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Abstract
This paper presents a nonlinear elastic wave tomography method, based on ultrasonic
guided waves, for the image of nonlinear signatures in the dynamic response of a
damaged isotropic structure. The proposed technique relies on a combination of high
order statistics and a radial basis function approach. The bicoherence of ultrasonic
waveforms originated by a harmonic excitation was used to characterise the second
order nonlinear signature contained in the measured signals due to the presence of
surface corrosion. Then, a radial basis function interpolation was employed to achieve
an effective visualization of the damage over the panel using only a limited number of
receiver sensors. The robustness of the proposed nonlinear imaging method was
experimentally demonstrated on a damaged 2024 aluminium panel, and the nonlinear
source location was detected with a high level of accuracy, even with few receiving
elements. Compared to five standard ultrasonic imaging methods, this nonlinear
tomography technique does not require any baseline with the undamaged structure for
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the evaluation of the corrosion damage, nor a priori knowledge of the mechanical
properties of the specimen.
Keywords: nonlinear imaging methods, structural health monitoring, ultrasonic guided
waves, bispectral analysis.
I.

Introduction

Structural health monitoring imaging systems based on ultrasonic guided waves are
used to detect and assess material damages in isotropic and composite structures and
can be classified in linear (LUIM) and nonlinear (NUIM) ultrasonic imaging methods.
Both approaches are based on generating stress waves within the structure using a finite
number of surface bonded piezoelectric transmitters, and then, the elastic wave response
is recorded by a sparse array of receiver sensors. LUIM rely on linear elastodynamic
theory and measure the reflection and scattering of primary waves at the material
heterogeneities and discontinuities (e.g. wave speed, damping variations, etc…). The
presence of defects changes the phase and amplitude of the measured signals, but the
frequency of the input waveforms is unchanged [1] [2]. Indeed, LUIM such as elliptical
[3], hyperbolic [4], energy arrival [5] and the Reconstruction Algorithm for the
Probabilistic Inspection Damage (RAPID) [6] are quite advanced and mature and
provide a detailed image of the structural damage. Rayleigh Maximum Likelihood
Estimation (RMLE) method is another linear imaging technique able to locate structural
defects using guided waves to feed a Rayleigh based statistical model of scattered wave
measurements [7]. However, the major drawback of these imaging methods is that a
baseline (i.e. a representation of the undamaged structure) is needed as well as a known
group velocity of the propagating elastic waves. Moreover, LUIM are able to detect and
localise the damage only in the presence of a significant impedance contrast. However,

when the impedance mismatch is less pronounced, a micro-damage is present in the
form of a nonlinear elastic zone within the medium. In other words, LUIM may not
detect small defect before they grow to a critical size of few millimetres, as the
contribution on the total structural stiffness and the elastic scattering from flaws
originating at incipient stages of damage development (e.g. micro-cracks) is negligible.
Nonlinear elastic effects of damaged materials such as higher and sub-harmonics
generation can be assessed with both numerical multiscale materials models [8], [9],
[10] and experimental nonlinear elastic wave spectroscopy (NEWS) methods [11], [12],
[13]. Particularly, NEWS techniques measure nonlinear classical and non-classical
phenomena in the kHz and MHz range and they have shown an extreme sensitivity in
diagnosing manufacturing defects such as porosity, undesired component assembly
contact conditions, and incipient damage in the form of micro-cracks, delaminations,
clapping areas, adhesive bond weakening, etc… [14]. Based on these considerations,
NUIM are the most promising imaging techniques in terms of reliability, accuracy and
ease of implementation, and they can be distinguished in nonlinear inverse filtering
(NIF) and nonlinear elastic wave tomography (NEWT) methods. NIF associated with
NEWS and phase symmetry analysis with chirp excitation signals can be used to
retrieve the optimal refocusing at the nonlinear scatterer location due to the presence of
structural flaws [15]. This baseline-free imaging technique can be used to characterise
the nonlinear elastic behaviour of geometrically complex structures and its effects on
the wave propagation caused by the presence of defects, even at their early stages.
NEWT is a novel nonlinear imaging method that can be used to assess and localise the
nonlinear signature in metallic and composite structures. Ciampa et al. [16] presented a
NEWT method based on a combination of higher order statistic (HOS) such as

bicoherence analysis and radial basis function (RBF) interpolation in order to image the
presence of structural defects on a damaged carbon fibre composite laminate. The aim
of this paper is to compare the performance of NEWT with that of five LUIM for the
estimation of the damage on an aluminium panel undergone to corrosion. The
experimental results showed the effectiveness of the nonlinear tomography sensing
technique for structural health monitoring applications as it allowed achieving a perfect
localisation of the damage using a reduced number of sparse sensor arrays. Sections II
and III describe the principles of NEWT and LUIM adopted in this work. Section IV
reports the experimental set-up, whilst Section V illustrates the imaging results of the
damage location using both linear and nonlinear imaging methods with a reduced
number of receiving elements. Then, the conclusions of this research work are
presented.

II.

Nonlinear Elastic Wave Tomography

This Section presents the NEWT imaging method developed for evaluating the
corrosion damage on an aluminium panel subjected to harmonic excitation. A number
of nonlinear parameters have been widely used to detect the presence of cracks and
delaminations in both metallic and composite structures, such as the standard second
and third order nonlinear coefficients [17], [18], acoustic moments [19], bispectrum
[20], [21], cross-modulation coefficients [22], etc… In this work, both the classical
second order nonlinear parameter  and the bicoherence b2 were combined with RBF in
order to detect the second order nonlinear elastic response of the medium under
wideband excitation using a sparse array of sensing elements. In particular, for the
execution of NEWT, M piezoelectric sensors were surface bonded over the top of the

aluminium structure with each transducer serving as both transmitter and receiver. In
this manner, M matrices composed by N  M  1 columns and  rows that contained
the nonlinear material responses f mn   with   1,,  , were generated. Here, m

1  m  M 

and n 1  n  N  are the indices associated to the transmitter and receiver

transducers, respectively, which are located at coordinates ri  xiiˆ  yi ˆj on the top
surface of the panel. According to Landau’s nonlinear classical theory [23], the
nonlinear anharmonic coefficient mn from each pair of transmitter-receiver sensors can
be obtained as a solution of the nonlinear elastodynamic wave equation via a first order
perturbation theory as follows:

 mn 

Pmn 2 

Pmn 1 

,

(1)

where Pmn 2  is the magnitude of the power spectral density associated with the
second harmonic frequency component measured from each receiver transducer.
However, power spectral analysis has the limitation of discarding all phase information
contained in the measured signals. Hence, HOS such as bispectral analysis can be used
to measure the coupling between the angular frequencies 1 and 2  21 , i.e. between
the fundamental and the second harmonic frequencies. Bispectrum is defined as the
two-dimensional Fourier transform of the third order correlation function and it is
generally complex valued [24]. For a real, zero-mean stationary waveform f mn  
2
containing the information of the structural damage, the bicoherence bmn
is a useful

normalised form of bispectrum that measures the quadratic phase coupling (QPC) on an
absolute scale between zero and one [25]. QPC resulting from the nonlinear response of
the structure can be used to discriminate between material nonlinear features that would

be quadratic phase coupled and experimental/environmental noise sources that, instead,
would not be. Hence, the bicoherence coefficient can be defined as [26]

Bmn 1 , 1 
,
b 
Pmn 1 Pmn 1 Pmn 2 
2

2
mn

(2)

with





*
2  ,
Bmn 1 , 1   E Fmn 1 Fmn 1 Fmn

(3)

where E 
 is the statistical expectation operator of the third order auto-correlation
function of the measured waveform, f mn   , Fmn   is the Fourier Transform of f mn   ,
and the asterisk sign “*” corresponds to a complex conjugate operation. Since the
bispectrum has a variance proportional to the triple product of the power spectra, it can
result in the second order properties of the measured signal dominating the estimation.
The advantage of normalisation is to make the variance approximately flat across all
2
frequencies. Hence, both parameters  mn and bmn
were used to characterise the

nonlinearity of the structural response. According to the theoretical aspects detailed in
[27], a RBF approach was employed to generate the NEWT images of the damage
2
location. The second order nonlinear parameters  mn and bmn
were initially evaluated

from the waveforms recorded by the nth receiver and sent by the mth transmitter. The
physical intuition behind this is that if a flaw is present on a structure excited at the
2
fundamental angular frequency, 1 , the values of  mn and bmn
estimated from the

signals measured by the N receivers will be higher in points of the structure close the
damage location, rd, with rd  xd iˆ  yd ˆj . Then, using the thin plate spline basis
function, the nonlinear values in all the coordinates r  xiˆ  yˆj of the aluminium panel
were obtained by solving a linear system, whose RBF coefficients were the only

unknown to be calculated [28]. As a result, this procedure led to the creation of M twob k 
 k 
dimensional (2D) maps Smn
(r ) , with 1  k  M . From these M maps,
(r) and Smn
2

2

b

2
two final NEWT images I mn
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(r ) for both coefficients  mn and bmn
(r ) and I mn
b k 
 k 
obtained by adding Smn
(r ) according to (see ref. [27])
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Consequently, by applying this nonlinear image processing technique defined by Eq.
(4), a maximum value of the nonlinear coefficients was achieved at the defect location

r  rd .

III.

Linear Ultrasonic Imaging Methods

Literature provides a quantitative number of diagnostic LUIM that can provide a
detailed image of the structural damage. In this Section, five LUIM imaging techniques
are reported as a benchmark for NEWT to retrieve the corrosion defect on an aluminium
panel using sparse sensor arrays. These include time of arrival, time difference of
arrival, energy arrival, reconstruction algorithm for the probabilistic inspection of
damage (RAPID) and Rayleigh maximum-likelihood estimate (RMLE). Although these
methodologies have been individually reported for different types of damages, to the
authors’ knowledge, an overall comparison with NUIM is still missing. Unlike
nonlinear sensing methods, LUIM require additional signal processing as they rely on
the residual waveforms, rmn   , which are the differences between the received signals,

f mn   , containing the damage information (as seen in the previous Section), and the

baseline ones, smn   , i.e. the waveforms associated to the undamaged structure
recorded from each transmitter-receiver pair. The envelope-detected signals hmn   are
calculated from the residual signals rmn   and their Hilbert transform as follows:

hmn    rmn    jH rmn   ,

(5)

where H rmn   is the Hilbert transform of rmn   .

III.1 Time of Arrival or Ellipse Method
The Ellipse method is a delay-and-sum beamforming applied to an exponential
w
  , of the envelope-detected signals hmn   according to [3]
windowed form, hmn

hmn    hmn  e
w 

 
  mn

f s

(6)

 is the index corresponding to the arrival time of the direct waveform
where  mn
between each transmitter-receiver pair, and  and fs are a decay coefficient and the
sampling frequency, respectively. In our experiments,  was chosen equal to 77.8 s,
(corresponding to a propagation distance of 400 mm) as this value resulted in the
w
  is calculated for all
highest performance in terms of localisation error. Once hmn
TOA
r  , in the ellipse method can
transducers pair combinations, the 2D imaging map, I mn

be obtained according to
N

TOA
r   
I mn

M

 h  r  ,

m 1 n  m 1

w
mn

mn

(7)

where  mn r  is the direct time of flight index, i.e. the index corresponding to the time
that the waveforms take to travel from the transmitter location to any point, r , of the
aluminium panel and the receiver location. It should be pointed out that calculation of

 mn r  requires the knowledge of group velocity of the propagating elastic waves. For a
single transducers pair, Eq. (7) maps the elastic wave propagation into the medium as an
ellipse with its foci set at the transmitter-receiver locations. Hence, as additional pairs
are added, the ellipses intersect at the damage location.

III.2 Time Difference of Arrival or Hyperbola Method
This imaging method is based on the assumption that the windowed enveloped detected
w
signals, hmn
  and hmpw  , actuated by the mth same transmitting sensor and measured

at two receiver transducers n and p, are correlated according to the time difference from
a given region to each of the receiver sensors [4]. If a damage is present at location

r  rd , its reflections will appear in the recorded waveforms with different time delays,
and the cross correlation Cmn, mp   between the two windowed enveloped detected
signals will give a maximum at the damage location. Based on these considerations, the
TDOA
r  , for the hyperbola method is given by
2D intensity map, I mn

M

N

TDOA
r   
I mn

M

C

m 1 n 1 p  n 1
nm pm

mn , np

 mn r  ,

(8)

where  r  is the index corresponding to the time difference that the propagating
waveforms would take to travel from the transmitting source to a given point r on the
panel and then to each of the two locations of receiver transducers. From Eq. (8), the
correlation function corresponds to a set of hyperbolas that cross the location of the
defect with the foci at the two receivers’ location.

III.3 Energy Arrival Method
The energy arrival method is an adaptively version of the ellipse imaging method,
which rely on a weighted form of the elastic wave energy function [5]. In this technique,
the residual signals, rmn   , are windowed about the calculated arrival time index,
EA
r  , can be obtained as
 mn r  , and the 2D image, I mn

win
cum
Emn
 Emn
 win cum ,
m1 nm1 Emn  Emn
N

EA
r   
I mn

M

(9)

where:
 mn

cum
2
 , Emnwin 
Emn
  rmn

 1

 mn 

 r  ,
 


2
mn

(10)

mn

with  the index of the time history corresponding to the time window starting at
cum
win
 mn r  , and Emn
and Emn
the cumulative and window energies, respectively. During

the tests, the time window  was chosen to 15 s. The inversion of the wave energy in
Eq. (9) adaptively reduces the amplitude of the scattered waveforms.

III.4 Reconstruction Algorithm for the Probabilistic Inspection Damage Method
The Reconstruction Algorithm for the Probabilistic Inspection Damage (RAPID)
imaging method is based on the statistical correlation coefficient,  mn   , which is a
measure of the strength of the expectation value between the damaged signals, f mn   ,
and the undamaged ones, smn   , each with sample size  [6]. If f mn   and smn   are
uncorrelated,  mn   is zero, whilst if the damaged and baseline waveforms are
correlated in some way, the statistical correlation coefficient is nonzero. Analogously to
RAPID
r  are generated by spatially distributing mn  
the ellipse method, 2D images I mn

for each signal difference into an elliptical pattern with the foci being at the transmitterreceivers’ location as follows:
N

RAPID
r   
I mn

   R r 
 1       1  ,
M

mn

m 1 n  m 1

mn

(11)

where  is a parameter that control the size of the elliptical pattern (in our experiments

 was set equal to 1.2) and:
 , if    mn r   mn

 r   mn
Rmn r    mn
.
otherwise
 ,

(12)

III.5 Rayleigh Maximum Likelihood Estimate Method
The Rayleigh Maximum Likelihood Estimate (RMLE) method is based on the principle
of maximum likelihood of the envelope-detected signals hmn   [7]. The likelihood
function L is the probability density function of the Rayleigh distribution, D, of the
envelope-detected signals, hmn   , and corresponds to the probability of observing a
dir
 mn r  and
given data set as functions of hmn   and the Rayleigh parameters,  mn
scat
 mn r  . These last two terms are the standard deviations of the envelope-detected
 mn

signals before and after the direct time of flight index  mn r  , respectively. Since the
observed data set are the coordinates r on the plane of the aluminium panel, the
likelihood function simplifies to (the time index  is omitted for clarity reasons):
dir
scat
dir
scat
Lr,  mn
,  mn
hmn    Dr,  mn
,  mn
hmn  ,

(13)

mn

with

D r,  mn , hmn  

2

  
hmn  
hmn

exp

2
2

 mn  mn r   2 mn  mn r   .

(14)

Rather than determining the maximum of the product of Eq. (13), the logarithm of the
RMLE
likelihood function is calculated, which leads to the 2D map I mn
r  as follows:

RMLE
r    log Dr,  mndir ,  mnscat hmn .
I mn

(15)

mn

As the maximum likelihood estimation makes the observed data set most probable for
the envelope-detected signals hmn   , the coordinates of the damage location rd are
RMLE
r  .
obtained as the maximum values of I mn

IV.

Experimental Set-up

For the experimental set-up, a 2024 aluminium panel with dimensions of 600 x 600 x 5
mm was used and eight piezoelectric sensors (maximum seven receivers at a time) were
surface bonded over its top surface (Fig.1). Each transducer was used as transmitter
whilst the others served as receivers allowing the creation of the 2D images as reported
in the previous Section. Sensors and damage coordinates are reported in Table 1.

Figure 1 Illustration of the tested aluminium panel with the sensors configuration and damage location.

Sensor 1
Sensor 2
Sensor 3
Sensor 4
Sensor 5

Table 1 Sensors and damage coordinates
x-coordinate (mm)
180
320
480
480
480

y-coordinate (mm)
520
520
520
300
120

Sensor 6
Sensor 7
Sensor 8
Damage (corrosion)

320
180
180
250

120
120
300
190

The transmitter sensors were linked to a preamplifier and connected to a National
Instrument (NI) data acquisition system consisting of the NI PXI 5421 16-bit arbitrary
waveform generator card to send a 5-cycles Hanning-windowed tone burst at 200 kHz.
Such a fundamental frequency was tuned to find the local maxima in the second order
nonlinear structural response after a swept signal ranged between 150 and 250 kHz, thus
to fulfil the QPC condition. This can be clearly seen in Fig. (2), which illustrates the
2
maximum of the bicoherence bmn
[Eq. (2)] achieved at f1  200 kHz.

Figure 2 Bicoherence measured from of one of the receiver transducers.

Figure 3 shows the presence of the second harmonic response at 400 kHz in the
spectrum of the measured signal from one the receiver sensors due to the interaction of
the elastic waves with the corrosion damage.

Figure 3 Spectrum of the measured signal from one of the receiver sensors

The piezoelectric transducers (APC sensors) with diameter of 6.35 mm and thickness of
2.5 mm were designed to excite and measure the fundamental symmetric Lamb mode
S0. At the chosen excitation frequency, the group velocity of the propagating guided
mode S0 is 5142 m/s with a wavelength of nearly 25 mm. Figure 4 reports the dispersion
curves of the fundamental and first Lamb modes for an aluminium structure with a
thickness of 5 mm. In addition, the applied voltage was around 150 V in order to
maximise the efficiency of the available sensors.

Figure 4 Dispersion curves for an aluminium plate with thickness of 5 mm.

For the execution of LUIM, the undamaged sample was first tested to record the library
of baseline signals smn   . The waveforms, acquired at ambient temperature (around
20°C), were averaged twenty times to reduce the Gaussian noise. Each structural
response was sampled at 20 MHz with a total acquisition time of 6 msec to account for
signal reverberations from the defect location. Corrosion damage was then introduced

through a controlled material degradation process and finally the imaging algorithms
were performed. It should be noted that the damaged waveforms, f mn   , were
measured at the same environmental and operational conditions of the baseline signals
(the maximum temperature variation was  3.5 °C). Hence, this research work did not
require any optimal baseline subtraction methods to compensate temperature effects on
the acquired signals [29], [30]. Figure 5 illustrates the time histories of the normalised
residual signals (continuous blue colour lines) measured by the seven receiver
transducers and the associated envelope detected waveforms (dashed red colour lines).

Figure 5 Residual signals, i.e. the differences between the received signals containing the damage
information and the baseline ones (continuous blue line), and their envelopes (dashed red line). The
amplitude of residual signals was normalised between 0 and 1.

IV.1 The Corrosion Process
After the application of a Teflon mask on the top surface of the aluminium panel, a
small region of interest (10 x 10 mm) was subjected to two different corrosion
processes. The first one involved HNO3 concentrated (Sigma-Aldrich 70%, density of
1.413 g/ml at 20°C). A uniform layer of HNO3 was deposited using a glass pipette [31].
After three hours, 2 g of bicarbonate was used to neutralise the acid environment and

distilled water was used to clean the surface. A change of colour was noticed as a proof
of the action of the acid on the first layer of aluminium oxide that covers the surface of
the aluminium panel. The second process was aimed at accelerating the corrosion action
of the acid over the top surface. According to Ghali [32], this technique consisted of an
attack with H2SO4 concentrated (Sigma-Aldrich, ACS reagent 95 - 98%, density of
1.840 g/ml at 20°C) along the region of interest. After twenty hours, the attack with
H2SO4 was strong enough to corrode the surface enchanting a localised corrosion. The
final crack was measured at about 4 mm due to some forms of localised attack, i.e. pits
or crevices. This appeared to be straight with branches near the top end. According to
Solodov et al. [33], the second order nonlinear behaviour can be attributed either to the
“clapping” motion of the region normal to the damage interface or to the nonlinear
friction between the defect surfaces, which are excited by small tangential stresses
produced by the elastic waves propagating through the medium.

V.

Imaging Results

In order to obtain a final 2D improved image of the damage, simple addition of the
images from different transducers pairs was performed with NEWT [Eq. (4)], whilst the
minimum pixel value method was adopted as image fusion strategy for LUIM [3].
According to Section II, the 2D maps of the damage location with both linear and
nonlinear techniques using eight sensors are represented in Figure 6. The imaging
results of each technique were shown in linear colour scale and each image was
normalised by the maximum amplitude value of the pixel. The dark black colour
corresponds to the maximum peak intensity, whilst the white colour is zero. In all the

figures, the white circles are the transducers location, whereas the black square and
circle are the true and estimated damage locations, respectively.

(a)

(c)

(e)

(b)

(d)

(f)

(g)
Figure 6 NEWT and LUIM for damage location using eight transducers. Bicoherence and RBF method
(a), second order nonlinear coefficient and RBF method (b), ellipse method (c), hyperbola method (d),
energy arrval method (e), RAPID method (f) and RMLE method (g).

Among LUIM, the most accurate prediction was achieved using the RMLE method.
Indeed, according to the error function 

defined as   rd  rde

where

rde  xdeiˆ  yde ˆj is the position vector of the estimated damage location, a maximum
error of   25 mm was found using the RMLE technique. Moreover, Figure 6 showed
that a combination of bicoherence parameter and RBF allowed achieving a perfect
identification of the defect corrosion location, with an error function equal to zero.
Similar results were obtained by reducing the number of transducers to six and four
elements [Figs. (7) and (8)].

(a)

(b)

(c)

(d)

(e)

(f)

(g)
Figure 7 NEWT and LUIM for damage location using six transducers. Bicoherence and RBF method (a),
second order nonlinear coefficient and RBF method (b), ellipse method (c), hyperbola method (d), energy
arrval method (e), RAPID method (f) and RMLE method (g).

(a)

(b)

(c)

(d)

(e)

(f)

(g)
Figure 8 NEWT and LUIM for damage location using four transducers. Bicoherence and RBF method
(a), second order nonlinear coefficient and RBF method (b), ellipse method (c), hyperbola method (d),
energy arrval method (e), RAPID method (f) and RMLE method (g).

Table 2 reports the damage coordinates and the error function for both linear and
nonlinear imaging methods.
Table 2 Damage coordinates and error function for both LUIM and NEWT.
x-coordinate (mm) y-coordinate (mm) Error Function (mm)
120
185
poor localisation
TOA – 8 Sensors
270
225
40
EA – 8 Sensors
310
365
poor localisation
TDOA – 8 Sensors
430
400
poor localisation
RAPID – 8 Sensors
230
175
25
RMLE – 8 Sensors
251
190
no error + ambiguities
 + RBF – 8 Sensors
250
290
no error
b2 + RBF – 8 Sensors
550
170
poor localisation
TOA –6 Sensors
410
300
poor localisation
EA – 6 Sensors
170
300
poor localisation
TDOA – 6 Sensors
475
345
poor localisation
RAPID – 6 Sensors
245
220
30
RMLE – 6 Sensors
252
191
no error + ambiguities
 + RBF – 6 Sensors
250
290
no error
b2 + RBF – 6 Sensors
360
520
poor localisation
TOA –4 Sensors
190
125
88
EA – 4 Sensors
300
320
poor localisation
TDOA – 4 Sensors
560
90
poor localisation
RAPID – 4 Sensors
300
150
64
RMLE – 4 Sensors
251
190
no
error
+
ambiguities
 + RBF – 4 Sensors
2
250
290
no error
b + RBF – 4 Sensors

Interestingly, the EA method was the only imaging technique that performed better with
eight and four sensors but not with six elements. Indeed, such a technique is the only
approach that takes into account the scattered and reflected waves in the localisation
process. Similar results were found also in [7]. Moreover, although the numbers of
sensors was drastically reduced up to only four elements, NEWT still maintained high
performance in retrieving the damage location. Finally, from Figures 6-8 it can be seen
that unlike bicoherence, the nonlinear sensing method with the standard second order
nonlinear parameter  did not provide a perfect damage localisation, as image
ambiguities were present over the surface of the panel [Figures (6-8b)]. Such
detrimental artefacts were due to the spurious experimental source of nonlinearity such
as the amplifier due to the high input amplitude, or the coupling between the sensor and

the aluminium structure. Indeed, as the parameter  does not preserve any information
of the phase of the measured signals, the quadratic phase coupling between the
fundamental and the second harmonic frequencies is inevitably lost [25]. However, our
studies demonstrated that NEWT measurements based on bicoherence and RBF can be
used as a useful tool for monitoring the presence of corrosion damages using a sparse
array of receiver sensors. Further studies will be aimed at investigating how multiple
corrosion defects and their evolution over time will affect the linear and nonlinear
ultrasonic response of propagating waves.

VI.

Conclusions

This paper presented a nonlinear elastic wave tomography method, based on ultrasonic
guided waves, for the image of the corrosion damage in isotropic structures. The
proposed methodology relies on a combination of higher order statistic such as
bispectral analysis and radial basis function interpolation to obtain a two-dimensional
spatial map of the defect using a reduced number of sparse sensors arrays. In particular,
the bicoherence parameter was used to characterise the second order nonlinear signature
contained in the measured signals due to the presence of the structural defect. The
performance of this nonlinear sensing technique was compared with that of five linear
imaging methods. The experimental results showed the effectiveness of the nonlinear
tomography sensing technique for structural health monitoring applications as it allowed
achieving a perfect localisation of the damage.
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