in one particular point only. It was found, that even for general corrosion, 

a significant variation of the plate thickness is observed (Guedes Soares et al., 2008; Woloszyk 

et al., 2021). Thus, to properly map the thickness distribution, numerous points need to be 

captured. For typical sizes of modern merchant ships (reaching the length of 400 m), capturing 

the detailed thickness distribution is rather impossible, especially taking into account the limited 

time of the survey. In this view, searching for other diagnostic methods seems to be essential. 

With increasing awareness of the importance of maintaining the high quality and integrity 

of engineering structures by constant and thorough monitoring, the non-destructive evaluation 

(NDE) and structural health monitoring (SHM) methods attract more attention nowadays. The 

enormous contribution in the field of measurement devices (Astafev, 2019; Song et al., 2018), 

signal processing (Xia et al., 2016) and data analysis (Nash et al., 2018) is dedicated to corrosion 

detection and monitoring have been made. However, there is still a need to propose and develop 

new diagnostic methods. One of the very promising research areas is related to ultrasonic 

guided waves (GW). Their potential in the structural health assessment has been demonstrated 

in many previous studies devoted to diagnostics of metallic plates (Zima, 2021), pipes (Wu et 

al., 2022), composites (Fiborek and Kudela, 2021; Tschoke et al., 2021) or bolted joint 

connections (Ziaja and Nazarko, 2021).  

Due to their capability to travel long distances without significant amplitude loss, guided 

waves seem to be useful in the diagnostics of large-scale objects like ship hulls. Their 

applicability would be an attractive alternative to standard inspection based on the ultrasonic 

thickness gauge which requires multiple measurements over a small area and does not provide 

sufficient information about the state of the whole structure. The possible application of guided 

waves in the corrosion degradation assessment has been demonstrated in many previous studies 

(Moustafa et al., 2014; Sharma and Mukherjee, 2010). The common assumption in the case of 

global corrosion says that the plate thickness changes uniformly. Because the thickness 

determines the solution of the dispersion equation, the resulting dispersion curves or wave 

velocity could be treated as an indicative parameter of the corrosion degradation progress 

(Farhidzadeh and Salamone, 2015). 

The current study presents the modified approach of a corrosion degradation assessment 

of thin-walled plate structures. The corrosion degradation level is estimated based on the wave 

phase velocity determined by spectrum decomposition and the zero-crossing method of two 

adjacent signals captured at a known distance. Additionally, two different methods of 
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interpreting the results were proposed. In the first case, the assumption about the uniform 

thickness distribution of the corroded plate is adopted and the dispersion curve in the 

investigated frequency range is reconstructed to determine the current plate thickness. In the 

second approach, the assumption about uniform thickness distribution is not valid and the plate 

thickness is assumed to be irregular, but an assumption about the sparse representation of the 

vector describing plate thickness distribution is made. In consequence, the compressed sensing 

(CS) methods in corroded plate diagnostics are allowed. Additionally, the guided wave-based 

method for diagnostics of environmentally marine immersed corroded specimens is used for 

the first time which is an original contribution of the present study. 

2 Ultrasonic assessment of corrosion degradation of thin-walled structures 

This section describes the employed methodology. The algorithm in determining the plate 

thickness variability based on the convex optimization, which is the main original contribution 

of this study is preceded by the description of the procedure of the phase velocity determination 

and dispersion curve reconstruction presented already by other researchers (Draudviliene et al., 

2021, 2018). 

2.1 Wave phase velocity 

Guided waves were extensively studied recently (Lamb, 1917; Mitra and Gopalakrishnan, 

2016; Su et al., 2006). The classical problem of the Lamb wave propagation concerns the wave 

motion in an isotropic, homogeneous and elastic plate with uniformly distributed thickness. 

Two wave modes types can be distinguished depending on the wave patterns: symmetric and 

antisymmetric. Their velocity depends on excitation frequency and can be determined by 

solving the following equations: 

 
 

 

 
2

2 2

2

tan

tan 4

k qqd

pd k pq


  , (1a) 

 
 

   

2

2
2 2

tan 4

tan

qd k pq

pd k q
 


 (1b) 

The parameters d and k indicate the plate thickness and wavenumber, respectively, while q and 

p are defined as: 

2 2
2 2 2 2

2 2
,

L T

p k q k
c c

 
    . 
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where the longitudinal and transverse wave velocities Lc  and Tc  are dependent on the Lame's 

constants   and   and density   of the plate: 

 

2
L

T

λ μ
c

ρ

μ
c

ρ






, (2) 

Phase and group velocities, which are the solutions of Eq. (1) and usually are presented as 

dispersion curves, are defined as: 

 
ph

g

c
k

d
c

dk









. (3) 

The main idea of employing the guided waves in the corrosion degradation assessment is 

based on the assumption that corrosion degradation is related to changes in the plate thickness 

which involves changes in the dispersion curves. In the following study, the algorithm of 

corrosion degradation assessment based on phase the velocity curve reconstruction is presented. 

The guided wave propagation signals are processed using a combined method based on the 

spectrum decomposition and zero-crossing method (Mazeika et al., 2009). The main advantage 

of the proposed approach is that only two adjacent signals are essential in determining the curve 

segment and the distance between the transducers may be adjusted to the size of the tested 

specimen. So far, the wave phase velocity measurements were successfully conducted on 

undamaged metallic and composite plates (Draudviliene et al., 2021; Mazeika et al., 2009). 

Draudviliene et al. (2021) demonstrated a good agreement between numerical and experimental 

curves determined based on a hybrid approach. For clarity, the algorithm of the phase velocity 

determination as well as dispersion curve reconstruction is explained step by step in the 

following section, but it can be also found in (Draudviliene et al., 2021, 2018). 

Two signals 1( )s t  and 2 ( )s t registered at the distance x after applying the narrowband 

frequency excitation are processed and their frequency Fourier spectra ( )S f  are determined. 

The next step involves the determination of the upper and lower limits Lf  and Hf  below and 

above which the spectra vanish, respectively. Within the frequency range ( Lf , Hf ) the spectra 

are filtered as: 

 
   

   

1, 1

2, 2

( )

( )

k k

k k

U f S f B f

U f S f B f




, (4) 

where the kth filter is described by a Gaussian magnitude function: 
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2
( 1)

4ln(0.5)

( )
Lf f k df

B

kB f e

   
 

  , (5) 

In the following study, the parameter B  is determined as -6 dB bandwidth of the S(f) 

which is associated with a power ratio of 0.25, k is the filter number while df is the frequency 

range of interest. The number of Gaussian filters n was adjusted to the spectrum bandwidth: 

 1 H Lf f
n

B


 


, (6) 

Next, the inverse Fourier transform is used to synthesize the new signals from the filtered 

spectra: 

 

   

   

1, 1,

2, 2,

1

2

1

2

iωt

k k

iωt

k k

S t U f e dω

S t U f e dω









 

 





 (7) 

In consequence, two measured signals are decomposed into 2k components varying in the 

central frequency. To determine the phase velocity, corresponding to particular frequencies, the 

zero-crossing method is applied. For the established threshold T, the time of flight (ToF), the 

half period, and the frequency are determined (Figure 2): 

 
,

2, 1,

i

ph k i i

k k

h
c

t t



, (8) 

 
1 1 1 1

1, 1, 1, 1, 2, 2, 2, 2,

1 1 1 1 1

8

i

k i i i i i i i i

k k k k k k k k

f
t t t t t t t t   

 
         

. (9) 

where h is the distance between the transducers. The set of the pairs  ,,i i

k ph kf c  creates the 

dispersion curve representing the frequency-phase velocity relationship. The above procedure 

allows for reconstructing one segment of the dispersion curve. To determine the shape in a 

wider frequency range the measurement can be conducted for various excitation frequencies. 
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Figure 2 Time of flight, phase velocity and frequency based on zero-crossing approach 

2.2 Degree of Degradation assessment based on dispersion curve fitting 

The corrosion degradation level can be assessed by determining the plate thickness, which 

influences the shape of the dispersion curve. The main assumption of this approach concerns 

that corrosion degradation is uniformly distributed and thus, the thickness reduction is the same 

(uniform) within the analysed structure. 

To determine the plate thickness, the dispersion curve as described by Eq. (1) and (3), is 

needed, which fits the best to experimentally determined curve and for this reason, the minimum 

mean squared error Y is the target: 

    
22 , ,

1 1

1 1
( ) ( ) ( )

n n
T i E i

i ph ph
i i

Y d y d c d c
n n 

    , (10) 

were 
, ( )T i

phc d  is the theoretically determined phase velocity for the thickness d obtained by 

solving the Lamb equations (Eq. (1)-(3)) and 
,E i

phc  is the experimental phase velocity. 

2.3 Degree of Degradation assessment based on constrained convex optimization 

In the second approach, the plate thickness is not assumed to be uniformly distributed. 

Thus, the wave velocity also varies along the propagation path as it depends on the plate 

thickness. To determine the average velocity along with the distance h the total time of flight t 

needed to travel from one sensor to another is calculated. 

It is assumed that the plate of non-uniform thicknesses can be presented as an infinite 

number of finite elements in the form of a vector x, where each finite element of the plate 

corresponds to one particular thickness. The sum of the size of all finite elements in a line of 
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the vector x is equal to the distance h between sensors. To determine the ToF, essential to travel 

along with the finite element distances, each finite element size needs to be divided by the 

corresponding velocity calculated by solving the dispersion equation for considered finite 

element plate thickness. The sum of the times of flight will give the total ToF for the distance 

h. The following reasoning can be presented in the form of the equation: 

 1 1xn nx tV x , (11) 

where vector V represents the dictionary matrix containing the reciprocals of velocities. 

Because t depends on the frequency, the Eq. (11) can be reformulated and presented in a 

universal form: 

 1 1mxn nx mxV x t . (12) 

Now, the dictionary matrix V contains the reciprocals of the theoretical velocities and each 

column corresponds to a different thickness, while each row corresponds to a different 

frequency. As a result, the vector t contains the times of flight for finite frequencies. The 

dictionary matrix can be built using the theoretical analysis and dispersion solution or can be 

defined by experimental measurements. The times of flight are determined experimentally. The 

only unknown is the vector x containing the lengths of distances characterised by the same 

thickness. Solving the above equation is not straightforward because the matrix V, in general, 

is not square. In such a case the number of unknowns is greater than the number of equations 

(n>>m) and Eqn. (12) describes an underdetermined system of equations with an infinite 

number of possible solutions (infinite number of possible plates in which wave propagates with 

the same average velocity). The dictionary matrix may contain the information about the 

velocity for the infinite number of varying thicknesses but in real cases, the plate thickness may 

vary in a limited range (Figure 3). Thus, the vast majority of elements in the vector x will be 0. 

The assumption of sparse representation of the vector x allows for converting the 

underdetermined system of equations into an optimization problem: 

 
0

min    s.t.     x Vx t 0 , (13) 

where the 0l  norm is the sum of non-zero elements of the vector x. The vector x is  -sparsed 

if it contains   non-zero elements. Unfortunately, because the vector 
0

x is nonconvex and 

discontinuous, this is an ill-posed inverse problem and solving the above equation is 

numerically unstable, NP-hard and its complexity increases exponentially with the number of 

unknowns. 
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Figure 3 Graphical representation of the sparsity of vector x describing the plate thickness distribution 

 

To avoid dealing with such problems, the 0l  norm can be substituted by the 1l  norm, which 

leads to the following form of the optimization problem: 

 
1

min    s.t.     x Vx t 0 , (14) 

The global minimization of the 1l  norm, which is the sum of the absolute values of the vector 

x  naturally leads to its sparse representation. An accurate reconstruction of the vector x  can be 

accomplished by setting additional constraints.  

First of all, in the considered case all elements of the vector x  must be equal or greater than 

zero. Secondly, the sum of the distances must be equal to the distance between the transducers. 

Additionally, the experimental results might slightly differ from the theoretical predictions 

because of the additive noise, environmental effects, inaccuracies in ToF measurements, or 

material parameters. Taking into account the aforementioned constraints and the influence of 

inaccuracies   bounded by   , the final form of the convex optimization problem can be 

written as: 

 

2

1
1

min

min 0

i
i

s.t. x h

 





  







Vx t

x

x

, (15) 

The additional constraint may also concern the maximum finite element thicknesses of 

the corroded plate, which cannot be greater than the initial as-built thickness of the uncorroded 

stiffened plate. 
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The main difference between the methods based on phase velocity curve reconstruction 

and constrained convex optimization is the assumption about finite element thickness 

variability. In the first case, the plate thickness is uniform and can be described by one, average 

value. In the second case, any finite element of the plate is described by a different thickness 

which makes the corroded plate thickness nonuniformly distributed. The plate thickness 

variability can be described by a sparse vector in the thickness domain. The number of possible 

solutions resulting in the same ToF is considered to be infinite but because corrosion 

degradation in the vicinity is correlated, the sparse representation of the vector x  is justified by 

the physical sense of such solution (Figure 3). The main advantage of both approaches is that 

only two signals registered in two different points on a tested stiffened plate with the known 

distance between sensors are required. 
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3 Experimental study 

3.1 Corrosion degradation 

The stiffened plates that are analysed here were subjected to accelerated marine immersed 

corrosion degradation. The corrosion test setup was described in detail in (Woloszyk et al., 

2021). Thus, only the most important information is provided herein. 

The corrosion testing aimed to provide conditions that simulate real seawater corrosion. 

Thus, the application of electric current was avoided and only natural factors were controlled 

to accelerate the corrosion degradation process. Particularly, the temperature was increased 

using a heating system, the water circulation was created using special pumps and oxygen 

content was increased by aeration. These conditions lead to the achievement of a corrosion rate 

reaching the level of 1 mm/year, which is much faster than typical conditions in operating ships 

(Soares et al., 2009), where the mean corrosion rate is closer to 0.1 mm/year. 

 

 

Figure 4. Experimental specimens: a) geometry, b) specimen #4, DoD=21% and c) corroded surfaces corroded 

surfaces (DoD=0%, 7%, 14% and 21%, respectively) 
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Different degradation levels measured as Degree of Degradation (DoD), which is 

estimated as the percentage loss of the mass were achieved. In particular, the DoD of 7%, 14% 

and 21% was achieved. In the present study, the stiffened plate specimens of an initial thickness 

of 5 mm were analysed. The geometry of all specimens, the example photo of the specimen of 

21% of degradation level and zoomed surfaces of other specimens are shown in Figure 4. The 

material characterisation was performed during destructive tensile tests according to ISO 

standards (ISO, 2009). The elastic modulus was 198 GPa, Poisson’s ratio v was 0.3 and the 

density ρ was 7,850 kg/m3. 

3.2 Guided wave propagation 

The employed laboratory instruments comprised a function generator and oscilloscope 

amplified by a signal amplifier. The excitation function was applied in the form of a 5-cycle 

sine function modulated by a Hann window: 

 
   0

2
0.5 sin 2 1 cos 0,

( )

0

w

w

w

ft
p ft     t T

p t n

                                                 t T




   
         




, (16) 

where f denotes the excitation frequency, 0p  is the excitation amplitude, wT  is the modulating 

window length and wn  is the number of time steps. The sampling frequency was 500 MHz, and 

the input voltage was 20 V. Each signal was averaged 1024 times to minimise the influence of 

the environmental effects. In the network, only three transducers were used: one for excitation 

and two for signal measurement. The distance h between the sensors attached by special wax 

on the plate surface was 30 cm (see Figure 4). 

To find the most effective inspection frequencies in terms of a signal-to-noise ratio and 

wave mode content, the main study was preceded by the measurement of plate response under 

several excitation frequencies. The second aspect taken into account in the frequency selection 

was the wave sensitivity determined by the curve shape analysis. Figure 5 shows the set of 

phase velocity curves traced for plates varying in thickness. Because the compression type 

transducers attached to the plate surface were used in the experimental tests, the measurement 

concerns mainly the A0 Lamb wave mode which is associated with antisymmetric plane 

vibration. Therefore, the curves in Figure 5 were plotted only for this wave mode. 
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Figure 5 Phase velocity dispersion curves for steel plate (E=199 GPa, v=0.3, ρ=7850 kg/3) varying in 

thickness 

 

Based on the obtained results we can see that the A0 mode is highly dispersive in the low-

frequency regime, which means that a small change in frequency results in a significant change 

in the velocity. For this reason, the accuracies between theoretical and experimental phase 

velocity obtained during the preliminary study were assessed as considerable and might be the 

source of the significant errors in curve reconstruction. Finally, the carrier frequencies used in 

the next step were from 150 to 250 kHz. 
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4 Analysis and results 

4.1 Tracing wave velocity dispersion curve 

Figure 6 shows the exemplary signals collected during the experimental campaign for 

specimens #1 and #4 for different excitation frequencies. The influence of the corrosion 

degradation is visible even at the early stage of the analysis. The character of the signals for 

corresponding frequencies differs significantly. In signals registered over specimen #1 (Figure 

6a), three high-amplitude wave packets originated from wave interaction with the edges and 

stiffener are visible. The packets are easy to extract despite decreasing signal-to-noise ratio with 

increasing frequency. In the case of specimen #4 (Figure 6b), the shape of the incident wave is 

completely different. Its time duration is longer and it overlaps with low-amplitude reflections 

which were possibly triggered after interaction with surface irregularities. Thus, the extraction 

was much more difficult which in turn might affect the final results. The signals contain also a 

greater number of wave packets. Not only the reflections from boundaries and stiffener but also 

additional wave modes were registered, excited after mode conversion, which is a common 

phenomenon occurring in damaged structures. The sudden drop of the amplitude of the 

following reflections also unambiguously indicates the interaction with damage (Zima and 

Kędra, 2020). More intense wave dissipation and wave scattering caused by the corroded 

surface is manifested by faster wave damping. 

 

 

Figure 6 Experimental signals of wave propagation registered for a) specimen #1 and b) specimen #4. The input 

signals were plotted by the orange solid line, while output signals are plotted by the blue line 
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The indicated incident waves extracted from the signals were processed in the MATLAB 

environment according to the procedure described in Section 2.1. First, the wave phase velocity 

curve has been determined for an uncorroded specimen which allowed for estimation of 

inaccuracies of the proposed method and its further calibration. Because the majority of signal 

energy is concentrated around the maximum value of the amplitude, the threshold T was 

established as 0.9 to detect the zero-crossing time instances around the maximum amplitude 

and thus, minimise the influence of signal noise. The experimentally determined velocity is 

higher than theoretically predicted which stays in agreement with the results obtained by other 

studies (Mazeika et al., 2009). To avoid the inaccuracies in degradation level assessment caused 

by an overestimation of the phase velocity, in the first step the correction factor Δ was estimated. 

Its value was established by searching the minimum value of the following expression: 

  
2

, ,

1

( )
n

T i E i

ph ph
i

c c


   , (17) 

and was equal to 83 m/s. The same value of the coefficient was used to reduce the wave velocity 

obtained for other tested plates (Figure 7). 

 

 

Figure 7 Theoretical and experimental phase velocity curve for uncorroded plate 

 

The algorithm of the phase velocity determination has been used for tracing the curves 

for other thin-walled structures. The results in the form of experimental velocities and fitted 

curves are presented in Figure 8. It can be seen that the increase of the corrosion level 

degradation results in shifting the dispersion curve and decreasing the wave velocity associated 

with the certain spectral component. However, this effect is specific for the considered 

frequency range and utilised antisymmetric Lamb mode. In general, corrosion degradation may 
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cause an increase, decrease, or even may have no influence on wave velocity. Thus, it is crucial 

to choose the excitation parameters correctly. 

 

 

Figure 8 Theoretical and experimental phase velocity curve for corroded plate: a) specimen #2, b) specimen #3 

and c) specimen #4 

 

The average thickness d associated with reconstructed curves is equal to 4.820 mm, 4.475 

mm and 4.105 mm, which corresponds to 3.6%, 10.5% and 17.9% of corrosion degradation 

level, respectively. In each case, the DoD is lower than obtained based on the weight 

measurement. However, the mass reduction was determined for the whole large-size specimen, 

while the velocity measurement was conducted at a certain distance along with the plate. 

4.2 Constrained convex optimization method in degradation level assessment 

Next, the problem of corrosion degradation level was considered assuming that the plate 

thickness is not uniformly distributed and it changes in a limited range. In the first step, the 

dictionary matrix has been built. In this study, the matrix contained reciprocals of theoretical 

velocities determined for experimentally obtained frequencies. The considered thickness range 

rD  for which the dictionary was built was 0 to 6 mm with a step of 0.001 mm. As mentioned 

above, the thickness of the corroded plate cannot be greater than the thickness of the uncorroded 

asbuilt plate (in this case 5 mm). On the other hand, the minimum thickness must be greater 

than zero. Otherwise, the wave would reflect from the gap and we would not have registered 

the signal that could be processed in the further stage. Therefore, the dictionary might be 

constructed for a narrower thickness range (i.e. 0.5 - 5 mm). However, because of the 

overestimation of wave velocity and inaccuracies in ToF measurement, the optimal solution of 

the convex problem may be found for the thickness out of the reasonable range.  

The vector t was determined based on the results obtained from the curve reconstruction 

presented in Section 4.1. Vector t contains the ToFs calculated after the reduction of the phase 
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velocities. The value of  , which was established using the dispersion curve for the uncorroded 

plate (Figure 7) was the same for all plates and it was 10-8.  

The constrained convex optimization problem was solved in the MATLAB environment 

(Grant and Boyd, 2008). The results of the analysis are presented in Figure 9. The graphs present 

the thickness variability of each plate. The horizontal axis indicates the thickness rD , while the 

vertical axis denotes the length characterised by a certain thickness (vector x). According to 

compressed sensing theory, the majority of elements of the vector x are equal to 0. 

In the case of uncorroded specimen #1 and specimen #2 with the lowest DoD, the function 

describing thickness distribution takes the form of single peaks. For specimen #1 two peaks 

were obtained: one for the thickness of 5.81 mm and one for 2.05 mm, which corresponds to a 

relatively insignificant distance (shorter than 1 cm). Moreover, between 2.05 mm to about 5.5 

mm the values of x are equal to zero. Such thickness distribution suggests the step thickness 

change (from 5 mm to about 2) which in turn would be associated with additional reflections 

captured in signals. Because the signals measured for this specimen contained only incident 

waves (see Figure 6a), one can assume that the additional peak may result from an imperfect 

reconstruction of the dispersion curve. Based on the obtained results the average thickness has 

been calculated as the scalar product of vector x and vector rD  divided by the distance h: 

 conv r
a

D
d

h


x
, (18) 

The average thickness for the uncorroded was equal to 5.3 mm. It should be pointed out here 

that applying the additional constrain saying that the plate thickness cannot be greater than 5 

mm would result in obtaining the peak value exactly for this thickness. On the one hand, it 

would be the perfect result, but on the other hand, it would be somehow forced by the reduction 

of the dictionary matrix size. Because it was the first attempt at using the compressed sensing 

methods in thickness estimation, the authors aimed to faithfully present also the drawbacks of 

the method. One of the drawbacks is the possible over or underestimation of the thickness 

because of the differences between the theoretical model and experimental measurements of 

wave propagation signals. The differences in actual and determined thicknesses are mostly the 

result of the ToF determination.  

The possible solution for avoiding or reducing the unreasonable result is the calibration 

of the vector t based on the known thickness of the plate. In the current study, the velocity was 

calibrated based on the dispersion curve. However, it is also possible to calibrate the outcome 

vector t. The better approach would be also building the dictionary using the experimental 

results but it requires the measurements carried out on plates with various thicknesses. The 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

18 

accuracy of the thickness distribution reconstruction would be dependent on the complexity of 

the dictionary. 

The last factor influencing the results is the extent of the sensor network. The accuracy is 

greater for a more extensive network. However, it is crucial to find the trade-off between the 

number of sensors and measurements and the accuracy. In this study, the minimum required 

number of transducers is used, but the additional measurements, in different places or on 

different distances, may favourably influence the results. 

In the case of specimen #2, three localised peaks were obtained (Figure 9b). The 

maximum thickness of 4.84 mm is considerably lower than in the previous case, which indicates 

the progress of corrosion degradation. Additional two peaks (3.459 mm and 4.815 mm) are also 

clearly visible. As previously, between the peaks no thickness variability was noted. The 

average thickness of specimen #2 was 4.71 mm. 

 

Figure 9 Plate thickness estimation by solving convex optimization problem for a) uncorroded plate, b) 

specimen#2, c) specimen#3, d) specimen#4 

 

 

The maximum detected thickness for specimen #3 was 4.89 mm, which is higher than the 

thickness obtained for the less damaged specimen#2 (compare Figure 9b and c). However, this 

value was noted only on a very short distance of about 1.2 cm. Additionally, at the zoomed 

chart it can be seen several non-zero elements of the vector x corresponding to the thickness 

range from 3 mm to 5 mm. The results obtained for specimen#3 suggest that the plate thickness 

distribution is more complex this time. The average thickness of this specimen was 4.496 mm. 

Similar results were obtained for specimen#4 (Figure 9d). Despite three clear peaks for 3.76, 

4.2 and 4.64 mm, the positive values of x were obtained for the other thicknesses. Thus, the 

average thickness of 3.994 mm is considerably lower than the maximum one. 
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4.3 Discussion 

Figure 10 presents the results obtained by three different methods: by measuring the 

mass of the corroded specimen and calculation of the average thickness reduction, by 

reconstructing the phase velocity dispersion curves, and by solving the convex optimization 

problem. In each case the progress of damage degradation is visible. Despite differences 

between the main assumptions of the curve reconstruction method and convex optimization 

method the obtained averaged thicknesses are similar, which confirms the correctness of the 

conducted reasoning. 

 

Figure 10 Comparison of average plate thickness determined using three different methods 

 

In both cases, only two adjacent signals were essential to evaluate the DoD. The 

additional advantage of the convex-based method is that the state assessment of the tested 

element can be also made indirectly. The number of non-zero elements in vector x increases 

with the level of degradation. The corrosion degradation is associated with the occurrence of 

irregularities and thus, for a higher level of degradation, the plate thickness is described by a 

more complex function. Therefore, not only the average thickness can be treated as an indicator 

parameter, but also the complexity of the obtained solution.  

The study demonstrated that the assumption about the uniformly distributed thickness 

reduction in the case of global corrosion is justified, but only in the case of low DoD. For 

specimens #1 and #2 (DoD equal to 0 and 7%), the functions representing thickness-distance 

relationships took the form of single localised peaks. In the case of higher DoD, the functions 

have very small but still non-zero values for intermediate thicknesses between the local 

maxima. Despite that, the most sparse vector x was searched in each case, a solution that would 

contain a smaller number of non-zero elements when satisfying the constraints of the total 

length and the positive value of each of the determined distances was not found. 
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The compressed sensing based on convex optimization can be potentially useful in 

assessing not only the global damage but also in estimating the thickness in the thinnest and the 

most corroded part of the specimen which is crucial for the correct prediction of the damage of 

the whole structure. However, for such assessment the holistic analysis of all obtained results 

is indispensable. In the considered case the minimal thickness was detected for uncorroded plate 

#1 but further analysis of the thickness distribution, as well as the signals which contained only 

incident waves, excluded the possibility of the existence of the step thickness change in the 

tested plate. 

It should be mentioned here that the compressed sensing method used in the study is not 

suitable for the exact reconstruction of the plate thickness variability and therefore the results 

cannot be directly compared with exact thickness distribution determined e.g. by scanning the 

plate surface. The presented thickness distributions are the most sparse, optimal solutions of the 

convex problem which meet the additional requirements formulated in the form of constraints. 

However, the exact plate geometry can be defined by another thickness distribution for which 

the 0l  norm of vector x has higher values and thus was not an optimal one.  

The proposed CS-based approach is the first attempt of taking into account the complex 

geometry of the corroded plate in the wave velocity estimation. The influence of the complexity 

of the geometry is visible in decreasing sparsity of the solution but the average thicknesses 

obtained using two different methods based on different assumptions do not vary considerably. 

The main reason for the small differences between averaged values is the relatively insignificant 

value of thickness deviation from the mean value. Despite the irregular surface, the corroded 

plates were almost uniformly damaged. The insignificant thickness change has in turn 

insignificant influence on the wave velocity, especially if it occurs at a very short distance. In 

Figure 11 the relationship between the phase velocity and plate thickness for various 

frequencies is depicted.  

The thickness reduction from 5 mm to 4.5 mm causes a velocity decrease of about 50 

m/s which is associated with increasing ToF. The ToF increase on the considered distance of 

30 cm is equal to 0.002 ms. This value is comparable with the measurement accuracy. 

Moreover, for greater thicknesses (> 4 mm) the slope of the curve, which indicates the 

sensitivity of phase velocity to corrosion degradation and determines the effectiveness of its 

detection, becomes similar for all frequencies. It means that the change in velocity caused by 

thickness reduction is independent of the excitation frequency. Additionally, the curves become 

more “flat” which in turn means that the corrosion degradation becomes more difficult to detect 

and to evaluate in the case of thicker plates until only the first antisymmetric mode A0 is 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

21 

incorporated into ultrasonic testing. The characteristics of the curves presented in Figure 11 

explain why the greatest deviation in thickness assessment was obtained paradoxically for the 

uncorroded plate (see Figure 10). 

  

Figure 11 The relationship between the phase velocity and plate thickness for various frequencies 

The presented study is the first step in the analysis of the inverse scattering problem aimed 

at the reconstruction of the exact thickness variability. However, such analysis must include the 

study of the frequency influence and waves interactions with irregularities. From wide literature 

about wave interaction with damages, it is known that damage detection requires employing 

wavelength comparable to damage size. If the damage occurs in the form of global corrosion 

with surface irregularities the wavelength should be comparable to the thickness deviation. For 

comparison, in the following study, the wavelength for 150 kHz was equal to 14.2 mm while 

for 250 kHz was equal to 9.9 mm. Significant length limits the possibility of the exact 

reconstruction of the plate geometry and thus, further investigation should include the high-

frequency excitation. On the other hand, high-frequencies are associated with multimode 

propagation which can additionally convert after interaction with irregularities which extremely 

hinders the interpretation of the results, and therefore they were not incorporated at the early 

stage of the study. 
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5 Conclusions 

To optimize the conventional ultrasonic thickness gauge measurement, this study 

proposes two wave-based methods for ship structural corrosion degradation monitoring. The 

effectiveness of the curve reconstruction and CS-based method has been verified 

experimentally on four large-scale corroded stiffened plates with a varying corrosion 

degradation level. The experimental results proved that both approaches can identify the 

thickness reduction. In the case of convex optimization, the progress of corrosion degradation 

could be also assessed based on the sparsity of the determined vector. The superiorities of the 

novel methods result from the minimal number of necessary measurements, limited sensor 

network and the possibility of monitoring the relatively large areas during a single 

measurement. 
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