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‘’Scientific research involves going beyond the well-trodden 
and well-tested ideas and theories that form the core of 
scientific knowledge. During the time scientists are working 
things out, some results will be right, and others will be 
wrong. Over time, the right results will emerge.’’  
 
Lisa Randall 
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Nederlandstalige Abstract 

In talrijke toepassingen is het van cruciaal belang om de betrouwbaarheid van 
lastdragende structuren regelmatig te inspecteren om risicovolle schade op kritieke 
componenten te vermijden en om de menselijke veiligheid te verzekeren. Dit is 
bijvoorbeeld vast en zeker het geval in de luchtvaartsector waar vliegtuigen op 
geregelde tijdstippen aan een veiligheidsinspectie onderworpen worden en daarbij 
een specifiek onderhoudsprogramma doorlopen. Binnen het spectrum van 
mogelijke in situ monitoringtechnieken van materialen en structuren, ook wel 
Structurele Duurzaamheidsmonitoring genoemd (Structural Health Monitoring – 
SHM), vormen methodologieën gebaseerd op ultrasone golven de klasse van de 
meest gebruikte technieken. 
Een recente ontwikkeling in dit onderzoeksdomein is het gebruik van een ultrasone 
beeldvormingstechniek op basis van een spaars bevolkt netwerk van sensoren. Deze 
methode analyseert de informatie van een round-robin excitatie en ontvangst van 
ultrasone signalen tussen een beperkt aantal ultrasone transducers vóór en na 
blootstelling aan scheurvorming, vermoeiing of impact. Op basis van een gegeven 
set van referentiesignalen (gemeten op een intacte structuur) en actuele signalen 
(gemeten op een beschadigde structuur), worden de verschilsignalen verwerkt met 
behulp van specifieke lokalisatie-algoritmes en omgezet naar een 2D figuur die per 
positie met behulp van een kleurencode de waarschijnlijkheid van het defect 
weergeeft. Deze methode is snel, relatief goedkoop, niet-destructief en eenvoudig 
in gebruik voor een operator. 
In het eerste deel van deze thesis wordt de implementatie van de spaars netwerk 
gebaseerde ultrasone beeldvormingstechniek in combinatie met verschillende 
lokalisatie algoritmes initieel geïllustreerd voor een eerder academische toepassing 
op een artificieel defect (een geboord gat) in een dunne aluminium plaat in 
laboratoriumomstandigheden. Gebruik makend van numerieke simulaties en 
experimentele data kunnen we concluderen dat de combinatie van ultrasone 
Lambgolfvoortplanting met algoritmes op basis van een “exponentieel tijdsvenster 
gecontroleerde vertraging en sommatie” en op basis van de “energie aankomst” de 
meest aannemelijke en veelbelovende resultaten geven voor de detectie en 
lokalisatie van artificiële schade, met een groot potentieel om ook voor reële schade 
toegepast te kunnen worden.  
In tegenstelling tot aluminium vereist de toepassing van bovenstaande techniek voor 
meerlagige composietstructuren omwille van hun anisotrope karakter een meer 
robuuste aanpak van de Lambgolf gebaseerde beeldvorming. Om hieraan tegemoet 
te komen gaat in het tweede deel van deze thesis onze aandacht uit naar de analyse 
en optimalisatie van een reconstructie-algoritme voor waarschijnlijkheids-
voorspellingen van schade (reconstruction algorithm for probabilistic inspection of 
damage (RAPID)), en illustreren we deze RAPID methode voor de detectie van 
anomalieën in composieten. In eerste instantie passen we de traditionele 
implementatie van RAPID toe voor de opsporing van impactschade en voor de 
evaluatie van losgekomen/vastgezette bouten in composietmaterialen. De bekomen 
resultaten bevestigen de werkzaamheid en efficiëntie van de conventionele RAPID 
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techniek om defecten te visualiseren met behulp van een spaars netwerk van 
sensoren. 
Maar, omgevingsfactoren zoals temperatuur en vochtigheid kunnen de goede 
werkzaamheid van de RAPID methode sterk beïnvloeden aangezien deze techniek 
gebaseerd is op veranderingen in de opgenomen signalen tussen een intacte situatie 
en een situatie met schade. Om dit probleem te omzeilen stellen we een nieuwe 
methode voor die gebruik maakt van niet-lineaire Lambgolf gebaseerde 
beeldvorming. Deze techniek steunt op het gegeven dat een niet-lineaire evaluatie 
van de signalen – geïmplementeerd door een vergelijking te maken van de respons 
van de structuur bij verschillende excitatieniveaus –exclusief informatie vereist over 
de actuele conditie van de structuur en niet over een eerder opgeslagen intacte 
conditie. Voor de implementatie van deze techniek introduceren we vooreerst een 
systematische werkwijze om de optimale frequentie te bepalen voor de excitatie van 
Lambgolven in een gescheiden zender-ontvanger opstelling (pitch-catch). Daarna 
wordt deze optimale frequentie aangewend in een opstelling met behulp van een 
spaars netwerk van sensoren. De ontvangen signalen als antwoord op een excitatie 
met lage en een hoge amplitude bij die frequentie worden vervolgens geëvalueerd 
voor alle mogelijke paden in het spaars netwerk met behulp van drie parameters die 
garant staan voor een optimale schadegevoeligheid: de correlatiecoëfficiënt van 
beide signalen, de energie in de geschaalde verschilsignalen (Scaled Subtraction 
Method –SSM), en de verhouding van de derde harmoniek ten opzichte van het 
kwadraat van de fundamentele amplitude. De bekomen resultaten tonen voor alle 
drie de indicatoren klaar en duidelijk aan dat het nieuwe concept van niet-lineaire 
RAPID de identificatie van delaminaties in composietstructuren mogelijk maakt. 
In het derde deel van de thesis worden productiegebreken in door rotationele 
wrijving geproduceerde lasnaden geëvalueerd met behulp van nieuwe ultrasone 
technieken. Enerzijds is het gebruik van rotationele wrijving een erg geschikte 
techniek om materialen zoals aluminiumlegeringen aan elkaar te lassen, maar 
anderzijds is deze procedure ook niet altijd 100% betrouwbaar en kunnen er 
verschillende types van defecten zich voordoen in de lasnaad, zoals het ontstaan van 
quasi-perfect gesloten scheuren. De aanwezigheid van lasdefecten vereist de 
ontwikkeling van geoptimaliseerde en geavanceerde technieken om deze minuscule 
lineaire en niet-lineaire defecten in de onderkant van de lasnaad te identificeren en 
te lokaliseren. We hebben aangetoond dat een optimale positionering van de 
transducer en de selectie van een passend tijdsvenster binnen het terug-verstrooide 
signaal in een puls-echo opstelling twee cruciale elementen zijn in het begroten van 
defecten in door rotationele wrijving geproduceerde lasnaden. C-scan visualisaties, 
bekomen na het analyseren van de energie in de terug-verstrooide signalen, laten 
toe om heel nauwkeurig de verschillende zones met een specifieke microstructuur 
te onderscheiden, alsook om in de lasnaad zelf fouten te identificeren. Ondanks de 
goede resultaten bekomen met deze “lineaire” techniek is het echter onmogelijk om 
hiermee de aanwezigheid van microscheuren en caviteiten die gepaard gaan met 
zig-zag defecten te detecteren omwille van hun microscopische dimensies en hun 
gesloten karateristieken. Als een alternatief hebben we een niet-lineaire ultrasone 
aanpak voorgesteld en verder ontwikkeld door middel van een zender-ontvanger 
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opstelling met een chirp gecodeerde excitatie in combinatie met een 
decoderingsanalyse op basis van puls-inversie. Als controle hebben we gevalideerd 
dat de geobserveerde niet-lineariteit goed correleert met de microscheurdensiteit 
langs de lasnaad. Op die manier kunnen de hot-spots in de harmonische spectra na 
pulse-inversie van chirp-gecodeerde signalen rechtstreeks geïnterpreteerd worden 
als zones met een hoge concentratie aan microscopische defecten. 
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Abstract 

 
In many applications, it is crucial that the integrity of load-bearing structures is 
regularly inspected to avoid hazardous damage on critical components and to assure 
human safety. For instance, this is the case in aeronautics where airplanes are 
subject to regular safety inspection and maintenance programmes. Among the 
techniques available for in situ monitoring of materials and structures, also called 
structural health monitoring (SHM), ultrasonic techniques are the most widely used. 
One of the recently developing areas in this field of research is the ultrasonic sparse 
array imaging method. It is based on a round-robin excitation and reception of 
ultrasonic waves between a limited number of transducers before and after 
exposure to fatigue or impact. Given the set of reference and currently received 
signals, an analysis of the received difference signals by means of dedicated 
localisation algorithms then provides a probability map of the defect. The method is 
fast, inexpensive, non-destructive and straightforward for the human operator. 
In the first part of thesis, the ultrasonic sparse array imaging method in combination 
with various localisation algorithms has been implemented in LabVIEW©, and has 
been initially applied to localize an artificial defect in a thin aluminium plate under 
laboratory conditions. Based on numerical simulations and experimental data, it was 
found that ultrasonic Lamb wave propagation in combination with "exponentially 
time-windowed delay and sum" and "energy arrival" algorithms provides acceptable 
and promising results for the detection and localization of artificial flaws, with 
potential to be used for real flaws too. 
Unlike aluminium, composite multi-layered structures call for a more robust Lamb 
wave imaging technique due to their anisotropic structure. In this case, we took 
advantage of a probabilistic imaging technique. In the second part of thesis, we have 
focused on a reconstruction algorithm for probabilistic inspection of damage (RAPID) 
and investigated the RAPID imaging technique for damage detection in composite 
structures. Conventional RAPID was first evaluated for impact damage and 
loosened/tightened bolts in a composite material. Results confirm the efficacy of 
conventional RAPID for imaging of defects within the sparse array network. 
Environmental changes such as temperature and humidity might influence the 
efficacy of the method since conventional RAPID is seeking for changes between 
intact and current states. To overcome this problem, nonlinear Lamb wave imaging 
has been proposed exploiting the fact that a nonlinear evaluation - comparing the 
response of a structure at different amplitude levels - exclusively requires 
information from the current state of the structure and not from a previously 
recorded intact state. In this technique, first, a systematic technique has been 
introduced for the optimal frequency selection of Lamb waves in a pitch-catch 
configuration mode. Then, the optimal frequency is chosen for the subsequent Lamb 
wave excitation using the sparse array configuration. Low and high excitation 
amplitude signal responses are evaluated by determining a set of optimal damage 
sensitive parameters consisting of the correlation coefficient, the energy of the 
scaling subtraction (SSM) signal and the ratio of the third harmonic to the square of 
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the fundamental amplitude. The obtained results demonstrate the capability of 
nonlinear RAPID for the identification of a delamination in composite structures. 
In the third part of thesis, manufacturing defects in friction stir welds are examined. 
On one hand, the friction stir welding procedure is considered to be a suitable joining 
technique for Aluminium alloys, particularly for the 2XXX and 7XXX series, but on the 
other hand, the process is not always 100% flawless and may cause several defects 
such as kissing bonds to occur in the welded joint. These manufacturing defects 
require an optimized and/or advanced techniques in order to identify and localize 
tiny linear and/or nonlinear defects at the root of the welded zones. We have shown 
that an optimal position of the transducer and a proper time gating of the 
backscattered signals are two crucial elements in order to assess defects at the root 
of friction stir welds. C-scan fingerprints obtained by the energy of the backscattered 
signals reveal different distinctive microstructural regions of the weld zone in 
addition to the presence of defects. However, even though the optimized linear 
technique is able to identify particular types of defects at the root of the weld, it 
cannot be used anymore for detecting the micro-cracks and cavities accompanying 
zigzag line defects due to their microscopic size and closed characteristics. As an 
alternative, a nonlinear ultrasonic approach was accordingly employed in a contact 
pitch-catch mode using a chirp-coded excitation with a subsequent pulse-inversion 
decoding. We have validated that the observed nonlinearity correlates well with the 
micro-crack density along the weld path. Doing so, hot spots in pulse-inversion chirp-
coded weld harmonic images can be interpreted as zones with high concentration of 
micro-flaws. 

 



 

xiii 
 

List of Symbols 

 
Abbreviations 
 

CFRP Carbon fibre reinforced plastic 
FSW Friction stir welding 
HAZ Heat affected zone 
LDR Local defect resonance 
LDV Laser Doppler vibrometer 
LOP Lack of penetration 
MVDR Minimum variance distortionless response 
NENBW Normalized equivalent noise bandwidth 
NME Nonlinear mesoscopic elastic 
NPIS Normalized frequency spectrum of the pulse-inversion signal 
PC-ODF Pitch-catch optimal defect frequency 
PI-CWHI Pulse-inversion chirp-coded weld harmonic imaging 
PSD Power spectral density 
RAPID Reconstruction algorithm for probabilistic inspection of damage 
SDC Signal difference coefficient 
SDM Signal difference metric 
SEM Scanning electron microscopy 
SSM Signal subtraction method 
STFT Short time Fourier transform 
TMAZ Thermos-mechanically affected zone 
2DFFT 2-D fast Fourier transform 

 
Symbols 
 

f frequency 
k wave number 
𝑢 displacement 
κ eigenvalue 
λ wavelength 
ρ density 
σ stress tensor 
휀 strain 
𝐺 shear modulus 
E young's modulus 
𝑣    poisson's ratio 
cp phase velocity 
cg group velocity 
cs shear velocity 
cl longitudinal velocity 
2H thickness of the plate 



LIST OF SYMBOLS 

xiv 
 

SD standard deviation 
Sn nth symmetric Lamb mode 
An nth asymmetric Lamb mode 
𝑡𝑜𝑓𝑓 offset time 

𝑡𝑖𝑗  calculated arrival time between transducer i and j 

𝑡𝑑 decay constant 

𝑟𝑖𝑗
𝑏(𝑡) baseline signal response between transducer i and j 

𝑟𝑖𝑗(𝑡) current signal response between transducer i and j 

𝑟𝑖𝑗
𝑟𝑒𝑓

(𝑡) reference signal response between transducer i and j 

𝑟𝑖𝑗
ℎ(𝑡) 

high excitation amplitude signal response between transducer i and 
j in the damaged state 

 



 

xv 
 

Contents 

Acknowledgements .............................................................................................. iii 

Words of Gratitude ............................................................................................... v 

Nederlandstalige Abstract ................................................................................... vii 

Abstract................................................................................................................ xi 

List of Symbols ................................................................................................... xiii 

List of Figures ..................................................................................................... xix 

List of Tables .................................................................................................... xxxv 

Chapter 1 Introduction ..................................................................................... 1 

1.1 Problem statement .................................................................................... 1 

1.2 Research objectives ................................................................................... 2 

1.3 Outline of the thesis .................................................................................. 3 

Chapter 2 Guided Wave-Based Structural Health Monitoring using ultrasonic 
sparse array imaging techniques: application to an Aluminium structure ............. 5 

2.1 Introduction on Structural Health Monitoring .......................................... 5 

2.2 Ultrasonic Lamb wave propagation ......................................................... 12 

2.3 Experimental set-up of the sparse array imaging technique .................. 17 

2.4 Signal acquisition and processing ............................................................ 21 

2.4.1 Mode identification and determination of group velocity ................. 21 

2.4.2 Calculation of scattered signals........................................................... 24 

2.4.3 Envelope calculation ........................................................................... 25 

2.4.4 Effects of environmental conditions ................................................... 27 

2.5 Sparse Array Imaging algorithms ............................................................. 32 

2.5.1 "Delay and sum" imaging .................................................................... 33 

2.5.2 "Exponential time-windowed delay and sum" method ...................... 34 

2.5.3 "Energy arrival" imaging...................................................................... 37 

2.5.4 "MVDR" imaging ................................................................................. 38 

2.6 Results ..................................................................................................... 42 

2.6.1 Damage localization based on numerical simulations ........................ 42 

2.6.2 Damage localization based on experimental signals .......................... 47 

2.6.3 Influence of damage size on the imaging algorithm ........................... 58 

2.7 Conclusion ............................................................................................... 61 



CONTENTS 

xvi 
 

Chapter 3 Reconstruction Algorithm for Probabilistic Inspection of Damage 
(RAPID) in Composite structures ......................................................................... 63 

3.1 Introduction ............................................................................................. 63 

3.2 Guided waves in multilayer anisotropic plate structures ........................ 65 

3.3 Characterization of a composite containing an impact damage ............. 66 

3.3.1 Determination of the dispersion curves ............................................. 66 

3.3.2 Time domain analysis of an impact damage ....................................... 71 

3.4 Conventional linear RAPID algorithm ...................................................... 76 

3.5 Advantages and disadvantages of RAPID ................................................ 78 

3.6 Validation of conventional RAPID algorithm by numerical simulations .. 79 

3.7 Validation of conventional RAPID by experiment: impact damage ........ 81 

3.7.1 Experimental set-up ............................................................................ 81 

3.7.2 Experimental results of conventional RAPID on a flat composite plate 
with impact damage ......................................................................................... 82 

3.7.3 Experimental results of conventional linear RAPID on a stiffened 
composite plate ................................................................................................ 85 

3.8 Additional verification examples of conventional RAPID: 
loosened/tightened bolts ..................................................................................... 87 

3.8.1 Composite characterization ................................................................ 87 

3.8.2 Experimental results of conventional RAPID on bolted composite .... 93 

3.9 Conclusion ............................................................................................... 96 

Chapter 4 Nonlinear RAPID for visualization of a hidden delamination .......... 97 

4.1 Introduction on nonlinear wave based imaging ...................................... 97 

4.2 Characterization of a composite containing a delamination................... 98 

4.2.1 Determination of the dispersion curves ............................................. 98 

4.2.2 Time domain analysis of a wave-delamination interaction ..............103 

4.2.3 Spectral analysis of captured signals in a delamination zone ...........105 

4.3 Lamb waves: Pitch-catch optimal defect frequency (PC-ODF) selection 
technique ............................................................................................................110 

4.4 Nonlinear mesoscopic elastic material ..................................................120 

4.5 Nonlinear RAPID imaging algorithm ......................................................121 

4.5.1 Correlation coefficient for nonlinear imaging ...................................122 

4.5.2 Scaling subtraction method (SSM) for nonlinear imaging ................125 



CONTENTS 

xvii 
 

4.5.3 Third harmonic ratio .........................................................................127 

4.6 Amplitude-dependent dynamic response in a composite containing a 
delamination .......................................................................................................128 

4.6.1 Comparison of an intact path with a delamination path  .................131 

4.6.2 Comparison of two intact paths, T2R3 and T6R5 ..............................140 

4.7 Reconstruction of nonlinear Lamb wave based defect images .............146 

4.8 Conclusion .............................................................................................151 

Chapter 5 Non-Destructive Ultrasonic Examination of Root Defects in Friction 
Stir Welded Butt-Joints ..................................................................................... 153 

5.1 Introduction ...........................................................................................153 

5.2 Immersion linear ultrasonic inspection .................................................159 

5.2.1 Experimental setup ...........................................................................159 

5.3 Materials................................................................................................161 

5.4 Empirical positioning and gating procedure ..........................................162 

5.4.1 Pre-scan positioning and gating ........................................................162 

5.4.2 2D FSW scan ......................................................................................167 

5.5 Results and discussion ...........................................................................169 

5.5.1 Expected scenarios ............................................................................169 

5.5.2 Observations and validation .............................................................171 

5.6 Pulse-inversion chirp coded weld harmonic imaging (PI-CWHI) of friction 
stir welded zone ..................................................................................................182 

5.6.1 Experimental setup and materials ....................................................185 

5.6.2 Methodology .....................................................................................186 

5.6.3 Results and discussion of harmonic imaging ....................................190 

5.7 Conclusion .............................................................................................197 

Chapter 6 General conclusions and perspectives for future work ................. 199 

6.1 Inspection of aluminium and composite structures using Lamb waves 199 

6.2 Inspection of friction stir welds using shear bulk waves .......................202 

6.3 Research contributions..........................................................................203 

6.4 Suggestions for future research ............................................................204 

References ........................................................................................................ 207 

Curriculum Vitae ............................................................................................... 223 

List of Publications ............................................................................................ 225 



CONTENTS 

xviii 
 

 



 

xix 
 

List of Figures 

Figure 2.1 : NTSB investigation of the C130A airplane crash, a) fractures contained in 
the left wing structure  b) fatigue crack at a rivet hole of a stringer [5]. .................... 6 

Figure 2.2 : Structural health monitoring at a glance. The strategy of this research is 
highlighted in blue. ..................................................................................................... 8 

Figure 2.3 : A thin plate (infinite in x and y direction) with thickness of 2H. ............ 13 

Figure 2.4 : Absolute value of the dispersion relation as a function of wave number 
at 330 kHz, a) dispersion relation for the symmetric Lamb waves, b) dispersion 
relation for the anti-symmetric Lamb waves. ........................................................... 14 

Figure 2.5 : Absolute value of the dispersion relation as a function of wave number 
at 2 MHz, a) dispersion equation for the symmetric Lamb waves, b) dispersion 
equation for the anti-symmetric Lamb waves. ......................................................... 15 

Figure 2.6 : Phase velocity as a function of the frequency in the low frequency range 
for a 2 mm aluminium plate. .................................................................................... 16 

Figure 2.7 : Group velocity as a function of the frequency in the low frequency range 
for a 2 mm aluminium plate. .................................................................................... 16 

Figure 2.8 : Typical frequency response of a Dakel-IDK-09 sensor [52]. ................... 17 

Figure 2.9 : Arrangement of the transducer-sensor network on the aluminium plate. 
The positions of the probes are illustrated by means of circles. The inspection area 
corresponds to the area enclosed by the transducers. As such, the sensors cannot be 
arranged in an arbitrary pattern but should be carefully positioned to maximize the 
coverage. ................................................................................................................... 18 

Figure 2.10 : Picture of the actual experiment set up. ............................................. 19 

Figure 2.11 : National Instruments PXI-5412 100MS/s 14-bit arbitrary wave 
generator (left), NI PXI 5122 100MS/s 14-bit digitizer (right). .................................. 19 

Figure 2.12 : Amplitude versus frequency for the S0 mode. ..................................... 20 

Figure 2.13 : Detection of signals, a) raw, 250 times averaged, RF signal, b) STFT of 
the signal. .................................................................................................................. 22 

Figure 2.14 : Illustration of the arrival time measurement, a) emitted signal, b) 
received shifted signal, c) cross correlation between emitted and received signals, d) 
envelope detection of the cross correlation. The maximum index of the envelope 
function is selected as the arrival time. .................................................................... 23 

Figure 2.15 : Illustration of the group velocity determination, a) Linear fit of S0 arrival 
times versus transducer separation distance, b) Linear fit of A0 arrival times versus 
transducer separation distance, c) Waterfall plot concentrating on the fast wave 
packet arrivals, S0 mode, versus transducer separation distance, d) Waterfall plot 
concentrating on the second signal arrivals, the slower A0 mode. Straight lines on c) 
and d) represent the arrival time versus distance prediction according to the cross 



LIST OF FIGURES 

xx 
 

correlation procedure for the S0 and the A0 mode respectively. .............................. 25 

Figure 2.16 : Envelope detection of the signal using the Hilbert transform (cfr 
Equation (2.12)- (2.14)). ............................................................................................ 26 

Figure 2.17 : Typical influence of a small temperature variation on the acquired 
ultrasonic signals. Subfigures a-d show zoomed regions of two time signals at 
different temperatures (≈ 2˚ C) in different ascending time windows of these signals.
 .................................................................................................................................. 28 

Figure 2.18 : Local temporal coherence, a) 3D graph of the coherence related to 
temperature variation, b) 3D graph of coherence related to damage change, c) 
Comparison of the peak coherences related to the temperature variation and to the 
damage change. ........................................................................................................ 30 

Figure 2.19 : Coherence delay, a) Comparison of temperature change and damage 
state change induced differences, b) Zoomed area of the coherence delay due to a 
damage state change, c) Zoomed area of coherence delay due to a temperature 
change, step behaviour is due to the sliding and overlapping windows of width 100 
µs............................................................................................................................... 31 

Figure 2.20 : Schematic representation of the basic imaging concept for a sparse 
array configuration. A wave excited at actuator 1 will produce a scattering at a 
surface point P in the direction of all other sensors (black lines) with effective travel 
distances 𝑑12𝑝, 𝑑13𝑝, 𝑑14𝑝 and 𝑑15𝑝. Similarly, actuator 2 will produce a 
scattering at a surface point P in the direction of all other sensors (yellow lines) with 
effective distances 𝑑23𝑝, 𝑑24𝑝 and 𝑑25𝑝. Etc. Obviously 𝑑𝑖𝑗𝑝 = 𝑑𝑗𝑖𝑝.................. 33 

Figure 2.21 : Waterfall plot of a set of 10 scattered signals and their envelopes, a) RF 
difference signals for a selection based on the S0 mode, b) RF difference signals for a 
selection based on the A0 mode, c) Filtered envelope signals for the selection of the 
A0 mode at the actual defect location, d) Filtered envelope signals for the selection 
of the A0 mode at a non-defect location. ................................................................. 36 

Figure 2.22 : Illustration of the appearances of ellipses on the damage likelihood 
image obtained by the "delay and sum" method. The distance travelled from one 
focus to another, via some point on the ellipse, is the same regardless of the point 
selected on the ellipse. ............................................................................................. 37 

Figure 2.23 : Traditional "delay and sum" imaging method applied to the numerical 
simulation signals, a) based on the 2.5 mm hole plate in linear scale, b) based on the 
5 mm hole plate in linear scale, c) based on the 2.5 mm hole plate in 20 dB scale, d) 
based on the 5 mm hole plate in 20 dB scale. Reference signals are obtained on an 
intact plate. ............................................................................................................... 43 

Figure 2.24 : "Energy arrival" imaging method applied to the numerical simulation 
signals, a) based on the 2.5 mm hole plate, b) based on the 5 mm hole plate. 
Reference signals are obtained on an intact plate. Images are in linear scale. ........ 44 

Figure 2.25 : "Exponential time-windowed delay and sum" imaging with a 50 µs 
decay constant applied to the numerical simulation signals,, a) based on the 2.5 mm 



LIST OF FIGURES 

xxi 
 

hole plate, b) based on the 5 mm hole plate. Reference signals are obtained on an 
intact plate. Images are in linear scale...................................................................... 45 

Figure 2.26 : "Exponential time-windowed delay and product" imaging with a 50 µs 
decay constant applied to the numerical simulation signals,, a) based on the 2.5 mm 
hole plate, b) based on the 5 mm hole plate. Reference signals are obtained on an 
intact plate. Images are in linear scale...................................................................... 45 

Figure 2.27 : "Exponential time-windowed delay and sum" imaging with a 20 µs 
decay constant applied to the numerical simulation signals,, a) based on the 2.5 mm 
hole plate, b) based on the 5 mm hole plate. Reference signals are obtained on an 
intact plate. Images are in linear scale...................................................................... 46 

Figure 2.28 : "Exponential time-windowed delay and product" imaging with a 20 µs 
decay constant applied to the numerical simulation signals,, a) based on the 2.5 mm 
hole plate, b) based on the 5 mm hole plate. Reference signals are obtained on an 
intact plate. Images are in linear scale...................................................................... 46 

Figure 2.29 : "MVDR" imaging  a) based on the 2.5 mm hole plate, b) based on the 5 
mm hole plate. Reference signals are obtained on an intact plate. Images are in linear 
scale. ......................................................................................................................... 47 

Figure 2.30 : Images for sample 1 (5 mm hole) based on the A0 wave mode with the 
2.5 mm hole dataset as baseline, a) traditional "delay and sum" imaging, b) "energy 
arrival" imaging, c) "energy arrival" imaging with negative pixel values set to zero. 
Images are in linear scale. ......................................................................................... 48 

Figure 2.31 : Images for sample 1 (5 mm hole) based on the S0 wave mode with the 
2.5 mm hole dataset as baseline, a) "exponential time-windowed delay and sum" 
imaging with 20 µs decay constant, b) "energy arrival" imaging. Images are in linear 
scale. ......................................................................................................................... 49 

Figure 2.32 : Images for sample 1 (5 mm hole) based on the A0 wave mode with the 
2.5 mm hole dataset as baseline, a) "exponential time-windowed delay and sum" 
imaging, b) "exponential time-windowed delay and product" imaging. In both 
algorithms a decay constant of 20 µs is used. Images are in linear scale. ................ 49 

Figure 2.33 : Images for sample 1 (5 mm hole) based on the A0 wave mode with the 
2.5 mm hole dataset as baseline, a) "energy arrival" imaging method applied on 
exponential time-windowed signals with 20 µs decay constant, b) same method as 
in a) after setting all negative pixel values to zero. Images are in linear scale. ........ 50 

Figure 2.34 : "MVDR" imaging for sample 1 based on the A0 wave mode, a) with 
baseline normalization and isotropic scattering coefficients defined by Equation 
(2.55) with α=0, b) with normalization and slightly anisotropic scattering coefficients 
with α=0.2. Images are in linear scale....................................................................... 51 

Figure 2.35 : Images for sample 2 (2.5 mm hole) with intact state as baseline, a) 
"exponential time-windowed delay and sum" imaging with 50 µs decay constant 
expressed in linear scale, b) "exponential time-windowed delay and sum" imaging 
with 50 µs decay constant expressed in dB scale, c) "energy arrival" imaging 



LIST OF FIGURES 

xxii 
 

expressed in linear scale. Images are in linear scale. ................................................ 52 

Figure 2.36 : Images for sample 2 (4.5 mm hole) with intact state as baseline, a) 
traditional "delay and sum" imaging, b) "exponential time-windowed delay and sum" 
imaging with 50 µs decay constant, c) "energy arrival" imaging. Images are in linear 
scale. ......................................................................................................................... 53 

Figure 2.37 : Images for sample 2 (6.8 mm hole) with intact state as baseline, a) 
traditional "delay and sum" imaging, b) "exponential time-windowed delay and sum" 
imaging with 50 µs decay constant, c) "energy arrival" imaging. Images are in linear 
scale. ......................................................................................................................... 54 

Figure 2.38 : "MVDR" imaging of sample 2 (6.8mm hole), a) with A0 mode velocity 
and without normalization, b) with A0 mode velocity, with normalization and with 
α=0, c) with A0 mode velocity, with normalization and with α=0.1. Images are in 
linear scale. ............................................................................................................... 55 

Figure 2.39 : Images for sample 2 (4.5 mm hole) with the 2.5 mm hole case as 
baseline, a) "exponential time-windowed delay and sum" imaging with 50 µs decay 
constant, b) "energy arrival" imaging. Images are in linear scale. ............................ 56 

Figure 2.40 : Images for sample 2 (6.8 mm hole) with the 4.5 mm hole case as 
baseline, a) "exponential time-windowed delay and sum" imaging with 50 µs decay 
constant, b) "energy arrival" imaging. Images are in linear scale. ............................ 56 

Figure 2.41 : Images for sample 2 (6.8 mm hole) with the 2.5 mm hole case as 
baseline, a) "exponential time-windowed delay and sum" imaging with 50 µs decay 
constant, b) "energy arrival" imaging. Images are in linear scale. ............................ 57 

Figure 2.42 : Peak correlation functions for different defect sizes calculated using the 
intact state as baseline, and their corresponding imaging results using the 
exponential time windowed delay and sum imaging method. The image quality is 
improving as both the SDM damage metric and the defect size is increasing. ........ 59 

Figure 2.43 : Peak correlation functions for two states with different baselines, and 
their corresponding imaging results using the exponential time windowed delay and 
sum imaging method. The image quality is improving as the defect area is increasing.
 .................................................................................................................................. 60 

Figure 2.44 : Peak correlation functions for two samples in two different states with 
different baselines, and their corresponding imaging results using the exponential 
time windowed delay and sum imaging method. SDM values greater than 0.3 and 
dimensionless damage arameter values for Defect area×4/π𝜆2 greater than 0.25 
guarantee a satisfactory contrast to noise ratio in the image reconstruction 
technique. ................................................................................................................. 61 

Figure 3.1 : Aircraft composite content over time, source [66]. ............................... 64 

Figure 3.2 : Comparison of the numerical and experimental dispersion curves, f-k 
image, using a broad band excitation 1-1000 kHz, illustrating a good agreement of 
A0 wave mode while S0 is not completely following the theoretical curve. ............ 68 



LIST OF FIGURES 

xxiii 
 

Figure 3.3 : Amplitude versus frequency obtained as result of a sweep with frequency 
ranging from 1-1000 kHz, showing a peak amplitude at 50 kHz. .............................. 69 

Figure 3.4 : Typical received signal captured after a narrowband excitation near 50 
kHz. ........................................................................................................................... 69 

Figure 3.5 : f-k image obtained after 2DFFT analysis of signals obtained by laser 
Doppler Vibrometer, illustrating the dominance of the A0 wave mode at 50 kHz. .. 69 

Figure 3.6 : Angular dependence of the A0 Lamb wave velocity at 50 KHz, illustrating 
a constant velocity in different directions. ............................................................... 70 

Figure 3.7 : A0 displacement profile, a) theoretical and experimental comparison of 
In-plane displacement of dominated mode, A0, at 50 kHz excitation frequency, b) 
theoretical out-of-plane displacement profile of A0 mode at 50 kHz. ...................... 70 

Figure 3.8 : Conventional ultrasonic inspection of an impacted composite plate, a) C-
scan of the impacted CFRP sample, red area indicates the impact zone, b) B-scan 
image of a defect cross-section showing that there are effectively two zones with 
mostly surface damage. However, the damage is extended along the thickness of the 
composite in zone2. .................................................................................................. 72 

Figure 3.9 : Set-up for guided wave visualization and scattering by an impact damage, 
a) Instrumentation used in the SHM system, controlling the guided wave excitation, 
b) acquisition and scanning. ..................................................................................... 73 

Figure 3.10 : Wave propagation at the impact damage region, a) just before hitting 
the damage at 120 µs, b) upon propagating through the damage at 142.7 µs. ....... 73 

Figure 3.11 : Scattering pattern around the impact damage at two moments after 
the excitation has passed through the damage, a) at 182.3 µs, b) at 192.6 µs. ....... 74 

Figure 3.12 : Close-up image of the shape and orientation of the scattering pattern 
from an impact damage on a 5 mm composite. Excitation frequency of 50 kHz 
resulted in an A0 dominated wave mode.................................................................. 74 

Figure 3.13 : Line scan measurement at an excitation frequency of 50 kHz, a) along 
an intact path (away from the damage), b) along the impacted defect path, showing 
the presence of backscattered waves originating from the impact damage on the 
measured signals. ..................................................................................................... 75 

Figure 3.14 : Spatial distribution function, 𝑆𝐷𝐹𝑖𝑗 for a given value of parameter 𝛽 
which controls the size of ellipse, circles indicate the position of transmitter and 
receiver. .................................................................................................................... 77 

Figure 3.15 : Simulated CFRP plate with a linear defect. .......................................... 80 

Figure 3.16 : RAPID results for a CFRP plate with an actual location of the damage 
(linear defect) at (-5, -2). a) Image obtained by conventional linear RAPID, b) fused 
image obtained by merging the results from a subset of transducers. .................... 80 

Figure 3.17 : DuraAct P-876/SP1 patch transducer, illustrating the flexibility of the 
patches. ..................................................................................................................... 81 



LIST OF FIGURES 

xxiv 
 

Figure 3.18 : Front and back side of a flat composite plate equipped with 16 DuraAct 
P-876/SP1 sensors. ................................................................................................... 82 

Figure 3.19 : Image obtained by linear RAPID on a 4.4 mm thick composite with 
impact damage: excitation 50 kHz (left), excitation 100 kHz (right). The rectangular 
pattern black squares around the image represent the transducers positions on the 
sample. The position of the impact defect is indicated by the cursor. ..................... 83 

Figure 3.20 : Fused image of the RAPID reconstructed images at 50 and 100 kHz. The 
rectangular pattern black squares around the image represent the transducers 
positions on the sample. The position of the impact defect is indicated by the cursor.
 .................................................................................................................................. 84 

Figure 3.21 : RAPID reconstruction image at 50 kHz using only the signals from 8 
sensors in the array. The rectangular pattern black squares around the image 
represent the active transducers positions on the sample. The position of the impact 
defect is indicated by the cursor. .............................................................................. 84 

Figure 3.22 : Stiffened composite plate with a sparse array of 12 transducers. The 
impact location is situated outside the sensor network, close to path T9-R10. ....... 85 

Figure 3.23 : Conventional RAPID image obtained at 50 kHz, using the correlation 
algorithm, for a stiffened plate containing a 60J impact, outside of the sensor 
network. The result illustrates the incapability of conventional RAPID for damage 
visualization outside of the network. However, it has successfully identified the 
‘suspected’ path closest to the defect. ..................................................................... 86 

Figure 3.24 : Configuration of transducers and holes for bolts on the composite plate. 
Holes are indicated with numbers 1 to 4. Eight transducers are positioned in a 
rectangular pattern along the edges. One transducer is positioned at the centre. The 
transducers are represented by filled-in grey circles. ............................................... 88 

Figure 3.25 : f-k image, a) without normalization for evaluating the attenuation 
dispersion curve, showing that A0 is the dominant wave mode in the range 75-266 
kHz b) with normalization, showing the excitability dispersion curve of the out-of-
plane wave modes. ................................................................................................... 90 

Figure 3.26 : Lamb wave mode tuning obtained using a Dakel IDK09 sensor on a 5 
mm composite, a) amplitude variation versus frequency of the dominant wave 
modes, b) wavenumber-frequency dispersion curve of the dominant modes, c) 
wavelength-frequency dispersion curve of the dominant modes, d) phase velocity 
dispersion curve of dominant modes. ...................................................................... 91 

Figure 3.27 : Wavenumber curve at the sweet spots, a) A0 sweet spot mode at 219 
kHz with A0/S0 amplitude ratio of 5.15, b) S0 sweet spot mode at 290 kHz with S0/A0 
amplitude ratio of 2.46. ............................................................................................ 92 

Figure 3.28 : Lamb wave mode tuning using active piezoelectric wafer sensors, 7 mm 
square with 0.2 mm thickness, mounted on a plate of 1 mm thickness, (a) simplified 
model results and (b) experimental testing results for varying excitation frequencies 
[91]. ........................................................................................................................... 92 



LIST OF FIGURES 

xxv 
 

Figure 3.29 : RAPID "modification" localization image obtained by loosening bolt 
number 1. Baseline = plate with all four bolts tightened. Eight transducers are 
positioned in a rectangular pattern plus one at the centre, indicated by filled-in grey 
circles. ....................................................................................................................... 94 

Figure 3.30 : RAPID "modification" localization image obtained by keeping bolt 
number 1 loose and additionally loosening bolt number 3. Baseline = plate with all 
four bolts tightened. Eight transducers are positioned in a rectangular pattern plus 
one at the centre, indicated by filled-in grey circles. ................................................ 94 

Figure 3.31 : RAPID "modification" localization image obtained by tightening bolt 
number 1 again and keeping bolt number 3 loose. Baseline = plate with all four bolts 
tightened. Eight transducers are positioned in a rectangular pattern plus one at the 
centre, indicated by filled-in grey circles. ................................................................. 95 

Figure 3.32 : RAPID "modification" localization image obtained by loosening bolts 
number 2 and 4, while 1 and 3 are tightened. Baseline = plate with all four bolts 
tightened. Eight transducers are positioned in a rectangular pattern plus one at the 
centre, indicated by filled-in grey circles. ................................................................. 95 

Figure 4.1 : Wavenumber as a function of frequency (normalized 2DFFT of signals 
obtained by laser Doppler Vibrometer) for the composite sample considered in this 
chapter, using the P-876 DuraAct patch transducer with broadband excitation (0.5 
cycle at 750 kHz),  orientation 0°. White lines are the numerical predictions for 
orientation 0°. .........................................................................................................100 

Figure 4.2 : Dispersion curve analysis for the case of broadband excitation (0.5 cycle 
at 750 kHz) using the DuraAct P-876/SP1 patch, orientation 0°. a) amplitude variation 
versus frequency, b) wavenumber-frequency dispersion curve of the dominant wave 
mode, c) wavelength-frequency dispersion curve of the dominant wave mode d) 
phase velocity dispersion curve of the dominant wave mode. ..............................101 

Figure 4.3 : Comparison of wave modes obtained using the DuraAct P-876/SP1 patch 
transducer (broadband excitation, 0.5 cycle at 750 kHz, inspection at 45 degree), a) 
Amplitude comparison of S0, A0 and A1, b) close-up image in the high frequency 
region, c) S0/A0 amplitude ratio, the first two peaks at 288 kHz and 405 kHz are 
analysed in the following section............................................................................102 

Figure 4.4 : Conventional C-scan inspection of the studied composite containing a 
20×20 mm delamination, illustrating amplitude attenuation of the through-
transmission signals in the delamination zone. ......................................................104 

Figure 4.5 : Wavefront distortion while entering a delamination region at an 
excitation frequency of 288 kHz, inspected under a 50˚ incidence angle. Snapshot 
taken at 44 µs. The dashed rectangle indicates the delamination zone (20×20 mm).
 ................................................................................................................................104 

Figure 4.6 : Wavefront distortion while entering a delamination region at an 
excitation frequency of 405 kHz, a- b) inspection under a 50˚ incidence angle, 
snapshot at 36.6 µs, c-d) inspection under a 220˚ incidence angle, snapshot at 37.6 



LIST OF FIGURES 

xxvi 
 

µs. The dashed rectangle indicates the delamination location (20×20 mm). .........105 

Figure 4.7 : Total spectral energy of the surface response in the delamination zone 
(20×20 mm) using a 288 kHz frequency excitation, showing that most of energy is 
trapped within the defect zone. .............................................................................107 

Figure 4.8 : Modulus of the overall complex averaging of the 2D LDV-scan measured 
signals in the frequency domain, as response to a 288 kHz frequency excitation. Note 
that the first peak which occurs around 17 kHz is related to a sample resonance.
 ................................................................................................................................107 

Figure 4.9 : Frequency evaluation of the surface response in the delamination zone 
filtered at 288 kHz, as response to a 288 kHz frequency excitation. ......................108 

Figure 4.10 : Frequency evaluation of the surface response in the delamination 
region filtered at 576 kHz, as response to a 288 kHz frequency excitation, showing 
the nonlinear response of delamination. ...............................................................108 

Figure 4.11 : Total spectral energy of the surface responses in the delamination zone 
(20×20 mm) using a 405 kHz frequency excitation, showing most of energy is trapped 
at borders of delamination. The peak-to-average ratio 9.6. ..................................109 

Figure 4.12 : Modulus of the overall complex averaging of 2D LDV-scan measured 
signals in the frequency domain as response to a 405 kHz frequency excitation, 
showing no harmonics at the high frequency range. Note that the first peak which 
occurs around 17 kHz is related to a sample resonance.........................................109 

Figure 4.13 : Frequency evaluation of the surface response in the delamination zone 
filtered at 405 kHz, as response to a 405 kHz frequency excitation. ......................109 

Figure 4.14 : Frequency evaluation of the surface response in the delamination 
region filtered at 810 kHz as response to a 405 kHz frequency excitation, showing 
merely random chaotic noise. ................................................................................110 

Figure 4.15 : Schematic configuration using an LDV line scan measurement for 
optimal Lamb wave frequency selection. ...............................................................111 

Figure 4.16 : f-k image shown in dB units obtained after analysis of signals acquired 
in response of a 0.5 cycle, 750 kHz excitation using the DuraAct P-876/SP1 patch 
transducer, considering a) a path through intact region, b) a path through the 
damaged region. The results show the dissipation of the high frequency content in 
the second case (delamination region) particulary in the range of 350-410 kHz. ..112 

Figure 4.17 : Wavenumber dispersion curve of the dominant wave modes obtained 
after analysis of signals acquired in response of a 0.5 cycle, 750 kHz excitation using 
the DuraAct P-876/SP1 patch transducer, considering a) a path through intact region, 
b) a path through the damaged region. The results confirm the complete 
disappearance of modes in the highly sensitive range of 350-410 kHz, and mode 
conversion to A0 mode in the range of 250-350 and 410-700 kHz. There is no 
sensitivity to the defect in the lower frequency band ≤ 250 kHz. ..........................113 

Figure 4.18 : Phase velocity dispersion curve of the dominant wave modes obtained 



LIST OF FIGURES 

xxvii 
 

after analysis of signals acquired in response of a 0.5 cycle, 750 kHz excitation using 
the DuraAct P-876/SP1 patch transducer, considering a) a path through intact region, 
b) a path through the damaged region. The results confirm the complete 
disappearance of modes in the highly sensitive range of 350-410 kHz, and mode 
conversion to A0 mode in the range of 250-350 and 410-700 kHz. There is no 
sensitivity to the defect in the lower frequency band ≤ 250 kHz. ..........................114 

Figure 4.19 : Wavelength dispersion curve of the dominant modes obtained after 
analysis of signals acquired in response of a 0.5 cycle, 750 kHz excitation using the 
DuraAct P-876/SP1 patch transducer, considering a) a path through intact region, b) 
a path through the damaged region. The results confirm the complete disappearance 
of modes in the highly sensitive range of 350-410 kHz, and mode conversion to A0 
mode in the range of 250-350 and 410-700 kHz. There is no sensitivity to the defect 
in the lower frequency band ≤ 250 kHz. .................................................................115 

Figure 4.20 : f-k image comparison of a narrowband frequency at 378 kHz using the 
DuraAct P-876/SP1 transducer a) intact path b) path running through the 
delamination zone, illustrating an amplitude reduction of the S0 mode, c) normalized 
f-k image of (a) , d) normalized image of (b) showing that A0 and A1 becomes slightly 
dominant over the attenuated S0 mode. .................................................................116 

Figure 4.21 : Wavenumber dispersion curve of the dominant wave modes obtained 
after analysis of signals acquired in response of a narrowband 378 kHz excitation 
using the DuraAct P-876/SP1 patch transducer, illustrating a 97.6% amplitude 
reduction of the S0 mode when passing through the delamination path. .............116 

Figure 4.22 : f-k image comparison of a narrowband frequency at 510 kHz using the 
DuraAct P-876/SP1 transducer a) intact path b) path running through delamination 
zone, illustrating an amplitude reduction of the A1 mode, c) normalized f-k image of 
(a), d) normalized image of (b) showing mode conversion from A1 to S0 and A0. ..118 

Figure 4.23 : Wavenumber dispersion curve of the dominant wave modes obtained 
after analysis of signals acquired in response of a narrowband 510 kHz excitation 
using the DuraAct P-876/SP1 patch transducer, illustrating a 67% amplitude 
reduction of the A1 mode when passing through the delamination path. .............118 

Figure 4.24 : f-k image comparison of a narrowband frequency excitation at 50 kHz 
using the DuraAct patch transducer, a) intact path, b) path running through 
delamination zone, revealing no mode conversion of A0. ......................................119 

Figure 4.25 : f-k image comparison of a narrow band frequency excitation at 150 kHz 
using the DuraAct patch transducer, a) intact path, b) path running through 
delamination zone, revealing no mode conversion of A0. ......................................119 

Figure 4.26 : Comparison of the wavenumber dispersion curve (intact versus 
delaminated path) of the dominant wave modes obtained after analysis of signals 
acquired in response of a narrowband 150 kHz excitation using the DuraAct P-
876/SP1 patch transducer, showing a 27% A0 amplitude reduction when passing 
through the delamination path. .............................................................................119 



LIST OF FIGURES 

xxviii 
 

Figure 4.27 : Synthetic signals used for correlation coefficient assessment, a) high 
and low level signals (ratio 100:1) without up-scaling, b) comparison of the up-scaled 
low and a high level signal when only the amplitude changes, c) effect of the 
amplitude changecombined with a 2 kHz variation in the frequency of high level 
signal, d) effect of the amplitude change combined with a 2 μs phase shift in the high 
level signal. ..............................................................................................................124 

Figure 4.28 : Comparison of the correlation coefficient as a damage sensitive 
parameter in case of amplitude/frequency/phase modifications of a synthetic sine 
burst. No variation in the correlation coefficient is observed when there is only a 
linear amplitude variation. On the other hand, the correlation coefficient turns out 
to be a sensitive damage parameter when either the frequency or the phase varies.
 ................................................................................................................................125 

Figure 4.29 : Energy of the SSM signal as a function of a) a time of flight variation up 
to 2 μs, b) a frequency variation up to 2 kHz, for a synthetic signal at 100 kHz and a 
length of 200 μs. .....................................................................................................126 

Figure 4.30 : Energy of the SSM signal as a function of a) a time of flight variation up 
to 2 μs, b) a frequency variation up to 2 kHz, for a synthetic signal at 100 kHz and a 
length of 80 μs. .......................................................................................................127 

Figure 4.31 : Typical measured signal along one single path in the sparse array 
network, using P-876/SP1 DuraAct patch transducer at 378 kHz, and a burst 
excitation of 250 cycles, for a high amplitude level (dotted red curve), in comparison 
with the up-scaled low amplitude response (full blue curve). The zoomed-in 
representation clearly shows the presence of a phase shift in the high amplitude 
response, and an amplitude which is a little smaller than the up-scaled low level 
response due to the energy transfer towards higher harmonics. ..........................129 

Figure 4.32 : Low level excitation selection, showing an overall higher noise level in 
0.1 V acquisition compared to the 0.2V response: a) spectrum of the 0.1 V input 
response overlaid on the spectrum for a 2V input (high) with third harmonic-to-noise 
ratio of 3.36, b) spectrum of the 0.2 V overlaid on the spectrum for a 2V input (high) 
input response with third harmonic-to-noise ratio of 3.55. ...................................130 

Figure 4.33 : Arrangement of the transducers within the sparse array network on the 
composite plate for the nonlinear Lamb wave imaging. The circles indicate the 
position of the transducers as well as their numbers in the sparse array 
measurement. The position of the delamination is represented by the black square.
 ................................................................................................................................131 

Figure 4.34 : Comparison of acquired signals in intact (T1R5) and damaged paths 
(T3R7) a) Comparison of the intact and damage path response signals for an 
excitation level of 2 V showing a strong 67% amplitude reduction due to the 
delamination, b) High amplitude (2 V) and properly up-scaled low level (0.2 V) 
response signals upon traveling over the intact path, c) High amplitude (2 V) and 
properly up-scaled low level (0.2 V) response signals upon traveling over the 
damaged path. The comparison reveals a high level of nonlinear attenuation and a 



LIST OF FIGURES 

xxix 
 

phase shift of the signal propagating through the delamination (c) compared to the 
intact state (b). ........................................................................................................132 

Figure 4.35 : Spectral analysis of response signals acquired on intact (T1R5) and 
delaminated paths (T3R7) at a high level excitation, showing a 9.5 dB amplitude 
reduction in the fundamental amplitude and a 19.9 dB increase in the third harmonic 
amplitude. a) General spectrum, b) close-up image near the fundamental frequency, 
c) close-up image near the third harmonic component. ........................................133 

Figure 4.36 : f-k image obtained after 2DFFT analysis carried out on the measured 
signals propagating through the delamination zone, illustrating that A2 and/or A3 
modes can be generated as third harmonic modes. ..............................................134 

Figure 4.37 : Excitation amplitude dependence of the energy of measured signals 
that travelled on intact (T1R5) and damaged paths (T3R7) analysed from 
experimental data obtained at 378 kHz, with a length of 250T, showing linear and 
nonlinear attenuation in the delamination path (T3R7). ........................................135 

Figure 4.38 : Relative energy loss as function of the excitation amplitude (measured 
at 378 kHz), illustrating a huge increase of energy loss as the amplitude increases.
 ................................................................................................................................135 

Figure 4.39 : Correlation coefficient (coherence) evaluation over intact (T1R5) and 
delaminated paths (T3R7) as function of the different excitation amplitude levels, 
indicating an increase in phase variation as strain amplitude is increasing: a) analysis 
using a signal length of 125T, b) analysis using a signal length of 250T. ................136 

Figure 4.40 : Energy of the SSM signal calculated without amplitude compensation, 
a) analysis using a signal length of 125T, b) analysis using a signal length of 250T. The 
results illustrate that the SSM signal energy without prior amplitude compensation 
cannot be used as a nonlinearity indicator in a delamination evaluation. .............136 

Figure 4.41 : Energy of the SSM signal calculated after amplitude compensation, a) 
analysis using a signal length of 125T, b) analysis using a signal length of 250T. ...137 

Figure 4.42 : Spectrum of the SSM signals after amplitude compensation for intact 
(T1R5) and delamination paths (T3R7), showing higher SSM energy on the 
delaminated path. ...................................................................................................137 

Figure 4.43 : Evolution of correlation coefficient, delay time, and energy of SSM for 
nine tightness levels versus output energy in a study of osseointegration monitoring, 
illustrating that a) the correlation coefficient approaches the value of 1, 
corresponding to a linear system, as the tightness increases, b) the delay time 
decreases as the tightness increases, c) the energy of the SSM signal decreases as 
the system becomes linear with increasing tightness [127]. ..................................138 

Figure 4.44 : Spectral amplitude evolution of response signals acquired on the 
delamination path (T3R7) for different excitation levels, showing the presence of 
nonlinear signatures in the fundamental as well as in the third harmonic 
components, a) fundamental frequency, b) third harmonic component. ..............139 



LIST OF FIGURES 

xxx 
 

Figure 4.45 : Amplitude dependence of the fundamental and the third harmonic 
components for intact and damage states measured at subsequently higher levels of 
excitation, a) amplitude dependence of the fundamental component, illustrating 
nonlinear attenuation for the data obtained on the delamination path, b) amplitude 
dependence of the third harmonic component. ....................................................139 

Figure 4.46 : Third harmonic signature of the high amplitude signals, showing that 
the amplitude reduction for signals traveling over the delamination path has a 
significant influence on the third harmonic ratio. ..................................................140 

Figure 4.47 : Comparison of acquired signals in two intact paths (T2R3 and T6R5) a) 
No amplitude reduction is observed in the time domain response signals for an 
excitation level of 2 V with respect to each other, b) High amplitude (2 V) and 
properly up-scaled low level (0.2 V) response signals upon traveling over the intact 
path T6R5, c) High amplitude (2 V) and properly up-scaled low level (0.2 V) response 
signals upon traveling over the intact path T2R3. The comparison illustrates that 
there is no significant variation between b and c. The fact that the amplitude of the 
high level excitation is a bit smaller than the up-scaled low level excitation is 
illustrative for the generation of higher harmonics. ...............................................142 

Figure 4.48 : Spectral analysis of the response signals acquired on two intact paths 
(T2R3 and T6R5) at a high level excitation, showing no amplitude variation; however, 
second and third harmonic can be observed in both intact signals. a) General 
spectrum, b) close-up image near the fundamental frequency, c) close-up image near 
the second and third harmonic component. A comparison with Figure 4.35c shows 
that there is a 4 dB increase in the third harmonic amplitude in the case of 
delamination. ..........................................................................................................143 

Figure 4.49 : Excitation amplitude dependence of the energy of measured signals 
that travelled on two intact paths (T2R3 and T6R5) analysed from experimental data 
at 378 kHz, with a length of 250T, showing that there is no noticeable amplitude 
variation between both signals. ..............................................................................144 

Figure 4.50 : Correlation coefficient (coherence) analysis over two intact paths (T2R3 
and T6R5) as function of the different excitation amplitude levels: a) analysis using a 
signal length of 125T, b) analysis using a signal length of 250T. The results show a 
lack of nonlinear signature in both intact signals as excitation level increase. ......144 

Figure 4.51 : Energy of the SSM signal calculated after amplitude compensation for 
two intact paths (T2R3 and T6R5) as function of the excitation amplitude, showing a 
lack of nonlinear signature in both signals. a) analysis using a signal length of 125T, 
b) analysis using a signal length of 250T. ................................................................144 

Figure 4.52 : Spectrum of the SSM signals after amplitude compensation for two 
intact paths (T2R3 and T6R5). A comparison with Figure 4.42 shows a lower level of 
fundamental and in particular third harmonic component (25 dB) in the SSM signals 
for analysis on the intact paths compared to the delaminated path. ....................145 

Figure 4.53 : Amplitude dependence of the fundamental and the third harmonic 



LIST OF FIGURES 

xxxi 
 

components for two intact states (T2R3 and T6R5), measured at subsequently higher 
levels of excitation, a) amplitude dependence of the fundamental component, 
illustrating no significant change between both intact signals, b) amplitude 
dependence of the third harmonic component, showing the presence of a third 
harmonic in all measured signals, implying that the third harmonic amplitude can 
after all not be considered as a suitable nonlinear indicator. ................................145 

Figure 4.54 : Third harmonic ratio signature of the high amplitude signals for two 
intact states and different excitation levels, showing a very low third harmonic 
signature on both intact paths compared to the delaminated paths, as shown in 
Figure 4.46. a) third harmonic signature with the vertical scale kept the same as in 
Figure 4.46 for a fair comparison. ...........................................................................146 

Figure 4.55 : Nonlinear Lamb wave based defect imaging using the RAPID technique 
in combination with the high-low signal correlation coefficient (excitation frequency 
at 378 kHz, signal length 125T), a) raw image, b) fused image by applying the 
geometric mean on images for different subsets of transducers. ..........................148 

Figure 4.56 : Nonlinear Lamb wave based defect imaging using the RAPID technique 
in combination with the energy of the SSM signals (excitation frequency at 378 kHz, 
signal length 125T), a) raw image, b) fused image by applying the geometric mean 
on images for different subsets of transducers. .....................................................149 

Figure 4.57 : Nonlinear Lamb wave based defect imaging using the RAPID technique 
in combination with the third harmonic ratio (excitation frequency at 378 kHz, signal 
length 125T),  a) raw image, b) fused image by applying the geometric mean on 
images from different subsets of transducers. .......................................................150 

Figure 4.58 : Nonlinear Lamb wave based defect imaging using an adaptive -factor 
in the RAPID technique in combination with the correlation coefficient as the 
damage sensitive parameter. Compared to the results shown in Figure 4.55a, which 

corresponds to =0.01, there is no significant modification of the dominant paths. 

Only the width of the ellipses has significantly changed, a) =0.01, b) =0.05. ....151 

Figure 5.1 : Schematic drawing of the friction stir welding procedure, showing a) the 
entire procedure at a glance, b) a close-up image of the cross section of FSW tool  
located within the nugget zone [149]. ....................................................................155 

Figure 5.2 : a) Microstructural regions in the friction stir welded sample, b) 
Macrograph of section of the weld nugget-TMAZ-HAZ interface, c) Micrograph of the 
cross-section of the base metal, d) Micrograph of the cross-section of the nugget 
zone [150]. ..............................................................................................................156 

Figure 5.3 : Conductivity profile measured from the root side of a metal FSW, a) 
defect free FSW, b) FSW with 1.14 mm lack of penetration [195]. ........................158 

Figure 5.4 : Schematics of the experimental setup, a) pitch-catch mode for 
transducer positioning and time gating, b) pulse-echo mode for slanted C-scanning.
 ................................................................................................................................161 

Figure 5.5 : Vertical scanning measurement above the FS welded butt-joint to 



LIST OF FIGURES 

xxxii 
 

determine the appropriate vertical offset of the transmitter. Labels 0, 1 and 2 refer 
to the schematics illustrated in Figure 5.6. .............................................................163 

Figure 5.6 : Schematic explanation for the local maxima obtained in the vertical 
scanning measurement (Figure 5.5), a) second skip distance local maximum, b) direct 
back-wall reflection, c) direct top-surface reflection. The horizontal distance 
between the transmitter and receiver is fixed to twice the skip distance. ............164 

Figure 5.7 : Acoustic imaging of different incident beam to grain angle in water 
representing deviation and distortion of the beam [209]. .....................................164 

Figure 5.8 : Ray tracing model, a typical example of showing different beam-skewing 
behaviors of longitudinal, shear vertical and shear horizontal through the anisotropic 
weld structure [210]. ..............................................................................................165 

Figure 5.9 : Typical recorded signals in pitch-catch and pulse-echo mode: a) back-wall 
signal obtained in pitch-catch mode used to define and select the appropriate time 
gating, b) backscattered signal obtained in pulse-echo mode at a defect-free 
position, c) backscattered signal obtained in pulse-echo mode at a defect (kissing 
bond) position. Only the information within the time gated window will be analysed 
for C-scan imaging. .................................................................................................166 

Figure 5.10 : Schematic of immersion ultrasonic backscatter technique while 
transducer is located on the rough surface [211]. ..................................................167 

Figure 5.11 : Frequency spectrum of the back-wall echo from a pitch-catch method. 
The 6dB drop of the spectrum defines the frequency band selection for subsequent 
analysis of the gated pulse-echo signals. ................................................................168 

Figure 5.12 : Cross-sectional view of scenario I: Schematic of the average signal 
power versus the positon from the weld centreline for a defect-free sample. ......170 

Figure 5.13 : Cross-sectional view of scenario II: Schematic of the average signal 
power versus position from the weld centreline for a sample with a small defect.
 ................................................................................................................................170 

Figure 5.14 : Cross-sectional view of scenario III: Schematic of the average signal 
power versus position from the weld centreline for a sample with a huge defect (e.g. 
around 1 mm). ........................................................................................................170 

Figure 5.15 : Cross-sectional view of scenario IV: Schematic of the average signal 
power versus position from the weld centreline for the sample with a defect 
occurring at the TMAZ-nugget interface (either advancing or retreating side)......171 

Figure 5.16 : Root side of a defect free FSW butt-joint (scenario I), except for two 
isolated defect locations (“spatter-like flaws”) close the TMAZ-nugget interface. 173 

Figure 5.17 : Macrograph of a FSW butt-joint transverse cross-section (left=full view 
and right=zoom) taken at one of the “spatter-like flaw” locations, showing small 
defects close to the TMAZ-nugget zone. Evidence for this small defect (with a length 
of the order of 100µm) can be found in the average signal power scan, shown in 
Figure 5.19. .............................................................................................................173 



LIST OF FIGURES 

xxxiii 
 

Figure 5.18 : SEM Image, representing the fracture surface of the sample at the 
spatter-like flaw location. .......................................................................................173 

Figure 5.19 : C-scan contour image and 3D representation of the average signal 
power data obtained for a FSW butt-joint illustrating (for the major part) scenario I 
(defect free sample), except for two isolated defect locations close the TMAZ-nugget 
interface. .................................................................................................................174 

Figure 5.20 : Macrograph of a FSW butt-joint transverse cross-section showing a 
kissing bond defect at the root of the nugget zone, illustrating scenario II. ..........175 

Figure 5.21 : C-scan contour image and 3D representation of the average signal 
power data obtained for a FSW butt-joint illustrating scenario II (very tiny defect, 
smaller than 500 μm), all along the welding line. ...................................................176 

Figure 5.22 : C-scan contour image and 3D representation of the average signal 
power data obtained for a FSW butt-joint illustrating scenario II (larger size defect, 
between 500 μm and 1 mm), all along the welding line. .......................................177 

Figure 5.23 : Macrograph of a FSW butt-joint transverse cross-section (left=full view 
and right=zoom) showing a LOP defect at the root of the nugget zone, illustrating 
scenario III. The huge defect can be easily observed by the proposed method, as 
shown in Figure 5.24. ..............................................................................................178 

Figure 5.24 : C-scan contour image and 3D representation of the average signal 
power data obtained for a FSW butt-joint illustrating scenario III (large defect, e.g. 
LOP). ........................................................................................................................179 

Figure 5.25 : Macrograph of a FSW butt-joint transverse cross-section showing a 
distribution of wormholes at the advancing side, illustrating scenario IV. This type of 
defect can also be easily observed by the proposed method, as shown in Figure 5.26.
 ................................................................................................................................180 

Figure 5.26 : C-scan contour image and 3D representation of the average signal 
power data obtained for a FSW butt-joint with distributed defects at the TMAZ-
nugget line, illustrating scenario IV. ........................................................................181 

Figure 5.27 : Peak range sidelobe level (PRSL) of three different harmonic extraction 
methods (BF= Bandpass filtering, PM=Power Modulation, PI=Pulse Inversion) as a 
function of the fractional bandwidth of the transmitted chirp-coded signal, 
illustrating consistent results of the pulse-inversion harmonic extraction technique 
[239]. .......................................................................................................................185 

Figure 5.28 : Schematic representation of the contact pitch-catch method for the 
inspection of friction stir welded butt-joint from the tool side, T and R stand for 
Transmitter and Receiver respectively. ..................................................................186 

Figure 5.29 : a) Manual X-Y flat scanner, b) Measurement with the scanner along the 
weld centreline, c) Mounted transmitter and receiver on the Rexolite wedge. ....187 

Figure 5.30 : a) Overlay of typical signal responses to two out of phase chirp-coded 
excitation signals, b) Zoomed-in representation. ...................................................188 



LIST OF FIGURES 

xxxiv 
 

Figure 5.31 : Frequency spectrum of the positive polarity response, showing a 
fundamental frequency band ranging from 2 to 5 MHz around the centre frequency 
of 3.5 MHz, yielding a 0.85 fractional bandwidth. ..................................................188 

Figure 5.32 : Typical pulse-inversion signal.............................................................189 

Figure 5.33 : Normalized pulse inversion spectrum (𝑁𝑃𝐼𝑆) of the pulse-inversion 
signal illustrating that the second harmonic content is 35 dB higher than the peak 
sidelobe level. .........................................................................................................190 

Figure 5.34 : a) Pulse-inversion chirp-coded weld harmonic image obtained by 
stacking the normalized frequency spectra for each position along the weld 
centreline, indicating a zone of severe micro-crack density between 150 and 350 
mm, Sample1. b) Damage Index Scan along the weld centre line, according to Eq. 
(5.12). ......................................................................................................................191 

Figure 5.35 : a) Pulse-inversion chirp-coded weld harmonic imaging, indicating a zone 
of severe micro-crack density at the beginning of the weld path, and additional sites 
of mild micro-crack density, Sample2. b) Damage Index Scan along the weld centre 
line, according to Eq. (5.12). ...................................................................................192 

Figure 5.36 : Cross-sectional view of three subsamples from FSW Sample 2, obtained 
by optical microscopy: Level of nonlinearity obtained from PI-CWHI a) low level, b) 
average level, c) high level. Note that cleaning the low level subsample with acetone 
has left some residual on it [245]. ..........................................................................195 

Figure 5.37 : SEM micrographs of a subsample of FSW Sample 2 with a high level of 
nonlinear signature, shown using three different magnification levels, illustrating the 
presence of micro-cracks in the nugget zone: Magnifications a) x500, b) x1000, c) 
x3500 [245]. ............................................................................................................196 

Figure 6.1 : Time reversal experiment on an intact (T1R4) path and on a delamination 
path (T8R5) at the optimal exitation frequency 378 kHz, illustrating the attenuation 
of the measured time reversed signal in delamination path. .................................205 

 



 

xxxv 
 

List of Tables 

 : Coordinates of the sensors within the network, and position of the 
artificial defect in the plate for sample 1 and 2, in mm. ...........................................18 

 : A comprehensive summary of the main results based on the "exponential 
time-windowed delay and sum" imaging and the "energy arrival" imaging 
techniques.................................................................................................................58 

 : Damage metrics for three hole sizes of sample 2, comparison with intact 
state as reference. ....................................................................................................59 

 Damage metrics for two states with different baselines ..........................60 

 : Damage metrics for two samples in two different states with different 
baselines. ..................................................................................................................61 

 : Arrangement of the laminas of a 5 mm thick composite. .......................67 

 : Elastic properties of each lamina of the above defined 5 mm thick 
composite. ................................................................................................................67 

 : Elastic properties of the simulated CFRP plate .......................................79 

 : Arrangement of layers scheme of composite containing a delamination.
 ..................................................................................................................................98 

 : Operational welding parameters used for the five exemplary samples for 
which the results are discussed in section 5.5. ...................................................... 162 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

xxxvi 
 

 



 

1 
 

 

Chapter 1           
Introduction 
 

 
 
 
 

1.1  Problem statement 

Assured integrity and safety performance are increasing challenges as existing 
products and infrastructures continue to be extended beyond their intended 
lifespans and new materials and designs are introduced. Engineering structures and 
components are subject to various kinds of defects, either during the manufacturing 
process, or in the course of the normal service life of the structure. For instance, 
during manufacturing and assembly processes such as casting, autoclaving, riveting 
and welding, a wide range of flaws ranging from micro-cracks and kissing bond 
defects, to lack of penetration (LOP) and wormholes, can potentially be introduced 
in the structure [1,2]. Likewise, in service damages such as delamination and impacts 
are common deficiencies in composites [3]. Among other methods, it was found that 
ultrasonic non-destructive testing and evaluation (Ultrasonic NDT & E) techniques 
are of great importance for monitoring the quality of structures.  
Even though Ultrasonic NDT & E has been intensively studied and testing equipment 
has been commercialized for various applications, there are, in general, several 
problems with the currently existing ultrasonic non-destructive inspection 
techniques, such as: 
 

1) There is a lack of practical and reliable inspection techniques for structural 

health monitoring. For instance, a traditional technique such as the C-scan 

(pointwise transmission or reflection recording over large areas) easily 

works in the laboratory for impact identification on plate-like composites; 

however, the inspection of an in-service structure, such as an aircraft wing 

or fuselage, requires an alternative to a C-scan. 

2) Time and consequently the inspection expenses are sometimes limited. 

Again, the inspection of a composite structure containing a delamination 

might be reliably carried out by a traditional C-scan technique. 

Nevertheless, the time and inspection cost will escalate for a large structure 

such as an aircraft fuselage and wing when using these traditional methods. 
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3) Conventional Lamb wave images are principally constructed by comparing 

baseline signals with current signals. Using this approach, environmental 

changes might downgrade the efficacy of the defect detection. 

4) There is never a 100% detectability for all kinds of defects using traditional 

methods. For instance, kissing bonds defects and/or micro-cracks and 

cavities accompanied by zigzag lines (nonlinear defects) in friction stir welds 

are currently not detectable by any of the off-the-shelf-ultrasonic 

techniques. 

1.2 Research objectives 

The aforementioned problems, related to the current ultrasonic inspection 
techniques, call for optimized and advanced ultrasonic inspection techniques. In this 
work, we are aiming to design, develop and test several potential techniques that 
may improve the quality control of two different engineering components: 
composites and weld joints. We believe that these investigations on linear and 
nonlinear Lamb wave imaging and with regard to the optimized linear and nonlinear 
weld inspection techniques may pave the way for solving some of the above 
problems. As such, the main goals of this thesis can be summarized as follows: 
 

 To investigate the use of Lamb waves in order to evaluate and visualize defects, 

for the sake of structural health monitoring, using velocity-dependent imaging 

techniques and a limited number of transducers on an aluminium structure. 

 To develop a guided wave based damage detection approach to inspect large 

composite structures with a limited number of sparse transducers rather than a 

phased array system and or a traditional C-scan inspection of the samples using 

a velocity-independent imaging technique. 

 To develop and implement an empirical technique for nonlinear quasi-baseline-

free inspection of composite structures in order to identify and localize 

delaminations in the composites without having to worry about environmental 

effects. 

 To design and implement an optimized linear ultrasonic technique, requiring 

only single-side accessibility of the sample (backscattered signals), for the 

examination of minute defects at the root of friction stir welded butt-joints. 

 To design and develop experimentally a nonlinear inspection technique to 

quantify the micro-crack density of cavities accompanying a zigzag line in friction 

stir welded butt-joints. 
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1.3 Outline of the thesis 

Chapter 2 reviews the feasibility of several existing linear Lamb wave imaging 
techniques using velocity-dependent analysis methods and a limited number of 
transducers. In this chapter, the traditional "delay and sum" imaging technique, the 
"exponential time-windowed delay and sum" algorithm, the "energy arrival" imaging 
and the "MVDR" imaging are investigated and applied to infer the damage location 
in an aluminium structure containing an artificial hole, simulating a rivet hole or a 
missing rivet in reality. 
 
Chapter 3 describes a probabilistic Lamb wave imaging technique for composite 
structures. In contrast to the imaging technique presented in Chapter 2, the 
probabilistic imaging approach is a velocity-independent technique. The so-called 
RAPID method (Reconstruction Algorithm for Probabilistic Inspection of Damage) is 
investigated for the case of an impact detection in a composite plate, and for the 
identification of loosened/tightened bolts. Traditionally, these inspections are 
carried out by comparing reference and current signals in a sparse array 
measurement, before and after “damaging” the samples. 
 
In Chapter 4, we extend the conventional linear RAPID to a nonlinear RAPID that can 
be applied to detect delaminations in a composite structure without the need for a 
baseline or reference set of signals. The new approach involves in a first step a 
systematic technique for a pitch-catch optimal defect frequency (PC-ODF) selection. 
Next, a set of damage sensitive parameters, consisting of the correlation coefficient, 
the energy of scaling subtraction signal (SSM) and the third harmonic ratio, is fully 
investigated in order to eventually reconstruct a nonlinear and quasi-baseline-free 
Lamb wave image of the composite containing a delamination. 
 
Chapter 5 is also composed of two sections. In the first part, a duly optimized 
immersion ultrasonic technique, applying proper positioning and time gating, is 
introduced and experimentally tested to detect linear defects and/or linear 
segments of defects, such as “open” cracks or crack-lips with stress-free surfaces at 
the root of welded butt-joints. In the second part, a related nonlinear ultrasonic 
technique is proposed and examined. Using the damage index of the developed 
pulse-inversion chirp-coded excitation harmonic imaging technique it is possible to 
quantify the micro-cracks accompanying zigzag line in the root of friction stir welded 
butt-joint. 
 
The final conclusions and an overview of possible future work is given in Chapter 6. 
 
 
 
 
 
 



INTRODUCTION 

4 
 

 



 

5 
 

Chapter 2                    
Guided Wave-Based 
Structural Health Monitoring 
using ultrasonic sparse array 
imaging techniques: 
application to an Aluminium 
structure 
 
 
 
 
 
 
 

2.1 Introduction on Structural Health Monitoring 

Integrity monitoring of critical structures such as airplanes and space crafts, civil 
engineering infrastructures including bridges and buildings, offshore platforms and 
wind turbine blades is of utmost importance. Regular quality control tests are even 
more imperative in the case of ageing structures which are being operated beyond 
their design life, e.g. nuclear power plants. Cracks, fatigue damage, and corrosion 
are among the major and most frequently occurring defects in ageing structures. For 
instance, on April 28, 1988, the roof of an Aloha airline jet all of a sudden ripped 
open 24000 feet above the Pacific Ocean, killing one flight attendant and seriously 
injuring seven passengers and a crew member. The national transportation safety 
board (NTSB) of the USA, who investigated this accident, determined that the jet’s 
roof and walls had torn off during the flight because of the existence of multiple 
fatigue cracks intensified by crevice corrosion in the jet’s skin. Two similar accidents 
happened on C130A and P4Y airplanes in 2002. Investigation of NTSB again 
confirmed the presence of fatigue cracks in critical pieces of the wing structure as 
shown in Figure 2.1. More examples of (recent) catastrophic accidents on different 
critical structures can be found on the NTSB website [4]. 
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Figure 2.1: NTSB investigation of the C130A airplane crash, a) fractures contained in the left 

wing structure  b) fatigue crack at a rivet hole of a stringer [5]. 

 
In many cases, disastrous incidents can be prevented by applying in situ and online 
strategies for damage detection and defect characterization directly onto the critical 
structures themselves. This application and monitoring scenario is usually referred 
to as structural health monitoring (SHM). It is also defined in the literature as the 
"acquisition, validation and analysis of technical data to facilitate life cycle 
management decisions". Briefly, the goal of SHM is to find answers to the following 
questions [6]: 

1) Is there any damage in the system (existence)? 
2) Where is the damage in the system (location)? 
3) What kind of damage is present (type)? 
4) How severe is the damage (extent)? 
5) How much useful lifetime remains (prognosis)? 

 

a 

b 
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The concept behind SHM is quite simple: mechanical, thermal and chemical changes 
in a structure over time affect the current response measurement from an array of 
sensors in comparison with a predefined initial state measurement. In general, the 
term “sensor” should be interpreted as any device that is recording a particular 
feature about the structure, be it in the form of an instantaneous measure (scalar) 
or a time history (signal). A comparison between the current and baseline 
recordings, and a subsequent difference analysis exposing the changes in the sensor 
response before and after damage, can provide a probabilistic image of the damage 
features that are responsible for the observed changes in the structure. Of course, 
the most important challenge in designing an SHM system is to know which changes 
to look for in the measurement data and to figure out how to identify them, see 
Figure 2.2. Moreover, it should be mentioned that the simple SHM concept works 
well if there are no interfering environmental changes such as temperature 
variations, or if such changes can be compensated for during the analysis [7]. 
In general, any type of perturbation within a structure will result in a variation of the 
current measurement data with respect to its intact state. Especially in a mechanical 
wave-based SHM concept, physical quantities like acceleration, velocity, 
displacement and strain can be chosen for the monitoring and used as input to 
determine these variations. At the same time, several other environmental 
measurements such as humidity, temperature, and wind speed may be required for 
the compensation strategies. 
It is obvious that the practical implementation of any SHM concept requires an 
inspection technique that is non-destructive in nature, easy employable using a 
limited number of sensors, and fast in its data gathering and post-analysis. Excitation 
methods for this purpose are generally provided by vibrations and waves, either 
using ambient or forced excitation. The type of excitation distinguishes between 
passive and active methods [8]. Ambient excitations are for instance vibrations 
experienced as the result of natural operating conditions. This type of excitation is 
especially attractive for the integrity inspection of bridges and other engineering 
structures due to the fact these structures are constantly subjected to natural forces 
such as traffic, wind and tremor [9–11]. A drawback of these passive excitation 
methods is of course that they are based on uncontrolled and sometimes 
inadequately known levels of energy. 
Within the SHM field using active excitation, a variety of "controlled" forcing 
techniques can be applied, making use of shakers and actuators. Forced excitations 
can be categorized into excitations which disturb the entire system or only a specific 
region of the structure. For instance, artificial earthquakes (strong ground shaking) 
have been used in the past to test the vibration resistance of entire buildings [12]. 
On the other hand, as an example of a study based on local excitation, some 
researchers use eddy current excitation from electromagnetic induction, and 
monitor the coil’s impedance variation as a strategy for detecting local properties 
and changes [13,14]. Likewise, Chung used the electrical resistance measurement 
for composites and joints, and developed a local excitation technique which can be 
applied on materials which are not completely electrically insulating [15]. In the field 
of ultrasonic NDT and characterization, Kersemans et al. have developed the 
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ultrasonic polar scan method in order to determine the local stiffness-tensor of 
various materials such as composite structures [16]. They have proposed an 
optimization procedure based on the Christoffel equation and a genetic algorithm to 
accurately extract the full elasticity tensor. In addition, they demonstrated that this 
method can also be used to monitor changes in the elastic tensor due to the 
presence of a defect. 

 

Figure 2.2: Structural health monitoring at a glance. The strategy of this research is highlighted 

in blue. 

 
Due to its favourable properties, a great deal of attention within SHM has been 
directed to acoustic and ultrasonic wave propagation based non-destructive testing 
techniques [17]. The acoustic/ultrasonic methods are fast, inexpensive, and non-
invasive and produce less side effects on the operator and on the environment than 
other techniques, such as for instance radiography. Acoustic SHM methods can be 
passive as in the case of the acoustic emission technique, or active as for SHM 
techniques based on Lamb wave excitation and propagation. 
The identification of damage sensitive properties using acoustic/ultrasonic SHM can 
be obtained by way of a large variety of methods. Typical features used in the 
identification strategies are resonant frequencies [18], frequency response functions 
[19], mode shapes [20], modal strain energy [21], dynamic flexibility [22], anti-
resonance [23], curvature mode shapes [24], Ritz vectors [25], nonlinear features 
[26], time-frequency analysis [27], wave propagation [28], Hilbert-Huang transform 
[29], empirical mode decomposition [30], etc. The implementation of algorithms 
which operate on the above mentioned extracted features to quantify the damage 
of the structure is commonly referred to as “statistical model development”. In 
general, there are two approaches used in these algorithms. The first approach 
defines a procedure applied to the currently measured data evaluating it versus 
statistical deviation limits set by the normal state response. For instance, control 
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chart analysis continuously monitors one or several extracted features from the 
measurement, and when the new observations fluctuate outside the control limits, 
the monitoring system alarms [31]. In this approach, the statistical limits themselves 
do not contain any information from the actual damaged state. Moreover, it only 
enables to identify the presence of damage (pass-fail decision), not to localize it. The 
second approach is based on the comparative evaluation of different structural 
conditions of the structure. For instance, Sohn et al. have exploited statistical pattern 
recognition techniques to identify damage in a patrol boat [32].  
In the present work we focus on active ultrasonic SHM methods that are capable to 
identify damage locations. Chapter 2, as well as in Chapter 3, involve the use of 
guided ultrasonic Lamb waves to obtain information on the status of structures. In 
Chapter 4, bulk waves are used. 
Lamb waves represent a family of waves that are created by constructive 
interference. They are commonly being used in ultrasonic non-destructive 
evaluation and testing techniques because of the following properties 
[33][34][17][8]. 
 

 low attenuation  

 long distance of propagation  

 sensitivity to different types of flaws  

 variable mode structure and distributions  

 multimode character 

 guiding character which helps to follow the curvature and reach hidden or 

buried parts. 

On the one hand, because of these favourable capabilities, researchers around the 
world have used Lamb waves in various attempts to detect cracks, inclusions, 
disbonds, and corrosion in metallic and composite plate-or shell-shaped structures. 
On the other hand, disadvantages such as the dispersive behaviour pose a challenge 
to the practical use of Lamb waves in non-destructive inspection.  
Numerous investigations have been conducted to develop tomographic methods 
based on Lamb wave characteristics to be used as an active SHM tool. An extensive 
literature study shows the existence of a large variety of algorithms for 
reconstructing defect images. Without being exclusive, we list some of the work 
performed in connection with our chosen approach. 
Several research teams exploited filtered back-projection (FBP) techniques to 
construct images of the Lamb waves produced by a variety of excitation methods 
such as opto-acoustic laser generation, immersion, non-contact air coupled or 
electromagnetic acoustic transducers (EMAT) [35–37]. 
Royer et al. and Gao et al. introduced the concept of signal difference coefficients 
(SDC) extracted from Lamb wave propagation for image reconstruction algorithms. 
Based on this concept, Yan et al. implemented a phased array imaging technique to 
inspect the region inside and outside of the array using SDC [38]. 
Leonard et al. investigated tomography of Lamb waves based on arrival time sorting 
[39]. 
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Teramoto et al. used a combination of the time reversal mirror (TRM) and a spatial-
temporal gradient method for the detection of sub-surface flaws using Lamb waves 
[40]. 
Park et al. investigated the combination of a wavelet based signal processing and 
time reversal imaging for inspection of composite plates [41][42]. 
Zhao et al. exploited a novel correlation analysis based technique, called 
reconstruction algorithm for probabilistic inspection of defects (RAPID), for the 
inspection of an aircraft wing in the laboratory conditions using a sparse 
arrangement of sensors [42]. The authors showed that this algorithm has a great 
potential for the interpretation of data obtained by a network of PZT sensors.  
Moustafa et al. used RAPID together with the fractal properties of guided ultrasonic 
waves as a damage sensitive feature for the examination of an aluminium plate 
instrumented with eight circular piezoelectric sensors [43]. 
In a review article on the topic [44], Zhao et al. compared several tomographic 
imaging techniques such as the fan beam FBP, the interpolated FBP, the ART with 
Bessel–Kaiser functions and the probabilistic reconstruction algorithm (PRA also 
known as RAPID) with respect to the reconstruction quality and efficiency. These 
comparisons were carried out based on the attenuation coefficient as damage 
sensitive feature, and three different array arrangements were compared: circular, 
rectangular, and parallel linear array. Their results show that the FBP based 
algorithm can only be used within a circular arrangement, and that this method has 
inherent disadvantages in the form of spark artefacts. In addition, the FBP method 
is hypersensitive to measurement noise and errors. The ART based algorithm has 
many advantages in comparison with FBP. This method is not as sensitive as FBP to 
noise and errors, and has a better handling of the insufficiently distributed projection 
datasets. Conversely, ART algorithms are slower compared to FBP due to the need 
for multiple iterations. The RAPID method, like ART, has no limitation on the array 
arrangement selection. Another advantage of RAPID is that it is fast while 
maintaining a good reconstruction quality. In Chapter 3, we will discuss the RAPID 
technique for visualization of defects in composite structures in more detail. 
 
On the subject of Lamb wave tomography, Wang et al. were the first to introduce 
the "delay and sum" or "ellipse" algorithm for a sparse transducer array arrangement 
using Lamb wave signals received before and after structural damage. In fact, the 
authors used a combination of the time reversal concept and the "delay and sum" 
to obtain the pixel values of a defect reconstruction image. They showed that the 
synthetic time reversal response has a higher signal to noise ratio (SNR) in 
comparison with a non-synthesized scattered response [45]. After introducing the 
ellipse algorithm for tomography of Lamb waves in sparse array focusing, several 
research efforts have been conducted to improve the image performance in terms 
of quality and speed of processing. The main reason for this is that the synthetic time 
reversal imaging makes use of multiple Lamb waves generation and acquisition, and 
is therefore quite time consuming and necessitates a relatively complicated 
hardware system. To sidestep this drawback, Michaels et al. worked on the 
development of an image reconstruction algorithm that is entirely avoiding the time 
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reversal signal processing steps [46]. In addition, Clarke et al. exploited a limiting 
point technique to decrease the artefacts that arise from Michaels' imaging 
algorithm. Applying Clarke's technique, the artefact positions and intensities vary, 
but the flaw consistently produces a strong indication, so that by combining multiple 
images and their diffusion, the artefacts can be significantly reduced. The method 
was successfully applied for the detection of a defect near the edge of the plate [47]. 
Recently, Cai et al proposed yet another novel analysis technique taking advantage 
of the time reversal processing and the ellipse algorithm while solving the time-
consumption and hardware requirement problems associated with synthetic time 
reversal processing proposed by Wang et al. Cai's new technique combines a virtual 
time reversal method with the ellipse algorithm for structural health monitoring to 
increase the signal to noise ratio and decrease the dispersion effects of Lamb waves. 
As a result, the new implementation routine enhances the spatial resolution to 
detect even close defects [48]. 
In this chapter, SHM based on Lamb wave propagation in combination with sparse 
array imaging is applied to the case of an aluminium plate with artificial defects. Five 
transducers in a sparse arrangement are used to generate and receive the Lamb 
wave signals. The signals are received in two or more different states. Subsequently, 
several of the above mentioned imaging algorithms are applied on the ultrasonic 
difference signals in order to reconstruct an image of the damage location. In other 
words, the presence of damage will be related to the appearances of a wave field 
disturbance, and its most probable location will be identified by dedicated imaging 
algorithms [45].  
The chapter starts with a brief introduction on Lamb wave propagation, followed by 
a description of the experimental set-up and a discussion about the applied signal 
processing tools prior to the imaging step. Next, we introduce four commonly used 
array imaging algorithms, and explore their advantages and disadvantages. The 
imaging algorithms are subsequently tested on numerically simulated data, and 
finally, results are reported from experimental data obtained on two aluminium test 
samples containing artificial defects in the form of holes.  
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2.2 Ultrasonic Lamb wave propagation 

The constructive interference of multiple reflections in a thin plate, in combination 
with the mode conversion of longitudinal into shear waves and vice-versa, creates a 
particular type of wave that is using the plate as a waveguide, and that can propagate 
over large distances: Lamb waves. Lamb waves can exist with basically two different 
types of particle motions: the so-called symmetric (S0, S1,…) and anti-symmetric 
modes (A0, A1,…). A symmetric Lamb wave has a particle motion that is symmetric 
with respect to the centre position of the plate. For an anti-symmetric mode, the 
particle motion is anti-symmetric with respect to the centre position of the plate. 
Different Lamb modes (referred to by different indices) have different phase and 
group velocity, and the distribution of displacement and stress as function of the 
plate cross-section for each mode is entirely different. In addition, the phase and 
group velocities of Lamb waves are a function of the frequency (in fact, the product 
of thickness and frequency). In other words, Lamb waves are dispersive waves [49]. 
Already at the beginning of the 20th century (1917), the well-known mathematician 
Horace Lamb reported two expressions for the dispersion equations, relating the 
phase velocity cp of the Lamb waves to the frequency f of excitation [50]. Considering 
an infinitely long plate with thickness 2H, as shown in Figure 2.3, these expressions 
read:  

where 

 휁2 =
𝜔2

𝑐𝑙
2 − 𝑘2,   

 
휂2 =

𝜔2

𝑐𝑠
2 − 𝑘2, 

  

Here, ω denotes the angular frequency (2f), k is the wave number of the Lamb wave 
linked to its phase velocity by means of ω/cp, and cl and cs are, respectively, the 
longitudinal and the shear bulk wave velocities of the medium. 
The ± sign in the exponent within Equation (2.1) depends on which type of wave 
propagation is considered. The +1 exponent should be used to represent the 
symmetric Lamb wave propagations, while the -1 exponent is for the anti-symmetric 
waves. 
 

 𝐷𝐸(𝑘) =
𝑡𝑎𝑛 𝜂𝐻

𝑡𝑎𝑛 𝜁𝐻
+ [

4𝜁𝜂𝑘2

(𝑘2−𝜂2)2]
±1

= 0,   
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Figure 2.3: A thin plate (infinite in x and y direction) with thickness of 2H. 

 
Equation (2.1) can only be solved numerically. After selecting a range of frequencies 
(f) and a range of phase velocities (cp) or wave numbers (k), standard root searching 
techniques can be used to find the true Lamb wave phase velocity of each mode as 
a function of frequency. Subsequently, the phase velocity dispersion can be used to 
find the group velocity according to the following equation:     

 𝑐𝑔 =
𝜕𝜔

𝜕𝑘
,  

where cg is the group velocity, 𝜔 the angular frequency and k the wave number. 
To find Lamb wave phase velocities, at first, a certain frequency is selected. Next, the 
minima of the absolute value of the dispersion equations (See Equation (2.1)) at that 
frequency are calculated numerically. This process is then repeated over the entire 
desired frequency range [51]. 
As an example, we consider an aluminium plate with a thickness of 2mm, and with 
bulk velocities cl=6320 m/s and cs=3130 m/s (mimicking the experimental plate and 
the properties of the aluminium used in the experiment, as discussed later). Figure 
2.4 displays the absolute value of the dispersion function 𝐷𝐸(𝑘) for symmetric and 
anti-symmetric modes at a frequency of 330 kHz. The roots are visible as minima in 
the graphs. Only one symmetric (S0) and one anti-symmetric mode (A0) can be 
generated at this frequency. The other two minima correspond to the shear and 
longitudinal bulk wave numbers. 
Further, Figure 2.5 shows the absolute value of the dispersion equations for an 
excitation frequency of 2 MHz. Clearly there are many more allowable Lamb wave 
modes present at higher frequencies. This could be considered as a benefit, 
however, for an experiment, the presence of multiple modes at high frequency may 
make it much more complex to interpret the Lamb wave propagation. Therefore, in 
most experimental applications, the input frequency is usually selected in the mid 
kHz range to avoid the occurrence of higher order symmetric and anti-symmetric 
modes in the received signals. For the experiments discussed in the current research 
project, we have chosen to work with a frequency of 330 kHz for the sample 
thickness of 2 mm (see later for explanation). In view of this, Figure 2.6 and Figure 
2.7 illustrate the dispersion curves for the phase and group velocities in the 
frequency range of 250 kHz to 450 kHz for an aluminium plate with a thickness of 2 
mm, and with bulk wave velocities cl=6320 m/s and cs=3130 m/s. In this range of 
frequencies, only two different wave modes can exist: the symmetric S0 and the anti-

2H 



ULTRASONIC SPARSE ARRAY IMAGING TECHNIQUE: APPLICATION TO AN ALUMINIUM STRUCTURE 

 

14 
 

symmetric A0 mode. 

 

 

 

 
Figure 2.4: Absolute value of the dispersion relation as a function of wave number at 330 kHz, 

a) dispersion relation for the symmetric Lamb waves, b) dispersion relation for the anti-

symmetric Lamb waves. 
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Figure 2.5: Absolute value of the dispersion relation as a function of wave number at 2 MHz, 

a) dispersion equation for the symmetric Lamb waves, b) dispersion equation for the anti-

symmetric Lamb waves. 
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Figure 2.6: Phase velocity as a function of the frequency in the low frequency range for a 2 mm 

aluminium plate. 

 
 

Figure 2.7: Group velocity as a function of the frequency in the low frequency range for a 2 mm 

aluminium plate. 
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2.3 Experimental set-up of the sparse array imaging 
technique 

The first goal of the present investigation was to design and test a simple 
experimental set-up, employing a sparse array of transducers, to perform an active 
excitation of Lamb waves and a round-robin recording of their transmission from 
one transducer to any other one within the network. The received signals should 
then be used for phase and group velocity estimation of the Lamb waves and for the 
calculation of the difference signals by subtracting the "current damage state" 
experimental reading from a reference set of signals. 
The actual ultrasonic sparse array SHM experiments are carried out on 2 mm thick 
aluminium plates with in-plane dimensions of 140×200 mm. In the present 
experimental implementation, only five transducers/sensors (IDK-09 model acoustic 
emission sensors, manufactured by Dakel [52]) are used and glued onto the 
specimens. The typical frequency response of these sensors is shown in Figure 2.8 
illustrating its broadband response up to 500 kHz. The sensors can be used as 
actuators or as receivers with a wide band response in the frequency band of 100-
400 kHz. The positions of the sensors on the plate is schematically illustrated in 
Figure 2.9, and the actual coordinates are given in Table 2.1 for the two samples that 
were considered. In addition, Figure 2.10 illustrates the arrangement and positions 
of the probes as implemented on one of the samples. 
To generate and receive signals, a PXI 5412 100MS/s 14-bit arbitrary waveform 
generator card and two PXI 5122 100MS/s 14-bit 2 channel data acquisition cards 
from National Instruments are used respectively (Figure 2.11). The propagating 
signals are simultaneously acquired on four channels using a sampling rate of 10 MHz 
per channel. Everything is controlled by a dedicated LabVIEW© script, and 
automated on a personal computer. 
 

 
Figure 2.8: Typical frequency response of a Dakel-IDK-09 sensor [52]. 
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Figure 2.9: Arrangement of the transducer-sensor network on the aluminium plate. The 

positions of the probes are illustrated by means of circles. The inspection area corresponds to 

the area enclosed by the transducers. As such, the sensors cannot be arranged in an arbitrary 

pattern but should be carefully positioned to maximize the coverage.  

 

: Coordinates of the sensors within the network, and position of the artificial defect 

in the plate for sample 1 and 2, in mm. 

 Probe 1 Probe 2 Probe 3 Probe 4 Probe 5 Defect 

Sample
1 

(25.6,36.9) (110,38.1) (109.9,124) (70.8,174.3) (25.7,124.7) (67.3,82.2) 

Sample 
2 

(30.9,34.8) (107.5,35) (110.1,99.1) (68.6,168.7) (30.6,100.7) (69.9,126.1) 
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Figure 2.10: Picture of the actual experiment set up. 

 

Figure 2.11: National Instruments PXI-5412 100MS/s 14-bit arbitrary wave generator (left), NI 

PXI 5122 100MS/s 14-bit digitizer (right). 

 
When a signal is emitted from one transducer, all other four sensors will receive the 
transmitted ultrasonic signal. In the round-robin approach, this procedure is then 
repeated for an excitation by each of the five transducers consecutively. Because of 
reciprocity, we can ignore the common paths. Therefore, at each state in the 
experiment, ‘intact’ or 'damaged', we have a total of 10 received signals.  
The experiment was conducted on two samples with different artificial defect 
location (see Table 2.1). Artificial defects have been created by drilling holes with a 
diameter ranging from 2.5 to 6.8 mm diameter in each of the plates at the listed 
centre location. Round-robin measurements, each of them providing a set of 10 raw 
signals, were performed before and immediately after drilling holes of 2.5 and 5 mm 
in diameter for the first sample, and before and immediately after drilling of 2.5 mm, 
4.5 mm and 6.8 mm diameter holes for the second sample. 
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The IDK-09 probes work well in the range of frequencies between 100 kHz and 400 
kHz. As shown in previous section, we expect to see only the S0 and the A0 mode in 
that frequency range. The S0 mode is faster than the A0 mode and thus shows up 
earlier in the received signals. With the IDK-09 probes, the signals show that the 
amplitude of the A0 mode, the second-slower wave packets, is always dominant, 
independent of the frequency used. As illustrated in Figure 2.12, the S0 mode has the 
highest amplitude around a frequency of 330 kHz. In order to be able to perform the 
imaging based on either S0 or A0 mode information, we have selected this value for 
the centre frequency of our excitation signal. 

 

Figure 2.12: Amplitude versus frequency for the S0 mode. 

 
An excitation signal consisting of a three sine wave cycle burst is selected as the input 
signal. As mentioned earlier, the centre frequency is 330 kHz. After creating this 
signal within LabVIEW©, the signal is windowed using a Hanning window to get a 
smoothed tone burst. The input signal and the Hanning window are defined by 
Equations (2.5) and (2.6) respectively.  
 
Signal:  

where 𝜔 = 2𝜋𝑓, 𝑇 = 1
𝑓⁄ , 𝑇𝑐 = 𝑁𝑐𝑇, and 𝑁𝑐  is the number of periods of the sine 

function. In the experiment, we used 𝑓 = 330 𝑘𝐻𝑧 and 𝑁𝑐 = 3. 
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Window: 

 𝑦𝑖 = 0.5𝑥𝑖 [1 − 𝑐𝑜𝑠
2𝜋𝑖

𝑛
] , 𝑖 = 0,1,2, … , 𝑛 − 1,   

where 𝑥𝑖  is the input signal, n is the total number of the samples in the non-zero part 
of the signal, and 𝑦𝑖  gives the windowed signal.  
The Hanning window significantly eliminates the side lobes in the frequency domain 
of the original signal and makes the main spectral peak wider as a result of the 
smoother emitted signal in the time domain. 
As mentioned before, the creation, windowing and generation of the input signals is 
fully controlled by means of a custom made program in LabVIEW©. The same 
program (or virtual instrument) also controls all parts of the experiment including 
the simultaneous and synchronous four channel signal acquisition, the group 
velocity determination (see next section) and the image reconstruction (Section 2.5).  

2.4 Signal acquisition and processing 

2.4.1 Mode identification and determination of group velocity 

The first step in the data analysis concerns the identification of the A0 and S0 mode 
contributions in the signal and the determination of their true group velocities. As 
shown on the theoretical group velocity graphs obtained in Section 2.2, we expect 
only two propagating wave modes in the applied range of frequencies. The S0 group 
velocity is much larger than the A0 velocity, and thus -in this situation- the first wave 
packet in the experimental signals always corresponds to the S0-mode, and the 
second one is the A0-mode. Other wave packets as for instance observed in Figure 
2.13 can be identified as reflections from the finite boundaries of the plate. 
A two dimensional representation of the signals in the time-frequency domain, using 
the short time Fourier transform (STFT), allows an alternative way to identify the 
wave modes as illustrated in Figure 2.13. The STFT operation has also been 
implemented in the LabVIEW© GUI, according to the following equation providing 
the time-frequency distribution of the individually recorded signals: 

  𝑆(𝑓, 𝑡) =
1

2𝜋
∫ 𝑠(𝜏)𝑤(𝑡 − 𝜏)𝑒−𝑗2𝜋𝑓𝜏𝑑𝜏

∞

−∞

  

where 𝑤(𝑡) is a predefined (short time) window function of duration Tw. In the 

present analysis, a Hanning window is used with a 64 sample duration, i.e. Tw=6.4 s. 
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Figure 2.13: Detection of signals, a) raw, 250 times averaged, RF signal, b) STFT of the signal. 

 
The group velocity of the symmetric and anti-symmetric Lamb modes can be 
determined by the cross-correlation procedure, which is implemented as follows. 
Given the set of 10 pairs of emitted and received signals for the reference state, we 
first calculate the cross correlation between the emitted signal (x) and the received 
signal (y) on each propagation path: 

 𝑅𝑥𝑦(𝑡) = ∫ 𝑥(𝜏)𝑦(𝑡 + 𝜏)𝑑𝜏
+∞

−∞
.  

Then, the envelope of the cross-correlation signal is obtained using the Hilbert 
transform (see Section 2.4.3 for exact details). Finally, the maximum index of the 
envelope function is selected as the arrival time. Knowing the separation distance 
between two sensors, the group velocity can be easily calculated. This procedure can 
be repeated for the S0 and A0 mode, individually. Figure 2.14 illustrates how this 
process is carried out on a selected wave mode in order to determine the arrival 
time. 
 

S0 

A0 Boundary reflections 
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Figure 2.14: Illustration of the arrival time measurement, a) emitted signal, b) received shifted 

signal, c) cross correlation between emitted and received signals, d) envelope detection of the 

cross correlation. The maximum index of the envelope function is selected as the arrival time. 

 
Alternatively, the time of arrival of a certain mode can also be determined by first 
calculating the envelope signal of that mode, and then by applying a threshold 
percentage of the envelope maximum amplitude of this mode to obtain its arrival 
time [54]. 
In the present work, only the first procedure, based on the cross correlation, was 
implemented. The result of this method for the determination of the group velocity 
from the arrival times of the first wave packets, the S0 mode, and of the second wave 
packets, the A0 mode, propagating between all possible sensor pairs is shown in 
Figure 2.15. Figure 2.15a and b display the obtained arrival times versus the 
transducer separation distance for each probe pair, for S0 and A0 respectively. The 
slopes of the linear fit of the arrival times of both modes versus distance provide the 
group velocity of each mode. The derived group velocity cg for the S0 and the A0 
mode are 5150 m/s and 3039 m/s respectively. The R2 goodness of fit value of the S0 
mode group velocity determination is 0.99 while it is 0.91 for the A0 group velocity 
determination. However, both suggest an acceptable group velocity determination. 
In addition, the time axis intercepts of these fits provide the offset times that should 
be taken into account when the arrival time for a specified distance has to be 
calculated as part of the image algorithm (Section 2.5). Taking into account the time 
offset, which may be induced by the measurement set-up, the expected arrival time 
for an arbitrary propagation distance L can be calculated by the following equation: 
[53] 

 𝑡𝑒𝑥𝑝 = 𝐿
𝑐𝑔

⁄ + 𝑡𝑜𝑓𝑓   

Figure 2.15c and d show the waterfall plots of the signals. An offset is introduced 
along the vertical axis corresponding with the transducer separation distance of each 

a b 

c d 
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probe pair. The straight lines on both figures correspond to the above linear 
equation evaluated with the derived parameters for S0 and A0 as explained above. 
 

2.4.2 Calculation of scattered signals 

To calculate the scattered signals from a defect, all received signals, including the 
baseline and the current damage state signals, should be properly scaled. This is 
performed in two steps: First, a normalization of the signals using the S0 amplitude 
of the baseline (or reference) signals is carried out to eliminate the effects of 
variations in the coupling of the sensors to the plate. In a second step, the signals 
are scaled according to their distances. Since Lamb waves are basically waves 
propagating in 2D, the amplitudes are expected to be proportional to the inverse of 
the square root of the distance, corresponding to the assumption of a line source 
excitation in 3D. Equation (2.10) represents the applied relationship for the two-step 
scaling part within the signal processing. 

 𝑟𝑖𝑗(𝑡) = �̃�𝑖𝑗(𝑡)
1

𝐴𝑖𝑗
𝑏 √

𝑑𝑟𝑒𝑓

𝑑𝑖𝑗
,   

where �̃�𝑖𝑗(t) is the raw signal, and Aij
b  is the maximum amplitude of the S0 mode of 

the corresponding baseline or reference signal. Here, the ij subscript indicates which 
probe emits the signal (i) and which sensor receives the signal (j). Further, dref is a 
fixed reference distance, and dij is the straight distance between the emitter i and 

receiver j.  
 

 

a b 

R
2
=0.99 R

2
=0.91 
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Figure 2.15: Illustration of the group velocity determination, a) Linear fit of S0 arrival times 

versus transducer separation distance, b) Linear fit of A0 arrival times versus transducer 

separation distance, c) Waterfall plot concentrating on the fast wave packet arrivals, S0 mode, 

versus transducer separation distance, d) Waterfall plot concentrating on the second signal 

arrivals, the slower A0 mode. Straight lines on c) and d) represent the arrival time versus 

distance prediction according to the cross correlation procedure for the S0 and the A0 mode 

respectively. 

 
After proper scaling of all signals following Equation (2.10), the current state signals 
can be subtracted from the baseline signals to obtain the scattered signals which –if 
nonzero- can be attributed to the structural variations: 

  𝑠𝑖𝑗 = 𝑟𝑖𝑗(𝑡) − 𝑟𝑖𝑗
𝑏(𝑡),  

where 𝑟𝑖𝑗(𝑡) is the current signal and 𝑟𝑖𝑗
𝑏(𝑡) is the baseline signal, both after proper 

scaling. It should be mentioned that the difference signal contains both the S0 and 
A0 scattered waves from the defect as well as the scattered waves from the edge 
reflections of these modes which arrive later in time. 

 

2.4.3 Envelope calculation 

After subtraction, we determine the envelope of the difference signals in order to 
eliminate the phase variations of the signals. Dispersive behaviour of Lamb waves 
can result in phase cancellation after summation of the signals, even if the signals 
are in alignment. If the scattered signals are envelope detected before summation, 
then phase cancellation due to dispersion will no longer occur. The envelope of a 
signal is the absolute magnitude of the analytic signal (see equation (2.13)) if the 
signal is a sine wave or a modulated sine wave. The imaginary part of the complex 

d c 
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signal can be easily obtained using the Hilbert transform. Knowing this, we can 
obtain the envelope e of a signal s, by first performing the Hilbert transform of the 
signal s, followed by calculating the magnitude of the complex formulation c of the 
signal, with s as the real component and the Hilbert transform of s as the imaginary 
component. Application of Equations (2.12)- (2.14) results in the envelope e of the 
signals [54]: 

 𝐻(𝑠𝑖𝑗(𝑡)) =
1

𝜋
∫

𝑠𝑖𝑗(𝜏)

𝑡−𝜏

+∞

−∞
𝑑𝜏,   

 𝑐𝑖𝑗(𝑡) = 𝑠𝑖𝑗(𝑡) + 𝑖𝐻(𝑠𝑖𝑗(𝑡)),   

 𝑒𝑖𝑗(𝑡) = √𝑠𝑖𝑗(𝑡)2 + 𝐻(𝑠𝑖𝑗(𝑡))2,    

where sij(t) is the signal under consideration, H(sij(t)) is the Hilbert transform of 

that signal, cij(t) denotes the complex formulation of the signal, and eij(t) is the 

resulting envelope signal. Figure 2.16 provides an illustration of this transformation.  

Note that amplitude modulated signals, as illustrated here, are modelled as the 
product of a bandlimited ‘’message’’ waveform, um(t), and a sinusoidal ‘’carrier’’. 

 𝑢(𝑡) = 𝑢𝑚(𝑡). 𝑐𝑜𝑠 (𝑤𝑡 + 𝜑).   

When um(t) has no frequency content above the carrier frequency, 
𝑤

2𝜋
 Hz, then by 

Bedrosian’s theorem:[55] 

 𝐻(𝑢(𝑡)) = 𝑢𝑚(𝑡). 𝑠𝑖𝑛 (𝑤𝑡 + 𝜑),   

and  𝑒(𝑡) = 𝑢𝑚(𝑡).   

The transformation of the actual signal to the envelope of the signal is necessary for 
the imaging procedure (Section 2.5) since the phase variation of Lamb waves with 
time would be resulting in phasing artefacts on the imaging algorithms. To get round 
this difficulty, one of the best solutions is thus to use the envelope of the scattered 
signals [56]. 
 

  

Figure 2.16: Envelope detection of the signal using the Hilbert transform (cfr Equation (2.12)- 

(2.14)). 
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2.4.4 Effects of environmental conditions 

It should be mentioned that in real-life circumstances environmental variations such 
as temperature and humidity conditions may affect the measurement signals 
[57,58]. As an example, Figure 2.17 shows how different temperatures influence the 
acquired ultrasonic signals. It is obvious that a segment of the waveform at a later 
time is shifted more than a segment at an earlier time, as is seen in Figure 2.17a and 
d.  
Theoretically, two effects contribute to the temperature dependence of a waveform: 
First, the thermal expansion of the structure, and secondly, the temperature 
dependence of both the longitudinal and transverse wave velocities. Regarding the 
first effect, any temperature change results in a change in the length of the 
waveform path due to thermal expansion. For instance, if the original path length of 
an ultrasonic wave at temperature T0 is P(T0), then, after the temperature variation, 
the new path, P(T) is [59]: 

 𝑃(𝑇) = [1 + 𝛼(𝑇 − 𝑇0)]𝑃(𝑇0),   

where 𝛼 is thermal expansion coefficient.  
In addition, the velocities of the longitudinal and shear waves also change as 
temperature changes. The velocities of these two bulk modes at a given temperature 
can be calculated by using the first order coefficients kl and ks describing the velocity 
change. 

 𝑐𝑙(𝑇) = 𝑐𝑙(𝑇0) + 𝑘𝑙(𝑇 − 𝑇0),   

 𝑐𝑠(𝑇) = 𝑐𝑠(𝑇0) + 𝑘𝑠(𝑇 − 𝑇0),   

where 𝑐𝑙 and 𝑐𝑠 are the longitudinal and shear wave velocities in a reference 
temperature. 𝑘𝑙 and 𝑘𝑠 are the coefficients of longitudinal and shear velocity change 
with respect to temperature. 
In regards to the present project, however, all experiments were carried out in 
laboratory conditions and data were taken immediately before and after drilling 
artificial defects in the plates. As a result, environmental variations can be neglected 
and will not be considered in this research. Nevertheless, in real applications the 
environmental effects can be substantial, and need to be coped with appropriately. 
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Figure 2.17: Typical influence of a small temperature variation on the acquired ultrasonic 

signals. Subfigures a-d show zoomed regions of two time signals at different temperatures (≈ 

2˚ C) in different ascending time windows of these signals. 

 
Just for completeness, we include here an example of a correction procedure that 
should be applied in cases where temperature effects are considerable. 
In order to recognize the effects of environmental conditions on the baseline and 
current signals, the local temporal coherence evaluation is found to be one of the 
most  adequate signal processing techniques [53]. The local temporal coherence 
method can be used to quantify the time-dependent shape change of two similar 
signals, x and y. The basic equation for short time temporal coherence is the cross 
correlation equation defined below as, 

 𝑅𝑥𝑦(𝜏, 𝑡) =
1

𝑇
∫ 𝑥(𝑠)𝑤(𝑠 − 𝑡)𝑦(𝑠 + 𝜏)𝑤(𝑠 + 𝜏 − 𝑡)𝑑𝑠

𝑡+
𝑇

2

𝑡−
𝑇

2

,  

where T is the width of a window w which slides along both signals. 
An amplitude-independent measure of the shape similarity of the two signals can be 
easily obtained by normalization of the cross correlation, e.g. using the following 
equation: 

 𝛾𝑥𝑦(𝜏, 𝑡) =
𝑅𝑥𝑦(𝜏,𝑡)

√𝑚𝑎𝑥
𝜏

𝑅𝑥𝑥(𝜏,𝑡)  𝑚𝑎𝑥
𝜏

𝑅𝑦𝑦(𝜏,𝑡)
. 

  

From the above defined 2D function, one can derive the following two useful 
temporal relationships that can be used to quantify the difference or similarity 
between baseline and current state signals in different situations: 

 𝐶𝑥𝑦(𝑡) = 𝑚𝑎𝑥
𝜏

|𝛾𝑥𝑦(𝜏, 𝑡)|,   

b 

c 

a 

d 
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 𝐷𝑥𝑦(𝑡) = 𝑎𝑟𝑔 𝑚𝑎𝑥
𝜏

|𝛾𝑥𝑦(𝜏, 𝑡)|,   

The peak of the absolute value of the local temporal coherence as a function of time, 
expressed by Equation (2.23), quantifies how strong the signal shapes will change 
with respect to time. On the other hand, the delay, given by Equation (2.24), 
corresponds to the cross correlation lag 𝜏 of the peak of the local temporal 
coherence. 
Figure 2.18 and Figure 2.19 display the results of the temporal coherence method 
for two different situations. In order to obtain a better understanding of what is 
happening when environmental variations, such as slight temperature changes, 
affect the signals, we have compared the analysis for two signals acquired at 
different temperatures with the analysis for two signals acquired on an intact and a 
damaged sample under the same environmental conditions. It should be mentioned 
here that the considered difference in temperature is not extreme since the 
measurements were conducted in laboratory conditions where the estimated day-
to-day variation of the temperature is about ±2˚ C. For the evaluation of the effect 
of the environmental conditions, the signals were obtained from measurements on 
an intact plate taken at two different days. 

Figure 2.18a and b display 3D graphs of the local temporal coherence xy(,t) for the 
two different cases, while Figure 2.18c compares the peak coherence values Cxy(t) 
from both situations on the same graph. The spline fits on the latter graph are merely 
shown to indicate the general trends of the peak coherence values. Figure 2.18a and 
c clearly reveal that there is a fairly good similarity in the shape of the two signals 
when they have only been affected by a temperature change. On the other hand, for 
the signals caused by a variation of damage, there is a significant drop in peak 
coherence as a function of time (Figure 2.18b and c). 
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Figure 2.18: Local temporal coherence, a) 3D graph of the coherence related to temperature 

variation, b) 3D graph of coherence related to damage change, c) Comparison of the peak 

coherences related to the temperature variation and to the damage change. 

 
The difference in both situations can also be clearly observed in the coherence delay 
times as shown in Figure 2.19. For the temperature variation, we observe a slightly 
ascending trend in the delay between the two signals. For the damage state caused 
variation, however, a systematic trend can only be observed until the peak 
coherence value drops to about 50% of its initial value. Obviously, after that moment 
in time the delay is not meaningful any more.  
This simple analysis demonstrates that the coherence peak and delay graphs can be 
used to discriminate between damage and environmental variations. In practice, in 
order to be able to compensate for temperature effects, a database of baseline 
signals at different temperatures and with the smallest possible increment in 

a b 

c 
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temperature should be collected. Subsequently, the application of compensation 
strategies can improve the baseline signal to be applied in the subtraction. Finally, 
the best match of the baseline should be selected in order to avoid negative 
influences of unwanted delay and shape change between the baseline and the 
current signals. 
 

 

 

 
Figure 2.19: Coherence delay, a) Comparison of temperature change and damage state 

change induced differences, b) Zoomed area of the coherence delay due to a damage state 

change, c) Zoomed area of coherence delay due to a temperature change, step behaviour is 

due to the sliding and overlapping windows of width 100 µs. 

  

a 

b c 
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2.5 Sparse Array Imaging algorithms 

According to a proverb, a picture is worth a thousand words. Visualisation by means 
of colour coded images make the interpretation of non-destructive evaluation 
techniques simple and easy. Several efforts have been conducted to find image 
representations of ultrasonic evaluations. If ultrasonic NDT techniques aspire to 
strongly compete with other non-destructive testing techniques, it should seriously 
work on the ultrasonic imaging aspects. Indeed, radiography for instance easily 
provides 2D images as a result of X-ray transmission. Similarly, the availability of 
ultrasonic images, based on a set of acquired signals, would considerably simplify 
the life of any NDT expert since, obviously, images are far easier to interpret than a 
set of signals. 
In the next sections, we briefly outline some of the recently developed techniques 
to create 2D ultrasonic images based on ultrasonic sparse array signals. Generally, 
these techniques work as follows: Each point (pixel with coordinates (x,y)) on a grid 
covering the surface of the plate is a potential flaw location, and its likelihood will be 
coloured according to a value obtained from a post-processing analysis of ultrasonic 
signals pertinent to that specific location. For the post-processing, all imaging 
techniques discussed in this chapter use the group velocity of a certain desired mode 
to calculate the time it takes for an echo to travel from a potential flaw to any 
specified point. Figure 2.20 shows a graphical representation of all the different two-
fold straight propagation paths passing through an arbitrary pixel on the surface in 
an experiment with five transducers. The effective actuator-to-point-to-sensor 
distance can be expressed as: 
 

 
𝑑𝑖𝑗

𝑝
= 𝑑𝑖𝑝 + 𝑑𝑝𝑗 = √(x𝑖 − x)2 + (y𝑖 − y)2 + √(xj − x)

2
+ (yj − y)

2
, 

 
 

where (x,y) are the coordinates of the considered pixel point, (xi ,yi ) are the 
coordinates of the ith actuator and (xj    ,yj  ) are the coordinates of the jth sensor. These 
distances and travel time information will be used in the imaging algorithms.  
 
It is evidently expected that the number of sensors has a big influence on the quality 
of the imaging algorithms. Some related investigations dealing with this subject can 
be found in [64]. 
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Figure 2.20: Schematic representation of the basic imaging concept for a sparse array 

configuration. A wave excited at actuator 1 will produce a scattering at a surface point P in 

the direction of all other sensors (black lines) with effective travel distances 𝑑12
𝑝

, 𝑑13
𝑝

, 𝑑14
𝑝

 and 

𝑑15
𝑝

. Similarly, actuator 2 will produce a scattering at a surface point P in the direction of all 

other sensors (yellow lines) with effective distances 𝑑23
𝑝

, 𝑑24
𝑝

 and 𝑑25
𝑝

. Etc. Obviously 𝑑𝑖𝑗
𝑝

=

𝑑𝑗𝑖
𝑝

. 

2.5.1 "Delay and sum" imaging 

One of the most traditional imaging algorithms is the "delay and sum" imaging 
routine. To calculate the pixel value of the image at position (x,y) in this technique, 
we first compute the expected arrival time for a signal to travel from actuator i at 
the position of (xi,yi) to the image pixel located at (x,y), and then further to sensor j 
at position (xj,yj) using the following expression (valid for isotropic materials) 
[60][46]:   

 𝑡𝑖𝑗 = 𝑡𝑜𝑓𝑓 +
{√(𝑥𝑖−𝑥)2+(𝑦𝑖−𝑦)2 +√(𝑥𝑗−𝑥)

2
+(𝑦𝑗−𝑦)

2
}

𝑐𝑔
.  

Here, cg is the group velocity and toff the time offset within the group velocity 
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measurement for the specified mode as calculated and explained before (see 
Equation (2.9)). 
Next, each difference signal is delayed by this calculated time and the contribution 
is summed over all possible transducer pairs, yielding 

 𝑆𝑥𝑦(𝑡) = ∑ ∑ 𝑒𝑖𝑗(𝑡 − 𝑡𝑖𝑗),

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

   

where the eij is the envelope of the residual (scattered or difference) signal, and N is 
the number of transducers. 
As an alternative to the above summation algorithm, the product algorithm can be 
applied to the windowed signals. In this case, the sparse array contribution at pixel 
(x,y) can be calculated as follows: 

 𝑆′
𝑥𝑦(𝑡) = ∏ ∏ 𝑒𝑖𝑗(𝑡 − 𝑡𝑖𝑗)

𝑁

𝑗=𝑖+1

𝑁−1

𝑖=1

.   

Finally, we obtain a single value at each pixel location of the image by calculating the 
cumulative energy of the Sxy(t) or S'xy(t) contribution within a certain time-window. 
For instance, in the traditional "delay and sum" imaging method, one frequently 
uses: 

 𝑃𝑥𝑦 = ∫ 𝑠𝑥𝑦
2 (𝑡) 𝑑𝑡

𝑇

0
,   

where T is the width of the applied window. A rectangular window was used in this 
case since non-rectangular window may artificially attenuate some part of the 
energy. 
Another option which can be used to obtain a colour coded image is to calculate the 
energy at a specific time. For instance, if tmax corresponds to the instance for which 
the excitation reaches its maximum amplitude value, one could simply use  

 𝑃𝑥𝑦,𝑖𝑛𝑑𝑒𝑥 = ∫ 𝑠𝑥𝑦
2 (𝑡) 𝛿(𝑡 − 𝑡𝑚𝑎𝑥) 𝑑𝑡

𝑇

0

= 𝑠𝑥𝑦
2 (𝑡𝑚𝑎𝑥).    

2.5.2 "Exponential time-windowed delay and sum" method 

One of the problems in the sparse array imaging techniques is that artefacts in the 
image may arise from multiple scattering between defects and from reflections at 
the sample boundaries. Since these reflections show up at a later time in the signal, 
their contribution may be reduced and eliminated by applying an exponential 
window. Consequently, the image obtained by the traditional "delay and sum" 
algorithm can be improved by using an exponential-windowed form of the envelope 
waveforms, as expressed in the equation below [61]: 

 𝑒′(𝑡) = 𝑒(𝑡)𝑒−(𝑡−𝑡0) 𝑡𝑑⁄ ,   
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where t0 is the arrival time of the direct wave packets propagating between two 
transducers, td is the decay constant of the exponential filter, 𝑒(𝑡) is the original 
envelope signal and 𝑒′(𝑡) is the filtered envelope signal. 
The rest of the algorithm is exactly the same as explained before for the "delay and 
sum" routine. It suffices to replace 𝑒′𝑖𝑗(𝑡) by 𝑒𝑖𝑗(𝑡) in Equations (2.27) or (2.28). 

Figure 2.21 illustrates the selection process of the mode and of the window to be 
applied to the difference signals obtained from an experimental set of data. In Figure 
2.21a and b, the difference signals are plotted with an offset on the vertical axis 
corresponding to the total distance from the actuator (i) to the actual defect location 
and then to the sensor (j). Straight lines on each plot represent the S0 and A0 group 
velocity trajectories. We observe that the A0 amplitude is consistently larger rather 
than the S0 amplitudes in the experiments. Therefore, it is reasonable to concentrate 
the image construction on the information contained in the A0 mode. 
Figure 2.21c and d show the essence in the analysis of the envelopes of the 
exponentially filtered difference signals by comparing the contributions at two 
different locations: the actual defect location and a non-defect location. Here, the 
vertical offset for the envelopes corresponds to the distance between actuator and 
sensor for each path. It can be observed that the scattering contributions will be 
reinforced after beamforming for the defect location, whereas this will not be the 
case for the non-defect location. 
It should be mentioned that the "delay and sum" imaging algorithm is based on the 
intersection of ellipses which are formed during the construction of the image. To 
locate the damage, ellipses obtained from all scattered signals covering all possible 
propagation paths are used and superimposed to find the most probable defect 
location. To explain this in more detail, suppose that we have just two transducers: 
the fact that the sum of the distances from each point on an ellipse to the two foci 
of the ellips is constant gives rise to a curve of possible damage locations, i.e. an 
ellipse. As a minimum to unambiguously locate the damage, it is necessary to have 
at least three transducers. The most probable defect location will be formed at the 
mutual intersection of the three damage ellipses. From this understanding, it is also 
obvious that the number of the probes will affect the quality of the resulting image. 
A total of 10 ellipses can be obtained from a 5 transducer array system. Note that 
each pair of probes will play the role of the two foci of the respective ellipses. Based 
on this interpretation, the "delay and sum" technique is also known as the ellipse 
algorithm in the literature, see  Figure 2.22. 
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Figure 2.21: Waterfall plot of a set of 10 scattered signals and their envelopes, a) RF difference 

signals for a selection based on the S0 mode, b) RF difference signals for a selection based on 

the A0 mode, c) Filtered envelope signals for the selection of the A0 mode at the actual defect 

location, d) Filtered envelope signals for the selection of the A0 mode at a non-defect location. 

 

a b 

c d 
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Figure 2.22: Illustration of the appearances of ellipses on the damage likelihood image 

obtained by the "delay and sum" method. The distance travelled from one focus to another, 

via some point on the ellipse, is the same regardless of the point selected on the ellipse. 

 
 
 

2.5.3 "Energy arrival" imaging 

When the raw signals contain contributions from reflections at nearby boundaries 
or from anything attached to the sample (e.g. stringers in an airplane wing), the 
traditional imaging technique may not work well since scattered arrivals at a non-
defect location may also reinforce each other, and therefore the image 
interpretation becomes impossible. In these situations, it can be beneficial to apply 
an alternative imaging procedure based on "energy calculations" provided that there 
is only one dominant mode in the measured Lamb wave signals. The method is based 
on a comparison of the energy levels within the (scattered) signals before and after 
the suspected arrival time for each pixel. In other words, the algorithm not just 
considers scattered signals immediately following the calculated arrival time, but 
also the scattered signals prior to that time. Using the fact that if the prior cumulative 
energy is higher than the energy after the arrival time, the position is probably not 
the defect location. The implementation of this method is realized by considering 
the equations below [62] 

 𝐸𝑖𝑗
𝑟𝑖𝑔ℎ𝑡

= ∫ 𝑒𝑖𝑗
2

𝑡𝑖𝑗+𝑇

𝑡𝑖𝑗

(𝑡) 𝑑𝑡,   

P1 P2 

𝑑3
𝑝1

+𝑑5
𝑝1

=𝑑3
𝑝2

+𝑑5
𝑝2
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 𝐸𝑖𝑗
𝑐𝑢𝑚 = ∫ 𝑒𝑖𝑗

2 (𝑡) 𝑑𝑡
𝑡𝑖𝑗

0
,  

 𝑃𝑥𝑦 = ∑ ∑
𝐸𝑖𝑗

𝑟𝑖𝑔ℎ𝑡
−𝐸𝑖𝑗

𝑐𝑢𝑚

𝐸
𝑖𝑗
𝑟𝑖𝑔ℎ𝑡

+𝐸𝑖𝑗
𝑐𝑢𝑚

𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1  ,  

where 𝐸𝑖𝑗
𝑟𝑖𝑔ℎ𝑡

 is the energy in a window of duration T that starts at the calculated 

arrival time, and 𝐸𝑖𝑗
𝑐𝑢𝑚  is the cumulative energy from the origin till the arrival time. 

Negative pixel value should be set to zero. 
Again we can refer to Figure 2.21c and d for a better understanding of the analysis 
method. Comparative evaluation for the analysis at the defect location and at the 
non-defect location shows that the value of 𝐸𝑖𝑗

𝑐𝑢𝑚  calculated at the actual defect 

location is small relative to the value obtained at the non-defect location. In addition, 
at the non-defect location, we observe that the cumulative energy 𝐸𝑖𝑗

𝑐𝑢𝑚  is of the 

same order as the right hand side energy 𝐸𝑖𝑗
𝑟𝑖𝑔ℎ𝑡

, and thus the pixel value at that 

location will turn out to be small or negative. 
In the same manner as introduced for the "delay and sum" algorithm, the 
exponential time-windowing of the envelope signals can be used in the "energy 
arrival" imaging procedure to further reduce the contribution of nearby reflections. 
As in this "energy arrival" method information prior to the calculated arrival time is 
included in the pixel value calculation, it is expected that the detection and 
localisation of the defect using this method will be more accurate than the 
traditional "delay and sum" imaging procedure when investigating more complex 
structures. 
 

2.5.4 "MVDR" imaging 

Another effort to decrease or eliminate unwanted artefacts arising from multiple 
scattering between defects and boundaries is proposed by the minimum variance 
distortionless response (MVDR) imaging method [63]. 
MVDR is again an improved version of the traditional "delay and sum" imaging 
algorithm. Actually, in MVDR, an adaptive weighting coefficient 𝑐𝑖𝑗𝑥𝑦  corresponding 

to each location is applied on top of the traditional "delay and sum" imaging 
algorithm [64]. 
To explain the details behind the method, we follow the mathematical derivation of 
the MVDR method as presented by Hall and Michaels in [65].  
As for the traditional "delay and sum" imaging method, the pixel values for the 
MVDR imaging can be simply defined as follows: 

 𝑃𝑥𝑦 = ∫|∑ ∑ 𝑐𝑖𝑗𝑥𝑦ℎ𝑖𝑗(𝑡 + 𝑡𝑖𝑗)𝑁
𝑗=𝑖+1

𝑁−1
𝑖=1 |

2
𝑤(𝑡)𝑑𝑡,   

where ℎ𝑖𝑗  is either the difference between the raw signal obtained at the current 

damaged state and the corresponding baseline signal 
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ℎ𝑖𝑗 ≡  �̃�𝑖𝑗 = �̃�𝑖𝑗(𝑡) − �̃�𝑖𝑗

𝑏(𝑡),    

or its envelope representation �̃�𝑖𝑗. Further, 𝑡𝑖𝑗  is the calculated arrival time obtained 

by Equation (2.26), and 𝑤(𝑡) is a windowing function, which is chosen to be a 
rectangular window in the present research (conform Equation (2.29)). 
In MVDR, the calculation of the difference signal is performed before the 
normalization accounting for the distance. This normalisation will be included in the 
coefficients 𝑐𝑖𝑗𝑥𝑦  which will eventually define the weighting coefficients 

corresponding to the imaging point location and the propagation path. 
Equation (2.35) can be simplified to a single summation with the total number of 
propagation paths as the limit: 

 
𝑃𝑥𝑦 = ∫|∑ 𝑐𝑚𝑥𝑦ℎ𝑚(𝑡 + 𝑡𝑚)𝑀

𝑚=1 |
2

𝑤(𝑡)𝑑𝑡,  

where M is the total number of propagation paths, which is 10 in the present study. 
For further analysis, it is convenient to rewrite the summation in vector format: 

 𝑃𝑥𝑦(𝑐𝑥𝑦) = ∫| ℎ⃑⃑𝑥𝑦
𝑇 (𝑡)𝑐𝑥𝑦|

2
𝑤(𝑡)𝑑𝑡,   

 with ℎ⃑⃑𝑥𝑦(𝑡) = [ℎ1(𝑡 + 𝑡1) …  ℎ𝑀(𝑡 + 𝑡𝑀)]𝑇
,   

 and 𝑐𝑥𝑦 = 𝐴𝑥𝑦[𝜑1𝑥𝑦 √𝑑1𝑥𝑦 , . . . , 𝜑𝑀𝑥𝑦 √𝑑𝑀𝑥𝑦⁄⁄ ]
𝑇

,   

where the superscript T denotes the transpose operation of a vector, and 𝑑𝑚𝑥𝑦 =

𝑡𝑚𝑐𝑔  for each propagation path. Further, ℎ⃑⃑𝑥𝑦(𝑡) is a column vector including all 

backward shifted signals and 𝑐𝑥𝑦  is the column vector of position dependent 

weighting coefficients. The vector is normalized by means of the factor 𝐴𝑥𝑦  to have 

unit norm.  
To facilitate the further discussion in the context of MVDR, the vector 𝑐𝑥𝑦  is called 

the 'look' direction. Note that we retrieve the traditional "delay and sum" imaging 
technique when the 𝜑𝑚𝑥𝑦  values, corresponding to the defect scattering 

coefficients, for all possible (x,y) locations, are set equal to unity for all values of m. 
Next, by expanding the squared term in Equation (2.38) into its complex conjugate 
form, the pixel value equation can be simplified as follows: 

 𝑃𝑥𝑦 = 𝑐𝑥𝑦
𝐻 𝑅𝑥𝑦𝑐𝑥𝑦 ,   

with 

 
𝑅𝑥𝑦 = ∫ ℎ⃑⃑𝑥𝑦

∗ (𝑡)ℎ⃑⃑𝑥𝑦
𝑇 (𝑡)𝑤(𝑡)𝑑𝑡.  

Here, the superscript H indicates the Hermitian transpose, and * denotes the 
complex conjugation. 𝑅𝑥𝑦  is called the correlation matrix. 

In order to comprehend the fundamentals of this method, suppose that the set of 
backward shifted signals for a particular location (x0, y0) can be written as follows: 
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ℎ⃑⃑𝑥0𝑦0

(𝑡) = 𝑥(𝑡)𝑠, 
  

where 𝑥(𝑡) is a common signal which is zero outside the specified window, and 𝑠 is 
a scaling vector (column vector), having a unit norm. By substituting the above 
equation in Equation (2.42), we obtain that: 

 𝑅𝑥𝑦 = ∫|𝑥(𝑡)|2𝑤(𝑡)𝑠∗𝑠𝑇 𝑑𝑡 = 𝐸𝑥𝑠∗𝑠𝑇
,   

where 𝐸𝑥  is the energy of the signal 𝑥(𝑡). 
From Equations (2.41) and (2.44), we then conclude that  

 
𝑃𝑥𝑦 = 𝐸𝑥𝑐𝑥𝑦

𝐻 𝑠∗𝑠𝑇𝑐𝑥𝑦 =  𝐸𝑥|𝑠𝑇𝑐𝑥𝑦|
2

=  𝐸𝑥|𝑠. 𝑐𝑥𝑦|
2

, 
  

and thus, the pixel value is maximized when the backward shifted signal vectors are 
scalar multiples of the 'look' direction, since their inner product will then be 
maximized. Perpendicular to the 'look' direction, the pixel value is zero. 
To understand the MVDR algorithm in more detail, we first consider the following 
eigen-decomposition of the correlation matrix  

 

𝑅𝑥𝑦 = ∑ 𝜅𝑖�⃑�𝑖�⃑�𝑖
𝐻

𝑀

𝑖=1

, 

  

where κ𝑖, with i=1..M, are the eigenvalues of the matrix and �⃑�𝑖  are the corresponding 
unit-norm eigenvectors (column vectors). Since the correlation matrix is Hermitian 
symmetric, all eigenvalues are non-negative and the eigenvectors are orthonormal. 
For simplicity we assume that the eigenvalues are sorted from largest to smallest, 

i.e. κ κ , so that �⃑�1 is the eigenvector corresponding to the largest eigenvalue 

κ . 
With this decomposition in mind, we repeat the above reasoning performed in 
connection with Equations (2.43) and (2.44). At this time, we consider a set of 
backward shifted signals that corresponds to a pixel location (x0, y0) which exactly 
coincides with an actual scattering position. For an ideal scatterer and no additional 
echoes, these backward shifted signals can be expressed by an equation similar to 
Equation (2.43). Each backward shifted signal comprises a common signal x (t) that 
is zero outside the window of interest, and is scaled according to some relationship 
𝑠 which is constrained to have unit-norm. From the eigen-decomposition of 𝑅𝑥𝑦, we 

then conclude that if the unit-norm relationship 𝑠 between the signals is equal to �⃑�1, 
the energy of the common signal x(t) is κ1, and all other eigenvalues are zero: 

 𝑅𝑥0𝑦0
= ∫|𝑥(𝑡)|2𝑤(𝑡)𝑠∗𝑠𝑇 𝑑𝑡   = 𝐸𝑥𝑠∗𝑠𝑇 = 𝜅1 �⃑�1 �⃑�1

𝐻
.   

As before, by substituting the right hand side of the above equation into Equation 

(2.41), the pixel value at (x0,y0) is maximized with a value equal to κ  when 
𝑐𝑥0𝑦0

=�⃑�1=𝑠. In other words, if the 'look' direction 𝑐𝑥0𝑦0
 accurately reflects the 

amplitude relationship 𝑠 between signals, the pixel value is maximized. 
In addition, to reduce image artefacts, we can minimize the pixel values for any 
location that does not correspond to damage, while preserving the value at the 
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damage location. Assuming that the 'look' direction 𝑐𝑥𝑦  coincides with the amplitude 

relationship between signals in the case when damage is present at a pixel location, 
the following constrained optimization problem can be constructed: 

 
𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒   �⃑⃑⃑⃑�𝐻 𝑅𝑥𝑦 �⃑⃑⃑⃑�   𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡   �⃑⃑⃑⃑�𝐻𝑐𝑥𝑦 = 1,  

where �⃑⃑⃑⃑� is the vector of optimal weights.  
A brief example shows that the introduction of the constraint indeed preserves the 
pixel value at the damage location. By substituting the left hand side of Equation 
(2.47) and replacing �⃑�1 by 𝑐𝒙𝒚  (since the pixel value attains the maximum value when 

𝑐𝒙𝒚=�⃑�1=𝑠), we obtain the following equation: 

 
�⃑⃑⃑⃑�𝐻𝑅𝑥𝑦 �⃑⃑⃑⃑� = 𝜅1|�⃑⃑⃑⃑�𝐻𝑐𝑥𝑦|

2
  

The above equation indeed shows that, when the inner product of �⃑⃑⃑⃑� and 𝑐𝒙𝒚  is equal 

to unity, the pixel value of the damage location is preserved at the largest eigenvalue 

κ . 
 
The minimization problem defined by Equation (2.48) can be solved by introducing 
a Lagrange multiplier as shown below: 

 
𝐿 = �⃑⃑⃑⃑�𝐻𝑅𝑥𝑦 �⃑⃑⃑⃑� + 𝛼(�⃑⃑⃑⃑�𝐻𝑐𝑥𝑦 − 1), 

  

where L is the Lagrangian. 

After differentiation of the above equation with respect to �⃑⃑⃑⃑� and setting the result 

equal to zero, we obtain the following solution for �⃑⃑⃑⃑�: 

 
�⃑⃑⃑⃑� = −

𝛼

2
𝑅𝑥𝑦

−1𝑐𝑥𝑦 ,  

Taking into account the constraint  𝑊⃑⃑⃑⃑⃑⃑ 𝐻𝑐𝑥𝑦 = 1, an expression for 𝛼 is obtained: 

 
𝛼 = −

2

𝑐𝑥𝑦
 𝐻 𝑅𝑥𝑦

−1𝑐𝑥𝑦
.  

Finally, by substituting the above expression for 𝛼 into Equation (2.51), the optimal 

weighting vector �⃑⃑⃑⃑� reads: 

 
�⃑⃑⃑⃑�𝑥𝑦 = �⃑⃑⃑⃑�(𝑐𝑥𝑦) =

𝑅𝑥𝑦
−1 𝑐𝑥𝑦

𝑐𝑥𝑦
 𝐻  𝑅𝑥𝑦

−1 𝑐𝑥𝑦
 ,  

The above weighting vector, which can be computed for each location, can now be 
used for the MVDR imaging technique in the same way as was done for the 
traditional delay imaging. To do this, instead of using the 'look' direction, we simply 
use the optimal weight at each location, and calculate  

 
𝑃𝑥𝑦 = �⃑⃑⃑⃑�𝑥𝑦

𝐻 (𝑐)𝑅𝑥𝑦 �⃑⃑⃑⃑�𝑥𝑦(𝑐).  

with 𝑃𝑥𝑦  the pixel value of each imaging point. 

In this way, this MVDR is an "adaptive delay and sum" imaging algorithm which 
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preserves the damage locations at high pixel values while minimizing them at non-
defect locations. 

2.6 Results 

In this section, we illustrate the above discussed imaging techniques starting from 
either numerical simulations or experimental data obtained in laboratory conditions 
(ignoring temperature effects). 
In all of the following images, the position of the artificial defect is indicated by the 
intersection of cursors. The colour scales are different for each image. However, 
consistently, red and yellow colours indicate high probability of defect location, 
purple and blue colours represent low probabilities. 

2.6.1 Damage localization based on numerical simulations 

The numerical simulations were performed using the commercial Comsol© 
Multiphysics Finite Element software. As in the experimental set-up, an aluminium 
plate of 2 mm thickness, with dimensions 140×200 mm, is considered. Five 
transducer/sensor locations were considered. A dataset of 10 signals is calculated. 
Each transducer consecutively serves as an actuator generating an out of plane 
motion (input signal is identical as in the real experiment). At the other sensors we 
store only the out of plane component of the response. The simulations were 
performed for an intact plate, providing the baseline signals, and two plates with a 
2.5 mm hole and a 5 mm hole, respectively. 
To start with, we discuss the imaging results using the traditional "delay and sum" 
imaging routine. The resulting images are displayed on Figure 2.23 using two 
different scales: linear (top) and logarithmic (bottom). Figure 2.23a and c (i.e. left 
hand side figures) correspond to the image obtained using the simulation data with 
the damage free baseline signals in combination with the 2.5 mm hole signals. Figure 
2.23b and d are for the variations due to the 5 mm hole (using the same damage free 
baseline signals). It is clear that the traditional "delay and sum" imaging is unable to 
resolve the 2.5 mm hole against the background of unwanted artefacts. On the other 
hand, the 5 mm hole shows up to some extent in the image. The logarithmic scale 
certainly helps to improve the observation. However, there are still large artefacts 
even for the 5 mm hole. Note that all the following images in this section are 
normalized to their maximum value. 
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Figure 2.23: Traditional "delay and sum" imaging method applied to the numerical simulation 

signals, a) based on the 2.5 mm hole plate in linear scale, b) based on the 5 mm hole plate in 

linear scale, c) based on the 2.5 mm hole plate in 20 dB scale, d) based on the 5 mm hole plate 

in 20 dB scale. Reference signals are obtained on an intact plate. 

 
 
As a second technique, we tested the "energy arrival" imaging method. Figure 2.24a 
and b show the results of this method using the intact plate baseline signals and the 
signals obtained on the damaged plate with the 2.5 mm hole and the 5 mm hole, 
respectively. Even though the images reveal an enhanced indication of the defect 
location compared to the traditional "delay and sum" routine, there are still many 
artefacts, especially in the case of the 2.5 mm hole data. As mentioned in previous 
section, the "energy arrival" method works well on condition that there is only one 
dominant mode. The problem here is that the A0 Lamb mode (which is used in the 
imaging method) is not really the only dominant wave mode in the simulation 
signals. In contrast to the experimental signals (the reason why remaining unclear at 
the moment, but most probably related to the difference in the implementation of 
the excitation), the simulation signals contain a comparable contribution from the S0 
mode. As a consequence, we observe several large artefacts in the images on top of 
the proper indication near the defect location. 

a b 

c d 
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Figure 2.24: "Energy arrival" imaging method applied to the numerical simulation signals, a) 

based on the 2.5 mm hole plate, b) based on the 5 mm hole plate. Reference signals are 

obtained on an intact plate. Images are in linear scale. 

 
Significantly better results were obtained using the "exponential time-windowed 
delay and sum" imaging technique. Figure 2.25a and b show the results from this 
imaging method applied to the simulation signals obtained on the damaged plates 
with a 2.5 and a 5 mm hole respectively. The decay constant td (as introduced in 
Equation (2.31)) is set to 50 µs. Compared to the images shown in Figure 2.23, the 
exponential filter strongly decreases the artefacts and makes the interpretation of 
the images simpler. The defects are now clearly visible in both cases. 
 
Results for the alternative "delay and product" procedure (cfr. Equation (2.28)), in 
combination with the exponential time-window using the same 50 µs decay 
constant, are shown in Figure 2.26. This technique considerably smoothens the 
image while preserving the defect. Note that, due to the product operation, many 
pixel values are exactly zero. Indeed, as soon as there is just one zero in the factors 
contributing to Equation (2.28), the pixel value will automatically be zero-d out. 
Therefore, the "delay and product" method should never be used solely by itself but 
always in combination with the "delay and sum" imaging for a better unbiased 
assessment. 
 

a b 
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Figure 2.25: "Exponential time-windowed delay and sum" imaging with a 50 µs decay constant 

applied to the numerical simulation signals,, a) based on the 2.5 mm hole plate, b) based on 

the 5 mm hole plate. Reference signals are obtained on an intact plate. Images are in linear 

scale. 

  

Figure 2.26: "Exponential time-windowed delay and product" imaging with a 50 µs decay 

constant applied to the numerical simulation signals,, a) based on the 2.5 mm hole plate, b) 

based on the 5 mm hole plate. Reference signals are obtained on an intact plate. Images are 

in linear scale. 

The quality of the images obtained by the exponential time-windowed "delay and 
sum" imaging method depends on the parameters of the time-window. As an 
example, Figure 2.27 and Figure 2.28 repeat this exponential time-windowed "delay 
and sum" and "delay and product" imaging for a smaller decay constant equal to 20 
µs. As expected, a reduction of the decay constant (up to a certain critical value) 
makes the image smoother. In this case, it is even possible to start interpreting the 
(relative) size of the defect too. 

a b 

a b 
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Figure 2.27: "Exponential time-windowed delay and sum" imaging with a 20 µs decay constant 

applied to the numerical simulation signals,, a) based on the 2.5 mm hole plate, b) based on 

the 5 mm hole plate. Reference signals are obtained on an intact plate. Images are in linear 

scale. 

   
Figure 2.28: "Exponential time-windowed delay and product" imaging with a 20 µs decay 

constant applied to the numerical simulation signals,, a) based on the 2.5 mm hole plate, b) 

based on the 5 mm hole plate. Reference signals are obtained on an intact plate. Images are 

in linear scale. 
 

Finally, we consider the "MVDR" imaging routine. The results using the simulated 
signals for the two cases are displayed in Figure 2.29a and b, for the 2.5 mm hole 
and 5 mm hole respectively. The scattering coefficients 𝜑𝑚𝑥𝑦 defined in Equation 

(2.40) were all set equal to unity, while the position dependent weight vector is 
calculated according to Equation (2.46). We clearly see that the MVDR technique 
strongly improves the resulting image. Moreover, there is no need to apply an 
exponential filter anymore. In fact, application of an exponential filter would induce 
negative effects for defects located near the edges of the plate, and thus would 
reduce the coverage area of the examination. Alternatively, MVDR adaptively sets a 
weighting function for each pixel. 
Again, we observe that the defect area in the image for the 5 mm hole test case is 
larger than for the 2.5 mm hole test case. This feature may be exploited for defect 

a b 

b a 
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sizing in the future. 
 

   

Figure 2.29: "MVDR" imaging  a) based on the 2.5 mm hole plate, b) based on the 5 mm hole 

plate. Reference signals are obtained on an intact plate. Images are in linear scale. 

 

2.6.2 Damage localization based on experimental signals 

In this section, we discuss the imaging results based on experimentally obtained 
signals. The experimental set-up has been outlined in Section 2.3. In the series of 
experiments conducted during this research study, two samples with slightly 
different configurations have been considered (see Table 2.1 in section 2.3). For 
sample 1 we only have useful datasets of signals for the situation with a 2.5 mm hole 
and with a 5 mm hole. Signals for the intact case are not available, and thus the 
dataset for the 2.5 mm hole are used as baseline signals for the imaging methods 
applied to sample 1. For the second sample, we have baseline signals corresponding 
to the intact plate, and datasets obtained for a 2.5 mm hole, a 4.5 mm hole and a 
6.8 mm hole. 
 
We first consider the results for sample 1. Figure 2.30a and b show the images 
obtained by application of the traditional "delay and sum" imaging and the "energy 
arrival" imaging method, respectively. In addition, Figure 2.30c shows the results of 
the "energy arrival" imaging method with all negative pixel values set to zero. The 
above algorithms were applied based on the A0 mode arrival. As mentioned above, 
the images for this sample are obtained by considering the dataset for the 2.5 mm 
holes as the baseline for calculating the difference with the signals obtained for the 
5 mm hole damage state. The defect is not clearly resolved in the traditional "delay 
and sum" image whereas it is quite well detected in the "energy arrival" image, 
especially when all negative pixel values are set to zero. The reason why the "energy 
arrival" method is working well in the experimental case can be found in the fact that 
the experimental signals clearly show that the A0 mode is much more dominant than 
the S0 mode (as shown in Figure 2.13 within Section 2.4.1), which is favourable for 

b a 
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the “energy arrival” imaging. 
For exactly the same reason, the S0 mode cannot be used for the imaging algorithms 
based on the experimental data. To illustrate this, Figure 2.31a and b show the 
images obtained for sample 1 using the S0 wave mode information. Two methods 
have been considered: the "exponential time-windowed delay and sum" imaging 
and the "energy arrival" imaging method. These figures clearly show that the S0 
mode is not suitable for these imaging algorithms. Another motivation in favour of 
the A0 mode selection is that the wavelength of the A0 mode is smaller than for the 
S0 mode. At a frequency of 330 kHz, the wavelength of S0 is about 15.6 mm whereas 
this value is only about 9.2 mm for the A0 mode. Thus, also from this point of view, 
the choice of A0 is superior. 

 

     

 
Figure 2.30: Images for sample 1 (5 mm hole) based on the A0 wave mode with the 2.5 mm 

hole dataset as baseline, a) traditional "delay and sum" imaging, b) "energy arrival" imaging, 

c) "energy arrival" imaging with negative pixel values set to zero. Images are in linear scale. 

 

a b 

c 
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Figure 2.31: Images for sample 1 (5 mm hole) based on the S0 wave mode with the 2.5 mm 

hole dataset as baseline, a) "exponential time-windowed delay and sum" imaging with 20 µs 

decay constant, b) "energy arrival" imaging. Images are in linear scale. 

 
Results of exponential time-windowed imaging for sample 1 based on the A0 mode 
information are shown in Figure 2.32. Figure 2.32a and b illustrate the "exponential 
time-windowed delay and sum" imaging and "exponential time-windowed delay and 
product" imaging methods, respectively, using a 20 µs decay constant. The defect is 
clearly localized in comparison with the traditional "delay and sum" imaging results 
(Figure 2.30a). 
 

   

Figure 2.32: Images for sample 1 (5 mm hole) based on the A0 wave mode with the 2.5 mm 

hole dataset as baseline, a) "exponential time-windowed delay and sum" imaging, b) 

"exponential time-windowed delay and product" imaging. In both algorithms a decay constant 

of 20 µs is used. Images are in linear scale. 

 
The effect of applying an exponential filter with a 20 µs decay constant on the 
"energy arrival" imaging method is shown in Figure 2.33. In comparison with Figure 
2.30b, this combination has somewhat reinforced the two artefacts. However, since 

a 

a b 

b 
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the pixel values at the artefacts have negative values, their appearance in the image 
is totally deleted when resetting the negative values to zero. As such, the resulting 
image is even better than the result shown in Figure 2.30c, providing a good size 
determination. 
Based on supplementary analysis, we investigated and confirmed that, within a 
range of reasonable decay constants, there is no large influence on the images 
deduced with the "energy arrival" algorithm.  
 

      

Figure 2.33: Images for sample 1 (5 mm hole) based on the A0 wave mode with the 2.5 mm 

hole dataset as baseline, a) "energy arrival" imaging method applied on exponential time-

windowed signals with 20 µs decay constant, b) same method as in a) after setting all negative 

pixel values to zero. Images are in linear scale. 

 
The mathematics behind the MVDR imaging method shows that this method is 
extremely sensitive to the utilized weighting functions by way of the 'look' direction 
and the correlation matrix. Consequently this method is also very sensitive to the 
amplitudes of the received signals, as well as to the operating environment and 
errors on the transducer locations.  
To obtain the MVDR imaging results for sample 1 in the experiment, the raw signals 
obtained for the 5 mm hole damage state were first normalized by the amplitudes 
of the corresponding baseline signals (the 2.5 mm hole damage state) before using 
them as input to the MVDR algorithm. In addition, in order to investigate the 
influence of the scattering coefficients 𝜑𝑚𝑥𝑦  (Equation (2.40)) on the MVDR imaging 

performance, we defined the scattering coefficients as follows: 

 𝜑𝑚𝑥𝑦 = 1 + 𝛼 𝑐𝑜𝑠(2휃𝑚𝑥𝑦),  

where a free variable α (0≤α≤1) is introduced that allows to take into account the 
angular variation in the expected scattering field. 휃𝑚𝑥𝑦  (remember that m stands for 

a combination ij, with i<j) is the angle between three points including, transmitter (i), 
pixel location (x,y) and receiver (j). The case α=0 corresponds to a point like isotropic 
scattering field as has been used in the simulation evaluations. Figure 2.34a and b 
illustrate the influence of α on the image performance for sample 1. It is clear that 

a b 
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the introduction of a slight anisotropic scattering, corresponding to the variable 
α=0.2, provides a better identification of the damage location in comparison with an 
isotropic scattering case corresponding to α=0.  
 

     

Figure 2.34: "MVDR" imaging for sample 1 based on the A0 wave mode, a) with baseline 

normalization and isotropic scattering coefficients defined by Equation (2.55) with α=0, b) with 

normalization and slightly anisotropic scattering coefficients with α=0.2. Images are in linear 

scale. 

Changing the arrangement of the sensors and the actual damage location may affect 
the quality of the imaging algorithms. The following results concern the imaging 
procedures applied to sample 2 (see Table 2.1, Section 2.3 for the exact locations of 
sensors and defect). As for sample 1, the reconstruction algorithms are all based on 
the A0 mode information. As we have obtained sets of signals for 4 different states 
(intact and three hole sizes), we have various options for choosing the set of baseline 
signals and current signals. 
Figure 2.35 shows a first set of images for sample 2 using the signals from the intact 
plate as baseline and the signals from the 2.5 mm hole damage state as current state 
signals. On one hand, the "exponential time-windowed delay and sum" imaging 
result for a 50 µs decay constant is shown using a linear scale (Figure 2.35a), and 
using a logarithmic scale (Figure 2.35b). Figure 2.35c shows the result from the 
"energy arrival" imaging method. Even though an exponential filter has been applied 
on the signals, the defect location cannot be undoubtedly interpreted from these 
images. The dB scale helps to a certain extent to better detect the defect, but it 
evidently also reinforces the artefacts. The identification of the defect in the "energy 
arrival" imaging method is a bit stronger than for the "delay and sum" imaging. 
However, the presence of strong artefacts again complicates the interpretation of 
the image. Apparently, in this configuration and with a 2.5 mm hole damage state, it 
is quite difficult to obtain a proper localisation. 
 

b  a  



ULTRASONIC SPARSE ARRAY IMAGING TECHNIQUE: APPLICATION TO AN ALUMINIUM STRUCTURE 

 

52 
 

  

 

Figure 2.35: Images for sample 2 (2.5 mm hole) with intact state as baseline, a) "exponential 

time-windowed delay and sum" imaging with 50 µs decay constant expressed in linear scale, 

b) "exponential time-windowed delay and sum" imaging with 50 µs decay constant expressed 

in dB scale, c) "energy arrival" imaging expressed in linear scale. Images are in linear scale. 

 
In order to further test the potential of the algorithms, we have enlarged the hole in 
sample 2 to 4.5 mm, and obtained a third set of signals. Figure 2.36a, b and c 
demonstrate respectively the traditional "delay and sum" imaging, the 
"exponentially time-windowed delay and sum" imaging, and the "energy arrival" 
imaging with the database for the intact plate as baseline and the signals obtained 
for the 4.5 mm hole damage state as the current signals. Clearly, increasing the 
damage size helped to obtain a more explainable image. Except for the traditional 
method, the defect location for a 4.5 mm hole is fairly well identifiable in comparison 
with the 2.5 mm hole. Nevertheless, the "exponentially time-windowed delay and 
sum" image still contains several artefacts. As for sample 1, the "energy arrival" 
imaging method provides the best acceptable image for the detection of the flaw. 
As expected, the quality of the images improves upon further increase of the 
artificial damage dimension. As a final example, we consider the set of data obtained 
for sample 2 with a 6.8 mm hole defect. As in the previous analysis for smaller defect 
sizes, Figure 2.37a, b and c show the traditional "delay and sum" imaging, the 
"exponential time-windowed delay and sum" imaging with 50 µs and the "energy 

b a 

c 
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arrival" imaging, respectively, with the database for the intact plate as baseline and 
the signals obtained for a 6.8 mm hole damage state as the current signals. The 
defect location is apparent and well-defined in all images, except for the traditional 
"delay and sum" imaging, a result which could be expected considering all previous 
results for this method. Basically, we can conclude and state that larger defects will 
be more easily detected than smaller ones, and that the limiting size for the defect 
detection can be approximated to about half a wavelength of the considered Lamb 
mode. We will come back on the influence of the damage size in section 2.6.3. 
 

  

 

Figure 2.36: Images for sample 2 (4.5 mm hole) with intact state as baseline, a) traditional 

"delay and sum" imaging, b) "exponential time-windowed delay and sum" imaging with 50 µs 

decay constant, c) "energy arrival" imaging. Images are in linear scale. 

 

 

b a 

c 
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Figure 2.37: Images for sample 2 (6.8 mm hole) with intact state as baseline, a) traditional 

"delay and sum" imaging, b) "exponential time-windowed delay and sum" imaging with 50 µs 

decay constant, c) "energy arrival" imaging. Images are in linear scale. 

 
Figure 2.38 shows the images obtained from the MVDR imaging method applied to 
sample 2 for the 6.8mm hole damage state with the signals from the intact plate as 
baseline.  
To demonstrate that the technique is extremely sensitive to the signal amplitudes, 
as mentioned before, Figure 2.38a first shows the result without normalization of 
the raw signals. We observe that the predicted location of the defect is not exactly 
retrieved at the true flaw location. Application of the normalization of the raw signals 
based on the intact state signals results in a better damage identification, as shown 
in Figure 2.38b. Again, as in the MVDR analysis for the first sample, changing the 
anisotropic scattering parameter α from α=0 to α=0.1, results in a decrease of the 
intensity of the artefacts located near the defect, see Figure 2.38c.  

b a 

c 
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Figure 2.38: "MVDR" imaging of sample 2 (6.8mm hole), a) with A0 mode velocity and without 

normalization, b) with A0 mode velocity, with normalization and with α=0, c) with A0 mode 

velocity, with normalization and with α=0.1. Images are in linear scale. 

As a last aspect of this preliminary study, we investigated the influence of the 
selection of the baseline signals on the imaging algorithms for sample 2. 
Figure 2.39a and b respectively illustrate the "exponential time-windowed delay and 
sum" imaging with a decay constant of 50 µs, and the "energy arrival" imaging on 
sample 2 with the signals obtained on the plate with the 2.5 mm hole as baseline 
and the signals for the 4.5 mm hole damage state as the current state signals. The 
determination of the flaw location in these images is far better than what could be 
deduced from Figure 2.35b and c using the intact plate as a baseline for the 2.5 mm 
hole analysis. Nevertheless, it should be mentioned that the 1D damage 
enlargement between the two states for Figure 2.39 is only 2 mm whereas it was 2.5 
mm for Figure 2.35. Of course, in terms of area (2D), however, we are comparing a 

3.5 mm2 increase versus a 1.56 mm2 increase. The defect can be clearly detected 
with the "exponential time-windowed delay and sum" imaging method, while there 
are still some artefacts in the "energy arrival" imaging technique. 
 

a b 

c 
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Figure 2.39: Images for sample 2 (4.5 mm hole) with the 2.5 mm hole case as baseline, a) 

"exponential time-windowed delay and sum" imaging with 50 µs decay constant, b) "energy 

arrival" imaging. Images are in linear scale. 

 

A similar 1D damage enlargement can be obtained when using the 4.5 mm damage 
state as a baseline for the signals obtained for the 6.8 mm damage state: 2.3 mm 
increase in diameter. Note that the absolute 2D increase of the area between 

baseline and current state is about 6.5 mm2 this time. Figure 2.38a and b 
respectively illustrate the "exponential time-windowed delay and sum" imaging with 
a decay constant of 50 µs, and the "energy arrival" imaging on sample 2 with the 
signals obtained on the plate with the 4.5 mm hole as baseline and the signals for 
the 6.8 mm hole damage state as the current state signals. Again, while being far 
better than the imaging results for the 2.5 mm hole starting from the intact state 
baseline signals, the defect can be identified, however, there are still some artefacts 
in the results for both imaging techniques. 
 

  

Figure 2.40: Images for sample 2 (6.8 mm hole) with the 4.5 mm hole case as baseline, a) 

"exponential time-windowed delay and sum" imaging with 50 µs decay constant, b) "energy 

arrival" imaging. Images are in linear scale. 

 

a b 

b a 
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Using the 2.5 mm hole as the baseline and the 6.8 mm hole as the damage state, a 

4.3 mm damage growth can be considered (absolute increase of 10 mm2 in area) 
and compared with the analysis of the 4.5 mm hole damage state with respect to 

the intact state (absolute increase of 5 mm2 in area). Figure 2.41a and b show the 
"exponential time-windowed delay and sum" imaging with a decay constant of 50 µs 
and the "energy arrival" imaging, respectively, on sample 2 with the signals obtained 
on the plate with the 2.5 mm hole as baseline and the signals for the 6.8 mm hole 
damage state as the current state signals. We note that the detection of the defect 
in the "exponential time-windowed delay and sum" imaging is better than in the 
comparative analysis shown in Figure 2.36 since there are fewer artefacts. 
 

  

Figure 2.41: Images for sample 2 (6.8 mm hole) with the 2.5 mm hole case as baseline, a) 

"exponential time-windowed delay and sum" imaging with 50 µs decay constant, b) "energy 

arrival" imaging. Images are in linear scale. 

 
The above mentioned results enable us to examine the influence of the baseline 
state on the reconstruction quality for a fixed damage state. In this case, we focus 
on the damage state corresponding to the 6.8 mm hole. Just by comparing the 
quality of Figure 2.37, Figure 2.40 and Figure 2.41, for an intact state baseline, a 2.5 
mm hole baseline and a 4.5 mm hole baseline respectively, we observe an 
improvement of the imaging methods with the relative extent of the damage state 
with respect to the baseline state. Indeed, the quality and resolution is best when 
using the intact state as the baseline. This can be readily understood as the method 
is based on the difference signals which will have of course the largest amplitudes 
for the extreme cases.  
A comprehensive summary of the main results based on the "exponential time-
windowed delay and sum" imaging and the "energy arrival" imaging is given in the 
following table. 
 

  

a b 
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: A comprehensive summary of the main results based on the "exponential time-
windowed delay and sum" imaging and the "energy arrival" imaging techniques. 

 

Baseline 
state 

Current 
state 

Absolute 1D 
diameter 

enlargement 
(mm) 

Absolute 2D 
area increase 

(mm2) 

Figure Quality 

intact 
6.8 mm 6.8 11.56 Figure 

2.37 
Best image 

2.5 mm 
6.8 mm 4.3 10  Figure 

2.41 
2nd best 

intact 
4.5 mm 4.5 5  Figure 

2.36 
2nd best 

4.5 mm 
6.8 mm 2.3 6.5  Figure 

2.40 
artefacts 

2.5 mm 
4.5 mm 2.0 3.5  Figure 

2.39 
artefacts 

intact 
2.5 mm 2.5 1.56  Figure 

2.35 
Worst 

 

2.6.3 Influence of damage size on the imaging algorithm 

In the final section of this chapter, we will try to quantify the quality of the 
"exponential time windowed delay and sum" imaging algorithm in relation to the 
damage size of the defect feature to be reconstructed. For this purpose, we 
introduce another signal difference metric (SDM) which is defined as follows: 

 
𝑆𝐷𝑀 = 1 − 𝐶𝑥𝑦 ,  

 
𝐶𝑥𝑦 =

1

𝑡𝑒
∫ 𝐶𝑥𝑦

𝑡𝑐  

𝑡=0
(𝑡)𝑑𝑡, 𝑎𝑛𝑑     𝐶𝑥𝑦(𝑡𝑐) = 0.5,  

where 𝐶𝑥𝑦(𝑡) is the peak of the absolute value of the local temporal coherence as a 

function of time, expressed by Equation (2.23), and 𝑡𝑐 is the time at which the peak 
coherence is 0.5. We will compare the (subjective) image quality with the value of 
SDM, the normalized defect diameter and defect area in different cases. 
 
In Figure 2.42, the temporal peak coherence functions 𝐶𝑥𝑦(𝑡) of path T1R4, 

calculated for three different damage sizes versus the intact state, using signals 
obtained on sample 2, are compared. Obviously, when the damage size increases, 
the image quality (damage indication versus noise) increases as well (see inserts). 
For a more objective measure and quantification, the values of three damage related 
metrics (‘’SDM’’, ‘’absolute enlargement/λ′′, and its dimensionless value ‘’defect 
area×4/πλ2’’) are given in Table 2.3. Note that a defect diameter of half a wavelength 
results in a metric value for ‘’defect area×4/πλ2’’ of 0.25. Clearly, with an increasing 
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image quality, the SDM value strongly increases along with the (absolute as well as 
dimensionless) defect size. The SDM value is 0.3 for a 6.8 mm defect size.  
 
 
  

   

Figure 2.42: Peak correlation functions for different defect sizes calculated using the intact 

state as baseline, and their corresponding imaging results using the exponential time 

windowed delay and sum imaging method. The image quality is improving as both the SDM 

damage metric and the defect size is increasing. 

 

: Damage metrics for three hole sizes of sample 2, comparison with intact state as 

reference. 

Defect size [mm] SDM Absolute enlargement/𝛌 Defect area×4/π𝛌2 

2.5 0.11 0.27 0.07 

4.5 0.22 0.48 0.23 

6.8 0.30 0.73 0.54 

 
 
A second comparison was performed, again on sample 2, in order to see how the 
image quality and the different damage metrics changes with a different baseline 
selection, while roughly keeping the same defect size enlargement. The results, 
summarized in Figure 2.43 and Table 2.4, show that the quality of the image is much 
higher when the dimensionless value of ‘’defect area×4/πλ2’’ is higher, even though 
the SDM is approximately the same (and quite small). Indeed, the ‘’defect 

2.5 mm hole 

4.5 mm hole 

6.8 mm hole 
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area×4/πλ2’’ damage metric is around two times higher in the case of the 2.5 mm-4 
mm enlargement than in comparison with the 0.0 mm-2.5 mm increase. This shows 
that the baseline signal selection, and consequently the metric value ‘’defect 
area×4/πλ2’’, also plays a key role in the image contrast to noise, especially for cases 
with the same low SDM values.  
 

   

Figure 2.43: Peak correlation functions for two states with different baselines, and their 

corresponding imaging results using the exponential time windowed delay and sum imaging 

method. The image quality is improving as the defect area is increasing. 

 

 Damage metrics for two states with different baselines. 

Defect size [mm] SDM Absolute enlargement/𝛌 Defect area×4/π𝛌2 
0-2.5 0.11 0.27 0.07 

2.5-4.5 0.13 0.22 0.18 
 
 
The last comparison was carried out on two different samples (sample 1 and 2) with 
high SDM values close to 0.3, and a dimensionless ‘’defect area×4/πλ2’’ metric that 
is larger than 0.2. The contrast of the damage image to the background noise is 
satisfactory in both samples, see Figure 2.44. 
Here, the comparison results indicate that the wavelength is not the only factor that 
affects the quality of the image (contrast to noise ratio). SDM values greater than 
0.30 also plays a key role in the aforementioned image reconstruction techniques.  
Recall that a defect diameter of half a wavelength results in a metric value for 
‘’defect area×4/πλ2’’ of 0.25.  Thus, in conclusion, SDM and ‘’defect area×4/πλ2’’ 

2.5-4.5 mm hole 

0-2.5 mm hole 
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greater than 0.3 and 0.25 respectively result in a guaranteed image for defect 
identification and localization using the A0 Lamb wave mode. 
 

  

Figure 2.44: Peak correlation functions for two samples in two different states with different 

baselines, and their corresponding imaging results using the exponential time windowed delay 

and sum imaging method. SDM values greater than 0.3 and dimensionless damage parameter 

values for Defect area×4/π𝜆2 greater than 0.25 guarantee a satisfactory contrast to noise ratio 

in the image reconstruction technique. 

 

: Damage metrics for two samples in two different states with different baselines. 

Defect size [mm] SDM Absolute enlargement/𝛌 Defect area×4/π𝛌 2 

Sample 1 (2.5-5) 0.35 0.27 0.22 

Sample2(0-6.8) 0.30 0.73 0.54 

 

2.7 Conclusion 

Ideally, structural health monitoring of materials and structures should be 
performed by a quick and convenient employment of a non-destructive testing 
technique with fast post-processing analysis of the data, imaging capabilities and 
facilities for life cycle management decisions. In this chapter, we have studied the 
ultrasonic sparse array imaging technique, based on the active excitation and 
reception of guided waves. The method has been successfully applied on an 
aluminium plate containing an artificial damage feature. Using signal datasets 

0-6.8 mm hole, 
Sample 2 

2.5-5 mm hole, 
Sample 1 
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received by the sparse transducer array and applying appropriate signal processing, 
we first determined the group velocities of different (low order) Lamb modes. 
Additional signal processing was used to obtain "scattered" signals and their 
envelopes comprising information on the difference in response between two states 
of the structure. Using these scattered signals/envelopes, the traditional "delay and 
sum" imaging technique, the "exponential time-windowed delay and sum" 
algorithm, the "energy arrival" imaging and the "MVDR" imaging were applied to 
infer the damage location. Investigations were performed for numerically simulated 
and experimentally measured signals.  
As part of this introductory research study, we performed a preliminary analysis of 
different damage sizes, probe locations, damage locations, window characteristics 
and baseline selections on the quality of the images. As a result, we could determine 
the critical defect size necessary to resolve the defect. The methods provide 
acceptable results for defects larger than half a wavelength (of the Lamb wave under 
consideration). Further, we validated that the defect imaging capabilities increase 
with increasing damage size, and with the difference between baseline state and 
current damage state. 
In addition, we proved that data analysis of the local temporal coherence amplitude 
and delay of the baseline and current signals obtained from an experiment may be 
used to recognize the difference between temperature variations and damage 
changes. 
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Chapter 3      
Reconstruction Algorithm for 
Probabilistic Inspection of 
Damage (RAPID) in 
Composite structures 
 
 

 

 

 

3.1 Introduction 

Carbon fibre reinforced plastic (CFRP) is a composite material made of polymer 
matrix reinforced with carbon and/or glass fibres. The polymer is usually an epoxy, 
vinylester and polyester thermosetting plastic. These layers (also known as 
laminate/ply) are joined together in different directions to form so called laminated 
composite structures. 
Nowadays, CFRP materials have found their way to numerous areas of industrial 
design and manufacturing, in the transport sector. Thanks to an excellent weight-to-
strength ratio and non-corrosive characteristic, CFRP is gradually becoming one of 
the key materials in many applications, ranging from automotive components to 
aerospace structural parts. Figure 3.1 illustrates the increasing usage of composites 
in aircraft structures from 5% in 1980 to 50% in 2010.  
On the other hand, the excellent strength-to-weight and stiffness-to-weight ratios of 
the CFRP should be balanced against a complicated post-damage behaviour (invisible 
damages in particular) and the fact that CFRPs are difficult to repair. Cracks in the 
polymer matrix, fibre debonding, fibre breakage, disbond and delamination are 
prevalent defects that can reduce the integrity and load bearing capacity of the 
structure [3]. Nonetheless, the evermore larger parts with more complex shapes are 
being produced. These facts, together with the overall gigantic number of composite 
parts being used on a daily basis, calls for novel, fast, and more effective NDT and 
SHM techniques.  
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Figure 3.1: Aircraft composite content over time, source [66]. 

Ultrasonic guided wave tomography (GWT) is a suitable candidate that meets the 
previously mentioned requirements. It is capable to interrogate large structures with 
limited number of transducers in a very short time period as guided waves can 
propagate over long distances with limited energy loss and with a high sensitivity to 
changes in the material properties.  
Along this line, many attempts have been made to create quality control images 
using guided waves on plate-like structures. Several different features can be 
extracted from Lamb wave signals to identify the presence of damage, to quantify its 
severity, and to link it to a progressive failure model [67]. The basis of the most 
common imaging methods are features such as time of flight [68], attenuation [69], 
and energy [70] that exhibit changes with reference to an intact plate due to the 
structural degradation.  In principle, guided wave-based imaging techniques can be 
divided into baseline-dependent [71] and baseline-free [72]. In addition, these 
methods are either velocity-based [53] or velocity-independent [73].  
Once a defect has been roughly identified and localized by way of a guided wave 
imaging technique, further details about it can be obtained by several other methods 
like local-wavenumber analysis [74] and/or local defect analysis with a laser scanning 
vibrometry [75]. 
Numerous research studies concerned with ultrasonic GWT have been conducted in 
the low frequency-times-thickness region (“small fd values”) for which data 
interpretation is much easier, e.g. accounting only for the S0 and A0 fundamental 
modes [76,77]. However, because of the unknown characteristics of defects and the 
intricate displacement characteristics of multiple-mode Lamb waves, the 
consideration of higher frequency-times-thickness regimes can lead to an eliciting of 
scattering and consequently a much better flaw identification [78]. For instance, 
Balasubramaniam et al. have examined corrosion defects in pipes using high order 
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mode clusters (HOMC) categorized by a high frequency-thickness product range of 
guided waves [79]. Lately, excitation of a single Lamb wave mode was also evaluated 
in the high frequency range of the dispersion curves by Khalil and Cawley. Doing so, 
they demonstrated the presence of HOMC’s in an aluminium plate [80]. 
Gao et al. were the first to introduce RAPID (Reconstruction Algorithm for 
Probabilistic Inspection of Damage) of as a Lamb wave based imaging technique 
[73,81,82]. RAPID uses information gathered by a sparse array (network) of 
transducers to create a probability map of defects. The main constituent of the 
conventional linear RAPID method is a damage index, the so-called signal difference 
coefficient (SDC). This SDC describes the dissimilarity of any two signals in the 
network acquired in two states, generally comparing the intact and the damage 
state. Initially, the SDC has been based on the correlation coefficient between two 
signals, however, lately, several other damage indices such as the signal amplitude 
peak ratio (SAPR) and the signal amplitude peak squared percentage difference 
(SAPS) were introduced as damage sensitive parameters for RAPID imaging [83]. By 
using the signals from a sparse array and the corresponding damage index values, it 
is possible to calculate the damage presence probability in the inspected area. 
So far, most of the experimental work has been done on rather simple aluminium 
plate-like structures. This chapter focuses on an extended implementation of this 
technique for multi-layered composite structures, and its validation on samples that 
are degraded by impact and delamination damages.  
Conventional linear RAPID will be fully discussed in this chapter. Damage 
identification in three CFRP samples, i.e. two flat composites and one stiffened 
composite, will be evaluated by conventional RAPID. An extra validation of the 
conventional linear RAPID approach will be presented by considering the case of 
tightened and loosened bolts on a composite. 
 

3.2 Guided waves in multilayer anisotropic plate 
structures  

The mathematical description of Lamb waves can be considered as an eigenvalue 
problem that can be solved for linear elastic solid media using three governing (sets 
of) equations: the differential equations of balance of linear momentum (3.1), the 
constitutive law (3.2) and the linear strain-displacement relationship (3.3): 

 𝜎𝑗𝑖,𝑖 + 𝜌𝑏𝑖 = 𝜌�̈�𝑖,  

 𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙휀𝑘𝑙 ,  

 
휀𝑖𝑗 =

1

2
(𝑢𝑖,𝑗 + 𝑢𝑗,𝑖),  

where 𝜎, 𝜌, 𝑏, 𝑢, 𝐶 and 휀 are stress, density, body force, displacement, and stiffness 
respectively. The indices 𝑖, 𝑗 and 𝑘 correspond to any of the axes 𝑥, 𝑦 and 𝑧 of a 
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Cartesian coordinate system. In a multi-layered composite, these governing 
equations should be satisfied within each lamina. 
To obtain the dispersion curves (which represent the allowable frequency (f) -
wavenumber (k) combinations) for guided waves, two sets of boundary conditions 
are applied to the above equations: stress-free boundary conditions at the free 
surfaces and continuity of stress and displacement at the interfaces between two 
laminas. 

 𝜎𝑧𝑖 = 0 @ 𝑡𝑜𝑝 𝑎𝑛𝑑 𝑏𝑜𝑡𝑡𝑜𝑚 𝑙𝑎𝑚𝑖𝑛𝑎𝑠 𝑜𝑓 𝑙𝑎𝑚𝑖𝑛𝑎𝑡𝑒,    

 
{

𝑢𝑖
ℓ = 𝑢𝑖

ℓ+1

𝜎𝑧𝑖
ℓ = 𝜎𝑧𝑖

ℓ+1
 @ 𝑙𝑎𝑚𝑖𝑛𝑎 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒𝑠,  

 
where 𝑖 = 𝑥, 𝑦, 𝑧 and ℓ = 1,2, … , 𝐿 − 1. 𝐿 is the total number of laminas. 
Recently, several open source software programs have become available to the 
research community to solve the above system numerically. For instance, GUIGUW 
which is based on semi analytical finite element (SAFE) formulations, such a publicly 
available interface, is developed in Matlab and compiled as a stand-alone software 
[84]. 

3.3 Characterization of a composite containing an impact 
damage 

3.3.1 Determination of the dispersion curves  

To illustrate the determination of the experimental and theoretical dispersion 
curves, we consider at first a composite plate of 5 mm thickness. The layering of the 
laminas and the elastic properties of each layer, as provided by the manufacturer, 
are given in Table 3.1 and Table 3.2. This information was used as input to calculate 
the theoretical dispersion curves using the open source software GUIGUW [84], and 
to compare it with empirical dispersion curves obtained by laser Doppler vibrometer 
(LDV).  
For the experimental determination, a sweep frequency ranging from 1-1000 kHz 
was injected into a DuraAct P-876/SP1 patch transducer, mounted on the centre of 
the composite. Signals were then measured along a line (0˚ to the edge of the 
sample) through the sample’s centre, with a step size of 0.25 mm. Subsequently, 
2DFFT post processing was performed on the set of signals to construct a 
wavenumber-frequency (f-k) image, applying the  general analytical expression (3.6) 
[85]: 

where 𝑢(𝑥, 𝑡) is the particle displacement of the points on the plate and 𝐻(𝑘, 𝑓) is 

 𝐻(𝑘, 𝑓) = |∬ 𝑢(𝑥, 𝑡)𝑒−𝑗(𝜔𝑡+𝑘𝑥)𝑑𝑥𝑑𝑡|,   
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the 2DFFT (in modulus) of 𝑢(𝑥, 𝑡).  
The numerical and experimental f-k dispersion curves are compared in Figure 3.2. 
We observe that the experimentally obtained A0 wave mode is in a good agreement 
with the theoretical curve. On the contrary, the S0 curve is not following the 
theoretical one after 220 kHz. We believe that this difference most probably results 
from inaccuracies in the elastic constants provided by the manufacturer which 
obviously lead to prediction errors on the actual dispersion curves when used as 
input for the numerical calculations. Note that measurement errors, such as an 
inaccuracy in measuring the ‘’step size’’ for instance, will affect the wavenumber 
resolution as well, and consequently affects the whole dispersion curve. However, in 
our case, the step size was precisely controlled by a motorized Velmex bislide linear 
stage [86].    
 

: Arrangement of the laminas of a 5 mm thick composite. 
Layer # Type Orientation [˚] Thickness [mm] 𝝆 [kgm-3] 

1 
2 

5 Harness 
5 Harness 

0 
90 

0.2667 
0.2677 

1770 
1770 

3 
4 

NCF Biaxial 
NCF Biaxial 

45 
-45 

0.2667 
0.2667 

1790 
1790 

5 Uniweave 0 0.2667 1790 

6 
7 

NCF Biaxial 
NCF Biaxial 

45 
-45 

0.2667 
0.2667 

1790 
1790 

8 
9 

NCF Biaxial 
NCF Biaxial 

0 
90 

0.2667 
0.2667 

1790 
1790 

10 
11 

NCF Biaxial 
NCF Biaxial 

90 
0 

0.2667 
0.2667 

1790 
1790 

12 
13 

NCF Biaxial 
NCF Biaxial 

-45 
45 

0.2667 
0.2667 

1790 
1790 

14 Uniweave 0 0.2667 1790 

15 
16 

NCF Biaxial 
NCF Biaxial 

90 
0 

0.2667 
0.2667 

1790 
1790 

17 
18 

NCF Biaxial 
NCF Biaxial 

90 
0 

0.2667 
0.2667 

1770 
1770 

19 Glass Ply 0 0.127 2500 

 

: Elastic properties of each lamina of the above defined 5 mm thick composite. 
 Biaxial [0/90] Uniweave [0] 5 Harness  Glass ply 

Elastic constants  0˚   

𝑬𝟏 [𝑮𝑷𝒂] 81 152 65 70 

𝑬𝟐 [𝑮𝑷𝒂] 81 8.8 65 70 

𝑬𝟑 [𝑮𝑷𝒂] 8.8 8.8 8.8 70 

𝑮𝟏𝟐 [𝑮𝑷𝒂] 4.1 4.1 3.6 28.6 

𝑮𝟐𝟑 [𝑮𝑷𝒂] 4.1 4.1 3.6 28.6 

𝑮𝟑𝟏 [𝑮𝑷𝒂] 4.1 4.1 3.6 28.6 

𝒗𝟐𝟏 0.033 0.018 0.041 0.220 

𝒗𝟑𝟏 0.033 0.018 0.041 0.220 

𝒗𝟑𝟐 0.033 0.31 0.041 0.220 

𝝆 [𝑲𝒈𝒎−𝟑] 1790 1790 1770 2500 
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In view of selecting the optimal frequency for a proper image reconstruction in the 
damaged case, we examined the experimentally obtained amplitude versus 
frequency curve as shown in Figure 3.3. Simultaneous analysis of Figure 3.2 and 
Figure 3.3 show that A0 is dominant in the range of 0 kHz-150 kHz peaking at 50 kHz. 
As a result, the frequencies of 50 and 100 kHz were selected for the conventional 
linear RAPID imaging due to their acceptable amplitude response and to the 
sensitivity of the A0 mode to impact damage. In the following paragraphs, for 
instance, we will use the 50 kHz excitation to illustrate and understand the wave-
defect interaction caused by the dominating A0 mode. 
The properties of the A0 mode were further evaluated using a narrowband 50 kHz 
sine excitation. A typical example of the received signal using LDV acquisition is 
shown in Figure 3.4. Figure 3.5 compares the f-k image obtained by a LDV line-scan 
(after 2DFFT) and the theoretical dispersion curve. It is obvious that the A0 Lamb 
wave mode is dominating the entire spectrum near 50 kHz. The result in Figure 3.5 
confirms the observation in Figure 3.4 that the excitation frequency of 50 kHz is in a 
non-dispersive region of the A0 Lamb wave mode (linear relation between f and k) 
with velocity of around 1500 m/s. Moreover, after having repeated the LDV line scan 
in different directions, Figure 3.6 reveals that this velocity is independent of the 
direction, suggesting a characteristic of isotropy for this mode.  
 

 
 

Figure 3.2: Comparison of the numerical and experimental dispersion curves, f-k image, using 

a broad band excitation 1-1000 kHz, illustrating a good agreement of A0 wave mode while S0 

is not completely following the theoretical curve. 

 
 
 

A0 S0 

SH0 

A1 



CHARACTERIZATION OF A COMPOSITE CONTAINING AN IMPACT DAMAGE 

69 
 

  

Figure 3.3: Amplitude versus frequency obtained as result of a sweep with frequency ranging 

from 1-1000 kHz, showing a peak amplitude at 50 kHz. 

 

 

Figure 3.4: Typical received signal captured after a narrowband excitation near 50 kHz. 

 

 

Figure 3.5: f-k image obtained after 2DFFT analysis of signals obtained by laser Doppler 

Vibrometer, illustrating the dominance of the A0 wave mode at 50 kHz. 
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Figure 3.6: Angular dependence of the A0 Lamb wave velocity at 50 KHz, illustrating a constant 

velocity in different directions. 

 

To complete the analysis of the A0 mode properties at this frequency, we examined 
the wave structure of this mode. In-plane as well as out-of-plane profiles can be 
numerically calculated using GUIGUW. Experimentally, the in-plane profile was 
obtained by a LDV scan measurement over the cross-section of the composite 
sample, measured at the edge of the plate. Unfortunately, the available LDV system 
did not allow to measure the local out-of-plane displacements over a cross-section. 
The numerical displacement profiles, shown in Figure 3.7, confirm that the A0 wave 
mode at 50 kHz is mainly an out-of-plane dominated wave mode. The in-plane 
displacement, nevertheless, is increasing while approaching the free surfaces, see 
Figure 3.7a, which is interesting as these are exactly the positions where an impact 
will cause the largest effect in terms of damage. The theoretical and experimental 
in-plane displacements are fairly in good agreement, which again confirms the 
dominance of the A0 wave mode in the experiment. 
 

 
Figure 3.7: A0 displacement profile, a) theoretical and experimental comparison of In-plane 

displacement of dominated mode, A0, at 50 kHz excitation frequency, b) theoretical out-of-

plane displacement profile of A0 mode at 50 kHz. 
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3.3.2 Time domain analysis of an impact damage  

After having instrumented the 5 mm composite plate with a sparse transducer array, 
and having recorded all signals for the baseline measurement required in RAPID (see 
later), the plate was impacted at one location using an impact energy of 20 Joule. 
Figure 3.8 shows the results of an immersion C-scan (top view) and B-scan (cross-
sectional view) of the induced damage. In contrast to the C-scan image, the B-scan 
image clearly shows the presence of two impaired zones. Zone 1 has mostly surface 
damage, while the impact damage in zone 2 has spread into other laminas of the 
composite through its thickness. 
To better understand the effect of the impact damage on the A0 Lamb wave mode 
propagation, we first take a close look at the time domain analysis of this wave-
defect interaction. 
To do this, 2D scan (out-of-plane) signals were collected by means of Laser Doppler 
Vibrometer in combination with PXI AWG, DAQ and motion control instruments, as 
shown in Figure 3.9. Figure 3.10 displays two snapshots of the wave passing through 
the damaged region. The impact damage clearly affects the normal wave 
propagation of the 50 kHz A0 Lamb wave mode. Some part of the energy of the 
propagated wave is trapped at the defect spot as shown in Figure 3.10b.  
After the wave has passed the defect zone, omni-scattering originating from the 
impact damage location is observed, as illustrated in Figure 3.11 and Figure 3.12. 
From Figure 3.12, we reckon that the scattered field induced by the transient 50 kHz 
A0 wave mode is almost symmetric, except for two directions where the amplitude 
is visibly lower: directions around 55˚-65˚ and 105˚-125˚ with respect to the incident 
angle (= direction transducer-damage). In particular, virtually no energy is scattered 
between 105˚-125˚. According to Fromme, the non-uniform scattering is not 
surprising as the scattering of Lamb waves from a defect my change depending on 
the geometry of defect, the defect depth, the location of the defect relative to the 
transducer element and the ratio of the defect size to wavelength [87]. 
The phenomena of backscattering was further evaluated by a line scan measurement 
through an impacted and an intact region. Figure 3.13 evidently shows the 
backscattering from the impact damage when the propagated wave passes through 
the defect. The units in both subfigures are kept the same for a fair comparison. 
All of the above observations confirm that 50 kHz can indeed be an appropriate 
frequency to be used in a conventional linear RAPID, for which the basis is to 
compare signals in the intact and damaged states. 
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Figure 3.8: Conventional ultrasonic inspection of an impacted composite plate, a) C-scan of the 

impacted CFRP sample, red area indicates the impact zone, b) B-scan image of a defect cross-

section showing that there are effectively two zones with mostly surface damage. However, 

the damage is extended along the thickness of the composite in zone2. 
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Figure 3.9: Set-up for guided wave visualization and scattering by an impact damage, a) 

Instrumentation used in the SHM system, controlling the guided wave excitation, b) acquisition 

and scanning. 

 

 

Figure 3.10: Wave propagation at the impact damage region, a) just before hitting the damage 

at 120 µs, b) upon propagating through the damage at 142.7 µs. 
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Figure 3.11: Scattering pattern around the impact damage at two moments after the 

excitation has passed through the damage, a) at 182.3 µs, b) at 192.6 µs. 

 

 

Figure 3.12: Close-up image of the shape and orientation of the scattering pattern from an 

impact damage on a 5 mm composite. Excitation frequency of 50 kHz resulted in an A0 

dominated wave mode. 
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Figure 3.13: Line scan measurement at an excitation frequency of 50 kHz, a) along an intact 

path (away from the damage), b) along the impacted defect path, showing the presence of 

backscattered waves originating from the impact damage on the measured signals. 

 
In the next section, we focus on a frequency domain analysis of the Lamb wave-
defect interaction. 

  

A0 Backscattered wave 

Damage 
area 

Edge reflections 

A0 

Edge reflections 

a 

b 



RAPID IN COMPOSITE STRUCTURS 

 

76 
 

3.4 Conventional linear RAPID algorithm 

 
As mentioned before, RAPID is a velocity-independent imaging technique that 
utilizes Lamb wave propagation data from an ultrasonic sparse array and compares 
the signals acquired in two different states (intact and damaged) to quantify the 
signal difference coefficient (SDC) and to build a probability map of damage. 
There are several options on how to calculate the SDC value for a given transducer-
receiver pair in the conventional linear RAPID [88,89]. In the present research study, 
we use the SDC value based on the correlation coefficient. 
Suppose transducer 𝑖 is emitting a signal and transducer 𝑗 receives the propagated 
signal. Let the signal between the transducer 𝑖 and receiver 𝑗 in the sparse array be 

denoted as 𝑟𝑖𝑗
𝑏(𝑡) for the case of the intact (baseline) state and 𝑟𝑖𝑗(𝑡) for the 

damaged state. Then, the linear SDC value can be defined as:  

 

𝜌𝑖𝑗 =
𝐶𝑜𝑣(𝑟𝑖𝑗(𝑡),𝑟𝑖𝑗

𝑏(𝑡))

𝑆𝐷(𝑟𝑖𝑗(𝑡))𝑆𝐷(𝑟𝑖𝑗
𝑏(𝑡))

  

       =
∑ (𝑟𝑖𝑗

𝑏(𝑡𝑘)−𝜇
𝑟𝑖𝑗

𝑏 )(𝑟𝑖𝑗(𝑡𝑘)−𝜇𝑟𝑖𝑗
)𝑁

𝑘

√∑ (𝑟𝑖𝑗
𝑏(𝑡𝑘)−𝜇

𝑟𝑖𝑗
𝑏 )

2
𝑁
𝑘 √∑ (𝑟𝑖𝑗(𝑡𝑘)−𝜇𝑟𝑖𝑗(𝑡𝑘))

2
𝑁
𝑘

, 
   

  𝑎𝑛𝑑     𝑆𝐷𝐶𝑖𝑗 = 1 − 𝜌𝑖𝑗 ,  

 

  

where 𝜌𝑖𝑗  stands for the correlation coefficient, 𝑡𝑘 is the sampled time, N is the total 

number of transducers in the sparse array and 𝐶𝑜𝑣 and 𝑆𝐷 are the covariance and 
standard deviation. As such, 𝑆𝐷𝐶𝑖𝑗  is an SDC corresponding to the path 𝑖𝑗. The SDC 

expresses the dissimilarity between two signals, and therefore, it can also be 
regarded as a measure of the damage presence probability in the area between 
transmitter i and receiver j.  
In order to extrapolate the sole SDC value to the area along the direct propagation 
path between the transmitter and receiver, a spatial distribution function 
𝑆𝐷𝐹𝑖𝑗(𝑥, 𝑦) has to be defined: 

 {
𝑆𝐷𝐹𝑖𝑗(𝑥, 𝑦) =

𝛽 − 𝑅𝑖𝑗(𝑥, 𝑦)

𝛽 − 1
           𝑓𝑜𝑟 𝛽 > 𝑅𝑖𝑗(𝑥, 𝑦)

𝑆𝐷𝐹𝑖𝑗(𝑥, 𝑦) = 0                                 𝑓𝑜𝑟 𝛽 ≤ 𝑅𝑖𝑗(𝑥, 𝑦) ,

   

where 𝛽 is the shape parameter, (𝑥, 𝑦) the coordinates of the mesh point and 

 𝑅𝑖𝑗(𝑥, 𝑦) =
√(𝑥𝑖 − 𝑥)2 + (𝑦𝑖 − 𝑦)2 + √(𝑥𝑗 − 𝑥)

2
+ (𝑦𝑗 − 𝑦)

2

√(𝑥𝑗 − 𝑥𝑖)
2

+ (𝑦𝑗 − 𝑦𝑖)
2

,   
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is the ratio of the sum of the distances from the transmitter and the receiver to point 
(𝑥, 𝑦) to the distance between the transmitter and receiver. The shape of the spatial 
distribution 𝑆𝐷𝐹𝑖𝑗  defined in Equation 3.9 is depicted in Figure 3.14. Note that its 

maximum amplitude is along a line connecting the two foci of the ellipse, tapering 

to zero on its periphery. The value of the parameter  controls the width of the 

ellipse: the closer to 1 the value of  is, the smaller the transverse size of the ellipse. 

Note that, in this research, the value of is equal to 1.015. 
 

 

Figure 3.14: Spatial distribution function, 𝑆𝐷𝐹𝑖𝑗 for a given value of parameter 𝛽 which 

controls the size of ellipse, circles indicate the position of transmitter and receiver. 

 
To obtain a damage presence probability map, we multiply the 𝑆𝐷𝐶𝑖𝑗  value with the 

distribution 𝑆𝐷𝐹𝑖𝑗(𝑥, 𝑦) for all the transducer-receiver pairs, and sum these partial 

contributions together as a last step of the tomographic procedure. Doing so, the 
final formula for the damage presence probability at the mesh point (𝑥, 𝑦) yields: 

 𝑃𝑥𝑦 = ∑ ∑ 𝑆𝐷𝐶𝑖𝑗𝑆𝐷𝐹𝑖𝑗  ,

𝑁

𝑗=1,𝑗≠𝑖

𝑁

𝑖=1

   

where 𝑁 is the total number of transducers in the sparse array. Note that reciprocal 
signals are not considered in the conventional RAPID imaging. 
Extensive evaluations show that proper knowledge of the composite dispersion 
curve (group velocity versus frequency) may improve the localization image contrast 
in the case of conventional RAPID. For this purpose, the notion of adaptive signal 
length has been introduced. Knowing the minimum velocity of the involved modes 
in the measured signals, one can extract a proper length of the signal for further 
investigation in each different propagation path according to formula below: 
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         𝑡𝑡 =
√(𝑥𝑗 − 𝑥𝑖)

2
+ (𝑦𝑗 − 𝑦𝑖)

2

𝑐𝑔

+ 𝑡𝑒 ,  

where 𝑡𝑡 is the termination point of the signal, 𝑐𝑔 is the group velocity of the desired 

wave mode (e.g. 1500 m/s for A0 wave at 50 kHz in the 5 mm composite, see section 
3.3.1) and 𝑡𝑒 is the excitation signal length.  
An important point to note here is that, as shown in Figure 3.2 and as we will see in 
more detail in the following sections, the A0 Lamb mode is always the dominating 
mode in the low frequency region (early part of dispersion curve) whenever a piezo 
patch is used as an emitter in the measurement system. So, knowing the velocity of 
A0 (which is always the smallest) would be sufficient to properly determine the signal 
length. 
The RAPID algorithm has been prepared and programmed in LabVIEW, resulting in a 
graphical user interface to input the settings, start the acquisition and perform the 
analysis. The user can exploit a constant or adaptive signal length feature in the 
program if the dispersion curve is known. The control inputs include plate dimension, 
number and positions of transducers, filter specifications, excitation signal frequency 
and number of cycles, sampling frequency, feature extraction method, signal length, 
minimum group velocity in case of adaptive signal length, and baseline and current 
file paths. As a result, the software outputs a tomographic image of the plate and 
feature value versus propagation paths. During post-processing, there is also the 
possibility in the program to use all transducers at once for the analysis, or a subset 
of transducers in a round-robin selection. In the latter case, the user can eventually 
fuse a number of images to increase the contrast to noise ratio of the image. Fusion 
can also be carried out on a set of images obtained at different frequencies provided 
that all frequencies are sensitive enough to the defect [46]. 

3.5 Advantages and disadvantages of RAPID 

In general, the above discussed damage localization algorithm RAPID allows to easily 
investigate the region covered within the sensor network. The technique is however 
incapable to locate damage in the non-covered area. At most, features that are 
located on the boundaries of the arrays can be identified. 
The main advantages of the method are as follows: 

 The method is velocity independent, and thus even works for a target 

material which is a composite plate and for anisotropic materials for which 

the dispersion curve (velocity versus frequency) is not identical in different 

directions. 

 The method is not so much sensitive to a change in environmental 

conditions compared to the velocity based algorithms discussed in chapter 

2. 
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The main disadvantages are: 

 The method is not able to perform damage identification outside of the 

sparse sensors network since the image reconstruction is not based on the 

velocity but accounts on the diffusion of all potential points with probability 

value obtained from different propagation paths. 

 The algorithm is currently unable to size the defect in the plate.  

 

3.6 Validation of conventional RAPID algorithm by 
numerical simulations 

The commercial COMSOL Multiphysics® FEM software suite was used to model wave 
propagation in a material with either linear or nonlinear defects. The difference 
between linear and nonlinear behaviour of a defect lies in the fact that the stress-
strain relation for a linear defect follows the linear elastic Hooke’s law at all strain 
amplitudes, whereas for a nonlinear defect, the Hooke’s law is violated at the 
interfaces of the delamination. In case of a linear defect, a reduction of the elastic 
properties can be proposed to model the defect. For nonlinear defects, nonlinear 
stress-strain curves, either continuous or discontinuous, can be implemented. 
 
In this section, numerical simulations were carried out in order to ascertain the 
feasibility of linear defect detection in thin CFRP plates using the conventional RAPID 
method. 
A composite (CFRP) sample was modelled as an orthotropic plate with dimensions 
of 288 x 296 x 2.7 mm. The elastic properties of the simulated plate are listed in Table 
3.3. In addition, a small attenuation was introduced in the model to dampen the 
received signals in time. The simulated sparse array consisted of 8 transducers that 
were modelled as rectangular patches, providing an out-of-plane excitation or 
reception. A 3 cycle Hanning windowed tone burst with excitation frequency of 50 
kHz was used to excite the plate and 2000 datapoints (with sampling frequency of 
1MS/s) were collected at the receiving positions. A virtual round-robin experiment 
was set-up by changing the emitting position each time. In total, a set of 36 signals 
between each transducer pair were collected for the intact case as well as for the 
case with a linear defect. 
 

: Elastic properties of the simulated CFRP plate. 
Young’s modulus [GPa] Shear modulus [GPa] Poisson’s ratio 

Exx = 127.11 Gxy = 5.0 νxy=0.320 

Eyy = 8.34 Gyz = 2.7 νyz=0.461 

Ezz = 8.85 Gzx = 4.8 νzx=0.009 
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The linear defect in the plate was modelled as a block-shaped subdomain with 
dimensions of 20 x 20 x 2.7 mm, see Figure 3.15. The elastic properties of this 
subdomain were modelled to be only 90% of the elastic properties of the maternal 
material given in Table 3.3. 
After post-processing the two sets of 36 signals (without and with the linear defect 
present) using the correlation coefficient as a damage sensitive parameter, the 
output of the conventional linear RAPID algorithm yields the probability map shown 
in Figure 3.16a, which clearly reveals the right damage location. Using subsets of the 
available transducers, the contrast to noise ratio of the image can be increased, as 
shown in Figure 3.16b. More specifically, several sets of probability maps are 
obtained by eliminating each time one transducer from the signal database. 
Subsequently, all images are pixel-wise multiplied which results in a reduction of the 
artifacts in the final image. 

 

 
Figure 3.15: Simulated CFRP plate with a linear defect. 

 

 

Figure 3.16: RAPID results for a CFRP plate with an actual location of the damage (linear 

defect) at (-5, -2). a) Image obtained by conventional linear RAPID, b) fused image obtained by 

merging the results from a subset of transducers. 
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3.7 Validation of conventional RAPID by experiment: 
impact damage  

3.7.1 Experimental set-up  

In this section, RAPID is evaluated on the flat 5 mm composite plate considered 
earlier in section 3.3, and on a stiffened panel, using two sets of signals acquired 
before and after impact. Baseline (pre-damage) measurements are acquired, 
averaged over 128 runs, and stored for each path between two sensors in pitch-catch 
mode, using excitation signals that consist of burst or chirp signals with desired cycles 
at suitable frequencies. For instance, for the flat composite plate, frequencies of 50 
and 100 kHz have been used, employing 3 cycles bursts. After impact damage, these 
measurements were repeated using the same settings. These signals are called the 
"current" or "damaged" signals referring to the current state of the material. The 
baseline and the current signals at the available frequencies are then used for the 
tomographic reconstruction of the damage position after impact. 
For the experiment, we have selected to operate the sparse array SHM system using 
DuraAct P876/SP1 sensors for the ultrasonic wave excitation and reception, see 
Figure 3.17. Due to their low cost and weight, a high number of sensors can be 
employed on a composite sample providing good coverage by the potential mutual 
propagation paths. The DuraAct P876/SP1 patches were glued to the sample using 
Loctite Hysol® 9466™. In the initial testing of a flat composite plate, 16 sensors were 
used, which provides 120 different straight paths between the transducers (Figure 
3.18). 
 

 

Figure 3.17: DuraAct P-876/SP1 patch transducer, illustrating the flexibility of the patches. 
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Figure 3.18: Front and back side of a flat composite plate equipped with 16 DuraAct P-876/SP1 

sensors. 

 
Signal excitation is performed using the NI PXI-5421, 100 MS/s, 14-bit arbitrary 
waveform generator card (a total of 8 channels is available). Burst signals are 
produced digitally in LabVIEW and transferred to the arbitrary waveform generator 
(AWG).  
In the initial testing conditions, switching had to be performed manually to obtain 
the data for each channel. The measurement system was later improved by 
introducing a NI matrix switch module (NI PXI-2536). 
For the signal amplification on excitation, a Falco systems power amplifier was used. 
This is a 1-channel amplifier with a frequency range up to 5 MHz, and an output of 
±200 Vp-p. 
Note that the measurement system is the same for the different samples discussed 
in this section. The only modification concerns the excitation parameters, number 
and configuration of attached transducers on the samples. This will be discussed 
when appropriate. 

3.7.2 Experimental results of conventional RAPID on a flat composite 
plate with impact damage 

In this subsection, we report the results for the 500 x 500 x 5 mm CFRP plate, 
introduced in section 3.3. The lay-up and lamina properties are given in Table 3.1 and 
Table 3.2. The orientation of the plies results in quasi-isotropic elastic properties of 
the plate. 
The specimen was instrumented with 16 piezo PI patches (DuraAct P-876/SP1) 
oriented in a rectangular manner around the edges of the sample as shown in Figure 
3.18. 
The conventional C-scan of the impacted sample, after an impact of 20 Joule, is 
depicted in Figure 3.8, and shows a clearly visible indication of the damaged area in 
the upper left quadrant. 
Baseline signals (before impact) and current signals (after the impact) were recorded 
at two low frequencies (50 and 100KHz) using a 3-cycle burst signal amplified to 133 
Vp-p. The results of the tomographic reconstruction using RAPID obtained by 
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interrogating the same sample at 50 kHz and at 100 kHz can be seen in Figure 3.19. 
For comparison, the cursor intersection on the figures shows the correct damage 
location. The agreement is excellent. A fused image, obtained by applying a pixel 
based geometric mean technique, was carried out to get an even better damage 
localization, as shown in Figure 3.20 [46]. The location of the impact damage is 
clearly visible in all images using 16 transducers. 
To optimize the number of transducers, a study was performed in which only signals 
captured from eight mounted transducers were fed into the RAPID algorithm. Figure 
3.21 confirms the capability of the RAPID technique to locate the defect with a 
reduced number of transducers. Note however, that the defect should be enclosed 
by the active transducers. In other words, not any arbitrary selection of sensors will 
guarantee a proper defect identification. 
 

 

 
Figure 3.19: Image obtained by linear RAPID on a 4.4 mm thick composite with impact 

damage: excitation 50 kHz (left), excitation 100 kHz (right). The rectangular pattern black 

squares around the image represent the transducers positions on the sample. The position of 

the impact defect is indicated by the cursor. 
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Figure 3.20: Fused image of the RAPID reconstructed images at 50 and 100 kHz. The 

rectangular pattern black squares around the image represent the transducers positions on 

the sample. The position of the impact defect is indicated by the cursor. 

 

 

Figure 3.21: RAPID reconstruction image at 50 kHz using only the signals from 8 sensors in the 

array. The rectangular pattern black squares around the image represent the active 

transducers positions on the sample. The position of the impact defect is indicated by the 

cursor. 
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3.7.3 Experimental results of conventional linear RAPID on a stiffened 
composite plate   

3.7.3.1 Sparse array configuration and impact location 

The conventional RAPID algorithm was further investigated on a stiffened composite 
plate. The arrangement of the layers and the elastic properties of the laminas are 
the same as for the flat composite in section 3.3.1, as given in Table 3.1 and Table 
3.2. 
The instrumentation and positioning of the sensor array on the stiffened plate 
containing 12 sensors is shown in Figure 3.22. After inspecting the intact sample, an 
impact of 60 J was applied on one of the bays of the sample, creating a localized 
damaged zone of about 35 mm diameter. Figure 3.22 shows the position of the 
impact damage with respect to the sensor array. Unfortunately, the impact damage 
was realized at a position which is located outside the sensor network, close to 
sensors 9 and 10. 
 

 

 
Figure 3.22: Stiffened composite plate with a sparse array of 12 transducers. The impact 

location is situated outside the sensor network, close to path T9-R10. 
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3.7.3.2 Analysis of Impact on the bay using RAPID imaging 

Similar as for the flat plate, a conventional RAPID analysis was carried out, based on 
signals acquired before and after impact damage. 
Since the direct sound paths are not passing through the defect area, the image 
reconstruction algorithm is not able to detect the exact location of the damage. 
However, the analysis using the correlation algorithm shows a significant 
"difference" indication in the vicinity of the impact damage near to the path between 
transducers 9 and 10 (T9-R10). The result for an excitation at 50 kHz is shown in 
Figure 3.23. For comparison, the cursor intersection on the figure shows the correct 
damage location. Since the impact damage is not located inside the sensor network 
array, RAPID could not localize its position exactly. However, it successfully identified 
the associated ‘suspected’ path closest to the defect. 
 

 
Figure 3.23: Conventional RAPID image obtained at 50 kHz, using the correlation algorithm, 

for a stiffened plate containing a 60J impact, outside of the sensor network. The result 

illustrates the incapability of conventional RAPID for damage visualization outside of the 

network. However, it has successfully identified the ‘suspected’ path closest to the defect. 
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3.8 Additional verification examples of conventional 
RAPID: loosened/tightened bolts 

3.8.1 Composite characterization 

To assess the robustness of the RAPID algorithm, a verification experiment was 
conducted with an unknown composite plate that was available at the NDT 
laboratory at Kulak. The plate dimension is 30*30 cm and 4 holes were drilled in the 
sample, one in each quarter of the square plate. Artificial defects (status 
modifications) were then created by loosening and/or tightening bolt(s) in the holes 
on the sample.  
For this experiment, nine transducers (this time 9 mm diameter Dakel IDK09) were 
mounted on the plate. To make the flaw identification more robust, one transducer 
was positioned in the middle of the plate to increase the coverage of the propagation 
paths.  
To get an idea about the unknown structure, linear LDV scans were firstly performed 
in response to a chirped excitation signal (30-750 KHz) in order to obtain a better 
knowledge of the dispersion curves. Figure 3.25 displays the resulting wavenumber-
frequency image, illustrating the presence of two fundamental wave modes, S0 and 
A0. The two subfigures in Figure 3.25 show the results with and without 
normalization in order to qualitatively observe attenuation and excitability of Lamb 
wave modes respectively. Normalization was carried out for each frequency with 
respect to the maximum value. According to Wilcox et al. four indicators, among 
which attenuation and excitability, should be considered for a proper selection of 
the optimal Lamb wave frequency [90]. Attenuation is a characteristic which can be 
associated to the sample under inspection, while excitability of the Lamb wave mode 
is determined by the measurement system. 
Using the 2DFFT data obtained by applying equation (3.6), one can easily determine 
the dispersion curves of the dominant modes at each frequency for further analysis 
of the amplitude, wavenumber, wavelength and phase velocity dispersion according 
to equations (3.13), (3.14), (3.15) and (3.16), see also Figure 3.26. 
 

 𝐴(𝑓) = arg max
𝑘

𝐻(𝑘, 𝑓),   

 

 𝐾(𝑓) = max
𝑘

𝐻(𝑘, 𝑓),    

 

 Λ(𝑓) = 2𝜋
𝐾(𝑓)⁄ ,   

 

 𝐶𝑝(𝑓) =
2𝜋𝑓

𝐾(𝑓)⁄ .   
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 Figure 3.26b illustrates that the A0 mode is dominant in the low frequency region (f 
≤ 266 kHz) whereas the S0 mode prevails in most of the high frequency region (266 
≤ f ≤ 457 kHz). On the other hand, A0 again becomes dominant in the range of 330 ≤ 
f ≤ 360 kHz. 

 

Figure 3.24: Configuration of transducers and holes for bolts on the composite plate. Holes are 

indicated with numbers 1 to 4. Eight transducers are positioned in a rectangular pattern along 

the edges. One transducer is positioned at the centre. The transducers are represented by 

filled-in grey circles. 

 
Analysing Figure 3.26, we observe that the highest amplitude, also known as sweet 
spot, occurs at 219 kHz for the A0 mode with a phase velocity of 1607 m/s. For the S0 
mode, the sweet spot is at 290 kHz corresponding to a phase velocity of 3400 m/s. 
The A0/S0 amplitude ratio of the A0 sweet spot is 5.15 whereas the S0/A0 amplitude 
ratio for the S0 sweet spot is 2.46, as shown in Figure 3.27. 
In order to explain the alternative dominance of the fundamental modes, we refer 
to the work of Giurgiutiu. Giurgiutiu investigated the strain and amplitude of the 
fundamental Lamb wave modes generated by a piezo ceramic attached on an 
aluminium plate using modelling and experimental results [91]. This modelling was 
also later followed on a composite plate by Giurgiutiu and Santoni-Bottai [92]. He 
demonstrated that the predicted normalized strain curves and the correspondingly 
measured amplitudes in general follow a sinusoidal pattern, which becomes 
maximum when the length of the piezo matches an odd multiple of a half 
wavelength. Equally, it will become zero when the piezo ceramic length is a multiple 
of the wavelength. Our analysis using the 2DFFT on the composite plate shows that 
the A0 wave mode amplitude is maximal when the wavelength is 7.3 mm and 
becomes zero when the wavelength is 6.1 mm. On the other hand, the sweet spot 
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for the S0 mode occurs at a wavelength of 11.9 mm and its amplitude becomes zero 
at 8.6 mm. As the employed transducer has a diameter of 9 mm, the experimental 
findings are not in full agreement with Giurgiutiu’s model in terms of piezo length 
and wavelength of the mode in order to find the peaks experimentally. Nevertheless, 
they qualitatively show the expected variation of the dominance between the 
fundamental modes. In support of this mismatch, we learn from the work of Pohl et 
al. that the correlation between the optimal excitation frequency and the geometry 
of the piezoelectric patch is only valid for very thin patches and fails for more thicker 
ones [93]. Their work demonstrated that dynamics, i.e. amplitude and direction at 
the resonances of the piezo-ceramics, control the Lamb modes generation more 
than the wavelength matching. The proposed empirical Lamb wave mode tuning 
obtained by 2DFFT exactly shows where and which modes, at lower and higher 
frequencies, are dominant in the composite plate. As such, this mode-tuning Lamb 
wave technique could be used for practical NDT inspections where a priori 
knowledge of the dominant S0 and/or A0 mode regimes is required. More details and 
advantages of the application of this new perspective on the 2DFFT will be discussed 
in the following sections for optimal frequency selection in view of proper 
delamination detection. 
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Figure 3.25: f-k image, a) without normalization for evaluating the attenuation dispersion 

curve, showing that A0 is the dominant wave mode in the range 75-266 kHz b) with 

normalization, showing the excitability dispersion curve of the out-of-plane wave modes. 
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Figure 3.26: Lamb wave mode tuning obtained using a Dakel IDK09 sensor on a 5 mm 

composite, a) amplitude variation versus frequency of the dominant wave modes, b) 

wavenumber-frequency dispersion curve of the dominant modes, c) wavelength-frequency 

dispersion curve of the dominant modes, d) phase velocity dispersion curve of dominant 

modes.  
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Figure 3.27: Wavenumber curve at the sweet spots, a) A0 sweet spot mode at 219 kHz with 

A0/S0 amplitude ratio of 5.15, b) S0 sweet spot mode at 290 kHz with S0/A0 amplitude ratio of 

2.46. 

 

 
Figure 3.28: Lamb wave mode tuning using active piezoelectric wafer sensors, 7 mm square 

with 0.2 mm thickness, mounted on a plate of 1 mm thickness, (a) simplified model results and 

(b) experimental testing results for varying excitation frequencies [91]. 
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3.8.2 Experimental results of conventional RAPID on bolted composite 

From the dispersion analysis of the composite plate (with 4 holes), we learned that 
the area under the A0 mode dominated portion of the amplitude curve (Figure 3.26a) 
is 6 times higher than for the S0 mode dominated portion. In other words, if one 
excites a transmitter using a sweep signal, it will almost look like a pure A0 mode 
excitation for any measurement system. Here, instead of choosing a single frequency 
of excitation, we will perform measurements using a sweep signal excitation with an 
A0 dominant mode for the image reconstruction using RAPID. More specifically, the 
experiment was carried out using a chirp excitation signal ranging from 30-750 KHz 
with a 400 μs duration. 
As a baseline situation, we inserted 4 bolts in the holes and tightened them with nuts 
on the back side of the plate. A round-robin measurement was performed in this 
situation, resulting in a set of 36 signals. In order to create some artificial 
modification, bolt number 1 was loosened and a set of 36 "current situation" signals 
were measured. Figure 3.29 displays the "modification" localization in the plate using 
RAPID, revealing a successful indication of the modification at the right position. 
 
Next, the experiment was repeated for a situation in which bolt number 3 is also 
loosened, at the same time as bolt number 1 (Figure 3.30), and for a situation in 
which bolt number 3 is kept loose and bolt number 1 is tightened again (Figure 3.31). 
As expected the damage localization algorithm identifies the changes with respect 
to the baseline condition (all four bolts tightened) in a correct manner. 
 
A complementary test was made to validate multiple defect detection by loosening 
both bolt number 2 and bolt number 4. Even though the hole position of 2 is not 
exactly on the intersection of diagonals, Figure 3.32 shows that both defects are 
clearly identified. 
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Figure 3.29: RAPID "modification" localization image obtained by loosening bolt number 1. 

Baseline = plate with all four bolts tightened. Eight transducers are positioned in a rectangular 

pattern plus one at the centre, indicated by filled-in grey circles. 

 

 

Figure 3.30: RAPID "modification" localization image obtained by keeping bolt number 1 loose 

and additionally loosening bolt number 3. Baseline = plate with all four bolts tightened. Eight 

transducers are positioned in a rectangular pattern plus one at the centre, indicated by filled-

in grey circles. 
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Figure 3.31: RAPID "modification" localization image obtained by tightening bolt number 1 

again and keeping bolt number 3 loose. Baseline = plate with all four bolts tightened. Eight 

transducers are positioned in a rectangular pattern plus one at the centre, indicated by filled-

in grey circles. 
 

 

Figure 3.32: RAPID "modification" localization image obtained by loosening bolts number 2 

and 4, while 1 and 3 are tightened. Baseline = plate with all four bolts tightened. Eight 

transducers are positioned in a rectangular pattern plus one at the centre, indicated by filled-

in grey circles. 
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3.9 Conclusion 

The capability of the linear conventional RAPID technique using a sparse array 
network of transducers was validated on a composite plate for the inspection of an 
impact defect and tightened/loosened bolts in flat and stiffened composite 
structures. The examples demonstrated that RAPID is a powerful technique for 
defect imaging, as long as the defects are situated within the area enclosed by the 
sparse array network. 
These exemplary studies using conventional RAPID were carried out under (fairly 
constant) laboratory conditions, ignoring common environmental changes such as 
temperature and humidity in the evaluation. Nevertheless, in reality, environmental 
variations may strongly influence and modify the consequence of a defect on the 
measured signals, resulting in a misinterpretation of the mismatch between a 
reference and a current signal, and in the occurrence of false alarms on the 
reconstructed images. To avoid this problem, we will develop an advanced nonlinear 
baseline-free Lamb wave based imaging technique in the next chapter. 
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Chapter 4                
Nonlinear RAPID for 
visualization of a hidden 
delamination 
 

 
 
 
 
 
 
 

4.1 Introduction on nonlinear wave based imaging 

Nonlinear NDT is a fairly new research area in the field of ultrasonic non-destructive 
testing. Consequently, imaging techniques based on the nonlinear response of the 
defects in the material have not been fully developed yet. Nonetheless, some 
interesting and thought-provoking results have been reported recently. A distinction 
should be made between local nonlinear imaging techniques and non-local ones.  
As an example of local nonlinear imaging techniques, Krohn et al. have shown that 
that internal (sub-surface) defects can be locally detected by mapping the 
distributed nonlinearity in the signals which are measured point-by-point on the 
sample surface, e.g. using a LDV [94]. As a second example of local nonlinear imaging, 
one can refer to the work of Ulrich et al. on time reversal (TR) imaging. In this 
technique,  nonlinear scatters have been identified by focusing high levels of energy 
on the sample surface using TR and by subsequently measuring the modulation of a 
high-frequency ultrasonic wave by a low-frequency vibration on the cracked surface 
using LDV [95]. 
As for the non-local imaging techniques, Kazakov et al. have demonstrated that 
cracks are truly nonlinear scattering sources. They have used reflections from these 
nonlinear sources in combination with a continuous low frequency excitation to 
create images. As a result, the amplitude and phase of the reflected signal from a 
nonlinear source (crack) will be modulated, whereas linear such as hole show no 
modulation [96]. More recently, Ohara et al. developed a novel imaging technique, 
the so-called subharmonic phased array for crack evaluation (SPACE), based on 
subharmonic waves and phased array processing to measure closed-crack such as 
stress corrosion cracks in the reactor mantle of a nuclear power plant [97].  
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In the previous chapter, it was shown that conventional RAPID (comparing intact to 
damaged states) is capable of visualizing (linear) defects provided the defect lies 
within the sensor network. In this chapter, a baseline-free RAPID imaging method 
based on nonlinear ultrasonic wave propagation characteristics is introduced and its 
feasibility is evaluated using experimental data for a delamination defect. The 
adjective ‘’baseline-free’’ suggests that the imaging algorithm does not require any 
information from the intact state of the sample. First of all, the dispersion curves for 
the composite sample containing the delamination will be fully examined in terms of 
excitability and attenuation. Next, a time and frequency analysis of the measured 
signals (using LDV) scattering from the delamination zone will be discussed. Finally, 
a novel empirical technique will be presented for the optimal frequency selection in 
order to carry out nonlinear Lamb wave measurements in pitch-catch experiments. 
The knowledge of the optimal frequency range is crucial in the performance of the 
nonlinear Lamb wave imaging method using the baseline-free RAPID concept. 
  

4.2 Characterization of a composite containing a 
delamination 

4.2.1 Determination of the dispersion curves 

At first, we determine the dispersion curves of the composite sample that will be 
used in this chapter. The composite contains a delamination, but this is irrelevant for 
now, as we focus on an intact part for the acquisition of the signals that will be used 
in the 2DFFT analysis. A DuraAct P-876/SP1 patch transducer was used for the 
characterisation as well as for the image reconstruction. 
The arrangement of the layers of the composite under inspection is given in Table 
4.1. The thickness of each lamina is 0.23 mm, and the density is 1490 kg/m3. The 
tensor of elasticity is represented in (4.1) in GPa unit. The elastic tensor and the other 
material constants are used to obtain the theoretical dispersion curves using the 
GUIGUW software [84] in order to compare with the empirical dispersion curves. 
 

: Arrangement of layers of composite containing a delamination. 

 

PLY Orientation 

P12 0 

P11 45 

P10 0 

P9 45 

P8 0 

P7 45 

P6 45 

P5 0 
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P4 45 

P3 0 

P2 45 

P1 0 

 

 

            

  

 

Figure 4.1 compares the numerical dispersion curve and the f-k image obtained by a 
LDV line-scan acquisition and subsequent 2DFFT analysis on the composite plate 
under consideration. Remark that the experimental A0 mode does not entirely match 
up with the numerical A0 curve due to the inaccurate elastic constants provided by 
the manufacturer. The images are normalized (for each frequency to the maximum 
value) in order to focus on the excitability (out of plane displacement on the surface) 
of the Lamb wave modes in the structure. It is obvious that the A0, S0, and A1 modes 
in the current measurement system are easily excited.  
The result demonstrates that, in the low frequency region below 150 kHz, the S0 
mode cannot be excited. Moving towards higher frequencies, S0 becomes more 
dominant; however, A0 alternately becomes dominant as well.  
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Figure 4.1: Wavenumber as a function of frequency (normalized 2DFFT of signals obtained by 

laser Doppler Vibrometer) for the composite sample considered in this chapter, using the P-

876 DuraAct patch transducer with broadband excitation (0.5 cycle at 750 kHz),  orientation 

0°. White lines are the numerical predictions for orientation 0°. 
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Figure 4.2: Dispersion curve analysis for the case of broadband excitation (0.5 cycle at 750 kHz) 

using the DuraAct P-876/SP1 patch, orientation 0°. a) amplitude variation versus frequency, b) 

wavenumber-frequency dispersion curve of the dominant wave mode, c) wavelength-

frequency dispersion curve of the dominant wave mode d) phase velocity dispersion curve of 

the dominant wave mode. 
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Apart from the knowledge of the excitability of the different Lamb modes, another 

basic factor which determines the optimal mode selection is the response amplitude 

of the Lamb waves as a function of frequency. Figure 4.3 (using DuraAct P-876/SP1) 

illustrate the “attenuation” dispersion curves (non-normalized f-k images obtained 

after 2DFFT) for three wave modes: A0, S0 and A1 and for half cycle broadband 

frequency excitation at 750 kHz. In other words, Figure 4.3a and b illustrate how the 

amplitude of the different wave modes varies as a function of the frequency. In 

support of what has been mentioned earlier, the S0 mode cannot be excited at low 

frequency region, and the region below 150 kHz is dominated by A0 mode. The S0 

mode becomes dominant around 250-650 kHz. The amplitude ratio of S0/A0, which 

is plotted in Figure 4.3c confirms that the range of 250-650 kHz exhibits a high S0/A0 

amplitude ratio for the current measurement set-up. Furthermore, three additional 

peaks with a high S0/A0 amplitude ratio can be observed including the frequencies at 

288 kHz and at 405 kHz which will be discussed and used in the following sections in 

view of the delamination identification using LDV. 

 

 

Figure 4.3: Comparison of wave modes obtained using the DuraAct P-876/SP1 patch 

transducer (broadband excitation, 0.5 cycle at 750 kHz, inspection at 45 degree), a) Amplitude 

comparison of S0, A0 and A1, b) close-up image in the high frequency region, c) S0/A0 amplitude 

ratio, the first two peaks at 288 kHz and 405 kHz are analysed in the following section.  
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4.2.2 Time domain analysis of a wave-delamination interaction 

A delamination in a multi-layered composite structure can arise during 
manufacturing or in service due to contamination or low velocity impacts 
respectively. Delaminations are internal defects that might be closed or open. When 
visually inspected from the composite surface, there is typically no indication of a 
defect of any kind. Since it is extremely difficult to control the delamination size in 
practice, we will consider an artificial delamination (Teflon insert) in this research, 
for which the location, dimensions and depth position within the thickness are well-
known. Figure 4.4 illustrates the conventional C-scan inspection of the studied 
composite containing the delamination. The delamination measures 20×20 mm in 
size and is located at a depth of 2.025 mm (measured from the top surface), which 
is at 75% of the total thickness. 
In the past, guided ultrasonic wave inspection of composites containing 
delaminations has been proposed as a promising technique. Nevertheless, the 
propagation of ultrasonic waves inside composite plates is quite complicated. 
Depending on the frequency used, various plate modes may propagate (Lamb 
waves) with different velocities. In addition, when ultrasonic waves propagate 
through a delamination defect in a composite plate, several types of wave behaviour 
and wave interactions might happen including the distortion of the wave front, mode 
conversion around the defect zone, wave trapping inside the defect region, spectral 
broadening due to nonlinear effects such as clapping, etc. Dedicated investigations 
show that these interactions depend on the size of defect, the depth of defect, the 
type of Lamb wave mode, the excitation frequency, the incidence angle, the 
excitation amplitude, etc.  
Figure 4.5 and Figure 4.6 display visualizations (snapshots) of typical defect-wave 
interaction phenomena that can be observed at a delamination defect zone. The 
experiment was performed using a Lamb wave excitation by means of a single 
DuraAct P-876/SP1 patch transducer and LDV acquisition scanning of the surface 
above the defect zone. The excitation frequencies were chosen to match the first 
two peaks observed in Figure 4.3c. Wavefront distortion in the form of an increased 
amplitude can clearly be observed at an excitation frequency of 288 kHz when the 
wave strikes the delamination zone at a 50° incidence angle, see Figure 4.5. The 
damage zone has been marked with a dashed rectangle. The wavefront distortion 
phenomena are also observed at 405 kHz as shown in Figure 4.6. However, it is 
apparent that the frequency of excitation affects the properties of the distorted 
wavefront. Whereas the wave-defect interaction at 288 kHz results in an increase in 
the amplitude within the delamination zone, it results in a reduction of the 
amplitudes at 405 kHz. Moreover, different incidence angles also have an influence 
on the wavefront distortion. For instance, the attenuation phenomena of the 405 
kHz excitation is more recognizable in Figure 4.6c and Figure 4.6d. As sparse array 
measurements basically consist of an inspection for many different incidence angles, 
it is reasonable to propose the Lamb wave based sparse array technique as a 
measurement system with potential for delamination detection. 
But first, in order to distinguish between the 288 kHz and 405 kHz wave-defect 
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interaction, spectral analysis will be carried out in the frequency domain in the 
following section. 
 

 

 
Figure 4.4: Conventional C-scan inspection of the studied composite containing a 20×20 mm 

delamination, illustrating amplitude attenuation of the through-transmission signals in the 

delamination zone. 

 

 

Figure 4.5: Wavefront distortion while entering a delamination region at an excitation 

frequency of 288 kHz, inspected under a 50˚ incidence angle. Snapshot taken at 44 µs. The 

dashed rectangle indicates the delamination zone (20×20 mm). 
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Figure 4.6: Wavefront distortion while entering a delamination region at an excitation 

frequency of 405 kHz, a- b) inspection under a 50˚ incidence angle, snapshot at 36.6 µs, c-d) 

inspection under a 220˚ incidence angle, snapshot at 37.6 µs. The dashed rectangle indicates 

the delamination location (20×20 mm). 

4.2.3 Spectral analysis of captured signals in a delamination zone 

Because of the complicated phenomena which may occur in the delamination zone, 
the interpretation and the analysis of Lamb wave propagation data using simple 
amplitude based ultrasonic methods is not straightforward. An alternative option is 
to consider the information contained in the signals in the frequency domain rather 
than in time domain. This will be beneficial to disclose the presence of nonlinearities 
arising from the defect region, and to use this observation in innovative imaging 
techniques.  
This concept (Spectral analysis employing laser Doppler vibrometer) was first 
developed and reported by Krohn et al. as a nonlinear vibrometry technique at the 
University of Stuttgart in 2000 [94,98–101]. This technique was later redefined as a 
local defect resonance (LDR) technique by Solodov et al. [75,102]. In the meantime, 
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Lee et al. had also shown that specific frequency components are sensitive to the 
defects in CFRP structures, and that the peak magnitudes at certain frequencies can 
be a good feature for defect detection [103][104]. Chen et al. have applied this 
acoustic laser vibrometry on CFRP-retrofitted concrete samples containing defects, 
exploiting a commercial loud speaker as an acoustic source [105,106]. 
All experiments in this section were carried out using the DuraAct P-876/SP1 patch 
as emitter, which is also the type of transducer that will be further used in the sparse 
array imaging. 
Referring to Figure 4.3a and Figure 4.3b, we noted that, within the high frequency 
region and particularly in the range of 250-500 kHz, the S0 mode (which is a mode 
with a high level of in-plane displacement, see later) will become dominant. To 
further investigate the reaction of the delamination defect in this range, the 
response centred at two frequencies are analysed in this section. All images in this 
section have been processed by means of the median filter. 
The first frequency that has been chosen is 288 kHz. 288 kHz is, on the one hand, the 
S0 sweet spot meaning that it has the highest amplitude in the S0 attenuation curve, 
see Figure 4.3a. On the other hand, the results shown in Figure 4.3c suggest that 288 
kHz might be suitable for the delamination detection due to its high S0/A0 amplitude 
ratio. The second peak observed in Figure 4.3c corresponds to an excitation 
frequency of 405 kHz, and this value was chosen as the second frequency for the 
spectral analysis. 
At first, we consider the spectral analysis of signals that were measured in the region 
of the delamination zone at an excitation frequency of 288 kHz using a 20 cycle sine 
burst. Figure 4.7 shows the total spectral energy (see equation (4.2)) of the (out-of-
plane) surface response measured by the LDV in the delamination zone.  

where 𝑋(𝑓) is the Fourier transform of the measured signal by LDV at the 𝑥𝑦 
position. It is obvious that most of the energy is trapped within the delamination 
region. To further investigate the nonlinear behaviour, the overall complex averaging 
of the 2D LDV-scan measured signals was calculated in the frequency domain 
according to Equation (4.3).  

 
where xn(t) is the nth signal measured at the damaged zone, and 𝑁 is the total 
number of signals captured at the defect region. The result clearly shows a lot of 
interesting frequencies that can be investigated individually by spectral analysis of 
the 2D set of signals. 

 𝛺𝑥𝑦 = ∫ |𝑋(𝑓)|2 𝑑𝑓
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The result is shown in Figure 4.8, and clearly reveals the presence of the second and 
third harmonics of the excitation frequency in the spectrum, as well as a low 
frequency component. The amplitude scan, filtered at the excitation frequency (288 
kHz) and at its second harmonic (576 kHz) are displayed in Figure 4.9 and Figure 4.10 
respectively. The peak-to-average ratio in the image for the second harmonic is 4.7, 
whereas this value is 3.8 for the excitation frequency at 288 kHz. As a result, it can 
be concluded that 288 kHz is indeed the fundamental local defect resonance of the 
delamination, while 288 kHz is a higher local defect resonance which occurs at the 
S0 sweet spot with a high ratio level of S0/A0 (see Figure 4.3c).  

  
Figure 4.7: Total spectral energy of the surface response in the delamination zone (20×20 mm) 

using a 288 kHz frequency excitation, showing that most of energy is trapped within the defect 

zone. 

  

Figure 4.8: Modulus of the overall complex averaging of the 2D LDV-scan measured signals in 

the frequency domain, as response to a 288 kHz frequency excitation. Note that the first peak 

which occurs around 17 kHz is related to a sample resonance. 
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Figure 4.9: Frequency evaluation of the surface response in the delamination zone filtered at 

288 kHz, as response to a 288 kHz frequency excitation. 

 

 

Figure 4.10: Frequency evaluation of the surface response in the delamination region filtered 

at 576 kHz, as response to a 288 kHz frequency excitation, showing the nonlinear response of 

delamination. 

 

The second spectral domain investigation was carried out at an excitation frequency 
of 405 kHz. Figure 4.11 shows the total spectral energy of the signals received in the 
delamination zone. Here, the borders of the delamination zone are clearly visible, 
rather than the interior part as in the case of the 288 kHz excitation. The overall 
complex averaging spectrum of the 2D LDV-scan measured signals is illustrated in 
Figure 4.12. In contrast to the previous investigation, no component in the second 
or higher harmonic is noticeable in the complex averaged spectrum. Filtered 
responses at the fundamental and at the second harmonic, as response to a sine 
burst excitation at 405 kHz, are provide in Figure 4.13 and Figure 4.14. Similarly to 
Figure 4.11, Figure 4.13 illustrates that only the delamination borders are visible in 
the frequency response of the measured signals filtered at 405 kHz. The analysis at 
the second harmonic 810 kHz, upon exciting at 405 kHz, does not show that similar 
pattern at all, see Figure 4.14.  
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Figure 4.11: Total spectral energy of the surface responses in the delamination zone (20×20 

mm) using a 405 kHz frequency excitation, showing most of energy is trapped at borders of 

delamination. The peak-to-average ratio 9.6. 

 

  

Figure 4.12: Modulus of the overall complex averaging of 2D LDV-scan measured signals in the 

frequency domain as response to a 405 kHz frequency excitation, showing no harmonics at the 

high frequency range. Note that the first peak which occurs around 17 kHz is related to a 

sample resonance. 

 

 

Figure 4.13: Frequency evaluation of the surface response in the delamination zone filtered at 

405 kHz, as response to a 405 kHz frequency excitation. 
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Figure 4.14: Frequency evaluation of the surface response in the delamination region filtered 

at 810 kHz as response to a 405 kHz frequency excitation, showing merely random chaotic 

noise. 

4.3 Lamb waves: Pitch-catch optimal defect frequency 
(PC-ODF) selection technique 

As a local defect resonance (LDR) represents a local behaviour, the use of LDR 
frequencies is beneficial in NDT when the acquisition of the signals can take place on 
top of a defect and/or when the signals are measured using a receiver that is close 
to the defect zone. Considering the fact that a sparse array measurement system (as 
is used in RAPID) is only capable of measuring signals in a pitch-catch configuration, 
we can imagine that the ideal LDR conditions not necessarily provide the best 
suitable frequency for defect detection in an SHM system. Therefore, to optimize 
RAPID, we will first need to search for the frequency with the strongest wave-defect 
interaction, manifested by the highest attenuation in the pitch-catch configuration. 
This pitch-catch optimal defect frequency (PC-ODF) range will then be further used 
for the new concept of nonlinear baseline-free imaging. 
To illustrate the procedure to find the PC-ODF range for Lamb waves in a  Pitch-catch 
configuration, an experiment was conducted using a two LDV line-scanning 
acquistions as a response to the DuraAct patch P-876/SP1 transducers. The 
schematic configuration for the measurement of the optimal frequency selection 
technique is shown in Figure 4.15. 
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Figure 4.15: Schematic configuration using an LDV line scan measurement for optimal Lamb 

wave frequency selection.  

Signals were measured in both intact and delaminated paths. Initially, a broadband 
excitation (0.5 cycle, 750 kHz) was fed into the P-876/SP1 patch transducer, and the 
acquired signals along a line path through each zone are then processed with 2DFFT 
to obtain f-k corresponding images, as shown in Figure 4.16. It is clearlry visible that 
the high frequency content is highly attenuated when the broadband excitation 
propagates through delamination zone.  
Figure 4.16 shows both f-k images, analyzed over the intact path and the 
delamination paths in response to an excitation using the DuraAct P-876/SP1 patch. 
The images are shown in dB units to get a clear vision on the entire dispersion curve. 
Again, the variation in the high frequency content is clearly observed, particulary for 
the S0 wave mode. In addition, one may notice the complete loss of energy in the 
range of 350-410 kHz when the propagation is considered through the delaminated 
zone. 
To further investigate the images, we focus on the dispersion curves of the 
dominating wave modes obtained for both intact and delamination states. Figure 
4.17 illustrates the wavenumber versus frequency results. It is apparent that the 
higher order modes, which dominate the high frequency regime for the intact path, 
have been converted to an A0 wave mode when considering the delaminated zone. 
Along the intact path we observe that the S0 mode dominates within the frequency 
range of 350-410 kHz. However, when evaluating the propagation through the 
delamination zone, the out of plane displacement of this mode has almost 
completely vanished.  
Figure 4.17a and b clearly shows why the instantaneous wavenumber (IW) 
technique, which was recently introduced by  Mensil et al. [107], is a sensitive 
method to characterize the delamination locally. In their report, they showed that 
wavenumber is increasing above the delamination zone. This phenomena is 
unambiguously visible from our dominant wavenumber dispersion curve assessment 
as well. For instance, for an excitation frequency in the range of 250-340 kHz, and a 
range of an intermediate sensitivity, the S0 wave mode is converted to a higher 
wavenumber wave mode (A0) when traveling through the delamination zone. This is 
in accordance with Figure 6a in [107]. 
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Figure 4.16: f-k image shown in dB units obtained after analysis of signals acquired in response 

of a 0.5 cycle, 750 kHz excitation using the DuraAct P-876/SP1 patch transducer, considering 

a) a path through intact region, b) a path through the damaged region. The results show the 

dissipation of the high frequency content in the second case (delamination region) particulary 

in the range of 350-410 kHz. 

 
In addition to the wavenumber dispersion curves, the phase velocity dispersion 
curves also confirm the phenomenon of mode conversion to the A0 wave mode at 
higher frequencies as well as the complete energy dissipation in the frequency band 
of 350-410 kHz as shown in Figure 4.18. This can be equally explained by the 
wavelenght dispersion curve, see Figure 4.19.  
As a conclusion, we can safely state that the band 350-410 kHz is a highly sensitive 
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frequency range. The adjacent bands of 250-350 kHz and 410-700 kHz are bands with 
intermediate sensitivity, while the range of frequencies below 250 kHz can be 
regarded as an insensitive range. Note that the high order local defect resonance at 
288 kHz we identified in the previous section is located in the intermediate sensitivity 
range. 
 
 

 

Figure 4.17: Wavenumber dispersion curve of the dominant wave modes obtained after 

analysis of signals acquired in response of a 0.5 cycle, 750 kHz excitation using the DuraAct P-

876/SP1 patch transducer, considering a) a path through intact region, b) a path through the 

damaged region. The results confirm the complete disappearance of modes in the highly 

sensitive range of 350-410 kHz, and mode conversion to A0 mode in the range of 250-350 and 

410-700 kHz. There is no sensitivity to the defect in the lower frequency band ≤ 250 kHz. 
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Figure 4.18: Phase velocity dispersion curve of the dominant wave modes obtained after 

analysis of signals acquired in response of a 0.5 cycle, 750 kHz excitation using the DuraAct P-

876/SP1 patch transducer, considering a) a path through intact region, b) a path through the 

damaged region. The results confirm the complete disappearance of modes in the highly 

sensitive range of 350-410 kHz, and mode conversion to A0 mode in the range of 250-350 and 

410-700 kHz. There is no sensitivity to the defect in the lower frequency band ≤ 250 kHz. 
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Figure 4.19: Wavelength dispersion curve of the dominant modes obtained after analysis of 

signals acquired in response of a 0.5 cycle, 750 kHz excitation using the DuraAct P-876/SP1 

patch transducer, considering a) a path through intact region, b) a path through the damaged 

region. The results confirm the complete disappearance of modes in the highly sensitive range 

of 350-410 kHz, and mode conversion to A0 mode in the range of 250-350 and 410-700 kHz. 

There is no sensitivity to the defect in the lower frequency band ≤ 250 kHz. 

 
Again, we conducted a narrowband frequency excitation to acquire extra 

information. The images are once shown in the same scale in order to evaluate the 

attenuation, and also in normalized form (i.e. normalized to the maximum 

amplitude) in order to illustrate the mode conversion in a better way. 

Figure 4.20 displays an example of an amplitude reduction at the 378 kHz frequency 

excitation. It is apparent that the S0 mode is the dominant mode at this frequency 

when using the DuraAct patch excitation. Figure 4.20c and d illustrate that the S0 

mode totally disappears at 378 kHz. Since the A0 and A1 modes are slightly stronger 

than attenuated S0 wave mode, they will emerge on the f-k image obtained through 

the delamination zone. A severe amplitude dissipation of 97.6% is observed inat this 

frequency, as shown in Figure 4.21.   
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Figure 4.20: f-k image comparison of a narrowband frequency at 378 kHz using the DuraAct P-

876/SP1 transducer a) intact path b) path running through the delamination zone, illustrating 

an amplitude reduction of the S0 mode, c) normalized f-k image of (a) , d) normalized image of 

(b) showing that A0 and A1 becomes slightly dominant over the attenuated S0 mode. 

 

   

Figure 4.21: Wavenumber dispersion curve of the dominant wave modes obtained after 

analysis of signals acquired in response of a narrowband 378 kHz excitation using the DuraAct 

P-876/SP1 patch transducer, illustrating a 97.6% amplitude reduction of the S0 mode when 

passing through the delamination path. 
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As another example in high frequency domain, a narrowband excitation at 510 kHz 
was processed.  Note that this frequency is located outside of the aformentioned 
frequency range of 350 to 410 kHz discussed earlier. As shown for the intact 
propagation path image (see Figure 4.22), the A1 mode is dominant this time. 
However, when passing through the delamination zone, the out of plane 
displacement of A1 mode dispaears and therefore A0 and S0 modes becomes 
dominant. Figure 4.23 reveals a 67% amplitude reduction in the frequency content 
of the A1 mode upon propagating through the defect zone instead of an intact region. 
Counter examples of the above mentioned phenomena using DuraAct P-876/SP1 
patch excitation can be observed by looking at low frequencies. Responses to 
excitation at 50kHz and 150 kHz are displayed in Figure 4.24 and Figure 4.25. No 
mode varation can be observed for these frequencies. Figure 4.26 illustrates a 
significant, but not drastic, 27% amplitude reduction of the A0 content due to the 
delamination defect. 
Based on this study, we concluded that the frequency 378 kHz was the best 
frequency to be selected for the further nonlinear Lamb wave imaging due to its 
highest amplitude dissipation.  
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Figure 4.22: f-k image comparison of a narrowband frequency at 510 kHz using the DuraAct P-

876/SP1 transducer a) intact path b) path running through delamination zone, illustrating an 

amplitude reduction of the A1 mode, c) normalized f-k image of (a), d) normalized image of (b) 

showing mode conversion from A1 to S0 and A0. 

 

 

Figure 4.23: Wavenumber dispersion curve of the dominant wave modes obtained after 

analysis of signals acquired in response of a narrowband 510 kHz excitation using the DuraAct 

P-876/SP1 patch transducer, illustrating a 67% amplitude reduction of the A1 mode when 

passing through the delamination path. 
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Figure 4.24: f-k image comparison of a narrowband frequency excitation at 50 kHz using the 

DuraAct patch transducer, a) intact path, b) path running through delamination zone, 

revealing no mode conversion of A0. 

 

 

Figure 4.25: f-k image comparison of a narrow band frequency excitation at 150 kHz using the 

DuraAct patch transducer, a) intact path, b) path running through delamination zone, 

revealing no mode conversion of A0. 

 

 

Figure 4.26: Comparison of the wavenumber dispersion curve (intact versus delaminated path) 

of the dominant wave modes obtained after analysis of signals acquired in response of a 

narrowband 150 kHz excitation using the DuraAct P-876/SP1 patch transducer, showing a 27% 

A0 amplitude reduction when passing through the delamination path. 
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4.4 Nonlinear mesoscopic elastic material 

It has been demonstrated by several researchers that damaged (atomic) elastic 
materials respond similar to a nonlinear mesoscopic elastic (NME) material such as 
rock and concrete. In contrast to the intact materials like lucite or plexiglass, which 
possess atomic linear elasticity, NME materials exhibit a nonlinear mesoscopic 
elasticity [108–112]. Whereas classical nonlinear elasticity can be described by a 
higher order expansion of stress versus strain attributed to an asymmetry in the 
intermolecular potential, non-classical nonlinearity of NME materials arises from 
hysteresis in the stress-strain response due to the presence of damage [113], which 
results in ultrasonic wave distortion. This classical and non-classical nonlinear wave 
distortion gives rise the resonance frequency shift as a function of excitation 
amplitude [114,115], generation of higher harmonics [114,116], nonlinear 
attenuation [117] and wave modulation [118]. 
Hysteresis effects may result from internal friction in flaws such as cracks, grain 
boundaries, and delaminations. The particular dynamic behaviour of these features 
absorbs energy, resulting in attenuation of the sound wave, and the creation of non-
classical nonlinear waves [96]. For example, a hysteresis stress-strain relation can be 
the result of a transition between static (stick mode) and kinematic (slide mode) 
friction under the action of a harmonic shear wave strain 휀 [119] in which the period 
of contact stiffness varies twice with the period of the input strain, generating odd 
higher harmonics [120,121]. Validation experiments and simulations have indeed 
demonstrated that in a pure hysteretic system, the even harmonics cannot be 
generated [106,112]. The various experimental and theoretical methods, developed 
for non-classical nonlinear waves in metals, rocks and concrete, can also be 
employed in the study of composite materials containing a delamination. 
A simple mathematical description for the nonlinear constitutive relation between 
stress 𝜎 and strain 휀 in 1D, involving both classical and non-classical nonlinear effects 
up to second approximation for the stress, can be formulated as follows [114]: 

 
𝜖 =

𝜕𝑢

𝜕𝑥
 , 

 
 

 
𝜖̇ =

𝑑𝜖

𝑑𝑡
 ,  

 
𝜎 = ∫ 𝐸(𝜖, 𝜖̇)𝑑𝜖,  

 
𝑤𝑖𝑡ℎ 𝐸(𝜖, 𝜖̇) = 𝐸0(1 − 𝛽휀 − 𝛿휀2 − 𝛼[∆휀 + 휀 × 𝑠𝑖𝑔𝑛(𝜖̇) + ⋯ ]),  

 
 𝑎𝑛𝑑 {

𝑠𝑖𝑔𝑛(𝜖̇) = 1  𝑖𝑓 𝜖̇ > 0   

𝑠𝑖𝑔𝑛(𝜖̇) = −1  𝑖𝑓 𝜖̇ < 0,
  

where 𝐸0 is the linear elastic modulus, ∆휀 is the maximum strain amplitude over the 
previous period, 𝛽 and 𝛿 are classical second and third order nonlinear coefficients 
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respectively, and 𝛼 is a measure of the material hysteresis.  
Kazakov et al. have demonstrated that cracks are nonlinear scattering sources. They 
have shown that cracks induce a nonlinear amplitude and phase modulation of high 
frequency waves when probed in combination with a continuous low frequency 
excitation. Next, they analysed the scattering from these nonlinear sources to 
reconstruct images of the defects. Linear scatterers such as a hole display no 
modulation and do not show up in the nonlinear image [96]. 
In the following, we will demonstrate that the dissipation of the S0 energy as 
observed in section 4.3 for the excitation frequency of 378 kHz, could also be 
interpreted as a source of nonlinearity. This non-classical nonlinearity can then be 
further quantified in order to reconstruct an image of the nonlinear source, such as 
a closed delamination in this research. To do this, we first need to update the 
classical RAPID imaging algorithm in order to make it accountable for the presence 
and degree of nonlinearity. 

4.5 Nonlinear RAPID imaging algorithm 

As mentioned above, nonlinearity in the wave propagation manifests itself in 
different ways: frequency shifts, phase shifts, lack of scalability and harmonic 
generation. One way to explore the presence of nonlinearity is to evaluate the 
sample response after being excited at multiple levels of pulse amplitudes. If 
nonlinearity is present, the response to a high and low amplitude level excitation will 
be different. The difference between the two signals, either due to frequency shifts, 
phase shifts, nonlinear attenuation or harmonic generation, will then serve as an 
indicator of nonlinearity (linked to a damage feature) in the sample. This is quite 
interesting for the RAPID algorithm, since 1) the response to different amplitude 
levels can be obtained subsequently without having to account for environmental 
changes, and 2) the nonlinear response is damage selective. 
In the new RAPID concept, the “baseline” and the “current” or “damaged” signals 
are substituted by the “low amplitude excitation response” and by the “high 
amplitude excitation response”, respectively.  
 
The other equations (3.9), (3.10) and (3.11) used in the reconstruction procedure 
remain the same as in the conventional linear RAPID. Various formulations for the 
signal difference coefficient 𝑆𝐷𝐶𝑖𝑗  can be chosen, involving operations such as the 

correlation coefficient, scaling subtraction, or third harmonic analysis.  
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4.5.1 Correlation coefficient for nonlinear imaging 

The signal difference coefficient based on the correlation coefficient for the path i→j 
for nonlinear imaging can be defined as follows: 

 𝜌𝑖𝑗 =
𝐶𝑜𝑣(𝑟𝑖𝑗

𝑙 (𝑡), 𝑟𝑖𝑗
ℎ(𝑡))

𝑆𝐷(𝑟𝑖𝑗
𝑙 (𝑡))𝑆𝐷(𝑟𝑖𝑗

ℎ(𝑡))
,   

 𝑆𝐷𝐶𝑖𝑗 = 1 − 𝜌𝑖𝑗 ,   

where 𝑟𝑖𝑗
𝑙 (𝑡), 𝑟𝑖𝑗

ℎ(𝑡) and 𝑆𝐷 are the received signals at low excitation amplitude, the 

received signals at high excitation level and the standard deviation, respectively.  
It should be mentioned that the correlation coefficient is not primarily sensitive to a 
pure amplitude variation. In order to show the relative insensitivity of the amplitude 
and highlight the sensitivity of the correlation coefficient to either time of flight 
variation or frequency change, we created a simple synthetic sine signal at low level. 
A white Gaussian noise pattern with a standard deviation of 0.1 was added to the 
signal in order to simulate the presence of noise as on the experimental signals. A 
second signal, which we call “high amplitude”, was created to play the role of the 
response to a high level excitation in the measurements. In fact, the high amplitude 
signal was simply considered to be a copy of the pure synthetic sine signal at 
different levels (before adding noise), see Figure 4.27a for the low and high 
amplitude signals with a ratio of 100. 
 
 At first, an analysis was conducted in which only the amplitude of the second signal 
changes gradually.  In Figure 4.27b, the up-scaled low excitation signal and the high 
amplitude signal are compared for a ratio of amplitudes equal to 100.  Note that the 
up-scaled signal (also called the reference signal) for each path i→j can be defined 
as: 

 
𝑟𝑖𝑗

𝑟𝑒𝑓
(𝑡) = (

𝐴ℎ
𝐴𝑙

⁄ )  𝑟𝑖𝑗
𝑙 (𝑡),  

where 𝑟𝑖𝑗
𝑙 (𝑡) is the measured signal at low excitation level, and 𝐴ℎ  and 𝐴𝑙  are the high 

and low amplitude excitation levels respectively. 𝑟𝑖𝑗
𝑟𝑒𝑓

(𝑡) serves as the reference 

signal which will be compared to the measured signal at the high amplitude level 

𝑟𝑖𝑗
ℎ(𝑡) in order to calculate the signal difference coefficient 𝑆𝐷𝐶𝑖𝑗. 

In the second study, we also considered a gradual frequency change up to 2 kHz 
along with the amplitude change, see Figure 4.27c for the case of amplitude ratio 
100 and frequency change of 2 kHz. Finally, in the third analysis, a gradual phase shift 
up to 2 μs was added to the signal along with the amplitude change, see Figure 4.27d 
for the case of amplitude ratio 100 and phase shift of 2 μs. 
Figure 4.28 illustrates the change of the correlation coefficient in the three above 
scenarios as function of the amplitude ratio for the high to low amplitude signal. It is 
apparent that a simple (linear) amplitude variation does not influence the correlation 
coefficient. Nevertheless, the correlation coefficient turns out to be a suitable 
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damage sensitive parameter when either the frequency or the time of flight will vary. 
Frequency broadening due to harmonic generation and phase shifts are exactly 
features that are induced by nonlinearity. The proposed SDC should therefore be an 
excellent parameter to be used in the new nonlinearity based imaging concept.  
Note that a frequency or a time of flight variation is not necessarily induced by 
nonlinear effects. Such variations might also occur due to linear effects. For instance, 
if one compares response signals at the same excitation levels from two different 
states (intact and damaged), these phenomena may also be observed. However, 
since we are examining the responses at different amplitude levels in the same 
damaged state of the material, these variations can be attributed to the nonlinear 
effects. 
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Figure 4.27: Synthetic signals used for correlation coefficient assessment, a) high and low level 

signals (ratio 100:1) without up-scaling, b) comparison of the up-scaled low and a high level 

signal when only the amplitude changes, c) effect of the amplitude change combined with a 2 

kHz variation in the frequency of high level signal, d) effect of the amplitude change combined 

with a 2 μs phase shift in the high level signal. 
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Figure 4.28: Comparison of the correlation coefficient as a damage sensitive parameter in case 

of amplitude/frequency/phase modifications of a synthetic sine burst. No variation in the 

correlation coefficient is observed when there is only a linear amplitude variation. On the other 

hand, the correlation coefficient turns out to be a sensitive damage parameter when either the 

frequency or the phase varies.  

4.5.2 Scaling subtraction method (SSM) for nonlinear imaging 

Another indicator of nonlinearity is simply the lack of scalability of its response. If the 
response exactly scales with the amplitude of the excitation, the system can be 
considered linear. If there is a lack of scalability it will be nonlinear. The lack of 
proportionality in the received signals can be easily tested by acquiring two 
responses at high and low excitation levels. If nonlinearity is present the two 
response will be different. The difference between the two signals, rescaled by the 
ratio of the excitation levels, which is called the SSM signal, will then serve as an 
indicator of nonlinearity (linked to a damage feature) in the sample. Recently, Bruno 
et al. reported that, due to the fact that the SSM based nonlinearity indicator 
includes both amplitude and phase modifications, it is the most promising tool for 
damage detection in view of applications [124].  
In practice, the measured signals are first rescaled in order to eliminate the 
amplitude variation in the acquired signals. This rescaling operation can be 
implemented as follows: 

 
𝑋(𝑡)𝑠 =

𝑋(𝑡)−𝑜𝑓𝑓𝑠𝑒𝑡

𝑠𝑐𝑎𝑙𝑒
,  

where 𝑋(𝑡) is the measured signal, and offset and scale are expressed as: 
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 𝑜𝑓𝑓𝑠𝑒𝑡 = 𝑋(𝑡)𝑚𝑖𝑛 + 𝑠𝑐𝑎𝑙𝑒,   

 
𝑠𝑐𝑎𝑙𝑒 =

𝑋(𝑡)𝑚𝑎𝑥−𝑋(𝑡)𝑚𝑖𝑛

2
.    

   

The SSM signal is then simply obtained by a subtraction of the scaled high and low 
amplitude responses as expressed in equation (4.15). Finally, by calculating the 
energy of the SSM signal, we obtain a damage sensitive nonlinear indicator (equation 
(4.16)): 

 𝑆𝑆𝑀𝑖𝑗(𝑡) = 𝑟𝑖𝑗,𝑠
ℎ (𝑡) − 𝑟𝑖𝑗,𝑠

𝑙 (𝑡),    

 
𝑆𝐷𝐶𝑖𝑗 =

1

𝑛𝑇
∫ 𝑆𝑆𝑀𝑖𝑗

2𝑛𝑇

0
(𝑡).      

Here  𝑟𝑖𝑗,𝑠
ℎ (𝑡)  and  𝑟𝑖𝑗,𝑠

𝑙 (𝑡)  are the scaled high amplitude signal and the low amplitude 

signal respectively, and 𝑛𝑇 is a multiple of the signal period, which will be further 
evaluated and quantified for Lamb wave imaging. 
As in the case of the correlation coefficient, it is important to mention that the SSM 
is highly sensitive to time of flight and frequency variations in addition to amplitude 
changes. Figure 4.29, for an integration over a pulse length of 200 μs, illustrates that 
both time of flight and frequency alterations influence the energy of the SSM signal 
to a similar extent. However, if one reduces the signal integration length and 
considers only the initial part of the signal (e.g. first 40% of the signal, 80 μs), the 
results reveal that the energy of the SSM signal is higher for a time of flight variation 
than for a frequency variation. This dominant effect of phase variations can also be 
assessed by simply comparing the initial parts of the signals in Figure 4.27b and 
Figure 4.27c. 
 

  

Figure 4.29: Energy of the SSM signal as a function of a) a time of flight variation up to 2 μs, b) 

a frequency variation up to 2 kHz, for a synthetic signal at 100 kHz and a length of 200 μs. 

 

b a 
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Figure 4.30: Energy of the SSM signal as a function of a) a time of flight variation up to 2 μs, b) 

a frequency variation up to 2 kHz, for a synthetic signal at 100 kHz and a length of 80 μs. 

4.5.3 Third harmonic ratio 

The occurrence of a delamination between lamina of a composite structure is usually 
accompanied by frictional slip at the contacting interfaces when excited by an 
oscillating tangential traction. This phenomenon naturally results in the generation 
of odd harmonics. Therefore, the evaluation of the third harmonic in high amplitude 

signals 𝑟𝑖𝑗
ℎ(𝑡) can also be considered as a measure of “damaged induced signal 

difference” (assuming that the low amplitude response is free of harmonics). As 
such, a third possibility for the formulation of the 𝑆𝐷𝐶𝑖𝑗  can be expressed as follows 

[117]:  

 
𝑆𝐷𝐶𝑖𝑗 = (

𝐴3

𝐴1
2)

ℎ
,   

where 𝐴3 and 𝐴1 are, respectively, the third harmonic and fundamental amplitude 
of the high amplitude response, and the subscript ℎ gives a reference to the high 

amplitude signal, 𝑟𝑖𝑗
ℎ(𝑡). 

 
If a system is purely linear, noiseless and exhibits no nonlinear behaviour, the 𝑆𝐷𝐶𝑖𝑗  

value is 0. However, if there is a source of non-linearity inside the sample, e.g. a 
delamination or an impact damage, the SDC values may vary for specific transmitter-
receiver pairs depending on the propagation path. 
In reality, any composite sample, even an intact one, will not behave purely linearly. 
Consequently, the 𝑆𝐷𝐶𝑖𝑗  values are not necessarily 0 for intact paths as well. 

Nevertheless, we expect to see a far larger nonlinearity in the damaged paths with 
respect to the intact paths. This last remark is of course valid for any of the SDC 
formulations. 
 
 
 

a b 
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4.6 Amplitude-dependent dynamic response in a 
composite containing a delamination 

In order to construct a probabilistic image based on the nonlinearity generated by 
the interaction of defects with Lamb waves, we recall that 378 kHz was found to be 
the pitch-catch optimal defect frequency for the considered composite plate 
containing the delamination. As discussed at length in the previous sections, the 
results at this optimal frequency showed a strong interaction with the delamination 
defect, manifested by a 97.6% amplitude reduction. Therefore, 378 kHz was selected 
as the excitation frequency to work with, and sine bursts at 378 kHz were fed into 
the transducers of the sparse array network in a round-robin fashion. Response 
signals were measured at different excitation levels for further nonlinear amplitude-
dependent investigations. For the construction of the images, it suffices to select two 
suitable low and high excitation levels, as explained in the section 4.5.  
Figure 4.31 shows a typical superposition of the up-scaled of low amplitude signal  

𝑟𝑖𝑗
𝑙 (𝑡) and the measured 𝑟𝑖𝑗

ℎ(𝑡) at one of the higher amplitude levels. In the zoomed-

in representation, Figure 4.31b, signal attenuation and a phase shift can be observed 
for the high excitation level response. It should be mentioned that the amplitude of 
the high level response signal is commonly a little smaller than the up-scaled low 
amplitude level response due to the generation of higher harmonics which takes out 
energy from the fundamental component [117]. This phenomenon has also been 
demonstrated by Bruno et al. [124]. Note, however, that this should not be confused 
with the phenomenon of nonlinear attenuation, which is due to an amplitude 
dependent energy transfer into heat, for instance. 
 
We selected the low level excitation amplitude to be used for the construction of the 
reference signal by comparing the spectral response at 2 V to the low signal spectra 
at 0.1 V and 0.2 V, as shown in Figure 4.32a and Figure 4.32b respectively. The ratio 
of the third harmonic of the high amplitude response (2V) to the corresponding 
component of the low amplitude response at 0.1 V results in a factor of 3.36. For the 
0.2 V input, the ratio increased a little to 3.55. Based on this result, we selected 0.2 
V as the low level excitation amplitude for further analysis. More details about the 
influence of noise levels on the detection of nonlinearity using a multiple excitation 
level technique can be found in [125]. 
After the selection of the suitable low level excitation, response signals were 
acquired at different excitation levels, and analysed in comparison with the 
accordingly up-scaled reference signal in order to obtain the amplitude dependent 
correlation coefficient (4.19), energy of SSM signal (4.20), and nonlinear third 
harmonic ratio (4.21). The amplitude levels for the high amplitude excitation vary 
from 𝑞 = 0.4 𝑉 to 𝑞 = ℎ = 2 𝑉. Amplitude-dependent curves are obtained for each 
case. 
According to Scalerandi et al., the initial part of the response signal (near the arrival 
time) is the best part of the signal to be analysed for nonlinearity [109]. In view of 
this, two different signal lengths, measuring 125 T and 250 T, are therefore used in 
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this investigation. For a signal at 378 kHz, the period (T) equals 2.64 µs: 

 𝑟𝑖𝑗
𝑞(𝑡),   𝑞 = 0.4 ,0.6, … , ℎ = 2,  

 
𝜌𝑖𝑗 =

𝐶𝑜𝑣(𝑟𝑖𝑗
𝑞

(𝑡), 𝑟𝑖𝑗
𝑙 (𝑡))

𝑆𝐷(𝑟𝑖𝑗
𝑘(𝑡))𝑆𝐷 (𝑟𝑖𝑗

𝑟𝑒𝑓
(𝑡))

,   

 𝑆𝑆𝑀𝑖𝑗(𝑡) = 𝑟𝑖𝑗,𝑠
𝑞 (𝑡) − 𝑟𝑖𝑗,𝑠

𝑙 (𝑡),   

 
𝑇ℎ𝑖𝑟𝑑 ℎ𝑎𝑟𝑚𝑜𝑛𝑖𝑐 𝑟𝑎𝑡𝑖𝑜 = (

𝐴3

𝐴1
2)

𝑞

.    

 

 

Figure 4.31: Typical measured signal along one single path in the sparse array network, using 

P-876/SP1 DuraAct patch transducer at 378 kHz, and a burst excitation of 250 cycles, for a high 

amplitude level (dotted red curve), in comparison with the up-scaled low amplitude response 

(full blue curve). The zoomed-in representation clearly shows the presence of a phase shift in 

the high amplitude response, and an amplitude which is a little smaller than the up-scaled low 

level response due to the energy transfer towards higher harmonics. 

 

a 

b 



NONLINEAR RAPID FOR VISUALIZATION OF A HIDDEN DELAMINATION 

 

130 
 

 

 

Figure 4.32: Low level excitation selection, showing an overall higher noise level in 0.1 V 

acquisition compared to the 0.2V response: a) spectrum of the 0.1 V input response overlaid 

on the spectrum for a 2V input (high) with third harmonic-to-noise ratio of 3.36, b) spectrum 

of the 0.2 V overlaid on the spectrum for a 2V input (high) input response with third harmonic-

to-noise ratio of 3.55. 

 
Figure 4.33 illustrates the position of the transducers within the sparse array 
network, relative to the considered delamination defect. Before evaluating the 
aforementioned damage sensitive parameters for the entire set of experimental 
data obtained by the sparse array imaging, two exemplary cases showing path 
dependent differences are first investigated in detail as follows: 

 Paths T1R5 and T3R7 are studied as an example of an intact and a damage 

path, respectively, with a propagation distance of 28.2 cm (20𝜆). 

 Path T2R3 and T6R5, both being intact paths, with a propagation distance 

of 10 cm (7𝜆) are studied as a counter example. 

Note that the excitation levels which are mentioned in this section are the input 
values before amplification. For the real amplitude levels that were fed into the 
transducer, the excitation levels should be multiplied by a factor of 50. 
 

a 

b 
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Figure 4.33: Arrangement of the transducers within the sparse array network on the composite 

plate for the nonlinear Lamb wave imaging. The circles indicate the position of the transducers 

as well as their numbers in the sparse array measurement. The position of the delamination is 

represented by the black square. 

 

4.6.1 Comparison of an intact path with a delamination path  

The measured ‘high amplitude’ signals (for q=h=2V) in path T1R5 and path T3R7 are 
compared in Figure 4.34. A strong 67% amplitude reduction due to the delamination 
is apparent in Figure 4.34a. Furthermore, Figure 4.34b and Figure 4.34c compare the 
high (2 V) and properly scaled low level (0.2 V) response signals in both paths. 
Nonlinear attenuation and a phase shift can be readily observed in the delamination 
path. In a detailed study of the scaling subtraction method (SSM), Frau et al. 
demonstrated the occurrence of three primary phenomena, consisting of 1) 
amplitude variation, 2) phase variation, and 3) higher harmonic generation [126]. 
The relatively small drop in amplitude between the high amplitude response signal 
and the up-scaled low level response for an intact path is due to a moderate level of 
higher harmonic generation (see Figure 4.34b), whereas this drop is far larger in the 
results shown in Figure 4.34c and should be attributed to the nonlinear attenuation 
induced by the delamination. We will discuss this phenomena in more detail in the 
following figures. 

1 2 3 

4 

5 6 7 

8 9 
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Figure 4.34: Comparison of acquired signals in intact (T1R5) and damaged paths (T3R7) a) 

Comparison of the intact and damage path response signals for an excitation level of 2 V 

showing a strong 67% amplitude reduction due to the delamination, b) High amplitude (2 V) 

and properly up-scaled low level (0.2 V) response signals upon traveling over the intact path, 

c) High amplitude (2 V) and properly up-scaled low level (0.2 V) response signals upon traveling 

over the damaged path. The comparison reveals a high level of nonlinear attenuation and a 

phase shift of the signal propagating through the delamination (c) compared to the intact state 

(b). 

 
Spectral analysis of the response signals acquired over the intact path and over the 
delamination path at a high level of excitation (2 V) shows that there is a 9.5 dB 
amplitude reduction in the fundamental component. On the other hand, there is a 
19.9 dB increase in the third harmonic component due to the presence of the 
delamination, see Figure 4.35. The latter can be attributed to hysteretic effects 

a 

b c 
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occurring at the delamination zone. As can be seen in Figure 4.35a, hysteresis has 
little effect on the even harmonics which are primarily due to the anharmonicity of 
the elastic energy, but only on the odd harmonics [123]. Furthermore, Figure 4.36, 
in combination with Figure 4.20c and Figure 4.20d, shows that A2 and/or A3 modes 
can be created as the third harmonic modes of the S0 mode in the delamination path. 

 

 
 

Figure 4.35: Spectral analysis of response signals acquired on intact (T1R5) and delaminated 

paths (T3R7) at a high level excitation, showing a 9.5 dB amplitude reduction in the 

fundamental amplitude and a 19.9 dB increase in the third harmonic amplitude. a) General 

spectrum, b) close-up image near the fundamental frequency, c) close-up image near the third 

harmonic component. 

 

a 

b 

c 
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Figure 4.36: f-k image obtained after 2DFFT analysis carried out on the measured signals 

propagating through the delamination zone, illustrating that A2 and/or A3 modes can be 

generated as third harmonic modes.  

 
The difference between linear and nonlinear attenuation for signals traveling on the 
intact and damaged paths can be also observed in Figure 4.37. Van Den Abeele et al. 
have demonstrated that an analysis of the kinetic energy may be a simple way to 
verify whether hysteresis is present in a material or not. In their study, they have also 
emphasized that the loss due to hysteresis should not be confused with the apparent 
‘classical‘ nonlinear loss in the fundamental due to harmonic generation [117]. To 
verify the energy loss, we can define the following relative energy loss (REL) metric: 

 
𝑅𝐸𝐿 = |

𝐸𝑑 − 𝐸𝑖

𝐸𝑖

|,  

where 𝐸𝑑  and 𝐸𝑖  are the energy of the signals traveling along the damaged and 
healthy paths, respectively. Figure 4.37 illustrates, on one hand, that the absolute 
energy of the damaged signal at all excitation levels is much lower than the energy 
of the intact signal, and, on the other hand, that the proportionality rate is 
substantially reduced as the excitation amplitude increases. In Figure 4.38, the 
relative energy loss is displayed, showing a vast increase of the energy loss with 
excitation amplitude when considering the path that goes through the delamination 
in comparison with the intact path. This supports the idea of hysteresis behaviour 
across the delamination path in the presence of linear attenuation. 

S3 

A3 

A2 
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Figure 4.37: Excitation amplitude dependence of the energy of measured signals that travelled 

on intact (T1R5) and damaged paths (T3R7) analysed from experimental data obtained at 378 

kHz, with a length of 250T, showing linear and nonlinear attenuation in the delamination path 

(T3R7). 

  

Figure 4.38: Relative energy loss as function of the excitation amplitude (measured at 378 kHz), 

illustrating a huge increase of energy loss as the amplitude increases. 

 
The nonlinear phenomena occurring in the delamination path can be further 
enlightened by examining the correlation coefficient parameter which can be 
calculated according to equation (4.19). In this analysis, two different lengths (125T 
and 250T) are compared, see Figure 4.39. It is obvious to note that the coherence 
between the reference and the high amplitude signals is decreasing with increasing 
excitation amplitude for response signals acquired after traveling through the 
delamination path, whereas this correlation coefficient is approximately constant, 
around a value equal to 1, for the analysis over the intact path. A similar pattern can 
be observed for a signal length of 250T, however, the drop rate in this case is smaller 
compared to the results for the shorter signal length of 125T. Referring to the results 
and the discussion regarding Figure 4.30, this can be explained by a variation in the 
time of flight rather than a frequency variation. 
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Figure 4.39: Correlation coefficient (coherence) evaluation over intact (T1R5) and delaminated 

paths (T3R7) as function of the different excitation amplitude levels, indicating an increase in 

phase variation as strain amplitude is increasing: a) analysis using a signal length of 125T, b) 

analysis using a signal length of 250T. 

 

The second damage indicator we introduced in the previous section was the SSM 
energy (Equation (4.16)). Figure 4.40 shows that the energy of the SSM signals, 
calculated without amplitude compensation, cannot be an indicator of nonlinearity. 
On the contrary, if one first eliminates the amplitude variation (applying Equation 
(4.13) (4.15)) and thus only retains the effects of phase shift and/or frequency 
variation when comparing a reference signal to the different high amplitude signals, 
the SSM energy values for the delamination path are clearly increasing as the 
excitation amplitude is increasing, whereas the results for the intact path are 
constant, as shown in Figure 4.41. The spectrum of both SSM signals after amplitude 
compensation in the intact and damaged states is shown in Figure 4.42. Compared 
to the intact path analysis, the effect of nonlinear attenuation and the appearance 
of higher harmonics are noticeably present in the delamination path analysis. Note 
that the presence of nonlinear attenuation results in the fact that the amplitude of 
the SSM signal will be larger in the damaged path in comparison with the intact path 
as shown in Figure 4.42. 

  

Figure 4.40: Energy of the SSM signal calculated without amplitude compensation, a) analysis 

using a signal length of 125T, b) analysis using a signal length of 250T. The results illustrate 

that the SSM signal energy without prior amplitude compensation cannot be used as a 

nonlinearity indicator in a delamination evaluation. 

 

b a 

a b 
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Figure 4.41: Energy of the SSM signal calculated after amplitude compensation, a) analysis 

using a signal length of 125T, b) analysis using a signal length of 250T. 

 

 

Figure 4.42: Spectrum of the SSM signals after amplitude compensation for intact (T1R5) and 

delamination paths (T3R7), showing higher SSM energy on the delaminated path. 

 
The above results are in line with a study reported by Rivière et al. on 
osseointegration monitoring [127]. In this study, the authors compared the 
sensitivity of three parameter dependencies, namely correlation coefficient, time 
delay and energy of the SSM signal as function of input excitation levels, to probe 
the nonlinearity at an interface prosthesis/bone. In order to simulate linear and 
nonlinear cases, they have considered load-carrying implant to bone connections 
with different tightness levels, effecting that the nonlinearity of the system is 
decreasing as the tightness level is increasing. The analysis results are displayed in 
Figure 4.43. Figure 4.43a shows that the correlation coefficient (coherence) is 
increasing as the nonlinearity of the system is decreasing. Similarly, the phase shift 
(derived from the time delay) is decreasing along with a decrease in the nonlinearity 
of the system, see Figure 4.43. In addition, the energy of the SSM signal gradually 
decreases as the system becomes more and more linear. If one identifies the intact 

b a 
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path T1R5 and the delamination path T3R7 as a linear and a nonlinear system, 
respectively, the results displayed in Figure 4.39 and Figure 4.41 obtained in the 
present study conducted on the delamination containing composite illustrate a 
similar pattern for the damage sensitive parameters of correlation coefficient and 
energy of SSM signal. 
 

  

Figure 4.43: Evolution of correlation coefficient, delay time, and energy of SSM for nine 

tightness levels versus output energy in a study of osseointegration monitoring, illustrating 

that a) the correlation coefficient approaches the value of 1, corresponding to a linear system, 

as the tightness increases, b) the delay time decreases as the tightness increases, c) the energy 

of the SSM signal decreases as the system becomes linear with increasing tightness [127]. 

 
To evaluate the third harmonic ratio as a potential damage parameter, we first have 
a look at the amplitude evolution of the spectra for the response signals acquired on 
the delamination path, see Figure 4.44. The subfigures display the spectra near the 
fundamental and the third harmonic. The vertical scale is in dB units in order to 
visualize the nonlinearity induced growth of the third harmonic. 
The amplitude dependence of the fundamental and the third harmonic components 
analysed for the intact and delamination paths are shown in Figure 4.45. The 
stronger deviation from a linear dependence between fundamental and excitation 
amplitude indicates a larger nonlinearity for the damaged state. Using the spectral 
components, the third harmonic ratio was calculated for both intact and damage 
states (Equation (4.21)). Figure 4.46 also confirms the higher third harmonic ratio of 
delaminated path in comparison with the intact path.  
 

a c b 
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Figure 4.44: Spectral amplitude evolution of response signals acquired on the delamination 

path (T3R7) for different excitation levels, showing the presence of nonlinear signatures in the 

fundamental as well as in the third harmonic components, a) fundamental frequency, b) third 

harmonic component. 

  

Figure 4.45: Amplitude dependence of the fundamental and the third harmonic components 

for intact and damage states measured at subsequently higher levels of excitation, a) 

amplitude dependence of the fundamental component, illustrating nonlinear attenuation for 

the data obtained on the delamination path, b) amplitude dependence of the third harmonic 

component. 

 

b 

a 

a b 
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Figure 4.46: Third harmonic signature of the high amplitude signals, showing that the 

amplitude reduction for signals traveling over the delamination path has a significant influence 

on the third harmonic ratio.  

4.6.2 Comparison of two intact paths, T2R3 and T6R5 

The third and last comparison of response signals was carried out on two intact 
paths, T2R3 and T6R5. Figure 4.47a shows that there is no noticeable amplitude 
reduction if one compares the high excitation level responses for two intact paths 
with the same propagation distance. Acquired signals at high and low levels of 
excitation (after proper up-scaling) also do not reveal any information about phase 
change and skewing in the time domain of signals, see Figure 4.47b and Figure 4.47c. 
Spectral analysis, on the other hand, shows the presence of a second and third 
harmonic component for both intact paths, see Figure 4.48a. However, their 
amplitude is about 4 dB smaller than the ones obtained for the delamination path, 
see Figure 4.35c. Figure 4.48b confirms that there is no change in the fundamental 
amplitude as one may expect from the time domain signals, see Figure 4.47a. This is 
also corroborated by the analysis of the energies of the acquired signals as shown in 
Figure 4.49. Note that some level of the second and third harmonic is always present 
in the signal, even at the lowest levels of excitation. These contributions should most 
probably be attributed to the measuring system, which includes the transducer, 
amplifier, etc. and to the inherent presence of classical nonlinear behaviour in the 
intact composite. 
The correlation coefficient and the energy of the SSM signals as function of the 
excitation amplitude are displayed in Figure 4.50 and Figure 4.51 respectively. The 
vertical scale for both graphs is kept the same as in Figure 4.39 and Figure 4.41 for 
comparison. For both intact paths, no descending trend can be observed in the 
correlation coefficient as the excitation amplitude increases, see Figure 4.50a and 
Figure 4.50b. Similarly, the energy of the SSM signals exhibits no indication of an 
ascending trend for both signal lengths, see Figure 4.51.  
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As a conclusion of the two comparative analyses (T1R5 vs T3R7 and T2R3 vs T6R5), 
we may state that both the correlation coefficient and the energy of the SSM signals 
are likely to be good nonlinear indicators. 
The spectra of the SSM signals for the two intact paths, illustrated in Figure 4.52, 
show that the amplitude of the third harmonic component is significantly smaller in 
comparison with the amplitudes recorded on a delamination path, as for instance in 
Figure 4.42. In particular, the third harmonic amplitude of the SSM signals in the 
current cases is 28 dB lower than the one for the delamination path. 
However, if we analyse the full spectra of the response signals for different excitation 
amplitudes, we observe no noticeable change in the fundamental component (see 
Figure 4.53a), whereas the third harmonic component is at the level of the one found 
for delamination paths (see Figure 4.53b and compare with Figure 4.45). This implies 
that the third harmonic amplitude can after all not be considered as a suitable 
nonlinear indicator for nonlinear Lamb wave imaging. A similar kind of difficulty in 
the extraction of information on the damage progression, solely based on the 
analysis of harmonics, has also been encountered in [124]. 
The calculation of third harmonic ratio, according to equation (4.21), shows that this 
value is very small in comparison with the results shown earlier in Figure 4.46 for 
instance. However, these lower values may be mainly because of the reduced 
propagation distance of 10 cm in comparison with the longer paths of 28 cm 
considered earlier.  
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Figure 4.47: Comparison of acquired signals in two intact paths (T2R3 and T6R5) a) No 

amplitude reduction is observed in the time domain response signals for an excitation level of 

2 V with respect to each other, b) High amplitude (2 V) and properly up-scaled low level (0.2 V) 

response signals upon traveling over the intact path T6R5, c) High amplitude (2 V) and properly 

up-scaled low level (0.2 V) response signals upon traveling over the intact path T2R3. The 

comparison illustrates that there is no significant variation between b and c. The fact that the 

amplitude of the high level excitation is a bit smaller than the up-scaled low level excitation is 

illustrative for the generation of higher harmonics. 

 

a 

b c 
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Figure 4.48: Spectral analysis of the response signals acquired on two intact paths (T2R3 and 

T6R5) at a high level excitation, showing no amplitude variation; however, second and third 

harmonic can be observed in both intact signals. a) General spectrum, b) close-up image near 

the fundamental frequency, c) close-up image near the second and third harmonic component. 

A comparison with Figure 4.35c shows that there is a 4 dB increase in the third harmonic 

amplitude in the case of delamination.  

 

a 

c 

b 
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Figure 4.49: Excitation amplitude dependence of the energy of measured signals that travelled 

on two intact paths (T2R3 and T6R5) analysed from experimental data at 378 kHz, with a 

length of 250T, showing that there is no noticeable amplitude variation between both signals. 

  

Figure 4.50: Correlation coefficient (coherence) analysis over two intact paths (T2R3 and T6R5) 

as function of the different excitation amplitude levels: a) analysis using a signal length of 

125T, b) analysis using a signal length of 250T. The results show a lack of nonlinear signature 

in both intact signals as excitation level increase.  

 

Figure 4.51: Energy of the SSM signal calculated after amplitude compensation for two intact 

paths (T2R3 and T6R5) as function of the excitation amplitude, showing a lack of nonlinear 

signature in both signals. a) analysis using a signal length of 125T, b) analysis using a signal 

length of 250T. 

 

a b 

a b 
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Figure 4.52: Spectrum of the SSM signals after amplitude compensation for two intact paths 

(T2R3 and T6R5). A comparison with Figure 4.42 shows a lower level of fundamental and in 

particular third harmonic component (25 dB) in the SSM signals for analysis on the intact paths 

compared to the delaminated path. 

 

 

Figure 4.53: Amplitude dependence of the fundamental and the third harmonic components 

for two intact states (T2R3 and T6R5), measured at subsequently higher levels of excitation, a) 

amplitude dependence of the fundamental component, illustrating no significant change 

between both intact signals, b) amplitude dependence of the third harmonic component, 

showing the presence of a third harmonic in all measured signals, implying that the third 

harmonic amplitude can after all not be considered as a suitable nonlinear indicator. 

 

b 
a 
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Figure 4.54: Third harmonic ratio signature of the high amplitude signals for two intact states 

and different excitation levels, showing a very low third harmonic signature on both intact 

paths compared to the delaminated paths, as shown in Figure 4.46. a) third harmonic 

signature with the vertical scale kept the same as in Figure 4.46 for a fair comparison. 

4.7 Reconstruction of nonlinear Lamb wave based defect 
images 

The selection of the optimal through-transmission defect frequency and the search 
for optimal damage sensitive parameters discussed in the previous sections will now 
be combined to evaluate the feasibility of a novel nonlinear Lamb wave based 
imaging concept using the full set of sparse array network measurements.  
As in linear RAPID, probabilistic images are now constructed by accounting for the 
new signal difference coefficients, consisting of the correlation coefficient (4.10), 
energy of SSM signal (4.16) and third harmonic ratio (4.17). The input signal for the 
round-robin test is tuned to 378 kHz as this was found to be the optimal pitch-catch 
defect frequency. The length of the signals to be analysed was fixed at 125T based 
on the observations discussed in the previous section for both the correlation 
coefficient and the energy of the SSM signals. Only the response signals at 0.2V and 
2V have been used in the reconstruction. The actual location of the defect is marked 
by a square, superimposed on the image. The positions of the transducers are 
indicated by means of white circles. 
Figure 4.55 shows the nonlinear Lamb wave based image obtained by applying RAPID 
with the correlation coefficient based on high and low amplitude responses. The 
location of the defect is clearly well identified. As mentioned before, the image can 
be further improved by fusing the analysis results obtained from subsets within the 
sparse array network. As an example, Figure 4.55b was constructed by calculating 
the geometric mean of the images obtained by considering subsequent subsets in 
which, each time, one transducer was omitted in the analysis, except for the centre 
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transducer which has been included in all subsets. The image is visibly improved and 
shows that an error better than 1 cm in the predicted position can be achieved for 
the defect location. 
Using the same procedure, a nonlinear Lamb wave based RAPID image was 
constructed using the energy of the SSM signals as signal difference coefficients. The 
results are shown in Figure 4.56a and, after fusing of different subsets, in Figure 
4.56b. Compared to the previous results, we note that the same paths are 
illuminated in both images, however, the nonlinear RAPID analysis using the 
correlation coefficient shows a stronger nonlinearity indicator in both paths. 
Finally, Figure 4.57a presents the nonlinear Lamb wave based image using the third 
harmonic ratio by applying Equation (4.17), and proves that this third indicator also 
gives rise to an acceptable image for defect identification and localization. The fused 
image based on the same subsets considered above is shown in Figure 4.57b. Again, 
we find that an error of 1 cm at the most should be considered for the defect 
location. 
To further investigate the role of the β-factor in nonlinear Lamb wave imaging, an 
adaptive “path dependent” beta was defined as follows: 

 
𝛽𝑖𝑗 = 𝛽0 + 𝛼

𝑆𝐷𝐶𝑖𝑗

𝑚𝑎𝑥 (𝑆𝐷𝐶)
,  

where 𝛽0 equals to 1.015, which equals the standard value used for creating images 
in this section, and α is a weight factor for the path dependence. Figure 4.58 
illustrates that there is no significant change in the dominant paths of the resulting 
image as α is increasing from 0.01 to 0.05. However, as the width of dominant 
ellipses varies significantly, a larger damage area is consequently spotted. 
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Figure 4.55: Nonlinear Lamb wave based defect imaging using the RAPID technique in 

combination with the high-low signal correlation coefficient (excitation frequency at 378 kHz, 

signal length 125T), a) raw image, b) fused image by applying the geometric mean on images 

for different subsets of transducers. 
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Figure 4.56: Nonlinear Lamb wave based defect imaging using the RAPID technique in 

combination with the energy of the SSM signals (excitation frequency at 378 kHz, signal length 

125T), a) raw image, b) fused image by applying the geometric mean on images for different 

subsets of transducers. 
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Figure 4.57: Nonlinear Lamb wave based defect imaging using the RAPID technique in 

combination with the third harmonic ratio (excitation frequency at 378 kHz, signal length 

125T),  a) raw image, b) fused image by applying the geometric mean on images from different 

subsets of transducers. 
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Figure 4.58: Nonlinear Lamb wave based defect imaging using an adaptive -factor in the 

RAPID technique in combination with the correlation coefficient as the damage sensitive 

parameter. Compared to the results shown in Figure 4.55a, which corresponds to =0.01, there 

is no significant modification of the dominant paths. Only the width of the ellipses has 

significantly changed, a) =0.01, b) =0.05. 

4.8 Conclusion 

A new concept for a nonlinear Lamb wave based imaging technique has been 
discussed in this chapter.  
In order to reconstruct a proper defect related image, we first developed a 
procedure to select the most sensitive frequency to detect the defect. The pitch-
catch optimal frequency selection technique shows that there is a range of 
frequencies which exhibit a high sensitivity to the presence of internal defects 
(delamination) in a composite structure. These frequencies are characterized by 
strong attenuation.  
It is known that hysteresis, due to friction behaviour induced by a closed 
delamination, generates third harmonic and nonlinear attenuation at moderate to 
high excitation levels. Therefore, three nonlinearity parameters, including the high-
low signal correlation coefficient, the energy of the SSM signals and the third 
harmonic ratio, were evaluated for the assessment of non-classical nonlinear 
behaviour of a delamination in different paths of the sparse array network traveling 
through both intact and delamination states. It was found that all three nonlinearity 
parameters exhibited a sufficient damage sensitivity, and that the high-low signal 
correlation coefficient and the energy of the SSM signals are most sensitive to phase 
shifts in the signal. Based on the latter observation, the early arrival part of the signal 
needs to be selected as a suitable portion of the signal for use in the nonlinear Lamb 
wave imaging.  
Finally, baseline-free imaging was evaluated by the probabilistic imaging (RAPID) 
technique in combination with the three proposed nonlinearity parameters. The 
results demonstrate the potential of this technique in estimating the damage 
location with an acceptable error (less than 1 cm) for each of the considered 
parameters.  
Vanaverbeke and Van Den Abeele, in a simulation study of the effect of hysteresis 

a b 
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on the nonlinear wave propagation of Rayleigh waves, also showed a strong increase 
of the strength of the third harmonic generation with increasing size of the nonlinear 
damage zone. In principle, these simulation results support the fact that the 
proposed nonlinear technique can be a very powerful tool in detecting delamination 
with dimensions bigger than 20×20 mm. 
 



 

153 
 

Chapter 5                        
Non-Destructive Ultrasonic 
Examination of Root Defects 
in Friction Stir Welded Butt-
Joints 
 

 

5.1 Introduction 

Construction of machines and structures from various raw materials frequently 
demands metal fabrication processes such as cutting, machining, forming and 
joining. Assembly of different parts to form a single piece of a structure can be 
carried out by welding, adhesive bonding, and/or mechanical fastening. Nowadays, 
welding has largely replaced mechanical fastening by way of rivets and bolts in many 
applications. Generally, welding processes can be classified into three basic 
categories: Brazing and soldering, fusion welding, and solid-state welding.  
 
World War I brought about a major surge in the use of welding processes, 
particularly in fusion welding such as shielded metal arc welding (SMAW) and gas 
metal arc welding (GMAW) for the construction of bridges and ships. After the major 
advances in fusion welding technology during the 1930s, it took another 60 years to 
establish a new joining technique, called friction stir welding (FSW). FSW is a solid-
state joining process invented by W. M. Thomas at The Welding Institute (TWI-UK) 
[128,129]. The FSW process is based on heat generated by a non-consumable 
rotating tool that is plunged into the faying surface of two samples until the shoulder 
touches the surface of the samples, and then traverses along the joint line of the 
work-pieces (see Figure 5.1) [130]. The two primary sources of the heat generated 
during the FSW process are friction between the work-piece and the rotating tool 
shoulder, and adiabatic heat transfer within the material [131,132]. The local 
increase in temperature softens the material and induces plastic deformation in the 
solid-phase. As the generated temperatures remain below the actual melting 
temperature, there is no weld pool in the friction stir welding anymore. So far, 
numerical and empirical investigations to thoroughly understand the heat transfer 
and material flow phenomena in the FSW process are still ongoing [133,134]. 
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FSW was initially used for aerospace aluminium alloys, because of their low arc  
weldability, e.g. on AlCu type (2XXX series) and AlZnMgCu (7XXX series) alloys 
[2,131,135]. The mechanical properties of the arc welded joint in these alloys can be 
seriously compromised by a dendritic structure formed in the fusion zone [135,136]. 
FSW has been proposed as an alternative to overcome this problem. In recent years, 
attempts have been made to join other dissimilar metals like Al-Ti [137,138], Al-Cu 
[139], Al-Steel [140] and Al Matrix Composites (AMCs) [141] using FSW. Currently, 
the method is being used in a broad range of industrial applications including 
aerospace, automotive, pressure vessel construction, shipbuilding and offshore 
construction. 
While the parent material of Al-alloys generally contains pancake-shaped grains with 
nonequiaxed subgrains inside [142], the FSW process creates three distinctive 
regions in the weld zone. These are known as the heat-affected zone (HAZ), the 
thermo-mechanically affected zone (TMAZ) and the dynamically recrystallized zone 
(DXZ) around the weld centre, as shown in Figure 5.2a and b [136]. The DXZ, which 
is often also referred to as the nugget zone [143], is characterized by a fine grain 
equiaxed structure. However, variations in the grain size may occur going from the 
bottom to the top of the weld zone due to the temperature profile and the heat 
dissipation in the nugget zone [131]. Mishra et al. also stated that the grain size may 
be influenced by the welding parameters, by the parent material composition, the 
geometry of the tool and others [131,144]. According to Cabibbo et al. [145], the 
average grain size of the nugget zone is finer than the parental material in 6XXX 
aluminium alloys by a factor of approximately 40, as illustrated on Figure 5.2c and d. 
Unlike the nugget zone, the HAZ has not been mechanically disturbed by FSW, but 
only thermally. Therefore, this zone retains an approximately similar grain 
morphology as the base metal [145]. Finally, the TMAZ is the transition zone 
between the base metal and the nugget zone. It can be distinguished by a highly 
deformed structure with elongated grains [143,146]. As a result, an upward flowing 
pattern of elongated grains (relative to the parent plate) can be observed around the 
nugget zone in the TMAZ as shown in Figure 5.2b [4,17,22]. Di Paola et al. have 
shown that there is a significant difference in dislocation density between the TMAZ 
and the nugget zone, the concentration being low in the crystallized zone (nugget 
zone) compared to the non-recrystallized region [147]. In addition, Cabibbo et al. 
extensively reported that the pattern of the grain flow on the retreating side is much 
larger and broader than that on the advancing side, see Figure 5.2 [145]. Recently, 
Kadlec et al. showed that the interface between the TMAZ and the nugget zone on 
the advancing side is sharper than on the retreating side since the tool displacement 
and the torsion speeds are enforcing each other on the advancing side [148]. Note 
that, as shown in Figure 5.1, “the advancing side” is the side of the tool where the 
direction of the local tool rotation and the welding direction are the same, whereas 
they are opposite direction along the retreating side.  
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Figure 5.1: Schematic drawing of the friction stir welding procedure, showing a) the entire 

procedure at a glance, b) a close-up image of the cross section of FSW tool  located within the 

nugget zone [149]. 
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Figure 5.2: a) Microstructural regions in the friction stir welded sample, b) Macrograph of 

section of the weld nugget-TMAZ-HAZ interface, c) Micrograph of the cross-section of the base 

metal, d) Micrograph of the cross-section of the nugget zone [150]. 
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In contrast to traditional welding procedures, FSW can successfully avoid 
solidification flaws such as porosity and hot cracking in the weld region due to the 
solid-phase characteristics of the joining procedure [2,151]. However, other flaws, 
such as lack of penetration (LOP), wormholes (tunnel defects), kissing bonds and lazy 
S features (also called zigzag line defects, joint line remnants (JLR) or entrapped oxide 
defects) are common in FSWs [130,152]. The latter mostly occur due to the presence 
of a continuous oxide film in the weld zone emanating from an initial oxide layer on 
the butt surfaces [153–156]. When the entrapped oxide film is connected to the root 
of the friction stir welded joints, the lazy S features are called kissing bonds, weak 
bonds or root-flaws [2,152,154,157,158]. Material properties, tool design [159,160] 
and critical operation parameters (including rotation and translation speed [161], 
tool plunge depth, spindle tilt angle, forge force and fixture clamping condition) play 
an important role in the formation of flaws and in the quality of the weld 
[2,152,154,162–165]. Welding conditions such as insufficient tool plunge depth, low 
tilt angle and insufficient heat-input may result in the formation of kissing bond flaws 
at the weld root [2,152,154,157]. LOP defects, on the other hand, occur when both 
sides of the root region are not properly forged. In this case, the original parent 
metals of the faying surfaces of the butt-joint root region are still undisturbed and 
the defect is parallel to the faying surface [166]. Additionally, kissing bond defects 
might originate from the tip of LOP defects. In more general terms, Arbegast has 
identified defects in FSWs as either flow-related (e.g. wormholes and surface galling) 
or geometry-related (e.g. LOP and lack of fusion (LOF) defects) [162]. 
Defects in FSWs, particularly root flaws exceeding a certain size, may have an adverse 
effect on the mechanical properties and fatigue resistance of the friction stir welded 
joint components. Bending loading may cause a LOP defect containing welded joint 
to break in a brittle manner, whereas the joint more likely will develop surface cracks 
in the presence of a kissing bond defect at the root [154,167]. Furthermore, kissing 
bond flaws are preferred sites for macro-crack initiation [148,157,168–173], thereby 
reducing the strength properties of the material. In view of achieving defect-free 
welded joints, further optimization of the FSW control variables is important [174–
180]. On the other hand, high level quality assurance techniques need to be 
developed and implemented to assess potential defects in the welds due to 
uncontrollable variables, e.g. slight thickness variation or material heterogeneity 
and/or the uncertainty in other welding parameters [181]. Common non-destructive 
techniques include fluorescent penetrating fluid inspection [182], ultrasonic testing, 
acoustic emission [183], X-ray [184], eddy current, magnetic methods [185], and 
ultrasound-excited infrared thermography [186]. Many of these conventional non-
destructive testing (NDT) methods can be easily used for the detection of volumetric 
faults (tunnel defects and voids). However, in many cases, they are insensitive and 
sometimes impractical for the more challenging root flaws [2,182]. For instance, in 
order to obtain satisfactory results, the fluorescent penetrating fluid inspection 
method requires access to the back side of the butt-joint structure [182]. Digital X-
ray radiography and lock-in infrared thermography have been exploited to examine 
sub-surface tunnel defects in FSW joints [187,188]. LOP defects can only be detected 
using radiographic inspection, if their size is greater than or equal to 30% of the 
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material thickness [189]. In recent years, eddy current NDT of FSW root flaws has 
been reported [190–192]. Santos et al. have stated that eddy currents could detect 
superficial defects at about 60 µm deep from the far side, i.e. the side that contains 
the root flaw [193]. Goldfine et al. have shown the capability of multi-element eddy 
current sensors to inspect FSW’s from the root side of the sample by measuring 
absolute electrical conductivity [194,195]. C-scan (top view) and conductivity profiles 
can be obtained, allowing easy interpretation of defects and different 
microstructural regions. Peaks on either side of the nugget zone clearly indicate the 
distinct microstructure of the weld zone, as illustrated in Figure 5.3. 
 
 

 

 
Figure 5.3: Conductivity profile measured from the root side of a metal FSW, a) defect free 

FSW, b) FSW with 1.14 mm lack of penetration [195]. 

 
The use of conventional ultrasonic techniques has shown that it is not 
straightforward to detect small defects at the bottom of the weld or tiny root flaws 
in FSW joints [196]. To work around this, several studies have invested in optimizing 
these traditional ultrasonic techniques by considering advanced excitation and/or 
detection methods. Hedin et al. have reported the detection of voids with an average 
size of 200 µm in friction stir welded T-joints using laser ultrasonics [197]. Other 
studies demonstrated the use of laser ultrasonics with frequencies up to 220 MHz to 
detect LOP defects, hooking and void flaws in lap and butt-welded joints [198,199]. 
Detection of weak bonds using leaky surface acoustic waves at frequencies in the 
range of 0.4-2 GHz has also been reported [200]. Using acoustic lenses, C-scan 
images have been obtained with high resolution in the order of 1.5-3 µm. Martin et 
al. successfully examined welded joints (diffusion welding, electron-beam welding 
and TIG welding) using normal and angle-beam immersion ultrasound in a pulse-
echo mode with a central frequency of 15 and 25 MHz for the detection of inclusions 
(tungsten wire) and artificial longitudinal and cross holes [201]. Multiple-incident 
angle ultrasonic methods were evaluated by Liu et al. using an immersion system. 
They concluded that the effect of the incident angle on the reflection coefficient of 
small void defects at the bottom of the weld is very small [202]. Kinchen et al. 
validated the detection of LOP defects at 25%-30% of the thickness using a modified 
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RD/Teck Phased Array UT system [189]. In the framework of the “Qualistir” project 
[203], Bird et al. have focused on the detection of entrapped oxide flaws using a 10-
15 MHz phased array system. In their early experiments, using focused 10-30 MHz 
immersion probes in backscattering mode, the signal-to-noise ratio was very low for 
reliable detection of kissing bond defects from back-reflected signals. As an 
alternative, they proposed a noise distribution analysis, i.e. investigating the ratio of 
the parent metal noise to the weld root noise [156,204,205]. Iwaki et al. proposed 
an electronic scanning in pulse-echo mode using a 10 MHz phased array to detect 
near surface imperfections and root flaws, and they investigated the effect of 
different incident angles on the resulting defect maps.  
Despite the fact that plenty of studies have already dealt with root flaw examination 
using various advanced and optimized techniques, this chapter attempts to put a 
new perspective on a) angle-beam immersion ultrasonic testing of FSW butt-joints, 
and b) nonlinear pulse-inversion chirp-coded weld harmonic imaging (PI-CWHI). The 
former method concerns a backscatter analysis of an oblique incident ultrasonic C-
scan, resulting in unique fingerprints of the root surface and straightforward 
identification of linear defects. The latter technique exploits and quantifies the 
nonlinear distortion of two transmitted chirp-coded excitation signals in pulse-echo 
mode via pulse-inversion. A heat map of the nonlinearity signature along the weld 
centreline allows an easy quantification of the micro-crack density. 

5.2  Immersion linear ultrasonic inspection 

5.2.1 Experimental setup 

The proposed FSW inspection is based on an oblique incidence ultrasonic C-scan 
measurement in backscatter mode (pitch catch). Flat transducers were selected for 
this experiment rather than off-the-shelf focused ones. In fact, as the oblique 
incidence induces an angle dependent refraction, the energy of a focused 
transducer, just like that of a flat transducer, will not be focused anymore inside the 
plate. Really, to properly focus the energy of an angle-beam probe after refraction 
on a flat surface, the working surface of transducer should have a Fermat shape 
[206]. As such transducers should be custom made and are therefore quite 
expensive, we opted to test the proposed method first for the most basic type of 
transducer, i.e. a flat Panametrics V382. 
The experimental setup for the angle-beam FSW inspection was designed to perform 
a two-step procedure including 1) a pre-scan adjustment measurement of the 
transducer positioning and a determination of the proper time gating in a pitch-catch 
mode, and 2) the actual 2D scanning of the welded sample in pulse-echo mode. The 
ultrasonic measurements are carried out in immersion conditions using a water bath. 
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5.2.1.1 Pitch-catch mode for pre-scan positioning and gating calculation 

In pitch-catch mode, two identical Panametrics V382 flat transducers (3.5 MHz 
central frequency and 13 mm nominal element size) are positioned in a plane 
perpendicular to the welding line, each on a rotation stage with opposite angles (휃𝑖  
and −휃𝑖), at equal vertical distance from the top side of the sample. The horizontal 
separation distance between the two transducers was set to two times the skip 
distance, 𝑠 = 4𝑇 tan 휃𝑟 where 𝑇 and 휃𝑟 are the sample thickness and refraction 
angle respectively. The entire system holding the two rotation stages can be adjusted 
in height by a linear motion stage in vertical direction (which is part of the mechanical 
3D scanner that is also being used for the actual C-scan measurements). The emitting 
transducer is excited by a Panametrics 5058PR Pulser/Receiver at 400 Vpk amplitude. 
Reflected signals arriving at the second transducer are received by the same 
Pulser/Receiver and digitized using a DAQ NI PXI-5122 acquisition card. The 100 MHz 
sampling frequency data acquisition system and the (vertical) motion stage are both 
controlled by LabVIEW. The experimental setup is shown schematically in Figure 
5.4a. The methodology to determine the proper vertical offset for the transducers 
and the time gating window is explained in section 5.4. 

5.2.1.2 Pulse-echo mode and scanning 

The actual scanning of the FSW joints is carried out using a single Panametrics V382 
flat transducer (3.5 MHz) in pulse-echo (or backscatter) mode, with the vertical 
standoff position of the transducer fixed to the value determined in the first step of 
the procedure, and rotated at the preset inclination angle 휃𝑖. In fact, the setup 
resulting from step 1 is used in which the second transducer becomes obsolete. The 
same Panametrics 5058PR Pulser/Receiver as mentioned above is used to excite the 
transducer at 400 Vpk amplitude. Backscattered signals received at the R-channel of 
this Pulser/Receiver are then digitized by the DAQ NI PXI-5122 acquisition card. 
Scanning is now performed in a horizontal plane parallel to the sample surface. 
Again, the data acquisition system and the in-plane motion are controlled by 
LabVIEW. The experimental setup is shown schematically in Figure 5.4b.  
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Figure 5.4: Schematics of the experimental setup, a) pitch-catch mode for transducer 

positioning and time gating, b) pulse-echo mode for slanted C-scanning. 

5.3 Materials  

In this study, we only considered FSW joints of flat aluminium 7XXX samples 
(AA7475-T7351) with 6.35 mm thickness. The critical angles –for an examination 
from water- for longitudinal and shear bulk waves in the FSW aluminium samples 
were calculated to be 휃𝐿 = 13.2 degrees and 휃𝑆 = 27.4 degrees respectively, based 
on the elasticity data obtained from the manufacturer (TWI, UK [207]) by applying 
Snell’s law as follows: 
 

 휃𝐿 = 𝑠𝑖𝑛−1
𝑐𝐿
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휃𝑆 = 𝑠𝑖𝑛−1

𝑐𝐿
𝑤

𝑐𝑆

, 
  

where 𝑐𝐿
𝑤 is the longitudinal velocity in the water, and 𝑐𝐿 and 𝑐𝑆 are the longitudinal 

and shear velocity in the aluminium sample. 
To perform the ultrasonic inspection and simplify the spectrum of reflected waves 
coming from various mode conversions inside the welded plate, we opted to fix the 
incident angle at a value between 휃𝐿 and 휃𝑆 such that only shear waves could be 
excited inside the plate. For a fixed incident angle of 휃𝑖 = 25 degrees, the refraction 
angle of the shear waves in the samples is 휃𝑟 = 65 degrees. 
Thirteen FSW samples have been investigated. All samples were tested in slanted C-
scan backscatter mode from the tool-side of the FSW butt-joints. The results for five 
exemplary samples illustrating the typical ‘flaw’ patterns that can be expected will 
be discussed in detail in section 5.5. The welding parameters of these samples are 
given in Table 5.1. The tool plunge depth varies between 5.6 mm-6.1 mm with a 
nominal spindle tilt angle of 0˚ to produce different defect sizes. All welding 
parameters were set based on the previous welding experience with similar alloys. 
All other samples, not listed in Table 5.1 but examined under the same 
circumstances, showed patterns that belonged to one of the ‘flaw pattern” classes 
represented by the five exemplary samples. 
 

: Operational welding parameters used for the five exemplary samples for which the 
results are discussed in section 5.5. 

Sample Spindle rotation(rpm) Feed rate(mm/min) 

1 500 500 

2 500 400 

3 500 500 

4 300 150 

5 600 600 

5.4 Empirical positioning and gating procedure  

As described above, the angle-beam immersion measurement system is suitable for 
pitch-catch as well as for pulse-echo measurements. 

5.4.1 Pre-scan positioning and gating 

In the first stage of the measurements, the pitch-catch mode is used to determine 
the appropriate vertical offset of the transmitter in a plane perpendicular to the 
welding line. This is done by adjusting the stand-off distance between the 
transmitter-receiver plane (T-R plane) and the tool-side surface of the sample (Figure 
5.4a). The separation distance between transmitter and receiver (both inclined at an 
incidence angle of 25°) is kept fixed at two times the skip distance (2s = 54.5 mm), 
while the position of the T-R plane is moved vertically, i.e. perpendicular to the tool-
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side surface of the sample. During this vertical scanning, signals are recorded by the 
receiver in pitch catch mode, and the signal amplitude maximum is recorded as 
function of the offset (see Figure 5.5). The three observed local maxima can be 
attributed to the second skip back-wall reflection (label 2), the direct back-wall 
reflection (label 1) and the direct top-surface reflection (label 0) respectively as 
illustrated in the schematics in Figure 5.6. Based on the measured data, the height 
of the T-R plane above the sample surface is then set to the position at which the 
direct back-wall local maximum was observed.  
Note that this step plays a key role in the identification of small defects because of 
the complicated beam to grain angle orientations within the TMAZ zone that result 
in a skewing of the beam and in an intensified attenuation of the signal. Therefore, 
it is not at all guaranteed that the maximum energy at the root of weld will 
correspond to the velocity estimation based theoretical calculation even when 
assuming the shear velocity has been measured experimentally with high precision. 
Incidentally, the dedicated literature review we conducted has not revealed a single 
report on simulations or ray tracing models carried out regarding the interaction of 
FSW structures with ultrasonic beams with explicit account of the TMAZ and nugget 
zone microstructures. However, to get some idea, Figure 5.7 shows the deviation 
and distortion of a longitudinal beam with different beam to grain angles. It should 
be mentioned that this beam-skewing phenomena would be different for shear 
waves as it was used in the FSW inspection, because the phase velocity profile, 𝑐𝑝(휃), 

for shear wave is different than the one for longitudinal wave mode in anisotropic 
media. The direction of energy flux or skew angle can be found by the construction 
of tangent and normal lines on the slowness curve (1 𝑐𝑝(휃)⁄ ). Consequently, the 

skew angle will vary for shear and longitudinal waves, see Figure 5.8 [208].  
 

 
Figure 5.5: Vertical scanning measurement above the FS welded butt-joint to determine the 

appropriate vertical offset of the transmitter. Labels 0, 1 and 2 refer to the schematics 

illustrated in Figure 5.6. 
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Figure 5.6: Schematic explanation for the local maxima obtained in the vertical scanning 

measurement (Figure 5.5), a) second skip distance local maximum, b) direct back-wall 

reflection, c) direct top-surface reflection. The horizontal distance between the transmitter and 

receiver is fixed to twice the skip distance. 

 

 

Figure 5.7: Acoustic imaging of different incident beam to grain angle in water representing 

deviation and distortion of the beam [209]. 
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Figure 5.8: Ray tracing model, a typical example of showing different beam-skewing behaviors 

of longitudinal, shear vertical and shear horizontal through the anisotropic weld structure 

[210]. 

 

Having adjusted and fixed the stand-off distance, a time gating window is calculated 
and selected based on the arrival window of the back-wall reflection echo received 
in pitch-catch mode (see Figure 5.9a). Since the distance and time for the full path in 
the pitch-catch measurement is the same as for the backscatter measurement, the 
same time gating window can be used as an automated time gate for the subsequent 
pulse echo C-scanning in the second stage of the measurement procedure (see 
Figure 5.9b and Figure 5.9c). Note that direct backscattering due to the surface 
roughness can be observed in the Figure 5.9b and Figure 5.9c. This phenomena in 
the ultrasonic inspection was investigated by Nagy et al. [211]. A schematic of 
immersion ultrasonic backscatter technique while transducer is located on the rough 
surface is shown in Figure 5.10. 
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Figure 5.9: Typical recorded signals in pitch-catch and pulse-echo mode: a) back-wall signal 

obtained in pitch-catch mode used to define and select the appropriate time gating, b) 

backscattered signal obtained in pulse-echo mode at a defect-free position, c) backscattered 

signal obtained in pulse-echo mode at a defect (kissing bond) position. Only the information 

within the time gated window will be analysed for C-scan imaging. 

 

Direct backscattering due  
to the surface roughness 

a 

b Direct backscattering due  
to the surface roughness 

c 

Kissing bond echo at the root  
of the friction stir welded joint 
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Figure 5.10: Schematic of immersion ultrasonic backscatter technique while transducer is 

located on the rough surface [211]. 

5.4.2 2D FSW scan 

In the second stage of the measurements, a 2D scan of the FSW is performed at fixed 
incidence angle (25°) and at the above defined fixed standoff-distance using only one 
transducer in backscatter mode Figure 5.4b). At each position, the received pulse-
echo signal is gated using the formula: 

 𝑥𝐺(𝑡) = 𝑥𝑃𝐸(𝑡)𝑤(𝑡 − 𝑡𝑎),   

where the 𝑥𝐺(𝑡) is the gated backscattered signal (having a length 2N), 𝑥𝑃𝐸(𝑡) is the 
pulse-echo signal, 𝑤(𝑡 − 𝑡𝑎) is a Hanning window function centred around 𝑡𝑎 and 𝑡𝑎 
is the back-wall echo arrival time obtained in pitch-catch mode, see Figure 5.9a. A 
Hanning window was chosen to smooth any apparent discontinuity at the start and 
end of the time gating window. The width of the window function can be chosen 
based on the width of the back-wall reflected echo in pitch-catch mode.  
 
Subsequently, the power spectral density of the gated backscattered signal is 
calculated over a fixed frequency band. The frequency band is selected using the 
back-wall echo obtained in the pitch-catch method. The 6 dB drop method applied 
to the frequency spectrum of this echo defines a suitable frequency band for 
analysing the pulse-echo signals (Figure 5.11). Here, the frequency band 2 − 6𝑀𝐻𝑧 
is used.  
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Figure 5.11: Frequency spectrum of the back-wall echo from a pitch-catch method. The 6dB 

drop of the spectrum defines the frequency band selection for subsequent analysis of the gated 

pulse-echo signals. 

 
The power spectral density (PSD) is then calculated as follows: 

 𝑃𝑆𝐷(𝑓) =
𝑃𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 𝑖𝑛 𝑉𝑟𝑚𝑠

2

∆𝑓∗𝑁𝐸𝑁𝐵𝑊
.   

Here, ∆𝑓 is the frequency resolution, and 𝑁𝐸𝑁𝐵𝑊 stands for the normalized 
equivalent noise bandwidth of the window which is equal to 1.5 bins for a Hanning 
window. Since the application of a window increases the effective bandwidth of an 
FFT bin by its equivalent noise bandwidth, it is required to subsequently divide again 
by this amount to correct this phenomena for the spectral density evaluation [212]. 
The power spectrum is defined as: 

 𝑃𝑜𝑤𝑒𝑟 𝑠𝑝𝑒𝑐𝑡𝑟𝑢𝑚 =
𝐹𝐹𝑇(𝑥𝐺(𝑡))∗𝐹𝐹𝑇∗(𝑥𝐺(𝑡))

𝑁2 ,   

where 𝐹𝐹𝑇∗(𝑥𝐺(𝑡)) denotes the complex conjugate of 𝐹𝐹𝑇(𝑥𝐺(𝑡)), which is the 

fast fourier transform of the gated backscattered signal of length 2N.  
Next, the average signal power value 𝑃(𝑥, 𝑦) is calculated for each measurement 
position along and from the weld centreline, using the formula: 

 𝑃𝑥𝑦 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑖𝑔𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 =
1

𝑁
∑ 𝑃𝑆𝐷(𝑓).

6𝑀𝐻𝑧

𝑓=2𝑀ℎ𝑧

   

Finally, the average signal power as a function of the position along and from the 
weld centreline can be visualized as a 3D figure and/or as a C-scan (contour) image. 
In all scans, the signals were measured over a distance of 20 mm in the direction 
across the weld, (10 mm from the weld centreline each side) using a step size of 0.5 
mm. In the direction along the weld, the step size was set to 1 mm. 
 
 

 

-6 dB  6 dB down bandwidth 
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5.5 Results and discussion 

5.5.1 Expected scenarios 

Ultrasound that propagates through a polycrystalline material can be scattered at 
grain boundaries due to the grain anisotropy and grain-to-beam angle. Commonly, 
two phenomena may happen as a result of this interaction. Firstly, the propagating 
wave will be partially attenuated as a result of the conversion of the sound energy 
to other forms of energy. Secondly, a portion of the scattered waveform will be 
reflected back to the transmitter. This detectable energy is known as the grain noise 
or backscattered noise, and carries important information about the microstructure 
of the medium as it can be attributed to its physical properties such as grain size, 
texture, shape and orientation. Several efforts have been reported to better 
understand and model backscattering signals in polycrystalline materials [211,213–
225]. In the framework of the present study, it is important to realize that the natural 
backscattering in polycrystalline materials, such as Al alloys, may hamper or at least 
complicate the detectability of small and subtle defects, such as kissing bond root 
flaws. 
Careful evaluation of the experimentally obtained 3D backscatter plots (Equation 
(5.6): 𝑧 = 𝑃𝑥𝑦) and C-scan contour images of the thirteen FSW samples shows that 

only four different and illustrative scenarios may occur. The scenarios are 
schematically illustrated in Figure 5.12-Figure 5.15, representing the results of a line-
scan perpendicular to the weld centreline (also called transverse section, i.e. a one-
dimensional C-scan across the weld centre). 
In the ideal case of a defect-free welded butt-joint, one can distinguish three 
characteristic regions, consisting of the parent material, the TMAZ and the nugget, 
as shown in Figure 5.12. The coarse and elongated grain morphology of the TMAZ 
zones results in a relatively high average backscattered power, meaning that the 
structural noise level in these regions is increased with respect to the level of the 
natural backscattering in the parent material. In contrast, the fine grain equiaxed 
structure in the nugget zone results in low average signal power. 
In case of a very small root-flaw (kissing bond) in the nugget zone, the average signal 
power at the centre part of the nugget increases due to the presence of the defect, 
as shown in Figure 5.13. It should be mentioned that this tiny indication may also be 
shifted towards one of the TMAZ-nugget interfaces (advancing/retreating side) 
depending on the location of the defect (as will be illustrated later in one of the 
examples).  
As the defect becomes larger and potentially contains zones that may be completely 
open (i.e. non-touching surfaces due to LOP), the average backscattered signal 
power at the centre part of the nugget further increases, as schematically shown in 
Figure 5.14. 
The fourth scenario occurs when the defect is located close to or at one of the TMAZ-
nugget interfaces (advancing/retreating side). In that case, the power spectral 
density of the aforesaid TMAZ zone significantly increases and an asymmetric 
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pattern is observed in the D-scan, as shown in Figure 5.15. 

 

Figure 5.12: Cross-sectional view of scenario I: Schematic of the average signal power versus 

the positon from the weld centreline for a defect-free sample. 

 

Figure 5.13: Cross-sectional view of scenario II: Schematic of the average signal power versus 

position from the weld centreline for a sample with a small defect. 

 
 

Figure 5.14: Cross-sectional view of scenario III: Schematic of the average signal power versus 

position from the weld centreline for a sample with a huge defect (e.g. around 1 mm). 

  

Transverse position 

Transverse position 

Transverse position 
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Figure 5.15: Cross-sectional view of scenario IV: Schematic of the average signal power versus 

position from the weld centreline for the sample with a defect occurring at the TMAZ-nugget 

interface (either advancing or retreating side). 

5.5.2 Observations and validation 

We now illustrate the above discussed scenarios for five different samples. The 
results for the other studied samples can be classified in one of the above mentioned 
scenarios. In all cases, a C-scan contour image and a 3D representation of the 
average signal power data is shown, along with cross-section macrographs when 
appropriate. To guide the eye, the TMAZ lines have been indicated in the figures, and 
the region of interest for the identification of root weld defects is thus the area 
between the TMAZ lines (area between -5 and 5 mm from the weldline centre). As 
can be observed in most figures, the coarser nonequiaxed grains of the parent 
material systematically result in a merely chaotic distribution of backscatter noise 
outside of the region of interest (-10<d<-5 mm, and 5<d<10 mm). Important to note 
is that the 3D images clearly show that the average backscatter level above the 
parent material is significantly higher than the backscatter level originating from the 
recrystallized and finer equiaxed grains of nugget zone. Typical average values, 
relative with respect to the TMAZ backscatter level, are 45%-65% for the parent 
material and 10-20% for the nugget zone.  
The first sample under consideration was designed to be defect-free, and therefore, 
the results for a D-scan should correspond to scenario I. For a large fraction of the 
scanned area, the ultrasonic backscatter response confirms the intact nature of the 
nugget zone. However, visual inspection from the back side (root surface) shows the 
presence of two “spatters-like” close to the TMAZ-nugget interface, as indicated on 
Figure 5.16. To avoid ambiguity, it is important to note that these features are not 
spatters as known from a fusion welding process. The term “spatters” in the 
presented study was merely adopted because of the shape similarity. The origin for 
the “spatter-like” features is not clear. A macrograph of the FSW butt-joint cross-

Transverse position 
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section taken at one of the “spatter-like flaw” locations shows the presence of small 
flaws close to the TMAZ-nugget zone (see Figure 5.17). Further investigation, after 
destructive fatigue testing, shows that these flaws are definitely important fatigue 
crack initiation sites. The SEM Image in Figure 5.18 represents the fracture surface 
of the sample at the spatter location. Kissing bonds originating from these sites can 
be observed as well. In terms of flaw detection, these sites thus have similar 
characteristic defect features with symptoms such as micro-cracks and kissing bond 
defects. The C-scan contour image and 3D representation of the average signal 
power data, shown in Figure 5.19, confirm that there are indeed minor elevations of 
the backscatter level with respect to the nugget zone around the two ‘spatter-like’ 
locations. Despite these features, the rest of the welded metal zone appears to be 
defect-free, as supposed. There is no evidence of other peaks in the average signal 
power along the nugget centreline. 
A second batch of test samples was designed to have a small root-flaw (i.e. scenario 
II), consistently along the whole weld line. The cross-section macrograph in Figure 
5.20 illustrates the presence of a kissing bond. The results of the angle-beam 
ultrasonic scanning for two exemplary samples of this batch are displayed in Figure 
5.21 and Figure 5.22, for a small size (<500 µm) and a larger size defect (between 
500 µm and 1 mm) respectively. As expected, the average signal power for the small 
welding defect, shown in Figure 5.21, is noticeably larger along the centre of the weld 
nugget zone than its standard value between the two TMAZ lines, indicating the 
presence of the defect. For the sample with the larger defect, the average signal 
power at the nugget centre increases even more (see Figure 5.22). Even though it 
would be extremely interesting to evaluate this increase above the standard nugget 
zone value as function of the defect size, the relation between the size and the 
backscatter level has not yet been systematically studied. 
In the extreme case, scenario III, the FSW process parameters and conditions may 
induce a defect in the centre of the nugget zone that is not even a kissing bond 
anymore. Sample 4 represents a FSW sample with a LOP defect in the order of 1 mm, 
as illustrated by the macrograph in Figure 5.23. In this case, the back-reflection is so 
large that the TMAZ lines can hardly be distinguished anymore. As expected for 
scenario III, only a huge response (increase by a factor 10 with respect to the TMAZ 
value) is observed along the weld centreline (see Figure 5.24). 
The fifth and final exemplary sample in this study illustrates the scenario IV, in which 
a (distributed) defect occurs close to the TMAZ-nugget interface (either at the 
advancing or at the retreating side). In the case considered here, wormholes can be 
observed near the root surface close to the TMAZ-nugget zone (see Figure 5.25). As 
a result (see Figure 5.26), the highest values for the average signal power occur near 
one of the TMAZ-nugget interface showing an increase by a factor 8 with respect to 
the other TMAZ value. The asymmetry of the contour image implies that the defect 
is not any more positioned at the centre of the nugget zone. 
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Figure 5.16: Root side of a defect free FSW butt-joint (scenario I), except for two isolated defect 

locations (“spatter-like flaws”) close the TMAZ-nugget interface. 

 

 

Figure 5.17: Macrograph of a FSW butt-joint transverse cross-section (left=full view and 

right=zoom) taken at one of the “spatter-like flaw” locations, showing small defects close to 

the TMAZ-nugget zone. Evidence for this small defect (with a length of the order of 100µm) 

can be found in the average signal power scan, shown in Figure 5.19. 

 

 

Figure 5.18: SEM Image, representing the fracture surface of the sample at the spatter-like 

flaw location. 
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Figure 5.19: C-scan contour image and 3D representation of the average signal power data 

obtained for a FSW butt-joint illustrating (for the major part) scenario I (defect free sample), 

except for two isolated defect locations close the TMAZ-nugget interface. 
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Figure 5.20: Macrograph of a FSW butt-joint transverse cross-section showing a kissing bond 

defect at the root of the nugget zone, illustrating scenario II. 
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Figure 5.21: C-scan contour image and 3D representation of the average signal power data 

obtained for a FSW butt-joint illustrating scenario II (very tiny defect, smaller than 500 μm), all 

along the welding line. 
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Figure 5.22: C-scan contour image and 3D representation of the average signal power data 

obtained for a FSW butt-joint illustrating scenario II (larger size defect, between 500 μm and 1 

mm), all along the welding line. 
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Figure 5.23: Macrograph of a FSW butt-joint transverse cross-section (left=full view and 

right=zoom) showing a LOP defect at the root of the nugget zone, illustrating scenario III. The 

huge defect can be easily observed by the proposed method, as shown in Figure 5.24. 
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Figure 5.24: C-scan contour image and 3D representation of the average signal power data 

obtained for a FSW butt-joint illustrating scenario III (large defect, e.g. LOP). 
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Figure 5.25: Macrograph of a FSW butt-joint transverse cross-section showing a distribution of 

wormholes at the advancing side, illustrating scenario IV. This type of defect can also be easily 

observed by the proposed method, as shown in Figure 5.26. 
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Figure 5.26: C-scan contour image and 3D representation of the average signal power data 

obtained for a FSW butt-joint with distributed defects at the TMAZ-nugget line, illustrating 

scenario IV. 
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An important point to note here is that the optimized immersion ultrasonic 
technique could not reveal all features such as nonlinear flaws at the root of the 
friction stir welded joint. Nonlinear defects such as micro-cracked zigzag line defects 
do not necessary exhibit elastic discontinuities at their crack faces. That is why linear 
techniques generally cannot identify them. The presence of such defects can be 
inspected by advanced nonlinear ultrasonic techniques, as explained in more detail 
in the following section. 

5.6 Pulse-inversion chirp coded weld harmonic imaging 
(PI-CWHI) of friction stir welded zone 

Micro-cracked zigzag line and kissing bonds (potentially caused by the presence of a 
trapped continuous oxide film from the initial butt surfaces) are particular 
discontinuities whose adjacent surfaces are in close contact with each other, 
however, with little or no metallic bonding. The difference between them is that 
kissing bonds are generally linked to the butt surface and therefore will adversely 
affect the bending property in the root region of the welded joint [154]. Note that 
kissing bond defects are also utterly different from LOP which may also occur at the 
butt surface of the welds. While LOP defects mainly occur when both sides of the 
root region are not properly forged, kissing bonds originate at the root of the weld 
because of insufficient plunging of the welding tool during friction stir welding 
and/or low heat input due to an inappropriate setting of the welding procedure 
parameters such as rotational and transversal speeds. The effects of the welding 
parameters on the formation of kissing bonds and zigzag lines in the root part of the 
weld have been investigated by Sato et al [154]. The same authors also showed that 
the presence of a continuous oxide film may initiate cracking along the zigzag line 
during root bending. Furthermore, they found that micro-cavities accompanying the 
zigzag line are likely to happen at the top, bottom or across the nugget zone. 
Similarly, Dai et al. reported the occurrence of micro-cracks or cavities along the 
zigzag line depending on heat input conditions. They observed that these 
imperfections significantly affect the face bend properties of the FSW joint with 
limited effect on the tensile properties [226]. Several other studies support the fact 
that the fatigue life and strength of the FSW joint is significantly impaired by the 
presence of kissing bonds and zigzag line defects at the root part of the weld 
[148,154,158]. Therefore, conventional non-destructive testing techniques need to 
be revised and upgraded to enable the detection of these type of micro-defects 
before they become disastrous. Many efforts along this line have been proposed in 
recent years for detection of linear kissing bonds such as the technique explained in 
section 5.2. Immersion ultrasonic testing described fully in previous section is 
capable of detection and localization of the linear kissing bond and or the segments 
of kissing bond which is open for linear conventional ultrasonic non-destructive 
testing. In this ultrasonic technique, B-scan (transverse section) and C-scan (top 
view) profiles can be obtained allowing an easy (and operator independent) 
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interpretation of the different microstructural regions within the friction stir welded 
zone as well as the presence of (sizeable) linear defects at the root of the nugget 
zone. A related point to consider is that this technique only reveals information 
about linear defects and/or linear segment of defects. Nonlinear defects such as 
micro-cracked zigzag line defects, which linear techniques cannot identify them due 
to their microscopic size and the closed characteristics, should be inspected and 
evaluated by advanced nonlinear ultrasonic techniques, which will be explained in 
more detail in this section.  
 
Recent experimental and simulation studies have demonstrated the potential of 
nonlinear ultrasonic techniques for non-destructive testing and evaluation and their 
application to a wide variety of materials containing diverse types of defects. In brief, 
nonlinear techniques investigate the violation of the linear superposition principle 
of waves by quantifying the generation of sub-harmonics [97], second and higher 
harmonics [114], the loss of proportionality in the response [109], or the amplitude 
dependent resonance frequency shift [227]. One of the primary indicators of 
nonlinearity used in many investigations is the generation of higher harmonic 
components in an ultrasonic signal when propagating through a material containing 
defects. Since harmonic components are much weaker than the fundamental, 
techniques have been proposed to enhance their presence as much as possible 
relative to noise. For instance, to isolate and intensify the second harmonic in the 
signal, multi-pulse practices such as the so-called Pulse-Inversion (PI) technique have 
been commonly applied in recent years as a nonlinearity enhancing method 
[228,229]. In the PI technique, two consecutive excitations are considered for each 
acoustic beam line. After a first pulse is transmitted, the excitation pulse is inverted 
and transmitted again during a second firing. By summing the received signals, the 
contribution of the fundamental frequency (linear part of the signal) will be 
automatically suppressed, due to the phase inversion. In the case of a linear system, 
the summed signal will thus only contain noise. In case of a nonlinear system, the 
fundamental signal, as well as all odd harmonics, are again counteracted because of 
their out of phase components, while the even harmonic components in the 
summed signal will be doubled in amplitude. The net result is a non-zero output 
offering an enhanced indication of the nonlinearity [230–233].  
Mathematically, the response to a given excitation 𝑥(𝑡) with amplitude 𝐴1 in a 
simple nonlinear system, supposing a zero-memory nonlinear constitutive model, 
can be expressed as [234]: 

 𝑅0 = 𝐴𝑅1(𝑡) + 𝐴2𝑅2(𝑡) + 𝐴3𝑅3(𝑡) + ⋯,   

where 𝐴𝑅1(𝑡), 𝐴2𝑅1(𝑡) and 𝐴3𝑅1(𝑡) stands for linear signal response, and the 
second and third order nonlinear contributions respectively. 
In pulse-inversion approach, the second excitation waveform changes to negative 
polarity, i.e. 𝐴2=−𝐴1. Therefore, the response to the negative polarity (out of phase) 
excitation can be written as: 

 𝑅0 = −𝐴𝑅1(𝑡) + 𝐴2𝑅2(𝑡) − 𝐴3𝑅3(𝑡) + ⋯   
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When summing equations (5.7) and (5.8) 

 𝑅𝑃𝐼 = 𝑅0 + 𝑅180 = 2𝐴2𝑅2(𝑡) + ⋯,  

only the even order harmonics with double amplitude are retained, while the noise 

power will decrease by a factor of √2, leading to a substantial increase in the signal 
to noise ratio (SNR). Therefore, the PI technique plays an effective role in improving 
the harmonic image quality. 
For the FSW inspection, we will consider a linear chirp-coded excitation, followed by 
the pulse-inversion analysis. A linear chirp is a coded signal that linearly spans over 
a frequency bandwidth 𝐵 = 𝑓2 − 𝑓1, where 𝑓1 and 𝑓2 are the starting and ending 
frequencies respectively over a time 𝑇. The time history of a linear chirp can be 
expressed as follows: 

 
𝑠(𝑡) = 𝑤0(𝑡)𝑒𝑗2𝜋(𝑓1+

𝜇
2

t)𝑡 ,  

where the 𝑤0(𝑡) is window function (also known as apodization function), and 𝜇 =
𝐵

𝑇
  is the rate of frequency change. 

There are two main reasons to favour a chirp-coded excitation. First, the transmitted 
energy, and subsequently the penetration depth and the SNR, can be substantially 
(15-20 dB) increased by coded excitation techniques. Coded excitation can be 
categorized in “phase” coding, as in the bi-phase Barker and Golay, and “frequency” 
coding, as in a chirp signal [235–237]. The most common frequency code excitation 
is the linear chirp used here for FSW inspection. Chiao et al. have shown that Golay 
and chirp signals have a similar peak range sidelobe level (PRSL). In addition, Shekhar 
et al. investigated the effects of the transmit parameters on the nonlinearity 
response, and demonstrated an improvement of the SNR in the high frequency 
harmonic imaging when a chirp-coded excitation is used rather than a sine-burst 
excitation [238]. Furthermore, as coded excitation may suffer from an increased 
sidelobe artefact due to the potential spectral overlap between the fundamental and 
the harmonic components of the received signal, Song et al. evaluated the coded 
harmonic imaging technique using three different harmonic extraction techniques: 
bandpass filtering (BF), power modulation (PM) and pulse-inversion (PI) [239]. Their 
simulations and in-vitro experiments show that the pulse-inversion based coded 
harmonic imaging method outperforms the other extraction methods due to its 
excellent cancellation of the fundamental and the third harmonic components, and 
its adequate suppression of the spectral leakage (range sidelobe artefacts, see Figure 
5.27). As a result, it produces a better image contrast. Likewise, Park et al. reported 
a 34% enhancement of the contrast to noise ratio of the pulse-inversion chirp-coded 
harmonic imaging over conventional pulse harmonic imaging, as well as a reduction 
of 11 dB in the sidelobe level of the pulse-inversion chirp coded harmonic with 
respect to the level obtained in bandpass filtered chirp coded harmonic imaging 
[240]. 
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Figure 5.27: Peak range sidelobe level (PRSL) of three different harmonic extraction methods 

(BF= Bandpass filtering, PM=Power Modulation, PI=Pulse Inversion) as a function of the 

fractional bandwidth of the transmitted chirp-coded signal, illustrating consistent results of 

the pulse-inversion harmonic extraction technique [239]. 

 
A second reason for using chirp-coded excitation, rather than sine-burst excitation, 
is that it enhances the likelihood of hitting a particular micro-crack resonance 
frequency, which subsequently increases the generation of higher harmonics 
[241,242]. In other words, when using a chirp-coded excitation with a long duration, 
the nonlinear response will be activated, and potentially detected, for a wider range 
of micro-cracks. 
 

5.6.1 Experimental setup and materials 

A contact pitch-catch experiment, with a set-up as schematically shown in Figure 
5.28, was conducted in order to validate the use of the pulse-inversion technique for 
the inspection of micro-crack concentrations in a friction stir welded butt-joint. Two 
transducers, one being a transmitter and the other one a receiver, were mounted on 
rexolite wedges in order to generate shear waves in the welded sample. The 
transducers were employed in pitch-catch mode, aligned and separated to maximize 
the reflection from the bottom of the sample.  
The weld samples in this study (kindly provided by TWI) are made of aluminium alloy, 
7XXX series, with 6.35 mm thickness. Two large test samples (dimensions 500 
mm×300 mm×6.35 mm) for which results will be discussed in this section, were 
manufactured under imperfect welding condition to deliberately initiate root flaws 
along at least part of the weld length. The weld zone running up the centre is about 
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25 mm wide and 400 mm long. 
The measurements were carried out using an arbitrary waveform generator (NI PXI-
5412 100MS/s 14 bit) and a data acquisition card (NI PXI-5122 100MS/s 14 bit). An 
AR150A100B amplifier was used for the input signal amplification. In order to 
examine the samples along the weld centreline, a flat scanner was designed and 
manufactured. The manual X-Y scanner, with position feedback, was used for the 
scan along the 400 mm long weld centreline, see Figure 5.29.  
 

5.6.2 Methodology 

The excitation signals provided to the transmitter (Panametrics V382 with 3.5 MHz 
central frequency) consists of two consecutive out of phase chirp signals (0 phase 
and 180 phase) with frequencies linearly ramping up from 2 to 5 MHz (fractional 
bandwidth of 0.85) and with an amplitude of 250 Vpp. The two chirp signals are 
transmitted across the weld at each position along the scanline. Back-wall reflections 
are received by means of a custom-made wideband Fermat surface transducer with 
a 7 MHz central frequency [243]. Figure 5.30 illustrates the typically received 
response signals (𝑅0 for 0 phase or positive polarity, and 𝑅180 for 180 phase or 
negative polarity), while the amplitude spectrum of the received positive polarity 
response (𝑅0) is displayed in Figure 5.31, confirming that the main frequency band 
of the response ranges from 2 to 5 MHz. 
 
 
 

 
Figure 5.28: Schematic representation of the contact pitch-catch method for the inspection of 

friction stir welded butt-joint from the tool side, T and R stand for Transmitter and Receiver 

respectively.  

  

 
6.35mm Weld sample 

Rexolite wedge 

46º 



PULSE-INVERSION CHIRP CODED WELD HARMONIC IMAGING (PI-CWHI) OF FRICTION STIR WELDED ZONE 

187 
 

 

              

 
Figure 5.29: a) Manual X-Y flat scanner, b) Measurement with the scanner along the weld 

centreline, c) Mounted transmitter and receiver on the Rexolite wedge. 
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Figure 5.30: a) Overlay of typical signal responses to two out of phase chirp-coded excitation 

signals, b) Zoomed-in representation. 

 

Figure 5.31: Frequency spectrum of the positive polarity response, showing a fundamental 

frequency band ranging from 2 to 5 MHz around the centre frequency of 3.5 MHz, yielding a 

0.85 fractional bandwidth. 

 

a 

b 
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Subsequently, the two opposite-phase back-wall reflections are summed to obtain 
the pulse-inversion signal, as shown in Figure 5.32. The normalized frequency 
spectrum of the pulse-inversion signal is then calculated as follows: 

 
𝑁𝑃𝐼𝑆 =

𝐹𝐹𝑇(𝑅0 + 𝑅180)

𝐹𝐹𝑇(𝑅0)𝑚𝑎𝑥
2

∝
𝐴2

𝐴1
2 ,      

where 𝑅0 and 𝑅180 are the 0 phase and the 180 phase response signals respectively, 
and 𝑁𝑃𝐼𝑆 stands for the Normalized Pulse-Inversion Spectrum. 𝐴2 and 𝐴1 are 
representative for the second harmonic and fundamental amplitudes respectively. 
By taking the ratio of 𝐴2 to the square of 𝐴1, the quotient 𝑁𝑃𝐼𝑆 represents a 
signature of nonlinearity [244]. 
 

 

Figure 5.32: Typical pulse-inversion signal. 

 
As can be observed in Figure 5.33, the fundamental frequency components have 
been completely cancelled out by the PI technique. The principal frequency 
components in the PI signal span the region between 4 to 10 MHz. As the generation 
of harmonics is linked to the presence of damage, the 𝑁𝑃𝐼𝑆 can be used as a 
(frequency dependent) damage indicator (zero corresponding to total absence of 
nonlinearity/damage).  
A scalar damage index can be obtained by integrating the 𝑁𝑃𝐼𝑆 over the relevant 
frequency band.  
 

 
𝐷𝐼𝑁𝑃𝐼𝑆 = ∫ |

𝐹𝐹𝑇(𝑅0 + 𝑅180)

𝐹𝐹𝑇(𝑅0)𝑚𝑎𝑥
2

| 𝑑𝑓
10𝑀𝐻𝑧

4𝑀𝐻𝑧

,   

 
We expect this damage index to consequently increase when the micro-crack density 
increases. 
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Figure 5.33: Normalized pulse inversion spectrum (𝑁𝑃𝐼𝑆) of the pulse-inversion signal 

illustrating that the second harmonic content is 35 dB higher than the peak sidelobe level. 

 

5.6.3 Results and discussion of harmonic imaging 

The above described frequency spectrum analysis, employing equation (5.11), was 
applied to all pairs of A-scan signals acquired along the weld centreline. A spectral 
image was then produced in a pseudo-colour plot by stacking up all 𝑁𝑃𝐼𝑆 data as 
function of the position along the weld. As shown in Figure 5.34 and Figure 5.35, the 
pulse-inversion chirp-coded weld harmonic imaging (PI-CWHI) produces a 2D heat 
map of the presence of nonlinearity along the weld centreline. Horizontal and 
vertical axes on the 2D heat map represent the frequency and the measurement 
position along the weld centreline respectively. The colours correspond to the 
intensity of the normalized pulse-inversion spectrum.  
 
The results for Sample 1 are shown in Figure 5.34, and exhibit a high degree of 
nonlinearity for positions ranging from 150 to 350 mm, indicating that the severity 
of micro-cracks features is dominant in this zone. In fact, in practical FSW inspection 
using nonlinear wave analysis, two sources may contribute to the observed 
nonlinearity: the micro-cracks density and the instrumentation. Since the 
instrumentation does not vary along the weld during the scanning, we can be sure 
that the micro-crack density is the main contributor to the PI-CWHI technique at the 
increased nonlinear harmonic signature zones. The nonlinearity is thus generated 
and accumulated during the acoustic wave propagation through the weld zone. 
Repeated tests on the same sample also eliminate the potential influence of bad 
coupling on the data analysis when moving along the weld. The Damage Index 
calculated from the spectra in heat map of Figure 5.34a are shown in Figure 5.34b. 
The ratio between the highest and lowest Damage Index along the weld centre line 
is 1.6. 
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Figure 5.34: a) Pulse-inversion chirp-coded weld harmonic image obtained by stacking the 

normalized frequency spectra for each position along the weld centreline, indicating a zone of 

severe micro-crack density between 150 and 350 mm, Sample1. b) Damage Index Scan along 

the weld centre line, according to Eq. (5.12). 
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As a second illustration, Figure 5.35 shows the pulse-inversion spectral image for a 
similar 7XXX aluminium alloy sample: Sample 2. Here, the first part of the weld can 
be easily discerned as a severe defect zone, ranging from 0 to 150 mm. A more mild 
damage zone is found around 350 mm. Figure 5.35b show that the ratio between 
the highest and lowest Damage Index along the weld centre line for this sample is 
2.2. 
 

  

 

 
 
Figure 5.35: a) Pulse-inversion chirp-coded weld harmonic imaging, indicating a zone of severe 

micro-crack density at the beginning of the weld path, and additional sites of mild micro-crack 

density, Sample2. b) Damage Index Scan along the weld centre line, according to Eq. (5.12). 
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It is important to note that, for practical use in FSW inspection, the colour scale of 
the 2D heat maps should be adjusted to a tolerable level of nonlinearity, linked to an 
acceptable quality level of micro-crack density. For instance, zones containing a 
micro-crack density below 0.15% may be considered as acceptable for FSW. 
Therefore, the lower value of the colour scale should be set to a value representing 
crack density zones greater than 0.15%. Of course this requires a prior validation of 
the technique and a-priori known correlation between the observed nonlinearity 
and the actual micro-crack density inside the sample. 
 
The validation of the PI-CWHI technique and a preliminary effort to establish a 
correlation between the measured nonlinearity and the actual micro-crack density 
was kindly carried out by colleagues at Theta Technologies, UK in the aftermath of 
the EU-SME project STIRSCAN, using optical microscopy and SEM analysis on three 
subsamples extracted from different regions of Sample 2, corresponding to zones 
with low (DI=60), average (DI=90) and high harmonic (DI=120) levels [245]. The 
optical microscopy images (obtained by way of an Olympus U-TV0.5xC-3 camera) 
and a quantitative analysis of these images reveals that the level of micro-crack 
density is substantially different between these three samples. Figure 5.36 indeed 
shows qualitatively that the micro-crack density is increasing when the nonlinearity 
signature is rising. Note that in Figure 5.36a, the apparent quasi-horizontal line near 
the bottom does not represent a crack, but is the unfortunate residual of a cleaning 
operation using acetone. In addition, in order to measure the length and quantity of 
the micro-cracks, scanning electron microscopy (SEM) was carried out, as illustrated 
in Figure 5.37 for the subsample with the highest nonlinearity signature. Between 
the subsamples with the lowest and the highest nonlinearities, corresponding to a 
twofold increase in the nonlinear signature, a change from 0.15% to 1.5% in crack 
density (area of micro-cracks per square millimetre) was observed. These findings 
are in good agreement with a previously conducted experimental study carried out 
by Van Den Abeele et al. on CFRP composite samples, where a proportional 
relationship was found between the micro-crack density and the nonlinearity 
signature in CFRP composite samples after being exposed to increasing thermal 
loading [246]. 
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Figure 5.36: Cross-sectional view of three subsamples from FSW Sample 2, obtained by optical 

microscopy: Level of nonlinearity obtained from PI-CWHI a) low level, b) average level, c) high 

level. Note that cleaning the low level subsample with acetone has left some residual on it 

[245]. 
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Figure 5.37: SEM micrographs of a subsample of FSW Sample 2 with a high level of nonlinear 

signature, shown using three different magnification levels, illustrating the presence of micro-

cracks in the nugget zone: Magnifications a) x500, b) x1000, c) x3500 [245]. 
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5.7 Conclusion 

In this chapter, we have investigated and validated a linear and a nonlinear ultrasonic 
technique for automated weld inspection in FSW butt-joints. 
We have proposed an optimized backscattered immersion technique that is capable 
of detecting and localizing of various types of root flaws. This linear optimized 
backscattered technique uses an empirical positioning method and an appropriate 
time gating to record and analyse backscattered signals from the bottom of the 
welded sample. Backscattered energy C-scan contour images and 3D 
representations of the results confirm that a reliable root surface flaw detection is 
possible with a low frequency (3.5 MHz) planar probe. Kissing bonds, LOP defects 
and distributed wormhole defects have been successfully detected and identified 
based on their unique fingerprints, allowing to -at least qualitatively- interpret the 
severity and type of damage.  
For the identification of sites of mild and severe micro-crack density in the root part 
of the nugget zone of friction stir welded joints, we have introduced the Pulse-
inversion chirp-coded weld harmonic imaging (PI-CWHI), and demonstrated that this 
is a powerful technique. The technique exploits and quantifies the nonlinear 
distortion of the transmitted coded chirp excitation within the friction stir weld zone. 
A chirp-coded excitation signal is transmitted, using successively a positive and a 
negative polarity, and the back-wall reflected signals containing the fundamental 
and harmonic frequencies are subsequently decoded via pulse-inversion. By stacking 
the normalized pulse inversion spectra, a heat map of the nonlinearity signature can 
be obtained along the weld centreline. Quantification of micro-cracks in the 
experimental validation study showed that the crack density is increasing with the 
nonlinear signature, allowing, again, an easy interpretation of the heat maps in terms 
of damage. 
The basic concept of the proposed linear and nonlinear techniques can be 
transferred and implemented in phased array (PA) systems in order to benefit from 
an electronic scanning rather than a mechanical scanning, which will dramatically 
increase the inspection speed of FSW butt-joints. Likewise, the PA system might help 
in optimizing the selection of the incident-angle. Note that, ideally in the case of 
immersion backscattered technique, friction stir welded butt-joint samples should 
be inspected from both advancing and retreating side for reliable kissing bond 
detection due to the angled orientation of these type of defects.  
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Chapter 6                   
General conclusions and 
perspectives for future work 
 
 
Engineering materials and components such as aluminium and composite plates, 
and friction stir welded joints have been gaining wide interest for applications in 
diverse industries such as aeronautics and the automobile sector. Over the course 
of their lifetime, multi-layered composite materials are frequently prone to various 
types of defects, for example impact damage and delaminations. Equally, friction stir 
welds are susceptible to a different set of defects such as kissing bonds at the root 
of the weld. Considering the urgent need for adequate quality control, the aim of 
this study was to investigate and develop linear and nonlinear ultrasonic imaging 
techniques for the visualization and localization of various types of damages in 
diverse engineering materials. 
 

6.1 Inspection of aluminium and composite structures 
using Lamb waves 

In the second chapter, basic methods for structural health monitoring of an 
aluminium plate-like structure were addressed. Structural Health Monitoring based 
on ultrasonic Lamb wave excitation is a rather recently developed technique. In spite 
of numerous efforts in this field, the main challenge remains to improve or fine-tune 
these guided wave based defect imaging techniques.  
The first study in this thesis focused on the Lamb wave-based characterization of two 
fundamental modes, S0 and A0, for damage identification. It was shown that an 
artificial defect, such as a drilled hole as a model for a rivet hole, is most sensitive to 
the A0 mode, rather than the S0 mode, due to its smaller wavelength. Damage 
identification images were reconstructed by numerical and experimental data using 
four different velocity-based image reconstruction algorithms applied on signal 
datasets acquired from a sparse array of transducers. For simulated data, it was 
observed that spurious deficiencies occurred in the ‘’Delay and sum’’ and ‘’energy 
arrival’’ damage reconstruction images. Conversely, the ‘’exponential time-
windowed delay and sum’’ method and the ‘’MVDR’’ algorithm provided damage 
maps with a considerably better damage to background noise ratio. For the analysis 
based on experimental data, the ‘’energy arrival’’ and the ‘’exponential time-
windowed delay and sum’’ methods both performed reasonably well, but this was 
not the case for the ‘’MVDR’’ imaging. Failure of MVDR for experimental data can be 
explained by the sensitivity of the MVDR imaging method to the a-priori to be 
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defined scattering coefficients which are most of the time unknown for real defects.  
In the presented study, it was demonstrated that the removal of multiple reflections 
at later times in the signals indeed decreases the level of artefacts emerged on the 
Lamb wave images as shown in ‘’exponential time-windowed delay and sum’’ 
method. In addition, we showed that the consideration of the energy of the 
scattered signals prior to the arrival time reduces the likelihood of artefacts in the 
‘’energy arrival’’ imaging technique. In other words, it was established that, if the 
prior cumulative energy is higher than the energy after the arrival time, the position 
is not probably the defect location. Moreover, a study of the influence of the damage 
size (by analogy with the enlargement of a rivet hole and/or a deformed hole) 
demonstrated that the wavelength is not the only decisive factor in the velocity-
based image reconstruction techniques. It was found that a signal difference metric 
(SDM) and a ‘’defect area×4/πλ2’’ value greater than 0.3 and 0.25, respectively, is 
likely to result in an image without false alarms for aluminium plate structures under 
laboratory conditions. On the other hand, as velocity-based imaging techniques are 
quite sensitive to various control parameters, they are not routinely applied for real 
defect detection in multi-layered composite materials, particularly in realistic 
environments. As an alternative, we changed the focus to a probabilistic imaging 
technique (a velocity-independent technique), called RAPID, which was further 
developed and evaluated for composite structures containing impact damage and 
delamination defects. 
In the third chapter, the conventional RAPID imaging technique was reviewed and 
investigated for composite materials. Measured signals from a sparse array of 
transducers in both intact and damaged states were compared using a correlation 
based signal difference coefficient and used as input to reconstruct a damage image 
based on the A0 mode. The study demonstrated that the A0 mode is sufficiently 
sensitive to detect impact damage and to assess the difference between 
tightened/loosened bolts in composite materials at low frequencies with a high A0/S0 
amplitude ratio. 
The fourth chapter dealt with the development of a novel nonlinear Lamb wave 
imaging technique through a modification of the conventional RAPID method. In 
brief, the standard definition of the signal difference coefficient was adjusted to 
account for nonlinearity indicators. The benefit of the new concept is that the RAPID 
method becomes reference state independent. In other words, for the analysis, we 
refrain from any information concerning the intact state of the structure, and solely 
examine the damaged state of the sample. The method was validated on a plate 
containing a single delamination. However, before applying the RAPID formalism, a 
study was conducted to find the pitch-catch optimal defect frequency. 
Contrary to the case of impact damage, delamination defects (flat flaws) call for a 
high S0/A0 amplitude ratio due to the higher sensitivity of a delamination to S0 modes 
in a pitch-catch configuration. Based on the attenuation dispersion curves of S0, A0, 
and A1, it turned out that the high frequency region is in this case the most suitable 
range for delamination detection. The S0 mode in the high frequency range indeed 
yields a higher S0/A0 ratio than the low frequency range. In principle, bending 
resonance modes produced by a bonded piezo-actuator control the generation of 



GENERAL CONCLUSIONS AND PERSPECTIVES FOR FUTURE WORK 

 

201 
 

the A0 Lamb wave mode in the lower frequency domain, while radial modes which 
mainly control the S0 mode generation will occur in the higher frequency domain. 
A detailed pitch-catch wave study on a composite plate with a 20×20 mm 
delamination located in 3/4th of the thickness demonstrated that the frequency 
range of the dispersion curve can be divided into three regions for delamination 
evaluation. First, the low frequency range with a dominating A0 Lamb mode (<250 
KHz) shows fairly no sensitivity to the delamination. Secondly, two frequency ranges 
with an intermediate sensitivity were observed, between 250 and 350 KHz, and 
between 410 and 750 KHz. Experimental observation demonstrates that, in the 
presence of the delamination, the out of plane displacement of the dominant S0 
wave mode disappears in these ranges and that the A0 mode will then become 
dominant. Thirdly, another interesting and thought-provoking range occurs in the 
middle of the Lamb wave dispersion curve (between 350 and 410.KHz) In this highly 
sensitive range, the out-of-plane displacement of the S0 mode on the surface 
vanishes completely in the presence of the delamination, and since no other strong 
wave modes have been excited, total attenuation can be observed.  
Looking at individual frequencies, it was shown that the vibration pattern at the S0 
sweet spot corresponds to a clear-cut local defect resonance of the delamination, 
even though it is not the most susceptible frequency for an intensive wave-
delamination interaction when used in pitch-catch mode (intermediate sensitivity). 
Rather than choosing to work with the defect resonance, we selected a frequency 
(378 kHz) in the high sensitivity range of the pitch-catch data as the particular 
frequency for the new imaging concept. Here, we remark that, since the out-of-plane 
displacement has totally disappeared, it is mainly the in-plane displacement 
contribution of the S0 Lamb wave mode which is evaluated by the DuraAct P-876/SP1 
patch transducer and used to evaluate the nonlinear signatures accompanied by the 
measured signal.  
For the new RAPID concept, a database of sparse array signals was measured as 
response to a sine burst excitation at the selected frequency. In contrast to the 
conventional method, the database is acquired at two different amplitudes on the 
same state sample, without having the need for a reference measurement on an 
intact state. In order to define the new signal difference coefficients, nonlinear 
signatures arising from the amplitude-dependent dynamic responses were obtained. 
Based on the high amplitude response and a properly scaled version of the low 
amplitude response, we defined the nonlinear correlation coefficient, the energy of 
the SSM signal and the third harmonic ratio parameter. These indicators were then 
used to compare the nonlinear contributions along intact and delamination paths. It 
was found that both the nonlinear correlation coefficient and the energy of the SSM 
signals are the most sensitive damage parameters. In addition to the fact that the 
correlation coefficient is not sensitive to an amplitude variation, the study revealed 
that it is better to eliminate the amplitude variation between the up-scaled low 
amplitude and the high amplitude signals in order to achieve higher sensitivities for 
the energy of the SSM signals in the delamination path. We therefore concluded that 
any signal processing technique that has the ability to reveal the phase variation of 
signals could be a suitable tool for nonlinearity based defect identification, i.e. 
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considering the evaluation of measured signals at different amplitude level 
excitations. 
Apart from the nonlinear correlation and the SSM energy, a study of the third 
harmonic ratio was conducted, and the results showed that also this third type of 
nonlinearity indicator was suitable to be used in nonlinear Lamb wave imaging. 
After completing the preliminary studies, the new baseline-free nonlinear RAPID 
method has been validated on a CFRP plate containing a 20x20 mm delamination. 
The resulting probabilistic images employing the three nonlinearity based signal 
difference coefficients all performed rather well for the identification of the defect. 
 

6.2 Inspection of friction stir welds using shear bulk 
waves 

Chapter 5 reported on the linear and nonlinear ultrasonic imaging of friction stir 
welds. In the first part, an improved linear ultrasonic immersion testing technique 
was introduced and validated on several FSW samples for the localization of linear 
flaws such as lack of penetration defects, open parts of cracks accompanying kissing 
bonds, and wormholes. An empirical positioning and time gating procedure was 
applied in order to reveal the right information from the root surface of the welded 
joint. Results have demonstrated that the backscattered energy of the time gated 
echo depends on the grain morphology and on the presence of micro-defects. In 
addition, identification and localization of different root defects was realized by 
analysing their unique backscatter energy C-scan fingerprint and comparing it to four 
potential scenarios. This optimized technique, which is working at relatively low 
frequencies (few MHz), could serve as an alternative ultrasonic inspection technique 
for aluminium alloys without the habitual need for high frequency (≥20 MHz) 
analysis. It turned out that the pulse-echo mode measurements are more robust 
than the pitch-catch mode experiments for the linear ultrasonic inspection of root 
flaws. This can be due to the fact that in a pulse-echo mode there are merely two 
quasi-equal amplitude contributions consisting of structural noise and defect 
reflection in the backscattered signal, whereas in a pitch-catch mode, the effect of 
the defect is always buried inside a dominating back-wall reflection echo. In the 
latter case, defects can only be observed by the attenuation of this reflection echo. 
Since different microstructural regions in the weld zone also influence the 
attenuation of the back-wall signal, pitch-catch mode was not a suitable technique 
for the linear inspection. 
In the second part of the chapter, we introduced an advanced and novel technique 
for weld inspection: the so called pulse-inversion chirp-coded weld harmonic 
imaging (PI-CWHI) in pitch-catch mode. Here, we choose for a pitch catch mode 
because the emergence of nonlinear signatures from the back-wall reflection 
deformation is more profound than the scattered nonlinearity on top of the noise in 
a pulse-echo mode. We demonstrated that the pulse-inversion (PI) technique is a 
powerful tool for the enhancement of harmonic contributions and nonlinearity 
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isolation. The combination of PI with pitch-catch measurements in a line scanning 
mode allowed us to produce online images of the weld quality based on the presence 
of nonlinearity. Destructive micrographs showed indeed that the micro-crack 
accompanying zigzag lines were the main reason of high nonlinear signatures in the 
harmonic images, and thus confirmed that an increased nonlinear signature 
observed in the line scan is linked to an increase in micro-crack density.  
 

6.3 Research contributions 

The primary contributions of the research conducted in this thesis are: 
 

1. An empirical method was proposed in order to select Lamb wave modes, 

and to determine the optimal frequency for Lamb wave inspection using a 

bonded piezo-actuator. This technique provides information regarding the 

excitability and the attenuation of Lamb wave modes at different 

frequencies, and can be exploited to evaluate the sensitivity of Lamb waves 

to a specific damage. Compared to the state of art, the proposed technique 

in this thesis elucidates all dominant mode in a broadband frequency range 

with one single broadband excitation. Mode determination can easily be 

done by means of the obtained wavenumber-frequency images. The 

disadvantage of the current implementation in which the reception of 

signals is performed by means of Laser Doppler vibrometry, is that it does 

not properly accounts for the in-plane displacement of Lamb wave modes 

due to the fact that laser Doppler vibrometer merely captures out-of-plane 

displacements.  

 

2. A novel nonlinear baseline-free defect imaging algorithm using a sparse 

array network of transducers and sensors was also developed in this thesis. 

The new technique is velocity independent, and contrary to the state of the 

art techniques, the proposed method does not require to know any 

information from the intact state of the structure. On the one hand, the 

proposed technique is a reliable technique for practical NDT inspections 

since it is a defect-selective imaging method. On the other hand, it is also 

challenging since it requires a prior knowledge of the optimal frequency to 

operate with. State of the art techniques usually compare the global 

nonlinearity of a damaged sample with an intact sample. No other 

practically usable non-local nonlinear technique with potential to be 

implemented in a SHM system, apart from the one proposed in this thesis 

has been reported for delamination localization in a damaged structure to 

date. 
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3. Immersion ultrasonic testing was optimised and implemented for the 

detection and localization of minute linear defects at the root of friction stir 

welds, which are in general hardly detectable by high frequency 

transducers (25 MHz). In the proposed method, the customary need for 

high frequency analysis was modified by the selection of an optimal 

transducer position and appropriate signal gating parameters in a pulse-

echo configuration. As a result, instead of analysing single A-signals, defects 

can be identified by their unique backscatter energy C-scan fingerprints 

obtained at much lower ultrasonic frequencies. In addition, contrary to 

many state of the art techniques, the proposed technique is capable of root 

flaw examination from the tool side of the friction stir welds.  

 

4. Finally, a novel nonlinear evaluation technique based on pulse inversion of 

chirps in pitch-catch mode was implemented and developed for measuring 

the micro-crack density along the weld path. No other non-destructive 

method has been reported for measuring the existence and the density of 

micro-crack zigzag lines at the bottom of friction stir welds so far. We 

believe that the proposed monitoring of the micro-crack density can be 

used to obtain a better insight into the appearance and progression of 

defects at the root of friction stir welds.  

6.4 Suggestions for future research 

Simply implementing a solution does not end a problem. Evaluation of that solution 
may identify new aspects of the problem or even new problems that need to be 
addressed.  
First of all, in support of the experiments and for practical applications, it would be 
worthwhile to build a library of optimal pitch-catch Lamb wave frequencies for 
several possible defects in composites, at different depths and with different sizes. 
This can be achieved through simulations (e.g. using COMSOL Multiphysics®) or by 
conducting experiments on reference composite samples containing real defects. 
This parametric study would definitely result in a more accurate optimal frequency 
selection. 
Second, the nonlinear Lamb wave imaging using the modified RAPID procedure can 
be further optimized in terms of the number of cycles and the length of the 
excitation signal to be used, which may result in improved images. Moreover, 
experiments involving delaminations in different sizes and depths should be 
conducted in order to understand the limitations of the proposed technique. 
Furthermore, the feasibility of the baseline-free Lamb wave imaging method should 
be studied for impact damage as well. 
Next, new indicators of nonlinearity for the signal difference coefficient can be 
proposed, e.g. the break-down of time reversibility of signals in a nonlinear system. 
Actually, time reversibility of waves is based on the reciprocity of a linear system. It 



GENERAL CONCLUSIONS AND PERSPECTIVES FOR FUTURE WORK 

 

205 
 

starts to fail whenever there is a source of nonlinearity in the system. Figure 6.1 
illustrates that wave distortion due to the presence of a delamination in the sound 
path significantly breaks down the time reversibility, as observed by the strong 
attenuation of the measured time reversed signal in the delamination path. The 
degree of time reversal failure could be quantified over all paths of the sparse array 
network, and introduced as a new definition of the signal difference coefficient in 
the nonlinear baseline-free RAPID imaging. 

  

 

Figure 6.1: Time reversal experiment on an intact (T1R4) path and on a delamination path 

(T8R5) at the optimal exitation frequency 378 kHz, illustrating the attenuation of the measured 

time reversed signal in delamination path. 

Regarding the FSW testing, the proposed ultrasonic immersion testing technique for 
the inspection of minute linear defects at the root of friction stir welds can still be 
further optimized in terms of voltage, frequency, and gate size in order to increase 
the resolution in defect detection and localization. The basic concept of the 
proposed technique can be transferred and implemented in phased array (PA) 
systems in order to benefit from an electronic scanning rather than a mechanical 

a 

b 



SUGGESTIONS FOR FUTURE RESEARCH 

206 
 

scanning, which will dramatically increase the inspection speed of FSW butt-joints. 
Likewise, PA systems may help in optimizing the selection of the optimal incident-
angle in the backscattered method. Note that, ideally, friction stir welded butt-joint 
samples should be inspected from both advancing and retreating side for reliable 
kissing bond detection due to the angled orientation of these type of defects. 
Finally, an optimization of the chirp-coded excitation for nonlinearity based FSW 
inspection in terms of fractional bandwidth and time duration can be considered. 
This chirp-coded excitation was a key factor in the PI-CWHI for enhancing the 
nonlinear responses of micro-cracks. In addition, for practical purposes, the use of 
immersion coupling wedges rather than solid wedges with ultrasonic coupling gels 
should be considered in order to obtain the most repeatable results. Lastly, similar 
to the linear inspection technique, the basic concept of the proposed pulse-inversion 
chirp-coded nonlinear technique can be transferred and implemented in phased 
array (PA) systems in order to benefit from full matrix capture (FMC) and total 
focusing method (TFM) for imaging the entire weld volume of the nugget zone. 
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