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SUMMARY

Society increasingly demands that ships become more sustainable and quieter, given their
significant share of global fuel consumption and green-house gas emissions. Fiber-reinforced
composite marine propellers can contribute meaningfully to these goals. As a promising
alternative to the conventional rigid metallic propellers, flexible composite propellers can
offer improved underwater radiated noise (URN) and propulsion efficiency. Furthermore,
manufacturing propellers from fibre-reinforced composite materials makes them lighter and
reduces their electromagnetic signature.

Despite the significant potential of composite propellers for marine propulsion systems,
uncertainties in their fatigue behaviour have so far hindered their wide-spread adoption.
These uncertainties can arise from imperfections during the manufacturing process,
operational conditions different than the ones considered in the design, coating deterioration
leading to water ingress, impact events, and more. Such factors can have significant impact
on the lifetime of the propeller, which is typically expected to endure billions of cycles.
Structural health monitoring (SHM) has the potential to mitigate this issue by real-time
recording and assessing the structural response and integrity of the propeller. Such an SHM
system should neither affect the propeller performance nor its load-bearing capacity. In
addition to providing insights into the current structural integrity of the propeller, an SHM
system may also enable enhanced estimation of the remaining lifetime, thereby minimizing
the risk of unexpected failures and downtime.

This thesis investigates the feasibility of developing composite marine propellers with an
embedded SHM system based on piezoelectric sensors. These sensors are capable of
performing strain monitoring (with application in load/response estimation) and acoustic
emission monitoring (with application in damage identification). Three main topics have
been studied; (i) the feasibility of measuring dynamic strains in the propeller blade using the
embedded sensors, (ii) the effect of embedding piezoelectric sensors on the structural
integrity, and (iii) the feasibility of measuring and assessing damage-induced acoustic
emissions using the embedded sensors. An analysis framework has been proposed for the
identification, classification, and localisation of acoustic emissions in thick composite
structures.

Considering a glass-epoxy marine propeller blade as case study, it was found from
experiments and numerical simulations that the dynamic strains can be measured in more
than 92% of the blade area by the embedded piezoelectric sensors, from the first to the fifth
blade passing frequency. In this investigation, the numerical simulations provided insights
into the expected range of mechanical strains in the design conditions of the blade, while the
coupon experiments provided insights into the measurable range of amplitudes and
frequencies by the embedded sensors. The results suggest that the proposed SHM method is
feasible.

Regarding the effect of embedding piezoelectric sensors on the structural integrity of the host
specimen, four-point bending tests were performed on carbon-epoxy specimens with
embedded piezoelectric sensors. The main finding was that stiffness and strength were
affected to a very limited extent, however there was a stronger reduction in maximum strain
and toughness. When embedding piezoelectric sensors, it is therefore recommended to not
place them in critical areas.



Acoustic emissions (AE) were measured in the same four-point bending setup using the
embedded piezoelectric sensors and surface-mounted sensors. The embedded sensors were
generally able to measure damage-related AE up until near final failure. The AE signals from
this test were clustered using a hierarchical method and correlated with the specimen type.
The analysis based on reference surface-mounted AE sensors showed that one of AE clusters
occurred only in specimens with embedded sensors and not in the specimens without sensor.
This suggests that the damage behaviour in the composite may differ due to the presence of
the embedded sensor.

A full-scale glass-epoxy marine propeller blade was manufactured with 24 embedded
piezoelectric sensors. The manufacturing method was resin transfer molding. Nearly all the
sensors survived the manufacturing process, with the exception of two. The feasibility of
measuring AE throughout the blade using the embedded sensors was assessed. This was
assessed by placement of the blade into a salt water tank. AE sources was simulated through
standardized pencil lead breaks. The results indicated that the embedded sensors in the blade
had a measurable range of around 216mm for a 90dB source signal with a noise level of
40dB, with a peak frequencies around 100kHz and 250kHz. Given that the noise during
propulsion is expected to be of a similar order of magnitude in the frequency range of interest,
i.e. hundreds of kHz, the proposed SHM approach is considered feasible.

Investigations were also conducted on damage-induced AE waveforms. In composite
propeller blades, the AE waves typically propagate as multi-modal dispersive guided waves.
This means that the waveform shape at the source and the receiving points may differ.
Correction of the wave propagation effects can enhance the accuracy of the damage
identification process. To address this, a back-propagation method with dispersion
compensation was formulated. The method was assessed numerically and experimentally on
a thick glass-vinyl ester panel. Satisfactory results were obtained for narrow-band AE signals.
To identify the damage location in the blade, a source localisation method was developed as
well, capable of dispersion compensation for multiple wave modes. Experiments were
performed on the glass-vinyl ester panel using controlled AE sources with 200kHz and
300kHz centre frequencies. Analysis of the results revealed that the proposed multimodal
localisation method can be an improvement over single-mode localisation, in the case that
the measured signal has a comparable contribution of different wave modes. However, when
a dominant wave mode in the signal is known a priori, the single-mode reconstruction
approach can lead to better results.

To conclude, the research demonstrates the potential of using embedded piezoelectric sensors
for SHM of composite marine propellers. The results provide various insights into both the
opportunities and limitations of the developed methods. Recommended future research
directions include further development of AE localisation and classification techniques, as
well as conducting full-scale fatigue testing to assess the performance of the proposed
methods at full scale prior to sea trials. The findings of this research are also believed to pave
the way for data-driven estimation of the remaining lifetime of composite marine propeller
blades.



SAMENVATTING

Er is een toenemende vraag vanuit de samenleving om schepen duurzamer en stiller te maken,
gegeven hun significante bijdrage aan de opwarming van de aarde en de verslechtering van
het onderwatermilieu. Het gebruik van vezelversterkte kunststof composieten
scheepsschroeven kan een betekenisvolle oplossing zijn om deze problemen te verminderen.
Ten opzichte van de stijve metalen scheepsschroeven die nu gebruikelijk zijn, wordt verwacht
dat flexibele composieten scheepsschroeven een lager geluidsniveau hebben voor
onderwater-verspreide ruis, alsook een beter brandstofverbruik. Andere voordelen voor
composieten scheepsschroeven zijn het lagere gewicht en een kleinere elektromagnetische
signatuur.

Ondanks deze voordelen is het gebruik van composieten scheepsschroeven niet
wijdverspreid. Dit wordt geweten aan onzekerheden in het vermoeiingsgedrag van het
gebruikte materiaal. Deze onzekerheden vinden hun oorzaak in imperfecties in het
maakproces, omstandigheden tijdens het gebruik die niet meegenomen zijn tijdens het
ontwerp, wateropname van het composiet door verlies van coating, impacts enzovoorts.
Dergelijke factoren kunnen een relatief grote invloed hebben op de levensduur van de
schroef, waarbij er vanuit wordt gegaan dat deze in de orde van miljarden cycli dient te zijn.
Om beter inzicht te krijgen in de structurele integriteit van de scheepsschroef wordt
Structural health monitoring (SHM) voorgesteld. Dit houdt in dat een systeem direct het
mechanische gedrag en integriteit van de propeller beluistert en analyseert. Het SHM systeem
dient geen effect te hebben op de hydrodynamische prestatie van de scheepsschroef, noch op
de sterkte. Naast het verbeteren van de kennis over de huidige toestand van de scheepsschroef
is er ook de mogelijkheid om het SHM systeem te gebruiken voor het inschatten van de
resterende levensduur. Dit kan vervolgens het risico op onverwacht falen en uitval
verminderen.

Dit proefschrift onderzoekt de haalbaarheid van de ontwikkeling van composieten
scheepsschroeven met een ingebed SHM systeem op basis van piézo-elektrische sensors.
Deze sensors zijn in staat om zowel laagfrequente rekken te meten (voor inschatting van
belasting en dynamische reactie van het schroefblad) alsook akoestische emissies (voor
identificatie van schade). Drie thema’s zijn onderzocht; (i) de haalbaarheid van het meten
van dynamische rekken in het propellerblad door de ingebedde sensors, (ii) het effect van het
inbedden van pi€zo-elektrische sensors op de structurele integriteit, en (iii) de haalbaarheid
van het meten en analyseren van schadegerelateerde akoestische emissies met behulp van de
ingebedde sensors. Een framewerk is voorgesteld voor de identificatie, classificatie en
bronlokalisatie van akoestische emissies in dikwandige composiet.

Bij een glasvezel-epoxy scheepsschroef als testcase is bevonden vanuit experimenten en
simulatie dat dynamische rekken met betrekking tot de eerste tot en met vijfde
bladpasseerfrequentie gemeten kunnen worden over meer dan 92% van het bladoppervlak
met het gebruik van ingebedde pi€zo-elektrische sensors. Hierbij gaf de simulatie inzicht in
de amplitude van mechanische rekken in het blad onder gebruikelijke belasting terwijl de
experimenten duidelijk maakten hoe gevoelig de ingebedde sensors waren voor rek bij
verschillende frequenties. De resultaten bevestigen de haalbaarheid van deze toepassing van
het SHM systeem.



Met betrekking tot de invloed van de ingebedde sensors op de structurele integriteit van het
composiet zijn er vierpuntsbuigtesten uitgevoerd. Hierbij is een vergelijking gemaakt tussen
koolstofvezel-epoxy proefstukken met en zonder ingebedde pi€zo-elektrische sensor. De
bevindingen geven aan dat in dit geval de stijtheid en sterkte nauwelijks verandert, hoewel
er een sterkere afname is in maximale rek en taaiheid. Vanuit dit inzicht is het aan te raden
om de piézo-elektrische sensors niet in te bedden in kritieke regio’s in het blad.

Tijdens de vierpuntsbuigtest zijn ook akoestische emissies (AE) gemeten door de ingebedde
pi€zo-elektrische sensors alsook door sensors gemonteerd op het proefstukoppervlak. Over
het algemeen waren de ingebedde sensors in staat schadegerelateerde AE te meten tot aan het
uiteindelijke falen van de proefstukken. De AE signalen uit deze test werden geclusterd met
behulp van een hiérarchische methode en gecorreleerd aan het type proefstuk. Uit analyse
van AE signalen van de sensors gemonteerd op het oppervlak bleek dat een specifick AE
cluster alleen voorkwam in proefstukken met ingebedde sensor, maar niet in de proefstukken
zonder sensor. Dit impliceert een ander schadeverloop van het composiet in het geval van de
aanwezigheid van een ingebedde sensor.

Hierna is een glasvezel-epoxy schroefblad op ware grootte geproduceerd met hierin 24
ingebedde piézo-elektrische sensors. De productiemethode was vacuiiminfusie. Op twee na
overleefden alle sensors het productieproces. De haalbaarheid van het meten van
schadegerelateerde akoestische emissies over het schroefbladoppervlak is onderzocht.
Hierbij is het schroefblad in een zoutwatertank geplaatst en zijn AE bronnen gesimuleerd via
het gestandaardiseerd breken van vulpotloodpunten. De resultaten stellen vast dat de
ingebedde sensors een meetbereik hadden van ongeveer 216mm voor een AE signaal met een
bronamplitude van 90dB, een ruisniveau van 40dB en piekfrequenties bij 100kHz en 250kHz.
Met het uitgangspunt dat het ruisniveau tijdens het varen een vergelijkbare ordegrootte heeft
(bij de doelfrequenties, i.e. honderden kHz), kan gezegd worden dat deze toepassing van
SHM haalbaar is.

Algemener onderzoek is uitgevoerd over de golfvormen van schadegerelateerde AE. Met
betrekking tot composieten scheepsschroeven kan gesteld worden dat AE golven zich
voortbewegen in de vorm van multimodale geleide (elastische) golven. Dit houdt in dat de
golf bij de bron er anders uitziet dan bij de sensorlocatie. Correctie van deze
golfvoortbewegingseffecten kan de identificatie van schade verbeteren. Met dit doel is een
achterwaartse voortbewegingsmethode geformuleerd door gebruik te maken van
dispersiecompensatie. Deze methode is numeriek en experimenteel toegepast op een dikke
glasvezel-vinylester composieten plaat. Voor relatief smalband AE signalen geeft dit
adequate resultaten. Verder is voor lokalisatie van schade in het schroefblad een methode
ontwikkeld die gebruik maakt die in staat is dispersiecompensatie uit te voeren voor meerdere
modes van geleide golven. Hiervoor zijn experimenten uitgevoerd op de glasvezel-vinylester
composieten plaat, gebruikmakend van gecontroleerde AE excitaties met een 200kHz en
300kHz middenfrequentie. Analyse van de resultaten geeft aan dat de multimodale lokalisatie
een verbetering kan zijn op enkelmodale lokalisatie in het geval dat het gemeten AE signaal
een gebalanceerde contributie heeft van de meerdere golfmodes. Daar staat tegenover dat
wanneer er een dominante golfmode aanwezig is en deze a priori bekend is, de enkelmodale
lokalisatie een beter resultaat geeft.

Ter conclusie kan gesteld worden dat het onderzoek een demonstratie geeft van de potenties
van het gebruik van pi€zo-elektrische sensors voor SHM toepassingen in composieten
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scheepsschroeven. De resultaten geven gevarieerde inzichten in zowel de mogelijkheden als
beperkingen van de ontwikkelde methodes. Voorgestelde richtingen in het vervolgonderzoek
zijn onder meer het verder ontwikkelen van AE lokalisatie- en classificatie- technieken,
alsook het uitvoeren van vermoeiingstesten op schroefbladen in ware grootte ter vaststelling
van de ontwikkelde methodes, voorafgaand op eventuele proefvaarten. De bevindingen van
dit onderzoek zijn ook voorgesteld als voorbereiding voor data-gedreven inschatting van
resterende levensduur van composieten scheepsschroeven.






1

INTRODUCTION



1.1  MOTIVATION

In recent years, there has been a growing interest in the maritime sector regarding the use of
composite marine propellers. Composite propellers are made of fibre-reinforced plastic
materials while propellers conventionally are made out of nickel-aluminium bronze alloys
(Figure 1.1). Composite propellers can have various advantages over conventional propellers.
They can improve ship propulsion efficiency by increasing the propeller diameter. The
expected increase of underwater-radiated noise (URN) is mitigated by flexibility of the
composite at the tip. This flexibility can locally reduce loading and subsequently, cavitation
and URN [1-3]. Furthermore, composite propellers provide benefits such as reduced
electromagnetic visibility and lower weight [4,5].

Figure 1.1: Marine propellers. (Left) a metal propeller with four blades [6]. (Right) a glass-fibre epoxy
composite propeller blade.

Marine propeller blades are subject to fatigue, abrasion, and impact from particles in the
water. As such, the material of the blades degrades over time. This degradation causes a finite
lifetime, manifested by a drop in stiffness and strength. For composite marine propeller
blades, there is less experience and knowledge in this behaviour than for marine propeller
blades made from metals. To partly increase this knowledge, there have been, and currently
are, research activities performed on understanding the fatigue behaviour of composite
marine propellers [7-9] and hydrofoils [10,11]. These investigations have been performed
with numerical simulations, coupon experiments, as well as large-scale fatigue experiments
(Figure 1.2). Such investigations help in gaining preliminary knowledge about fatigue
performance and to improve the design. However, when in operation, the propeller can
experience a myriad of load cases and environments that were not accounted for beforehand
or would be difficult to mimic in experiments. In this case, it would be beneficial to have a
real-time structural health monitoring system. Note that for a composite marine propeller
blade, the monitoring system would either be remotely-installed or embedded into the blade,
as not to obstruct hydrodynamics of the blade.
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Figure 1.2: Assessment of fatigue in composite hydrofoils: (Left) a numerical simulation of fatigue of
composite marine propeller blade, showing a damage parameter from 0-1 after 10™6 cycles [12].
(Right) a large-scale fatigue setup of a composite hydrofoil [11].

1.2 STRUCTURAL HEALTH MONITORING OF PROPELLERS

There have been recent research initiatives on the placement of monitoring systems in or
surrounding composite marine propellers. Measurements of the structural response have so
far primarily been performed in cavitation tunnel, for example by Maljaars et al. [5] (Section
3.7.) and Garg et al. [13]. A notable progress is the work of Maljaars et al. [14] wherein a
full-scale propeller, driving a ship in calm water, was monitored using Digital Image
Correlation (DIC) (Figure 1.3). However, open-water application of this method is hindered
by the reduced visibility and increased scattering of light. Alternative measurement methods
are highly desirable in this regard.

The layered nature of fibre-reinforced composite materials provides a unique opportunity to
embed measurement devices such as Fibre-Bragg Gratings (FBG) and thin piezoelectric
sensors [15-17]. Measurement of hydrodynamic loads, deformations, vibrations, and
structural integrity with embedded sensors can lead to improvement in the design and
assessment of future propellers, as well as in the maintenance of the in-service propeller.

Application of FBGs has shown promising outlook for strain and vibration measurement in
composites. For embedding, FBGs are small in diameter and therefore their influence on the
structural integrity of the host can be limited [18]. Seaver et al. [19] investigated measuring
strains near the surface of a rotating carbon-fibre reinforced plastic composite (abbreviated
as CFRP) marine propeller in a water tunnel using FBGs. On stationary blades, progress is
shown for alloy marine propeller blades [20], composite aeronautic propeller blades [21] and
composite wind turbine blades [22]. Tian et al. [23] placed strain gauges on marine propeller
models and were able to retrieve dynamic strains through a data acquisition system (DAQ)
integrated in the hub. Zetterlind et al. [21] compared their FBG results to readouts of strain
gauges placed on the blade and noted broad agreement between the two methods. Ding et al.
(2022) [24] measured strains on a model of a propeller blade using surface-mounted FBGs.
Reconstructed deformations of the blade were created using an inverse finite element method.
Error between reconstructions and deformation measurements was below 7%. Maung et al.
(2017) [25] embedded distributed optical fibres into a carbon-fibre composite hydrofoil. It
was noted that the measured strains were in reasonable accordance with simulations. This
research was continued by Shamsuddoha et al. (2022) [10] who embedded distributed optical
fibres into a full-scale composite hydrofoil loaded under fatigue. In that work, also
piezoelectric accelerometers were placed to perform modal analysis. No notable change in
modal properties was measured during the fatigue loading.



For more complex shapes, such as propeller blades, additional challenges with embedding
optical fibres due to the large curvatures have been reported by Seaver et al. [26]. Also it is
reported the directionality of FBGs might restrict guided wave capture [27]. With
conventional strain gauges, the maximum recordable frequency is limited [28]. Piezoelectric
sensors are a promising alternative. They can support a wider range of sampling frequencies
[27], are less challenging to handle than optical fibres during the embedding process, and
therefore are highly suitable for both dynamic strain measurement and ultrasonic-based
structural health monitoring.

Song et al. [29] embedded piezoelectric sensors inside a scaled wind turbine blade. During a
wind tunnel test and via a wireless DAQ, the attenuating effect of damage on guided waves
was successfully detected. With thin piezoelectric polyvinylidene difluoride (PVDF) sensors,
Sullivan and Mueller [30,31] measured aerodynamic pressures on an aluminium marine
propeller and noted the need to correct the sensors for possible thermal effects in their
application. Hamada et al. (2023) [32] placed piezoelectric line sensors on flexible propeller
blades in operation. Degradation of the propeller blade was correlated with the changes in
the vibration measured by the sensors.

On small-scale coupon specimens, dynamic strain measurements using piezoelectric sensors
were performed by Shin et al. [33] and Lin et al. [34] on vibrating composite specimens. In
their research, experimental results were compared to analytic models to reconstruct dynamic
strains. Their approach to model sensor response relies on predetermined strains, which is
also the case in the works of Gopalakrishnan et al. [35] and Erturk et al. [36], [37]. Ultrasonic
elastic waves originating from fatigue damage have been passively recorded by Masmoudi
et al. [38,39] in glass fibre specimens with piezoelectric sensors embedded inside. Multiple
embedded sensors allow the localisation of damage, demonstrated by Dziendzikowski et al.
[40], Yang et al. [41], Zamorano et al. [42] and Osmont et al. [43]. It should also be mentioned
that piezoelectric sensors do not directly lend themselves for static strain measurement due
to electrical discharge effects. Also, when embedding piezoelectric sensors, structural
integrity of the composite is of concern since the sensor forms an inclusion between
composite plies [38,40,41,44—51] or within plies [46—48,52], causing stress concentrations.
In both glass-fibre reinforced plastics (GFRP) and CFRP specimens, the reported
experimental results are case-specific due to variations in fibre lay-up, sensor geometry,
insulation material (in the case of CFRP) and the type of loading applied. Therefore when
other materials, lay-ups and loadings are considered, the effect on structural integrity is to be
assessed.

Given the abovementioned advantages of piezoelectric wafer sensors in terms of embedding
procedure and ability to measure at both low- and high-frequency regimes, they are believed
to have great potential for application in composite marine propellers.



Figure 1.3: Deformation monitoring on a composite marine propeller blade in the GreenProp project.
Digital Image Correlation is used, where a speckle pattern is added to the propeller blade, and cameras
are mounted on the rudder. [14]

The measurement and analyses of quasi-static strains, as described in the methods above, are
not capable of early-stage detection and localisation of early damage in the blade. Alternative
methods have been proposed for early detection of damage. For composite materials, the use
of active guided wave testing is broadly researched [53—-55]. In this method, transducers emit
ultrasonic mechanical pulses that are recorded by the same or other transducers. In post-
processing, certain changes in recording are then related to the creation of damage. Note that
active guided wave testing necessitates high-power equipment for excitation.

A method to passively measure ongoing degradation in materials, without the need for high-
power equipment, is to record acoustic emissions. Acoustic emissions are small-amplitude,
ultrasonic waves that emanate from the occurrence of material degradation [56]. They can be
measured in the degradation of a multitude of materials and structures [57,58], including
composites [59-61]. Here, a distinction can be made in the type of degradation and specifics
of the acoustic emissions. Conventionally, these acoustic emissions are measured by
piezoelectric sensors which may be integrated into composite materials. More elaborate
descriptions of these methods, together with their strengths and limitations, are provided in
chapters 2 to 5.

In this thesis, it is investigated how a structural health monitoring approach based on
embedded piezoelectric sensors can be developed and assessed for the detection of
degradation in composite marine propeller blades. This is motivated by posing the research
questions that are introduced next section.



1.3 RESEARCH QUESTIONS

The main question is as follows:

How can a structural health monitoring system with embedded piezoelectric sensors be
developed for composite marine propeller blades?

This is accompanied by a few sub-questions as listed below:

1. Is it feasible to embed piezoelectric sensors into composite marine
propeller blades?

2. To what extent can acoustic emissions emanating from composite damage
and dynamic strains be measured with the embedded piezoelectric sensors
in a submerged composite marine propeller blade?

3. How do the embedded piezoelectric sensors influence the structural
integrity of the composite marine propeller?

4. How can acoustic emissions emanating from damage in composite marine
propeller blades be identified and localised?

1.4 ORGANISATION OF THE THESIS

The structure of the thesis is as follows: In this chapter, the motivation, research aim, and
structure of the thesis were introduced. Chapter 2 investigates the feasibility of measuring
acoustic emissions in small-scale coupon specimens using embedded piezoelectric sensors
as well as the effect of the sensors embedment on the coupon structural integrity.
Furthermore, the use of these sensors for the measurement of dynamic strains within a
composite blade is evaluated. Chapter 2 therefore deals with research sub-questions 1,2, and
3. In Chapter 3 a data processing approach for distinguishing different sources of acoustic
emissions is provided and assessed using composite coupon specimens with embedded
piezoelectric sensors. Chapter 3 accordingly provides insights regarding research sub-
questions 2, 3, and 4. Chapter 4 explains the manufacture and testing of a full-scale composite
marine propeller blade with embedded piezoelectric sensors. This includes the measurement
of acoustic emissions throughout the blade using the embedded piezoelectric sensors.
Chapter 4 concerns research sub-questions 1 and 2. In Chapter 5, it is described how
methodologies for acoustic emission signal reconstruction and localisation can be adapted
and applied to thick composite structures for use in composite marine propeller blades.
Chapter 5 hence relates to research sub-question 4. In Chapter 6, the thesis is concluded with
a summary of main findings, and recommendations are given for the future research.
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This chapter is an adaptation of the journal paper titled “Feasibility Evaluation for
Development of Composite Propellers with Embedded Piezoelectric Sensors” published in
Marine Structures in 2022. The chapter provides details on initial investigations on
measuring acoustic emissions and dynamic strains using embedded piezoelectric sensors.
This chapter mostly contributes to answering research sub-questions one and three.

2.1 INTRODUCTION

This chapter aims to evaluate the feasibility of this concept with focus on measurement of
strains and passive ultrasound. Here, the passive ultrasound measurement will be used to
monitor the increase of damage. The dynamic strain measurements is to indicate increase in
propeller vibration and underwater radiated noise. To the authors’ knowledge, investigations
with similar methods and application have not been published before. The ability of
embedded piezoelectric sensors to measure dynamic strains acting on a real propeller blade
is evaluated. The strain field is estimated from finite element simulation of a rotating
composite marine propeller blade. An electro-mechanically-coupled model of the
piezoelectric sensors has been constructed for translation of the input strain field to output
voltage. Furthermore, coupon CFRP specimens with embedded piezoelectric sensors were
designed and manufactured. These coupons are considered as the start of a step-by-step
approach towards full-scale propeller assessment. The measured and modelled output voltage
of the sensors are compared to load cell results and strain gauge results. To additionally
evaluate the sensors effect on the composite structural integrity and to detect damage-related
guided waves, the same specimens were subjected to four-point bending up to failure. The
differences in flexural stiffness, strength, maximum strain and toughness of the specimens
compared to specimens without sensors are presented. Also the amount and nature of
damage-related guided waves recorded by the embedded sensor are compared to those
recorded by surface-bonded piezoelectric sensors.

Regarding the organization of the chapter, section 2.2 covers the modelling of a composite
marine propeller blade in operation. Section 2.3 includes piezoelectric sensor modelling. In
section 2.4 the experiments related to the dynamic strain measurements, damage-related
guided waves, and structural integrity assessment are described. Results of the experiments
and simulations are presented and discussed in section 2.5. The chapter ends with conclusions
and recommendations for the future work.

2.2 MODELLING DEFORMATION OF COMPOSITE MARINE
PROPELLERS

The dynamic behaviour of a composite marine propeller is simulated based on Maljaars et
al. [5]. The deformation and strain behaviour is considered prospective for a flexible marine
propeller, irrespective of fibre material. First the propeller material and geometry are
described, followed by the load case and the method to retrieve a strain field.

2.2.1 Propeller description

The composite marine propeller presented and considered in this chapter is a four-blade
propeller with a diameter of 1m. The blades are of sandwich construction and a section is
shown in Figure 2.1. Detailed specifics on the propeller blade may be found in Table 6.2. of
the work of Maljaars [5].The blade faces on the pressure and suction sides are made of
composite laminates, and the core between the blade laminates is a polymat/resin rich
material. The blade laminate consists of one ply of woven GFRP fabric and multiple
unidirectional (UD) GFRP laminae. The woven fabric protects the blade surface against
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impact loads. The load carrying laminae consist out of E-glass fibres with a 600 gm specific
mass, infused with epoxy resin. Average lamina thickness is 0.5mm. For the blade to attain a
tapered thickness ply drops were introduced at regular intervals. It is considered that the strain
behaviour of this propeller is representative for a typical flexible composite propeller blade,
regardless of fibre material.

Figure 2.1: Cross-section of the composite marine propeller blade: blade faces (magenta)
and core (white).

Elastic moduli E, Poisson ratios v and shear moduli G of the isotropic core material, the
woven GFRP fabric, and the UD GFRP lamina are listed in Table 2.1 [5]. The subscripts L,
T and H in the elastic constants denote the longitudinal, the transverse and the thickness
direction relative to the fibre direction, respectively.

polymat/resin  rich woven GFRP

. . UD GFRP lamina
material fabric

Elastic properties

21584, 21584,

E, E;,Ey [MPa] 4000 34624, 5000, 3500

3500
Voo Vigs Var -] 0.3 0.192, 0.1, 0.1 0.0426, 0.1, 0.1
Gri,  Gums Gur 530 3000, 2200,2200 3100, 2200, 2200

Table 2.1: Elastic properties of the polymath/resin rich material, the woven GFRP fabric, and the UD
GFRP lamina [5].

2.2.2 Propeller load case

A non-uniform wake field is considered. The wake field is based on the Nautilus diving
support vessel sailing a straight path in calm water at 10.4 knots (5.35 m/s) [5]. The propeller
experiences the wake field with a rotational speed of 600 rpm.

223 Discretisation and solving

A single blade is modelled using a finite element (FE) method with isotropic three-
dimensional (3D) 20-node solid elements (type 21) for the core, and 3D 20-node composite
brick elements (type 150) for the blade faces. The latter elements accommodate for the
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different fibre directions of the laminae and the varying amount of laminae. Marc/Mentat
software was used for implementation of the model.

The different colours of the face element in Figure 2.2 represent the different zones of the
blade laminate, due to the regular ply drops, with the layups proposed by Maljaars [5]. The
layup can be described as symmetric and unbalanced and has main fibre directions of 20°, -
15°,-60°,-105° with respect to the radial direction of the blade. For doubly curved composite
structures, proper definition of material orientations is a key aspect in the modelling process
[62]. A user-developed approach has been implemented to define the element-dependent
(local) material orientations in the blade model (Figure 2.3): direction 3 is the normal to the
element surface tangent plane, direction 2 is the intersection between the element surface
tangent plane and the (global) x-y plane, and direction 1 is therefore defined as the outer
product of directions 1 and 2. In the FE model, the fibre orientation is defined as the angle
with respect to direction 2 [63].

Figure 2.2:The solid FE model of the composite blade: pressure side (left), suction side
(right). The colours indicate the different zones of the blade laminate because of ply drops.

x-y plane

Figure 2.3: Defining material orientations. (Image taken from [5] with permission of the
author)

For spatial discretization of the entire blade, a mesh density of 29x30x4 was applied. As
shown in Figures 2.1 and 2.2, 29 elements were placed along the chord, 30 elements in radial
direction, and 4 elements in through-thickness direction. In through-thickness direction, the
outer elements represent the face sheets of the blade on pressure and suction side, while the
inner two elements describe the core material. From the perspective of convergence it was
shown that this mesh density can provide an accurate estimation [63]. Considering that the
stiffness of the hub is much higher than the blade, the blade model is fully clamped at the
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blade-hub interface (Figure 2.4). Note that at this stage, no piezoelectric sensors are modelled
into this discretization. Hence potential changes in local stiffness in the blade due to the
embedded piezoelectric sensor are not taken into account.

Figure 2.4: The boundary condition and the loads: pressure side (left), suction side (right).
The clamped boundary condition is given in pink, whereas the nodal loads are orange-
coloured. The direction of the arrow implies the direction of the constraint and load. The
length of the arrows is unitary and not related to load magnitude.

For temporal discretization, a full revolution of the propeller in the non-uniform wake field
is divided into 60 time steps, and the fluid pressures have been computed for each step. This
computation contains a nonlinear hydro-elastic analysis that includes effects of potential
flow, viscosity, centrifugal forces and hydrostatic pressure. Each pressure distribution
snapshot was then transformed to nodal forces, and applied to the centroid of elements at
blade faces (Figure 2.4). The resulting loads were employed in the FE analysis.

For every time step individually, a linear static analysis was performed. After solving, stresses
were extracted for each ply at each time step. Using the stiffness matrix, these were converted
to strains. The obtained strains were used in the feasibility analysis in the results. In Figure
2.5, the normal strains in the local axis system is shown for the 30" time step.
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Figure 2.5: Normal strains in the local axis system for the 30" time step. The normal strains have the
biggest contribution to the sensor voltage amplitude.

2.3 MODELLING PIEZOELECTRIC SENSOR BEHAVIOUR

The sensors considered in this research are piezoelectric wafers. In piezoelectric material,
mechanical deformation of a crystal results in physical separation of positively-charged and
negatively-charged parts. When a group of crystals are correctly structured, a macroscopic
electric field is generated. Next to piezoelectric properties, the sensor material has elastic and
dielectric properties as well. Taking these properties into account gives a set of constitutive
equations, given in Equation 2.1 [64]. Note that temperature effects (pyroelectricity) are

neglected here.
S =sET +dE
D =d'T+ ¢E 2.1)

Here, st denotes the mechanical compliance matrix relating stress tensor T to strain tensor
S. Dielectric properties are represented by &, relating electric field intensity E to electric flux
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intensity D. Piezoelectric behaviour is modeled by d and d* relating electric field intensity
to strain and stress to electric flux intensity respectively. Full tensors in Voigt notation are
used in the calculation. Material properties of the considered piezoelectric material are given
in Table 2.2.

The performance of the sensor can be represented by the circuit laid out in Figure 2.6 and
obeys Kirchhoff’s current law [36] given in Equation 2.2.

1t

o
ML=

v
C mn

T

Figure 2.6: Circuit representation of a piezoelectric sensor with current Iy and measurement system
with current I,

Q

Elements of this circuit are the piezoelectric sensor (with current I, Equation 2.3), an external
capacitator and an external resistor (I,,, Equation 2.4), all placed in parallel to each other.
The latter two indicate capacitive and resistive effects originating from wiring and the
measurement device.

ZI=0—>IS+Im=O (2.2)

=i =i tE e _ gt E71L
I It DdA - I T d's®* S—d's* dE+¢€E)dA (2.3)
L, = v +C i (2.4)
™R, Mdt '

In Equation 2.3 electric flux density D is substituted by the piezoelectric constitutive relations
from Equation 2.1. Electrode surface area is defined by A4, in the form of [0 0 4,;] and %

represents differentiation with respect to time. Electric field intensity is related to voltage U,
assuming a linear distribution over sensor thickness h, through E = [E; E, U/h]* [35].
Electrical resistance and capacitance are denoted by R,, and C,, respectively. Solving the
differential equation resulting from Equation 2.2, sensor voltage U can be recovered from a
known strain field S.

For low-frequency excitation, the terms dependent on a time derivative become relatively
small compared to the resistance term. This leads to a leakage in voltage compared to the
strain field amplitude and is known as electrical discharge [36,65]. In higher frequencies,
electromechanical resonance occurs as well, which is linked to the integration of the strain
field over the electrode area. With proper description of the strain field as a function of the
driving voltage electromechanical resonance and antiresonance behaviour can be reproduced
by the method presented [15].
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E oE oE <oE <oF E T T
name d3y1,d33,dy5 511,512,513 ,533,544=55:566 €11, €33r

[X 10_9 C/m] [X 10_121’112/N] [X 103]
PZz27 -17,42.5,50.6 17, -6.6, -8.61, 23.2, 43.5, 1.8,1.8
47.1

Table 2.2: Electromechanical, mechanical and electrical material properties of PZ27 piezoceramic.
Taken from [66]. Permittivity €l is relative to the permittivity of vacuum and determined at zero stress
T. Subscript 1 relates to both in-plane directions, while subscript 3 refers to the out-of-plane direction.

2.4 EXPERIMENTS

2.4.1 Manufacturing of test samples

It is anticipated that many future flexible marine propeller blades would be manufactured out
of CFRP. Hence, twenty-five beam-shaped specimens were made out of this material. In
twelve specimens, small sensors of 7mm diameter and 0.24mm thickness were embedded.
Six specimens contained larger sensors, with a diameter and thickness of 20mm and 0.29mm.
As a baseline, seven specimens did not host sensors. The number of specimens and sensor
specifics are elaborated in Table 2.3. Views of the specimen and its manufacture are given in
Figures 2.7 and 2.8 [67,68].

Amount of  Specimen name Sensor material Sensor  diameter Sensor  thickness
specimens [mm)] [mm]

12 S PZ-27 7 0.24

6 L PZ-27 20 0.29

7 N - - -

Table 2.3: Specifics of the test samples produced.

e
// SMC
connector
7 _;/
/// =

Wi
- // iring

///

Sensor

—————Insulation

Host material

Figure 2.7: Cut-through drawing of the test sample, showing different components.
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Figure 2.8: The embedding of piezoelectric sensor 4s. Note the drop-shaped cut-out in the CFRP and
the lighter coloured glass fibre insulation [67].

The piezoelectric material used for the sensors were of the PZ-27 type, which has a
depolarisation and maximum working temperature (350°C and 250°C) higher than the curing
temperature of the host material (180°C) [66,69]. To achieve an omnidirectional sensitivity,
the sensor was circular in shape. The thicknesses of 0.24mm and 0.29mm were chosen such
that the host material would be affected minimally by the sensor’s presence.

As the host material is electrically conductive, an insulation layer is applied between the
piezoelectric sensor and the host. It is opted to use a thin layer of glass-fibre with epoxy resin
(HexForce 00106 and Araldite LY 5052), following similar designs of [45,70]. The sensor
was covered with insulation using a wet lay-up method, leading to a total thickness between
0.7mm and 1.2mm.

Bifilar enamelled copper wiring of 0.15mm diameter was used, connected to an SMC
connector to link the sensor to the data acquisition system. The sensor, wiring and connector
were embedded parallel to the plane of the host material layers. The connector was further
insulated using thin Kapton tape.

The host material was an AS4/8552 carbon fibre epoxy resin prepreg, laid-up in a [[0,90]7,0]s

symmetric cross-ply sequence. Resulting specimen thickness was 5.4mm + 0.1lmm. From
the 20" to the 25" layer, up to five drop shaped cut-outs were made to accommodate sensors.
This thickness location was considered representative for a future propeller blade. The
sensors would not be placed inside the uppermost or lowest plies as any stress concentrations
could have a detrimental effect on failure. However, when placed at the neutral axis, the
piezoelectric sensor would not be able to measure linear bending behaviour. Placing the
sensors at ¥ of the laminate thickness, or between the 20™ and 25 plies of the 30 plies in
total, is considered a representative trade-off.

Plies were cut from a roll with 150mm width, giving square plates. The plates, with sensors
and wiring embedded, were cured according to the manufacturers recommended procedure
[69]. Afterwards, from these plates specimens were cut with a length of 150mm and a width
of 27mm.

242 Description of experiments
Low-frequency strain measurements were performed by exciting the described specimens
under four-point bending by means of a Zwick/Roell 1455 universal testing machine. Details
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of the set-up can be seen in Figure 2.9 and Figure 2.10. Piezoelectric sensor response,
measured through a NI-USB6002 data acquisition system, was compared to the load
measured by the testing machine itself, as well as by strain gauges (Smm gauge length and
120.20 resistance [71] connected to a Peekel Picas processing system) placed on the top and
bottom of the specimens, at the location of the sensor. The load applied F;. had a mean of
10.25N, an amplitude of 9.75N and was recorded using the load cell of the testing machine.
The loading generated a strain amplitude in the same order of magnitude as anticipated inside
a propeller blade. For each specimen, the load was applied with three crosshead velocities
Vp,: 10mm/min, lmm/min and 0.lmm/min and with 20,20 and 5 cycles respectively. This
approximately corresponds to 0.018Hz, 0.18Hz and 1.8Hz respectively and is used to define
a lower bound for measurable frequencies. The sample rate for the piezoelectric sensor was
100Hz and no additional filters were applied.

- 40mm

AL6082
loading
tab

- "%Steel loading pin

|Piezoelectric
sensor

Piezoelectric sensor

Bottom strain gauge
R151-AST

35mm -

< =

Figure 2.9: Details of the four-point bending set-up, showing specimen, piezoelectric sensor on the
compression side, strain gauges on top and bottom of the specimen and the loading pins. The left Figure
shows the set-up during low-frequency experiments, while the right Figure shows (half of) the additions
made for the destructive tests.

Figure 2.10: General arrangement of the specimen in the testing machine during low-frequency data
acquisition. Numbers 1 to 4 mark the Zwick/Roell 1455 universal testing machine, load cell, NI-
USB6002 data acquisition system and the measurement laptop respectively. Letters ‘a’ to ‘e’ denote
respectively a loading pin, the upper strain gauge location, lower strain gauge location and a support

pin.
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To both measure damage-related acoustic emissions as well as to determine the influence of
embedded sensors on flexural properties and mechanical strength of the specimen, the same
bending set-up was used and the specimen was monotonically loaded up to failure
(Vy=1mm/min). Failure was defined as the moment the reaction force at each reaction point
is less than half the maximum force encountered. To prevent local transverse matrix cracking
at the loading pins, which was expected through analytical formulations [72] given the
material properties [69], AL6082 tabs of 15mm width and 3mm thickness were placed
between the specimen and the loading pins (steel @10mm). The piezoelectric sensor read-out
was amplified by 40dB with a AEPSH preamplifier and connected to a Vallen AMSY6 data
acquisition system. Furthermore, two commercial sensors, Mistras R151-AST, were attached
to the bottom side of the specimen, 35mm away from the centre of the specimen, to compare
results, as shown in Figure 2.9. Signals were recorded when their amplitude exceeded a
threshold set by the AMSY6 system. This threshold was set at 70dB for the embedded sensor
and 35dB for the commercial sensors. Acquired signals were stored at a sampling rate of
10MHz and included a pre trigger and post duration time of 200us and 100us respectively.
Signals were digitally filtered using a band pass filter to a domain of 20kHz to 960kHz. In
total, four baseline specimens were tested, together with two specimens with small sensors
embedded on the compression side of the specimen, two specimens with large sensors on the
compression side and two specimens with small sensors on the tension side.

2.5 RESULTS

2.5.1 Feasibility of measuring dynamic strains on a propeller blade

As a case study the strains of a full propeller blade, derived in Section 2.2, were considered
for the determining feasibility of measuring dynamic strains. The objective of this is to
investigate to what extent the embedded sensors will be able to reliably measure vibrations
in the blade due to blade-hull interactions and associated harmonics. This is relevant, as the
propeller vibration can influence the hydrodynamic performance as well as the amount of
underwater radiated noise.

The geometry and material properties of the piezoelectric sensor used in experiments (Section
2.4) were adopted. Using the theory of Section 2.3 and the material properties of the sensor
manufacturer [66], voltage amplitude U(f,x) at frequency f and location X was obtained.
Location x is based on the lamina closest to the core for both pressure and suction side of the
blade. Each nodal location x is treated as to contain a piezoelectric sensor, with the size and
properties equal to the ‘small’ sensor in the experiments (Table 2.2, Table 2.3). Strains acting
in the nodal location are then regarded uniform over the sensor area.

In order to assess the feasibility of measuring the dynamic strains, the amplitude of the
voltage at a certain frequency is compared to a threshold amplitude, signifying a conservative
value for the electromagnetic noise that may be encountered during operation.

A reference threshold amplitude U,..s is defined as 0.1V, based on Wheeler et al. [73]. In
laboratory experiments using the blade that is also presented in Chapter 4, the noise level was
considerably lower (Figure 5.4. of de Bles [74]). This suggests that this is a good starting
value in setting up equipment and measurements. The threshold is subject to later updates as
measurements from the field become available. A feasibility index for measuring dynamic
strains is introduced as follows (Equation 2.5):
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|U(f, %)
|Uref| .

Here, performing a measurement is considered feasible if FI; = 1. This indicates the signal
having an amplitude higher than the noise amplitude and represents a minimum required
value. No upper limit in voltage amplitude is introduced since it is expected issues with high
voltage measurements can be mitigated with a proper design of a data acquisition system.

FI:(f,%) = (2.5)

Ten periods, or one second, were modelled using the midpoint method to solve Equation 2.2.
A resistance of R,,, =10°Q was applied. No external capacitance C,, is applied. These values
are representative for what was observed during the experiments described in Section 2.4.
Resulting sensor voltages U for each location were evaluated for base frequency f =10Hz
(established by the 600rpm rotational speed) and its harmonics 20, 30, 40 to 50Hz by means
of a fast Fourier transform. The harmonics are assessed to provide a full view of the
measurability of dynamic strains experienced by the propeller blade. Figure 2.11 shows Fl¢
for the smaller sensor. For an overview of the coverage over the propeller blade, in Table 2.4
the percentage is given of evaluated area that passed the failure criterion Fl; > 1, as well as
a mean value of Fl.

Small sensor coverage Large sensor coverage
f [Hz] Pressure side Suction side Pressure side Suction side

Area Mean Area Mean Area Mean Area Mean

[%] Flp [-] [%] Flp [-] [%] Flp [-] [%] Fl; [-]
10 98.7 70.1 98.3 68.3 99.1 77.7 98.8 74.8
20 96.7 27.6 94.3 29.5 96.9 34.1 95.0 37.0
30 96.1 18.9 93.5 19.0 96.5 24.4 94.1 24.9
40 95.4 13.2 92.6 13.2 95.8 17.4 93.3 17.5
50 94.5 10.8 92.1 11.1 95.3 14.2 93.2 14.6

Table 2.4: Coverage of the feasibility criterion over the propeller blade in per cents, for two types of
sensors
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Figure 2.11: Feasibility index for the smaller sensor on both the pressure and suction side
of the marine propeller from 10, 20, 30,40 to 50Hz from top to bottom. Note that the feasibility
index is displayed from a value of one and is cut off at twenty.

The table shows that the base frequency is well captured, with a slight descend over the
harmonics. The pressure side is better covered than the suction side, which can be attributed
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to higher strain magnitudes of the former respective to the latter. Analogous to the
experimental observations, the larger sensor returns a higher coverage, which is due to the
larger sensor thickness.

In Figure 2.11 it is visible that particularly the tip of the propeller has a low feasibility index.
The dominant strain components, being in-plane normal strain Sy, and S,,,,, in this region are
not of notably low magnitude but they appear of opposite sign. This local behaviour of
compression in one direction and expansion in the other direction counteracts the build-up of
voltage in the sensor, resulting in a relatively low feasibility index. In this context, it is
relevant to note that the piezoelectric material (Table 2.2) has in-plane isotropic
electromechanical properties.

Altogether, at least 92% of the propeller blade allows for dynamic strain measurement up to
the fourth harmonic with sufficient quality, given the sensors used in the experiment.

Note that in this investigation, a typical value for electrical noise is used for reference. Further
effects of noise, and then mainly from underwater radiated noise (URN), are not taken into
account. For the lower frequencies, the URN is associated with the blade passing motion. In
that sense, the measurement of low-frequency strains is not expected to be hampered by the
URN, as both URN and strains come predominantly from the same source. The URN shows
a decreasing trend in amplitude (-6dB/octave) for higher frequencies [75]. At these higher
frequencies, the noise is mostly related to cavitation implosion events. In theory, if measured,
these URN events do not necessarily limit the measurement of damage-related acoustic
emissions. This is under the premise that the waveform and localisation of the URN event is
sufficiently distinct from those of damage-related acoustic emissions.

2.5.2 Experimental measurement of dynamic strains

To evaluate the capability of the manufactured embedded piezoelectric sensors to measure
low-frequency dynamic strains, as well as to compare measurements to the modelling
presented in Section 2.3, low-frequency strains measurements were performed as described
in Section 2.4. Results are shown here.

Out of 18 embedded piezoelectric sensors, 10 were able to detect low-frequency strains
(Table 2.6). Other sensors either were short-circuited or had a broken connection. The results
for specimen 3L, in terms of applied force Fj., strain gauge strain Sg; and piezoelectric
sensor output voltage Up,r are given in for v, =10mm/min, lmm/min and 0.1mm/min.
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Figure 2.12: Applied force F, strain gauge read-out strain Sg; and piezoelectric sensor
voltage Upyr for vy, =10mm/min, Imm/min and 0.1mm/min from left to right. In the strain
gauge results, the black line denotes the topside strain gauge (in compression) and the red
line gives the bottom-side strain result.

A number of observations are made from Figure 2.12. Firstly, at higher crosshead velocities
Vp, = 10mm/min and 1mm/min, the applied load does not perfectly follow the imposed
minimum and maximum of 0.5N and 20N. Secondly, the strain gauge results show instability,
which is possibly due to the quarter Wheatstone bridge used [76]. Thirdly, with the
piezoelectric sensor, the offset characterised by the other results decreases over time. Also,
for v,,=0.lmm/min, the signal is more distorted and generally of a lower amplitude. These
last three anomalies are related to electrical discharge, as described in Section 2.3.

To accurately compare sensors and results, the peak values (subscript , a) of the sensor
voltage Up,r , were divided by the peak values of the applied force F ¢ , for each period. For
a measure of comparison, the coefficient of variance is used. This is defined as the standard
deviation of a dataset divided by its mean. When comparing results between different sensors,
it turns out that for small sensors, the coefficient of variation of Upzr,/Fic, for
Vp=10mm/min, Imm/min and 0.Imm/min is 25%, 21% and 42%. The corresponding
coefficients of variation for large sensors are 14%, 14% and 19%, respectively. For analogy,
the variation in specimen thickness alone would create a coefficient of variation of 1.6%,
based on a quadratic relation between specimen thickness and Upzr 4/ F ¢ o - The seemingly-
large coefficients of variation may firstly be attributed to local differences in embedding the
sensor: Variation in the height location of the sensor, variation in glass-fibre insulation
geometry and fibre-volume content and variation in cut-out size cause a variation in the strain
field that is experience by the sensor. Secondly, variations in resistance and the small mean
value of the output voltage at low velocities can be further sources of variation.

To simulate the strains encountered during the experiment, a 3D FEM model of a quarter of
the specimen, including insulation, sensor and applied load was made in ANSYS [77]. Solid
elements of type SOLID 186 and average length and thickness of 1mm and 0.18mm were
used to model each lamina separately. To prevent skewing elements in thickness direction,
all model thicknesses were chosen to match single or multiple lamina thicknesses. The small
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sensor was modelled with a thickness of one ply, whereas the large sensor had a two-ply
thickness. The chosen thicknesses for the sensors closely approximate the values given in
Table 2.3. The sensor was placed into five ply thicknesses of glass fibre. This corresponds to
measured thicknesses from Section 2.4.1. The diameters of the small and large modelled
sensors match exactly with the values in Table 2.3. Around the circumference of the sensor,
the glass fibre insulation and a region of neat resin were modelled as elliptical in shape, each
adding 1.5mm and 3mm in the width and length of the inset respectively. These dimensions
may be compared to Figure 2.8. A view of the discretised model is given in Figure 2.13. The
material properties were based on the data provided by Hexcel, Huntsman and Meggit
[66,69,78,79] and are given in Table 2.5. The parameters related to the CFRP were updated
to match the experimental results of the baseline specimens. More details on this approach
may be found in Zhang et al. [77]. The Poisson’s ratio and shear modulus of the GFRP were
unknown and estimated. A load of 20N was distributed over the contact location of the top
loading pins. The lower support pins were modeled as a boundary condition allowing no
deflection in the out-of-plane and transverse directions. A linear static analysis was
performed. Figure 2.14 shows the resulting strain in longitudinal direction (along the length
of the specimen) for the larger sensor. Averaged over the sensor thickness and surface, values
for the longitudinal strain were 16.5um/m and 16.7um/m for the small and large simulated
sensor. Interpolating strain gauge measurements suggested a value of ~20um/m, which
would be similar to the extreme value of what may be seen in Figure 2.14.

Elastic CFRP AS4/8552 PZ 27 sensor GFRP insulation Neat resin
properties [69,77] [66,79] [78] [69,77]

EL) ET) EH

[GPa] 138.2,9.8, 9.8 66, 66, 84 21,21, 11.8 4.67

Vi Vi VT 35 035,04 0389 037L 409 007,007 035

[-] 0.371

Gry, Gry, Gur

[MPal] 4.1,4.1,1.96 41,41, 41 35,3535 1.73

Table 2.5: Elastic properties of the CFRP, sensor, insulation GFRP and neat resin, as used in the linear
elastic modelling of the low-frequency experiment.

Neat resin

GFRP insulation
Piezoelectric sensor
CFRP

Figure 2.13: Discretisation of the sensor region for the larger embedded sensor. Note the
circular shape of the sensor and the elliptical shapes of the glass insulation and neat resin.
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Figure 2.14: Strain in longitudinal direction for the larger sensor at a load of 20N on the
specimen.

The strains obtained on the sensor elements were averaged over the sensor thickness and
subsequently used as input for the theory of Section 2.3, wherein the true sensor thickness
and the material properties of the manufacturer [66] were applied. Evaluation of Equation
2.2 gives a voltage signal dependent on the frequency of the applied load and resistance Ry,
in the system. Comparisons of experimentally-obtained Upzrq/F.c, data to simulated
results with R,,=10%Q and R,,=10'°Q are shown in Figure 2.15 for the small and large sensor
respectively. From the loading velocity v,,, representative frequencies are derived and shown
on the logarithmic axis of Figure 2.15. Relative voltage amplitude Upzr o /Fc o 1s shown in
boxplots for these frequencies. For low frequencies and low resistance R,,, voltage amplitude
becomes low. For higher frequencies and higher resistance R,,, voltage amplitude reaches a
constant value. In the experimental boxplots and the simulated lines alike, increase and
stabilisation behaviour in voltage amplitude over frequency may be seen.

R, =100 R, = 1010
e R, = 10702 s R = 10°Q)
0.25 0.5
I . -

0.2 - ! 0.4 i | ]
7015 703 g' E ]
= : = —

Hs 01 = Se00l |
= ] S
0.05 0.1p—
st 0 s
0.01825  0.1825 1.825 0.01825 0.1825 1.825
fon [Hz] fon [He)

Figure 2.15: Upgr o [ Ficq Of the experimental results in the boxplot, the simulation is given
in red for R, =10'°Q and in blue for R,,=10%0.The left Figure shows the results for the small
sensor, and the right Figure shows results for the large sensor.

The absolute voltage values from the simulation are 40% to 65% lower than the experimental
values for the small and large sensors, respectively. It is considered that sources of variation
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can also be sources of this discrepancy. A discrepancy in material properties may occur
between the experimental reality and the finite element model of the specimen. The material
properties expected would be resin and glass fibre insulation stiffness and local CFRP
stiffness. These discrepancies, in combination with differences in geometry of the cut-out and
resin insulation and the height of the sensor location in the laminate may lead to an
underestimation of the strains experienced by the sensor and will be the subject of further
research.

2.5.3 Experimental measurement of damage-related guided waves

As described in Section 2.4, during failure testing, damage-related acoustic emissions were
monitored by the embedded piezoelectric sensor in the specimen as well as by two attached
R15I-AST sensors. With one specimen, the embedded piezoelectric sensor was able to record
direct acoustic emissions, even up to the point of gross failure of the specimen. In Figure 2.16
one of the signals of a damage-related acoustic emission is given, which are measured by
both the embedded piezoelectric sensor (3L, black) and the two commercial sensors (red and
blue). In the Figure the voltages U are corrected for their pre-amplification.

1500 L T T T T T T T T

AL ¥ RV
1000 | .

[
5I-AST T PPN
500 1{1 AR L - "”"‘“"u"\\'\,w\"‘,.""wl UL A/ M A A AA AR A
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t [ps] at 613(s| after start of testing

Figure 2.16: Acoustic emission signal captured by all three sensors at time t =596s since the
start of the test [67].

From the bulk of recorded signals, a hit rate analysis is defined, where the amount of signals
recorded per sensor was accumulated in a window five seconds before and after a one second
timestep. To remove bias from burst-type noise, only hits were taken into account that were
measured near-simultaneously (within 10 us) by at least two sensors. Results are shown
relative to the applied load F,. and for signals that were recorded by either the embedded
piezoelectric sensor and at least a single commercial sensor (Figure 2.17), or by at least the
two commercial sensors. The hit rate of signals recorded by the embedded sensor is
approximately an order of magnitude lower than the hit rate of the R15I-AST sensors.
Nevertheless, it is visible that the trend in the rate of signals recorded by the embedded
piezoelectric sensor is in line with that of the commercial sensors, up to around F;.=7500N,
after which the commercial sensors show a sudden increase in signals that is not covered by
the embedded piezoelectric sensor. This might indicate a failure in the sensor or around the
embedded sensor, blocking the propagation of elastic waves towards or through the sensor.
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Figure 2.17: Hit rate of signals measured by the embedded piezoelectric sensor (3L) and a
commercial sensor, and measured by both commercial sensors.

During the measurement of passive damage-related acoustic emissions, the transient signal
is measured, as well as a pretrigger signal, being the reference signal acquired prior to the
incoming of the acoustic emission. The signal to noise ratio SNR in dB, given in Equation
2.6, is used as feasibility index Fl,5 for measuring acoustic emissions.

2
tsignal

UZ

retrigger

)
tp

To demonstrate feasibility in measuring acoustic emissions, a minimum value of 1dB is
envisaged, based on comparable values from Horowitz et al. and Zhang et al. [80,81]. Figure
2.18 shows boxplots of the SNR for signals captured by embedded sensor 3L and by at least
one of the commercial sensors. From these plots, it may be read the mean SNR of embedded
sensor 3L is at 17dB, whereas the commercial sensors have a mean around 42dB for the same
hits. Hits that were captured by the commercial sensor but not necessarily by 3L, show a
mean SNR of 22dB. This may be attributed to the lower threshold given to the commercial
sensor compared to the embedded sensor. It can be said the embedded piezoelectric sensor
3L is less sensitive than the commercial sensors. Nevertheless the SNR of the embedded
piezoelectric sensor is considered sufficient, given the guideline of 1dB as described.
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Figure 2.18: Boxplots showing the SNR values captured by either both embedded
piezoelectric sensor 3L, in the first and third boxplots, and a commercial R15-AST sensor
(second and fourth boxplot, red and blue for the two different commercial sensors) or by both
commercial sensors, in green.

In a marine propeller in operation sources of ultrasonic elastic waves may not be limited to
fatigue or failure related acoustic emissions. Cavitation implosion may create shock waves
[82]. It is envisioned that readings from different source types have distinct waveform
characteristics. In that situation, classification or clustering methods could be used to
distinguish between cavitation-related ultrasonic waves and multiple types of damage-related
acoustic emissions. These methods may use specific key parameters [39] or treat the
waveform as a whole [67].

2.54 Influence of embedding sensors on structural integrity

In all specimens tested (Table 2.6), failure was first noticed between F;» =6000N and 7000N
at parts of the upper lamina, which was loaded in compression. Above F; =~7000N, for
baseline (N) specimens, the failure extended up to the four uppermost laminae and led to
gross failure in one specimen. The other three baseline specimens experienced final tensile
rupture, between 8mm and 21mm from the specimen centerline. Final tensile failure can be
seen in the top photograph of Figure 2.19 [67].

For specimens with sensors embedded in the compressive side the failure in the compressive
upper laminae continued towards the cut-out laminae, typically near the interface between
the sensor and glass fibre insulation or more towards the centre of the sensor (Figure 2.19,
middle picture).

Failure similar to the baseline specimens occurred for the specimens with sensors embedded

on the tensile side, albeit 4.5mm to 8mm from the centerline. This corresponds to failure
through the sensor or through the insulating glass fibre (Figure 2.19, bottom picture).
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Figure 2.19: Failed specimens, from top to bottom: 4N, 2L, 5s(T) [68].

During the tests, both crosshead displacement w,,, and load F;. were monitored, giving the
load-displacement data shown in Figure 2.20. Maximum load is also presented in Table 2.7.
Based on these measurement data, specimen geometry and the procedure given by ASTM
standard D6272[83], specimen flexural stiffness E, maximum strain S,,,,, strength T and
toughness W values were retrieved, given in Table 2.7. What stands out is that, on average,
the stiffness of specimens with embedded sensors is 8% lower than their baseline
counterparts, with an average of 6.6% for small sensors and 11% for large sensors. Ultimate
strain dropped on average 11% (20% in small sensors on compressive side, 3.3% for small
sensors on tensile side and 9.3% in large sensors) whereas flexural strength remained largely
similar. Taking the entire load-displacement history into account, toughness decreased on
average 20% due to embedding a sensor, with a 34% drop for small sensors on the
compressive side, 8.1% in small sensors on the tensile side and 19% for large sensors. From
these values, it seems embedding a piezoelectric sensor in the tensile side of a specimen
loaded in bending is less damaging than when placed in the compressive side. The size of the
sensor appears to be of minor influence, when placed in the compressive side. However it
should be noted that the variation in the data is relatively large and the sample size is
relatively small, making it premature to reach a general conclusion on the matter.

In application to the composite propeller, this preliminary data may hint towards further

consideration on the locations inside the blade for the embedded sensors to be placed in view
of structurally critical areas.
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Specimen small sensor (12 total) large sensor (6 total)

- I = = =2 8| = 0 w & »u o 3|8

n B h LB AB B G R e RECE e R R EE
Low-frequency

X vV X X V V X v v x v v 7|x v v x v x 3/[10
excitation
Elastic wave emission

X vV V V V V X v v x v v 9/x v v x v x 3|12
Used in low-frequency

v vV Vv vV v v v 7 vV v v 3 (10

test
Used for failure test v v v v 4 v v 216

Table 2.6: Summary table of the measurement range and types
performed by each specimen. Working is implied by ‘v’ while disfunction is denoted
by x’. In total 25 specimens were made, 7 pristine, 12 with small sensor embedded
and 6 with a large sensor embedded.

of experiment

Specimen without sensor small sensor small sensor tens. [large sensor

IN 2N 4N 7N mean 2S 9S  mean @S(T) 5S(T) mean PL 3L  mean
E [GPa] 84.7 782 80.5 87.1 82.6 [76.1 782 772 (740 80.5 77.3 (748 72.1 73.5
Ficmax [KN] 7.97 8.07 7.66 746 [71.79 (745 733 739 B.65 7.52 8.09 [7.61 798 7.80
Smax [mm/m] [20.5 22.0 18.0 19.8 20.1 |16.3 15.8 16.1 [19.2 19.6 194 (175 189 182
T [GPa] 1.19 1.16 1.12 1.10 1.14 (.10 1.09 1.10 (1.28 1.12 120 ([l.16 1.21 1.19
w [MPa] 13.7 159 108 12,5 132 [8.92 852 872 (124 119 122 ([10.1 11.3 10.7

Table 2.7: Stiffness, ultimate load, ultimate strain, strength and toughness, derived from the force-
displacement data and specimen dimensions using ASTM D6272. In total, 4 pristine specimens (N)
were tested, along with 2 specimens with a small embedded sensor loaded on the compressive side of
the bending test (S), 2 specimens with a small embedded sensor loaded on the tensile side of the bending
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test (S(T)) and 2 specimens with a large embedded sensor loaded on the compressive side of the bending
test (L).

i'“'-[ e [I{N:
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w,, [mm] w,, [mm)]

10 11

Figure 2.20: Force-displacement results during failure testing. In the more focussed right
Figure, the markers indicate the maximum load resisted by the specimens.

2.6 CONCLUSIONS

Feasibility of measuring dynamic strains and damage-induced ultrasound signals in
composite marine propellers was investigated. By combining finite element simulation of a
specific composite marine propeller in operation and electromechanically-coupled modelling
of piezoelectric wafer sensors, the study suggests that 92% of the propeller blade area allows
for measurements of dynamic strains with sufficient quality up to the fourth harmonic (50Hz)
of the blade using the considered embedded sensors.

It is furthermore confirmed experimentally that piezoelectric sensors embedded in a CFRP
laminate are able to recover dynamic strains. With the set-up used, small-amplitude strains
in the order of 20ue were measured at frequencies as low as 0.018Hz. Variation in signal
amplitude between the utilized sensors was relatively large (14% to 42%) and is mainly
attributed to dissimilarities obtained during embedding. To be used in an independent
dynamic strain measurement, an improvement in embedding procedure is considered for the
future research. Among these are the use of automated soldering equipment for the joint
between the sensor and the wiring as well as the use of glass-fibre prepreg instead of hand
lay-up for electrical insulation prior to embedding, for example in the manner shown in
Figure 2.21. This helps improve the overall geometry consistency of the sensors, reducing
stress peaks during embedding as well as generating a more controllable electrical insulation.

In another experiment, damage-induced ultrasonic guided waves were successfully recorded
using an embedded piezoelectric wafer sensor almost all the way up to final failure of the
CFRP laminate. This was verified by comparison with two surface-bonded commercial
sensors. The achieved signal-to-noise ratio of 17dB shows the capability of the embedded
sensor in recording the ultrasound guided-wave signals.

The influence of embedded piezoelectric sensors on the structural integrity of the CFRP
laminate when loaded under four-point bending was preparatorily investigated as well. On
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average, the effect turned out to be limited to 3.3% drop in ultimate strain and 8.1% drop in
toughness when the sensor was embedded on the tensile side. When embedded on the
compressive side, ultimate strain and toughness were on average reduced further to ranges of
9.3% to 20% and 19% to 34% respectively, depending on the sensor size. It should be
mentioned that the sample size demands further experimental research. The presented
research may be seen as a preliminary work for the further development of self-sensing
composite marine propellers using piezoelectric sensors.

@ GFRP prepreg insulation
%ﬁum'wmu censor Wud piezoclectric sensor
//,/ / 4

Figure 2.21: Proposed improved method for insulation of piezoelectric sensors using GFRP prepreg.
Firstly the insulation is cured into a mould, with the sensor in between. Secondly, the sensor with cured
insulation is placed into a conductive host material.
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ACOUSTIC EMISSION
MONITORING OF CARBON FIBRE
REINFORCED COMPOSITES WITH
EMBEDDED SENSORS FOR IN-SITU
DAMAGE IDENTIFICATION
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This chapter is based on the paper “Acoustic Emission Monitoring of Carbon Fibre
Reinforced Composites with Embedded Sensors for In-Situ Damage Identification”
published in 2022 in Sensors. In the context of this thesis, this chapter mostly relates to the
2 and 3 research sub-questions.

3.1 INTRODUCTION

As explained in the introduction chapter, the layered nature of fibre-reinforced plastic (FRP)
materials allows the incorporation of sensors, such as piezoelectric disc sensors [84] or fibre-
Bragg gratings (FBGs) [22]. Placing sensors within the structure gives the possibility of
monitoring the structure continuously without adversely affecting the hydro- or
aerodynamics nor having the sensors exposed to harsh environments [41]. From the 1980’s
[85] to present, a multitude of applications for embedded piezoelectric disc sensor were
proposed and investigated, ranging from strain measurement [33,86], energy harvesting [36],
vibration control [87], and excitation and measurement of guided waves [44,45,88,89],
measurement of electromechanical impedance [90] and acoustic emissions (AE) [39,91]. The
latter is the focus of the present chapter for application to structural health monitoring (SHM).

Functioning of the embedded piezoelectric disc sensor can be assessed through static
capacitance measurements [40,52], impedance measurement [40] and Hsu-Nielsen tests [39].
The measurement of AE, when using piezoelectric sensors, is influenced by the spectral
characteristics of the sensor [92] through the sensor’s electromechanical transfer function.
This influence may skew interpretations on whether certain damage mechanisms are
occurring, or on the frequency content that a certain damage mechanism may emit. For
embedded piezoelectric disc sensors, various models to simulate sensor behaviour exist [93—
95]. Nonetheless experimental assessment of the performance and sensitivity of the sensors
for AE measurement has not been sufficiently researched and needs further development.

Embedding piezoelectric disc sensors in a composite structure may also influence structural
integrity and possibly, damage mechanisms [45,52,89,96,97]. Huang et al. [98] and Ghezzo
et al. [99] compared specimens with and without an embedded device. AE in GFRP
specimens loaded under tension with embedded devices were observed to have higher peak
frequencies (up to 350 kHz) compared to baseline specimens (up to 180 kHz, depending on
lay-up). Such signals were attributed to debonding and matrix cracking at the embedded
device location. Xiao et al. [100] noted significant effects in AE energy and cumulative
energy between CFRP specimens with and without embedded devices when loaded under
tension. Early high-energy signals from the specimens with the embedded device were
ascribed to CFRP-device interface delamination. This interface delamination is mentioned to
cause further AE to be of relatively low energy, as compared to the energy of AE captured in
baseline specimens. At the failure stage, lack of differences in the AE energy between
specimens with and without embedded devices is associated with mutually occurring failure
modes, such as fibre-breakage. The studies mentioned present case-specific results and it is
uncertain to what extent the conclusions are applicable in situations with different loading
conditions or different embedded devices. Further a method for clustering of AE signals in
specimens with and without embedded sensors can provide a rigorous basis for assessment
of observations, however to date it does not seem to have been reported.
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Classification methods have been employed to relate AE to damage mechanisms in baseline
FRPs [101]. Typically these methods rely on seeking similarities in certain key features of
the AE, such as signal rise time, energy, amplitude, counts and duration in the case of
Masmoudi et al. [39] and rise angle and average frequency in the case of Friedrich et al.
[102]. In other research, in conjunction with assessment of aforementioned key features, the
full waveforms are used [103]. For characterisation of damage in reinforced concrete
structures, Kurz [104] and van Steen et al. [105,106] proposed clustering via similarity
matrices. In such an approach, all waveforms are compared to each other using cross-
correlation. Highly correlated waveforms are then clustered together. This method is well
established in seismics to identify specific seismic emissions [107] and is expected to be
greatly useful in other fields as well.

This research is aimed at providing insight into (i) qualitative assessment of the response of
embedded piezoelectric sensors to damage-induced AE in CFRPs, and (ii) identification of
clusters of AE that can be related to the possible damage induced by sensor embedment. To
be able to assess these, CFRP beam specimens are manufactured by prepreg materials in three
categories: no sensors, a smaller sensor embedded, and larger sensor embedded.
Experimental sensitivity assessment of the embedded sensor mainly revolves around
mirroring the response of the small piezoelectric disc sensor to that of the large piezoelectric
disc sensor during four-point bending of CFRP specimens up to failure. Concurrently,
surface-mounted sensors monitored the AE behaviour in all specimens. A clustering method
based on waveform similarity is employed to discern AE that can be related to a damage
mechanism related to the embedment of piezoelectric disc sensors.

The manufacture of the specimens, the experimental procedure, and the clustering method
are explained in Section 3.2. Results are presented in Section 3.3, including observations
related to the characterisation of the piezoelectric disc sensor and findings from the AE
waveform clustering. Further discussions and conclusions are presented in Section 3.4.

3.2 METHODOLOGY AND EXPERIMENTS

3.2.1 Experimental Procedure

The specimens under investigation are coupons made from AS4/8552 unidirectional prepreg
CFRP panels stacked in a [[0°, 90°]7,0°]s symmetrical cross-ply lay-up. On predefined
locations along the midline of the panel (in the length and width directions) and from the 21st
to 25th laminae, drop-shaped cut-outs were made to accommodate the piezoelectric disc
sensor. The sensor lead wire was embedded between the 22nd and 23rd laminae. A close-up
view of the 22nd lamina including embedded sensor is given in Figure 3.1a. After embedding
the sensor system and placing the top laminae, the CFRP laminate was debulked and
autoclave-cured following the procedure recommended by the supplier [69]. A C-scan of the
cured panels is shown in Figure 3.1b. After curing, the panels, with a thickness of 5.4 = 0.1
mm, were cut into coupons of 150 mm length and 27 mm width using a Proth diamond saw.

47



Figure 3.1: Manufacture of the specimens: (a) Close-up view of a ‘small’ sensor being embedded.
Numbers 1 to 5 relate to the piezoelectric disc sensor, solder and wiring, GFRP insulation, CFRP cut
out and CFRP host material respectively. (b) C-scan after curing of CFRP panels with embedded
sensors. Specimens were cut to width afterwards. Numbers 1 to 3 refer to panels with small embedded
sensors, panels with larger embedded sensors and embedded wiring.

The piezoelectric disc sensor is made of PZ27 soft composite PZT material [66] poled in
thickness direction with silver electrodes on the top and bottom surfaces. This material has a
recommended maximum temperature of 250 °C, which is 70 °C higher than the CFRP curing
temperature. Two sizes of piezoelectric disc sensor are considered; a ‘large’ type with a 20
mm diameter and 0.29 mm thickness, and a ‘small’ type, with 7 mm diameter and 0.24 mm
thickness.

Sensor lead wiring, made from bifilar urethane-enamelled copper with a 0.15 mm diameter,
was soldered to the sensor using silver solder (S-Sn95Ag4Cul). To prevent the wiring from
getting damaged at the edge of the laminate due to the prepreg curing procedure, SMC style
connectors were located at the laminate edge.

The conductivity of CFRP demands the sensor and connector to be electrically insulated. The
piezoelectric disc sensor is laminated between two single layers of woven GFRP (HexForce
00106 with Araldite LY5052) resulting in a total sensor thickness varying between 0.7 mm
and 1.2 mm. After curing, the sensor assembly was trimmed to shape. No processing of the
GFRP surface has taken place. The connector was placed at one of the specimen ends during
embedding between two layers of polyimide tape. Prior to and after embedding, the static
capacitance of the sensor was evaluated to assess its post-manufacturing integrity.

In total 25 specimens were manufactured, among in which 18 piezoelectric disc sensors were
embedded.

Non-destructive and destructive tests have been carried out to assess the sensitivity and
performance of the embedded sensor in AE measurement of damage in CFRP laminate. In a
preliminary non-destructive test, the performance of the embedded piezoelectric disc sensor
is assessed by exciting the specimen at least five times with a Hsu-Nielsen source at a distance
of 60 mm from the specimen centreline using a mechanical pencil with 0.5 mm H lead. At
the top centre of the specimen, a reference R151-AST sensor was also mounted using
adhesive putty as couplant. The setup can be seen in Figure 3.2. In the destructive flexural
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test, two R15I-AST were placed at the bottom of the specimen, as shown in Figures 3.3b and
3.4 the piezoelectric disc sensor response is amplified with a 40 dB AEPHS5 preamplifier,
while the R15I-AST sensors had a 40 dB built-in preamplifier. Data was acquired using a
Vallen AMSY6 system, which is able to record the full waveform based on hit definition. A
digital filter was applied, allowing measurement only between 20 kHz and 960 kHz.
Amplitude thresholds were set at 40 dB in all cases, with the exception for one embedded
piezoelectric disc sensor where a 70 dB threshold was used due to the experienced high
background noise. The full waveforms were recorded with a sample frequency of 10 MHz,
which in the analysis was resampled to 2.5 MHz. A 200 us pretrigger time is used to get an
indication of the signal-to-noise ratio as well as to allow appropriate time picking for low-
amplitude signals. The measurement length of the waveform was adaptive and ranged
between 250 ps and 1000 ps. A rearm time (hit lockout time) and duration discrimination
time (hit definition time) of both 250 ps were applied. No peak definition time was specified.
Hit definition settings were identical for embedded and surface-mounted sensors.

Figure 3.2 Set-up for exciting and measuring a Hsu-Nielsen source [68]: (a) Overview of the set-up,
with the numbers 1 to 4 corresponding to the specimen, AEP-5H preamplifier, AMSY6 data acquisition
system and a measurement computer. (b) Close-up showing the specimen (1.), AE sensor R151-AST (2.)
and a mechanical pencil with Nielsen shoe (3.). Note that in the final assessment a pencil with 0.5 mm
diameter lead was used at a distance of 60 mm from the centre of the sensors.

In the destructive tests, four types of specimens were subject to a four-point bending loading.
Next to four baseline specimens (named N), two specimens with small embedded sensor on
the compressively loaded side of bending set-up (S), two specimens with large embedded
sensor loaded on the compressive side (L), as well as two specimens with small embedded
sensors placed on the tensile side of the bending setup (ST). The different specimen types are
visualised in Figure 3.3a. Further on one L-type and two of each S and ST specimens were
tested to determine the ability of the embedded piezoelectric disc sensor to measure damage-
related AE. The embedded sensor is placed in the centre of the specimens, facilitating that
the four-point bending creates a uniform strain field over the sensor region. A schematic of
the four-point bending set-up can be seen in Figure 3.4. The set-up consists of four steel
loading pins of 10 mm diameter that are placed within a Zwick/Roell 20 kN universal testing
machine. To prevent the loading pins from crushing the CFRP, AL6082 loading tabs with 3
mm thickness and 15 mm width were placed between the CFRP and loading pins. In the
second stage of experiments, the loading tabs were electrically insulated using polyester film
tape to avert interference between the sensor, CFRP and test set-up. A loading force F; was
monotonically applied with a crosshead velocity of 1 mm/min. The experiment was halted
when the specimen had failed, i.e., when instantaneous F;, dropped to half or less of the
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maximum F; . measured. A picture of specimen L3 with a large embedded piezoelectric disc
sensor close to final failure can be seen in Figure 3.4.

40mm

AL6082
Y tab

7 Steel loading pin
4

FCFRP specimen

E—’iezoelectric
sensor

R15I-AST

70mm
120mm
150mm

(a) (b)

Figure 3.3: Four point bending experiment. In (a) the different types of specimens that are tested are
visualised, with specimen abbreviation, sensor location and loading condition. (b) shows the
dimensions and items involved in performing the four-point bending test

Figure 3.4: Specimen L3 with large embedded sensor in the four-point bending set-up close to failure.

322 Clustering Procedure

To relate AE waveforms to specific degradation modes, a hierarchical clustering approach
employing similarity measures is used, as described by Van Steen et. al. [105]. Waveforms
recorded during the testing of specimens were compared to each other using normalised
cross-correlation. For a pair of waveforms f(7) and g(t), as function of time (7), the cross-
correlation is defined as (Equation 3.1):

f % g)(®) = j F@g( - dr G.1)

Here, t represents a time shift between the waveforms. The resulting signal is normalised
with respect to the autocorrelations of the two initial waveforms (Equation 3.2).
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Waveforms should be of equal length in this procedure. This is ensured by imposing a
maximum signal length of 250 ps or if shorter, the length of the shorter signal. The start of
the waveform is defined by the first minimum of the Akaike Information Criterion (AIC)
[108,109]. In Equation 3.3, the AIC varies over signal index n, and is dependent on the signal
up to n (U,_), the signal after n (U,,,) and signal length N [110].

Rpg(t) =

AlC, = nlogyvar(U,_) + (N —n — 1) log,, var(U,,)

The normalisation from Equation (2) yields a cross-correlation parameter R_fg(t) varying
over time shift with a value between —1 and 1. The maximum value may be seen as a measure
of similarity, or similarity index (Equation 3.4), between the waveforms, with 1 and —1
indicating a perfect replication of the waveforms of the same or opposite sign while 0 is
indicative for two very dissimilar waveforms.

similarity = 1 — dissimilarity = max (R_fg(t))

By comparing all waveforms to each other, a matrix is acquired containing the similarity
indices. Waveforms are grouped through average linkage, using the difference in mutual
dissimilarity indices as a measure of inter-cluster distance [105]. The result is a dendrogram
with similar waveforms sorted and linked to other waveforms at the value of their shared
dissimilarity. Clusters are obtained by setting a threshold to the dissimilarity value, thereby
dividing a group of waveforms from another group of waveforms.

3.3 RESULTS
3.3.1 Measuring AE with Embedded Sensors

In order to compare the sensitivity of the different piezoelectric sensors in use in the
experiment, Hsu-Nielsen tests with the procedure described in Section 3.2 were performed.
Results of specimens S11 and S12, with small (7 mm diameter) piezoelectric sensors, and
L5, with a larger (20 mm diameter) piezoelectric sensor embedded were analysed. Amplitude
spectra are shown in Figure 3.5.
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Figure 3.5: Typical amplitude spectrum of Hsu-Nielsen sources as recorded by the small and large
embedded piezoelectric disc sensor and the surface-mounted sensor.
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When comparing the embedded sensors, it stands out that up to 300 kHz, results are fairly
similar. Beyond 380 kHz, sensitivity of the larger sensor declines. This can be partly
attributed to an aperture effect, as the sensor integrates displacement over the contact area.
For wavelengths that are increasingly smaller than the sensor diameter, the full wavelengths
enclosed by the contact area increasingly cancel out.

For the same experiments (under the same conditions), this decreasing trend is also visible in
the R15I-AST sensors from 350 kHz. Furthermore, the embedded sensors seem to be more
sensitive than the R151-AST to lower frequencies (<80 kHz), which can be partly attributed
to the heavier reliance of the latter on resonant behaviour.

During the experiments outlined in Section 3.2 AE waveforms were acquired by both the
embedded sensors and the surface-mounted R15I-asts. This is exemplified in Figure 3.6.
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Figure 3.6: A single AE hit as measured by the embedded sensor L3 and the two R151-AST sensors
[36].

For the specimens tested, it stands out the embedded sensor is able to receive AE signals up
to failure, either when loaded under compression or in tension. This may be seen in Figures
3.7 and 3.8. The frequency content acquired in the destructive tests seems generally higher
than the frequencies in the preliminary tests with Hsu-Nielsen, possibly due to the different
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spectrum of the damage-induced source signals. The larger embedded sensor recorded AE
signals with centroid frequencies mostly between 200 kHz and 300 kHz. For the smaller
embedded sensor, this range was pronounced between 350 kHz and 450 kHz. For the R15I-
AST sensors on all specimens, centroid frequencies tend to be between 150 kHz and 350
kHz, conforming to the transfer function of the sensor [111].
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Figure 3.7: Centroid frequency f. of all measured signals over time and load cell force Fi for the
large ‘L’ embedded sensors and the two R151-ASTs. Note L3 has been subject to noise removal as is

explained in Section 3.2.2. The final outcome is shown here.

512 S(T)11 8
. A ﬁ';‘
. YA =,
s . " 4 T
. . =
w L =
I .8
Fi T ‘2
0
0 0
t [s] [l Embedded PWAS ¢ [s]
P R15L-AST

Figure 3.8: Centroid frequency f. of all measured signals over time and load cell force Fi for the
small ‘S’ and ‘ST’ embedded sensors and the two R151-ASTs.

332 Embedded Sensor Noise Mitigation during Four-Point Bending
Experiments
In the first stage of testing it was noted that the embedded sensor tended to pick up extensive
amounts of continuous noise. Based on the preliminary tests, this was not expected. In one
case, specimen L3, no continuous-type noise but burst-type signals were acquired. A large
amount were amassed continuously from the start of the testing. In Figure 3.9a three
waveforms measured by the embedded sensor in early stage of testing are shown. Next to
that the accumulation of signals, represented by their centroid frequency f;, over time is

illustrated.
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Figure 3.9: Noise mitigation on specimen L3: (a) Three waveforms measured in the reference timeslot
between 162 s and 242 s after the start of test. They are translated in time and voltage to fit in the same

image. The dissimilarity between the waveforms is between 0.65 and 0.79. (b) Centroid frequency f of
all measured signals over time and load cell force F; for the embedded sensor and the two R151-ASTs.

(c) Equivalent to (b), but with noise removed.

Due to their early and repeating appearance (burst repetition frequency around 50 kHz), in
the wave forms, these signals are considered noise. In a second batch of experiments it was
identified that the continuous noise related to a metal-to-CFRP contact in the four-point
bending setup. After insulating the aluminium loading tabs with polyester film tape, no such
behaviour occurred anymore. Therefore this effect is not directly attributed to possible
triboelectricity effects due to the external wiring [112]. Further detailed investigation of
triboelectricity effects will be considered in the future research.

Measures were taken to prevent the noise from interfering with the analysis. In assessing the
performance and features of the embedded AE sensor, a waveform similarity approach as
described in Section 3.2 is utilised to distinguish signals of interest from noise.

For specimen L3, a total of 598 waveforms measured by the embedded sensor between 162
s and 242 s after the start of loading were used as a reference and compared to all 3939
waveforms from the embedded sensor. The resulting similarity matrix with the waveforms in
chronological order is shown in Figure 3.10.
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Figure 3.10: Similarity matrix with reference ‘noise’ waveforms correlated with the rest of data. Note
the faint diagonal line between j = 800 to j = 1300, indicating autocorrelation.

The Figure shows that waveforms j (sorted in chronological order) became increasingly
dissimilar from the reference waveforms (up to j = 2500 this was not the case). Regarding
reference waveforms i, the different lighter and darker shades imply variations within the
reference waveforms. As such, deviating waveforms may contain useful information. The
criterion for defining noise was defined such that the waveform under investigation should
be akin to at least 5 of the reference waveforms. In this context, ‘akin’ implies a dissimilarity
of at most 0.65.

In Figure 3.9 the waveforms shown on the left have a dissimilarity between 0.65 and 0.79,
visualising the boundaries of the criterion. In the middle and right, the effect of removing the
noise signals may be seen. Although waveforms similarity inherently takes into account
similarity in frequency content, the comparison shows the noise mitigation is sensitive
enough to retain dissimilar signals with a similar frequency content, as exemplified by the
waveforms in the 350—400 kHz band.

In the identification of waveforms related to embedded sensor-induced damage,
measurements from the embedded sensor were not included in the analysis to prevent
possible influence of damage to the sensor during the experiments. Only waveforms
measured near-simultaneously (within 10 ps) by the two surface-mounted R151-ASTs were
examined.

333 Identification of Damage Mechanisms Occurring Due to the Embedding of
a Piezoelectric Sensor

During the four-point bending experiment, a number of damage mechanisms were registered.

In general from F;. = 6 kN and beyond the upper laminae between the loading tabs showed

signs of damage, in the form of delamination and fibre fracture on the top surface. Failed

specimens are depicted in Figure 3.11[68].
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Figure 3.11: A side view showing damage occurring in different types of specimens [68].

For baseline specimens that had no sensor embedded (N) this damage on the compressive
side is protracted up to near the fourth lamina before gross failing in the tension side,
including delamination and fibre breakage in three of the specimens. In one of the specimens
of type N, failure occurred solely on the compressive side close to the loading tabs. For
specimens failing on the tension side, this location was between 8 mm and 21 mm from the
centre of the specimen.

In specimens where a sensor was embedded on the compressive side (S and L type
specimens) of the beam final failure occurred on the compressive side in an instantaneous
manner reaching from the top surface to the laminae that contained the embedded sensor.
Generally the location of rupture seemed to coincide with the interface between the CFRP
and the embedded sensor. In one specimen however, failure was near the centre. The rupture
can be considered as a combination between delamination and compressive fibre failure.
Furthermore, the sensors did fail together with the GFRP insulation. This can be regarded as
an extra damage mechanism, due to a combined in-plane compression and out-of plane shear
stress (related to the bending setup).

Like in the baseline specimens, for the specimens with sensors embedded on the tension side
of the beam (Srt) the initial damage on the compressive side did not extend beyond the top
laminae. At increasing loads, acute failure occurred on the tension side of the specimens,
approximately 4.5 mm to 8 mm off-centre up to the laminae with embedded sensors. Similar
to the s and L specimens, degradation modes relate to delamination and tensile fibre failure.
Failure of the sensor itself and insulation is caused by combined in-plane tension and out-of
plane shear stress.

In short, the different damage mechanisms are given in Table 3.1.
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Table 3.1: Damage mechanisms as registered during four-point bending. The numbers signify that the
mechanism is found in that amount of specimens. Note that for “N” type, there were 4 specimens, the
other types had 2 specimens.

Damage Mechanism

Preliminary delamination on compressive side
Preliminary fibre breakage on compressive side
Extensive fibre breakage on compressive side
Extensive fibre breakage on tensile side

Sensor system failure on compressive side
Sensor system failure on tensile side
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During the failure of specimens as described in Section 3.3.2 two R15I-AST surface-mounted
transducers were continuously recording AE. Next to the registration of the waveforms,
features such as waveform energy E,r were directly extracted. As stated in Section 3.3.1, to
prevent the background noise contaminating the assessment, only AE recorded
simultaneously (first threshold crossings within 10 ps from each other) by both sensors is
considered. Waveform energy (E,5) and cumulative energy (ZE,z) over time are shown for
the different specimens in Figure 3.12.
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Figure 3.12: Energy per hit E;r and cumulative energy [% of total] over time and crosshead force F .

From the Figure it can be noted that in baseline (N) specimens, energy-rich AE started to
occur from 6000 N onwards and increased in energy around the failure load of the specimens.
For specimens with large embedded sensors on the compression side of the specimen (L2
and L3), energy content seems to be fairly comparable to the baseline specimens. For their
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counterparts with smaller piezoelectric disc sensors, AE in specimens S2 and S9 seem to
commence relatively early, around 1-1.5 kN. For specimens with embedded piezoelectric
disc sensors on the tensile side (St4 and St5) it appears that the recorded energy is larger than
with the other specimens throughout the testing. This can be seen in Table 3.2 as well, with
the cumulative energy of St specimens being higher than in other specimens (with reasonable
statistically significance). When considering specimen St5, high-energy AE around 5000 kN
is observed, followed by lower-energy AE. This reminisces of the observations from Xiao et
al. [100]. The lower-energy AE after 5000 kN however is not generally lower than
experienced in baseline specimens.

Table 3.2: Cumulative energy XE .

N S St L

E,; [x 10°EU] 4.0 x 10° 13 107 1.1 x 10° 3.1x 10
9.0 x 10? 1.2 % 102 2.5 10 8.1x 10!
3.5 % 10?
7.0 x 10?

Building further on the measurement of AE as explained in Section 3.2, effort is made to
identify AE that is characteristic to failure related to the embedding of a piezoelectric sensor.
Interpretation relies on the comparison between clusters of AE measured in the sensor-less
baseline specimens, and those from the specimens with sensors embedded.

Using the method described in Section 3.2, a similarity matrix is constructed, containing
similarity information of AE waveforms captured during the loading and failure of all
specimens. The obtained similarity matrix can be seen in Figure 3.13. In this Figure the
waveforms are ordered chronologically. Near the diagonal in Figure 3.13, lighter colours with
a similarity between 0.8 to 1 are visible. This suggests that similar waveforms are grouped in
time and may be attributed to similar damage mechanisms in the same specimen. Further
from the diagonal similarity values overall seem to be somewhat lower, but the extent thereof
is mostly waveform-specific. Also there are recurring patterns of higher similarity as well as
waveforms that do not tend to relate to the others.
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Figure 3.13: Similarity matrix containing all 15081 waveforms measured during loading and failure
of the ten specimens. Indices relate to the last wave form from the specimen.
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To further elaborate on above observations and in the pursuit of clustering the waveforms, a
dendrogram (Figure 3.14) is formed using the dissimilarity as explained in Section 3.2. It is
noticeable from the dendrogram that there are few groups of waveforms that have a high
mutual similarity (or low dissimilarity, <0.3) while the bulk of waveforms tend to distinguish
themselves in the 0.3—0.7 dissimilarity range.

.

Dissimilarity

0.2 b

Waveform

Figure 3.14: Dendrogram linking the data from the similarity matrix in Figure 3.13. The dashed lines
represent the thresholds considered in the definition of clusters. Note that along the horizontal axis the
waveforms are no longer ordered sequentially.

For the purpose of clustering a similarity threshold is defined. This threshold separates
waveforms along a maximum value of dissimilarity. The value for this threshold is not trivial:
a low dissimilarity threshold can result in highly similar clusters, but those may be
excessively specific to individual specimens and not relate to global phenomena across
multiple specimens. On the other hand, a high dissimilarity threshold may overlook relevant
clusters. Variations in local FRP fibre volume fraction and direction, the initiation of damage,
the placement of the sensor and the thickness of the couplant can cause variations in wave
propagation details between different specimens. This results in AE from similar damage that
may have relatively high levels of dissimilarity. To ensure variations between specimens (of
the same type) do not influence the identification process, the threshold is selected such that
major clusters contain waveforms from multiple specimens of the same type. It should be
noted this selection relies on the assumption that the dissimilarity between different damage
mechanisms is larger than the dissimilarity between multiple specimens given the same
damage mechanism.

For a dissimilarity threshold of 0.65, in total 154 clusters were formed, with the bulk of
waveforms (92%) found within 8 clusters. Table 3.3 describes the distribution of clusters over
the specimen types. In Figure 3.15, the clusters are visualised as centroid frequency over
time. In Figure 3.16 three normalised waveforms are shown belonging to clusters 103, 109
and 126.
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Table 3.3: Major clusters formed using a threshold of 0.65. For each type of specimen, the percentage
of waveforms caught in the clusters is given.

Cluster Number N [%] S [%] St [%] L [%]
5 3 3 3 5
11 19 12 13 8
21 2 0 3 1
102 0 1 4 0
103 61 37 53 70
104 3 4 0 1
109 0 1 12 0
126 4 19 1 6
Total 92 77 89 91
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Figure 3.15: The AE clusters for each specimen, centroid frequency f, of the waveforms in the clusters
and the applied load Fi .
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Figure 3.16: Normalised examples of waveforms from cluster numbers 103, 109 and 126.

From the table and Figure 3.15 L specimens appear to show behaviour most alike to baseline
N specimens, with a comparable distribution of clusters in number and over testing time.
Note that this can be mirrored to the failure load of the L specimens, which compared to S
specimens is relatively similar to N specimens. AE from S specimens are slightly less
represented by the proposed clusters (77% of all waveforms) with the remaining waveforms
being placed in smaller clusters with high reciprocal dissimilarity. Cluster 126, with a
relatively high centroid frequency, occurs in S2 from around F;. =2 kN whereas in baseline
(N) specimens, this cluster is far more limited in number and associated with final failure. In
St specimens most distinct is the abundance of cluster 109, including 325 waveforms
uniformly divided over the two specimens. In the other specimens the occurrence is almost
negligible (40 waveforms in all other specimens combined). The high repeatability of the
cluster possibly allows attribution to damage mechanisms related to the specific embedding
procedure and the combined in-plane tension stress and out-of-plane shear stress that is
experienced in Sr.

In Figures 3.16 and 3.17 similarity of the waveforms within clusters and between clusters
can be visually assessed. In these Figures the waveforms per cluster are coming from different
specimens and are picked randomly. In the time domain, it may be seen there are similarities
around the onset of some of the waveforms per cluster. In frequency domain it appears that
cluster 103 has most frequency content below 200 kHz. In cluster 109 the low frequency
content around 200 kHz and a large frequency content around 220 kHz show to be the uniting
factors. In cluster 126 such relations are less apparent.
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Figure 3.17: Normalised amplitude spectra belonging to the waveforms from Figure 3.16.

To summarise, clusters are formed using waveform dissimilarity. This clustering generally
represents AE behaviour that is repeatable over different specimens with the same embedded
sensor type. Furthermore AE cluster distribution in specimens with embedded sensor is
compared to that in the baseline specimens. It may be noted that specimens with a large (L
type, 20 mm diameter) sensor embedded on the compressive side of the bending setup exhibit
comparable AE behaviour to that of the baseline specimens. Conversely in specimens with
smaller sensors embedded on the same side (S type, 7 mm diameter) AE tends to be relatively
dissimilar in general, but clusters with high frequency content seem to occur earlier than in
baseline specimens. For specimens with the embedded sensor loaded in tension (St, 7 mm
diameter), a cluster (cluster 126) is noted that appears to be specific to this type of specimen.
This suggests the presence of a possible damage mechanism related to the embedded sensor
experiencing combined in-plane tension stress and out-of-plane shear stress.

3.4 DISCUSSION

34.1 Measuring AE with Embedded Sensors

Acoustic emissions originating from mechanical degradation sources were measured in
CFRP specimens with embedded piezoelectric disc sensors and standard surface-mounted
piezoelectric sensors. Two sizes of embedded piezoelectric disc sensor (20 mm and 7 mm
diameter) were compared in terms of performance and sensitivity. Typically, embedded
piezoelectric disc sensors were able to acquire AE up to final failure. In the measurement of
damage-related AE from a flexural strength test, the smaller embedded piezoelectric disc
sensor (7 mm diameter) recorded AE with a centroid frequency typically ranging between
350 kHz and 450 kHz. For the larger embedded piezoelectric disc sensor (20 mm diameter)
centroid frequencies were determined to be generally between 200 kHz and 300 kHz. In all
cases, the reference R15I-AST sensors measured centroid frequencies between 150 kHz and
350 kHz. The variation in sensitivity between the larger and smaller embedded piezoelectric
disc sensor is partly attributed to an aperture effect by taking into account the wavelength of
the propagating wave of interest. This implies that embedded sensor dimensions and FRP
wave propagation properties should be carefully assessed in the design and analysis of an
FRP structure with embedded piezoelectric disc sensors.
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342 Waveform Similarity Assessment for Identification of Noise and Damage
Mechanisms

A waveform similarity approach was used for defining AE clusters and in the processing of
noise. It was shown using average linkage and a dissimilarity threshold that clusters of AE
can be formed that are overarching different specimens while being specific enough to
accentuate the effects found in different specimen types. This confirms the assertion that the
dissimilarity of AE between different types of specimens is larger than the dissimilarity
between multiple same-type specimens. As is seen in Figures 3.14, 3.16 and 3.17 differences
in dissimilarity within clusters are relatively large while between the clusters the differences
in dissimilarity are relatively low. This indicates that for a small difference in dissimilarity
threshold, large differences in the formation of clusters are obtained. Cluster 109, that is
assigned to be specific to specimens with embedded piezoelectric disc sensors on the tensile
side of the bending test, is considered of note due to its occurrence being almost exclusive to
this type of specimens as well as its distribution being comparable over the two specimens
of this type.

343 Identification of Damage Mechanisms Occurring Due to the Embedding
of a Piezoelectric Sensor

From the combination of waveform similarity and AE energy assessment it may be concluded
that the AE behaviour of the two specimens with embedded piezoelectric disc sensor on the
tensile side of the bending load are distinctly different from the baseline and other specimens.
The identified AE phenomena are envisioned to be associated to a tensile cohesion-related
failure, since the strength of the GFRP-resin-CFRP interface is subject to large uncertainty.
Tensile fracture of the piezoelectric disc sensor is not expected as a likely source given the
low stiffness of GFRP and resin insulation, as confirmed by the embedded piezoelectric disc
sensor in specimen Stl1 that recorded up to gross failure. Given the inaccessibility of the
location of damage for detailed inspection during the test, further validation related to the
degradation mode is needed.

Between baseline specimens and specimens with embedded piezoelectric disc sensor on the
compressive side under the bending load, no clear relation in terms of AE can be established.
Although visually the damage mechanisms in these specimens are different compared to
baseline specimens, this did not translate to sufficiently consistent trends in AE.

344 Outlook and Future Research

From a wider perspective, the ability to relate AE to embedded sensor-affiliated and non-
affiliated degradation mechanisms allows for the monitoring of a structure with embedded
piezoelectric disc sensors with respect to the health of the structure. Further, the monitoring
for embedded sensor-induced degradation facilitates the development of design criteria for
structures with embedded piezoelectric disc sensors. In this regard, the observation that AE
from piezoelectric disc sensor-induced damage is distinguishable from other sources, prior
to specimen gross failure and depending on loading direction, is of value. It is considered that
this work will also pave the way for more widespread use of embedded piezoelectric disc
sensors, such as in larger-scale FRP structures with embedded arrays or distributed
configurations.

This research can be seen as a preliminary step towards assessing the influence of embedded
piezoelectric disc sensor size and location on their measurement capabilities and on the
structural integrity of the host structure. As such, it is acknowledged that the topics and

63



outcomes presented in this research can be elaborated upon, by means of extended
experiments and numerical simulations. Measuring different wave modes with different wave
lengths and the effect on the sensitivity of embedded piezoelectric disc sensor deserves
further research. Evaluation with respect to the sensitivity of the embedded piezoelectric disc
sensor is envisioned on different host materials, such as GFRP and sandwich structures. The
clustering method used may be compared to other clustering procedures that are used
typically in the classification of FRP damage mechanisms. In this context, the respective
qualities of the formed clusters may be assessed. Moreover, it is recognised that increasing
the population size of the specimens will help drawing more accurate and definite
conclusions on the formation of AE clusters related to embedded piezoelectric disc sensor-
induced damage. Also, this will allow specimens in the destructive testing to be stopped
prematurely so that they can be inspected microscopically for the initiation of damage
mechanisms. The premature inspection will facilitate attributing clusters to damage
mechanisms. In a further stage, a database of clusters of waveforms with identified damage
mechanisms may be used to quantify the nature and extent of damage in similar structures.
The features of AE signals from identified damage mechanisms can also be used to develop
possible damage indices to better estimate the remaining load bearing capacity or remaining
lifetime.

3.5 CONCLUSIONS

Using data from destructive four-point bending tests performed on thick CFRP specimens
with embedded piezoelectric disc sensor the performance of the piezoelectric disc sensor in
terms of endurance and spectral sensitivity for AE measurement was investigated.
Furthermore, a waveform similarity assessment method was employed to identify clusters of
AE signals that relate to embedded piezoelectric disc sensor-induced failure mechanisms. It
was found that:

(1) The size of the embedded piezoelectric disc sensor has an effect on the frequency
content of the measurement of AE signals; Damage-related AE signals in CFRP specimens
were measured with a centroid frequency between 350 kHz and 450 kHz by the 7 mm
diameter embedded piezoelectric disc sensor, while for the 20 mm embedded piezoelectric
disc sensor the range was between 200 kHz and 300 kHz. For comparison, no change in
frequency content in the AE signals was measured by a reference surface-mounted sensor for
the different specimens.

2) Damage mechanisms in the CFRP laminates due to embedded piezoelectric disc
sensor when placed in the tension side in the bending experiment exhibited AE that were
reasonably distinguishable from other sources of AE. This was confirmed when assessing
waveform similarity and AE energy in specimens with and without embedded sensors. When
loaded under compression, no major additional degradation AE due to the embedment
process was identified.
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This chapter is based on the journal paper “Acoustic emission monitoring of composite
marine propellers in submerged conditions using embedded piezoelectric sensors” published
in 2024 in Smart Materials and Structures. The focus of this chapter is on answering research
sub-questions 1 and 2.

4.1 INTRODUCTION

The marine industry is in the process of improving its environmental footprint. This involves
reduction of carbon emissions as well as reduction of underwater radiated noise (URN) for
the protection of marine mammals [113,114]. The use of flexible composite marine propellers
is envisioned to help in obtaining these reductions. The directed flexibility of such propellers
enables the blade shape to be adaptable to different loading conditions [115,116]. This can
improve efficiency [117]. Furthermore, pressure peaks on the blade are reduced due to blade-
tip flexibility. This can lead to reduced URN [118]. Additional advantages of composite
propeller blades are a reduced electromagnetic signature, lower weight, and the ability to
have sensors incorporated [1].

The development of flexible composite marine propeller blades has encountered
uncertainties regarding their behaviour in fatigue and failure. This matters as unanticipated
failure of a propeller blade will considerably limit a vessel's manoeuvrability. Prominent
causes to the uncertainties are deviations and imperfections during fabrication, the varying
loading of the blade, and a complex internal stress state imposed by the thick intricate
geometry and spatially-varying material layup [9,10]. Additionally, depending on their
location and load history, different damage types may grow to gross failure or cause a stress
redistribution that leads to different failure [12]. Given the complexities and the involved
risk, there is a need for structural health monitoring (SHM) of flexible composite propeller
blades.

In an advanced state of damage, the changes in material properties lead to global effects, such
as an increased deformation or changes in vibrational response. This could be measured using
externally mounted measurement devices such as cameras and hydrophones. Deformation
behaviour of flexible propeller blades was measured in-situ by Maljaars et al. (2018) [14]
using digital image correlation. The cameras were installed on a ship rudder. This method
was similarly used in a cavitation tunnel for flexible propeller blades by Su et al. (2022)
[119]. Using laser beam irradiation and an image registration method, Shiraishi, Sawada and
Arakawa (2023) [120] were able to estimate the full-blade deformation shape of a flexible
propeller in a cavitation tunnel. Kluczyk, Grzadziela and Batur (2022) [121] described
damage identification in flexible propeller blades by monitoring of hydroacoustic behaviour
using hull-mounted hydrophones. Sensors mounted onto or embedded into the blade can be
used for the same purpose. Here, there is a strong preference to have the sensors embedded
into the composite laminate. This is because the rotating underwater blade presents a harsh
environment for surface-mounted sensors. Furthermore, surface-mounted sensors can
obstruct hydrodynamic performance. Investigations relating to composite hydrofoils include
the use of embedded strain gauges, fibre-Bragg gratings and distributed optical fibres for
strain measurements and accelerometers and piezoelectric sensors for modal assessments.
Strain gauges were placed on flexible and metal model propeller blades by Tian et al. (2016)
[23]. They were able to measure vibratory responses. Zetterlind, Watkins and Spoltman
(2003) [21] compared the use of surface-mounted strain gauges and fibre-optic sensors for
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strain monitoring during fatigue assessment of composite aerospace propeller blades. The
research described increased survivability of fibre-optic sensors compared to strain gauges.
For a composite marine propeller blade, Seaver, Trickey and Nichols (2006) [19], embedded
fibre-bragg gratings (FBGs) during manufacturing and demonstrated the feasibility of
measuring strains in a water tunnel. Complexities were noted regarding the embedding
procedure. FBGs were also used by Javdani et al. (2016) [20], who placed these on the surface
of a full-scale metal propeller. Modal analysis with the propeller submerged showed a good
agreement with simulated results. Ding et al. (2022) [24] measured strains on a model of a
propeller blade using surface-mounted FBGs. Reconstructed deformations of the blade were
created using an inverse finite element method. Error between reconstructions and
deformation measurements was below 7%. Maung et al. (2017) [25] embedded distributed
optical fibres into a carbon-fibre composite hydrofoil. It was noted that the measured strains
were in reasonable accordance with simulations. This research was continued by
Shamsuddoha et al. (2022) [10] who embedded distributed optical fibres into a full-scale
composite hydrofoil loaded under fatigue. In that work, also piezoelectric accelerometers
were placed to perform modal analysis. No notable change in modal properties was measured
during the fatigue loading. The use of embedded piezoelectric sensors for the use of dynamic
strain measurement of composite marine propeller blades was assessed by the authors [122]
and demonstrated by de Bles (2022) [74]. Hamada et al. (2023) [32] placed piezoelectric line
sensors on flexible propeller blades in operation. Degradation of the propeller blade was
correlated with the changes in the vibration measured by the sensors.

In early stages of damage the global effects become less pronounced and other methods for
SHM in composite propellers become relevant. One promising method is the measurement
and processing of acoustic emissions (AE). An AE signal is an ultrasound elastic burst
emanating from material degradation. Fibre-reinforced composite materials have a multitude
of damage mechanisms such as matrix cracking, fibre-matrix interface debonding, fibre
breakage and fibre pullout. Each of these mechanisms have distinct AE characteristics, such
as specific frequency content and amplitude [67,103,123]. Conventionally, AE has been
measured using piezoelectric sensors. These sensors allow for a high enough sample rate for
measuring AE. Additionally, they are more easily embedded into complex composite
structures than optical methods .

In marine applications, simulated AE signals have previously been measured on a submerged
steel half rudder blade. Measurement and localisation of an AE source was performed while
comparing different sensor types [124]. Furthermore, AE investigations on composite tidal
turbine blades are emerging [125]. Next to a preliminary feasibility study by the authors
[122], no published research on AE in full-scale composite marine propeller blades is known
to date.

The localisation of the AE and the characterisation of the damage mechanism can be
fundamental in the assessment of the structural health and in the estimation of remaining
lifetime of the structure. To enable localisation and characterisation, the measured signals
need to be of sufficient signal to noise ratio. The evaluation for the signal to noise ratio
requires estimations of the expected noise level and the AE source signal amplitude, and
indication of the location of the degradation with respect to the sensor location. Further, the
knowledge of the attenuation behaviour of AE for different degradation mechanisms is
instrumental for this assessment.
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The localisation of the AE and characterisation of the damage mechanism can be
fundamental in the assessment of structural health and the estimation of the remaining
lifetime of a structure. To enable localisation and characterisation, the measured signals must
be of sufficient signal-to-noise ratio. The evaluation for the signal-to-noise ratio requires
estimations of the expected noise level and the AE source signal amplitude, and an indication
of the drop in signal amplitude over the propagation path from source to sensor. The drop in
signal amplitude depends on the propagation distance and attenuation due to material
behaviour and geometry.

Hence, wave propagation attenuation will influence the quality of the measured signal and
the maximum measurable distance between a sensor and an AE source. This implies that
wave propagation attenuation over the blade is of profound relevance for the assessment of
the feasibility of localisation and characterisation of AE.

This chapter investigates the measurement and attenuation of AE signals in a submerged
composite marine propeller blade using embedded piezoelectric sensors. This encompasses
the experimental excitation, measurement and assessment of AE signals on a full-scale
submerged propeller blade. A glass-fibre reinforced polymer blade has been manufactured
using vacuum-assisted resin transfer moulding. During the production, 24 piezoelectric wafer
sensors have been embedded into the blade. AE signals have been simulated by applying
pencil lead break (PLB) excitations at several locations on the propeller blade. This has been
done while the propeller was submerged in artificial seawater. For each PLB, the AE signal
is measured for each connected sensor and assessed for their spectral content. The spectral
content and the change in spectral content over excitation locations are used to obtain a
measure of amplitude drop throughout the blade. These values can be used to assess the
feasibility of measuring specific types of AE signals relating to specific types of damage
mechanisms.

Regarding the organisation of the chapter, firstly a description of the measurement and
assessment of an AE signal is given. This includes the definition of an amplitude drop and
the assumptions that are associated with that. Secondly, the experimental procedure is
explained. This provides details on the manufactured propeller blade and measurement
specifics. Next, results of the measurements are presented, combined with an assessment of
the amplitude drop throughout the blade. Finally, conclusions are drawn and
recommendations are given for future research.

4.2 METHODOLOGY

The measurement of an AE signal can be described as an AE source signal that has been
distorted by wave propagation effects, sensor transfer function, and noise. For plate-like
structures, the AE can propagate in the form of guided waves. These waves appear in a
multitude of through-thickness deformation (wave) modes and propagate in in-plane
direction. In a mathematical sense, the measurement P(x,,X;,®)can be written as the

convolution of AE source signal S(x,,w) with wave propagation transfer function
W,(x,,Xg,m) and sensor transfer function D,(x,,®), and the addition of noise P, (x,,®)
[57,126]. When propagating in the form of guided waves, each component can be dependent
on the wave mode i=[l..n] for " modes, the source location xg, sensor location x, and

frequency . For the source signal S(x ,w), multi-modal contributions are captured by
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modal amplitude ¢,(x,) . The frequency and phase content of the source is represented by
S(x4,w) . This is elaborated in Equation 4.1 and Equation 4.2.

Sl.(xs,a)):g,.(xs)S(xS,a)). (41)

P(xpsX5,0) = 3 D, (X, O (X, X5, 0)5,(X5)S (x5, 0) + By (X,0). - (4.2)
i=1
Here, the wave propagation transfer function W,(x,,X,,) includes attenuation, dispersion,
cut-off of higher modes (o,

cut i

) and skewing of waves as a function of location, distance and

direction. Sensor transfer function D,(x,,®) includes electromechanical behaviour relevant to
embedded piezoelectric sensors, such as the aperture effect [56,127].

Assessment can be performed regarding the components W,(x,,X,,®) using measurements
P(x,,X;,) from different known source locations to different measurement locations over the

blade. Further, assessment of P, (x,,®) is used to examine the quality of P(x,,x,,®).

Assessment of wave propagation

For a given sensor layout and an arbitrary source location, the drop in amplitude for specific
frequency components from a sensor adjacent to the source to a sensor further away can be
considered as a measure of frequency-dependent attenuation along the blade. This drop can
be calculated as per Equation 4.3.

P(x,,x,,0
A(xleS’a)]): ( 2 s l)
P(Xm-@f’xsw"w/)

DD (X @, (X, X5, 0)6,(Xs)S (X5, ) + Py (Xpy @) - (4.3)

i=1

- n
ZD:‘ (XRre/' oW, (eref > X > O )S; (XSref )S(Xs,‘e/ o)+ By (eref ,0)

i=1

In this equation, for each relevant frequency @, the amplitude drop in dB.v A(x,,X,,®,) is
calculated for a sensor at location x, with respect to a reference sensor at x, , that was
adjacent to a reference sourcex;, . Amplitude drop A(x,X;,w)can be seen as an
approximation for wave propagation transfer function W,(x,,x,®) (Equation 4.10). This is

considered valid under five assumptions.

As a first assumption, wave propagation effects from source to reference can be regarded
negligible (Equation 4.4)) when the considered wave mode exists (o> a,,,).

0 for w<a,,, . (4.4)

1 for o>w,

cut i

W(XRref’xSref’ )= {
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For the second assumption, the sources of both the reference and the other signals are
considered similar (Equation 4.5).

6 (X5)S (X5, 0) = 6, (X5, )S (X, @) - (4.5)

The third assumption is that at frequency , there is one dominant wave mode /" . Here,

the description of the wave propagation transfer functions simplify (Equation 4.6 and 4.7)
and summation over wave modes i =[l..n] is eliminated.

0 for i#m
VVi(XRr:’/"XSrej ,0,) = {] for i=m’ (4.6)
0 for i#m
WXy, Xg, @) = N CY)
W, (Xg,Xs,0,) for i=m

The fourth assumption is that the sensor transfer function of the measurement is the same as
that for the reference (Equation. 4.8).

D, (xz, @) = D,(Xp,p, @) - (4.8)

As a fifth assumption, the noise amplitude is regarded significantly smaller than the
measurement signals (Equation 4.9)).

Py (xg, @)= By (XRre/?a)) < zDi(XR’w)VVi(XR’XS’a))gi(XS)S(XS’a)) . (49
il

Given these assumptions, Equation 4.3 is reduced to Equation 4.10:

D, (xz, )W, (X, X5, 0,)6,(Xs)S (X, 0,)
D, (Xqu/‘ o)W, (mef‘ > Xer > O, )5 (Xsmf‘ )S (XSref‘ @) (4.10)

AW, (X, Xg, @)

AXg, X5, 0,) =

4.2.1 Assessment of noise level
The noise level can be used to define the minimum measurable signal amplitude as a
reference. In the current work, the pre-trigger period P,"(x,,®,) of a measurement is regarded

as an indication of the noise level. Values of P(x,,x,,®,)are used in the assessment when

they are complying with Equation 4.11, given a positive value for criterion 4, .

P(Xp,Xs,@)

(4.11)
P,’:(XR>CU/)

> A

N
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422 Comparison between measurement and reference AE signals
The attenuation A(x,,x,,®), in conjunction with a noise level P,'(x,,®,), can then be

compared to reference amplitude levels and frequency content of types of AE from literature
that are associated with different damage mechanisms. This comparison gives insight in the
maximum distance between AE signal source location and sensor location for different
regions of the blade. This is in general relevant for the placement of embedded sensors with
respect to the location and type of damage-induced AE signal to be measured.

4223 Experimental procedure

For the experimental procedure, first the manufacturing of a composite marine propeller
blade with embedded piezoelectric sensors is described. This followed by a description of the
experiment itself, including AE signal excitation and measurement specifics.

Figure 4.1: Production of a GFRP marine propeller. Clockwise from upper left: the glass-fibre
laminae inside the mould; the mould under vacuum for the process of resin infusion; C-scan of the
blade with sensors.

71



450

400

GFRP T m e g
50 f ) : SO
propeller blade =0 Cag o_.L:_‘@ >
20 '//ﬂ(: iz 4 e~
= \ of @ m w2 g5 ®87
gl [ es B 07/

=
I
4
y
/
y [mm]

e @0 w16,/
b 150 + (@2 f
Embedded ERE [
- . 00 N T |
| piezoelectric
| sensors ” Y~ \

ol
i

AVl ]

- PLB (letter)

.50 . L L .
200 -100 0 100 200 300

x [mm]

Figure 4.2: A GFRP marine propeller blade with embedded piezoelectric sensors: the general concept
(left). and exvanded view of the blade with transducer labelling and distribution (rieht).

A glass-fibre reinforced polymer blade was produced with embedded piezoelectric
transducers. The production included vacuum-assisted resin transfer moulding within a
closed mould. The mould contained the lay-up. This lay-up consists of woven fabrics at the
outer layer, followed by alternately stitched unidirectional laminae and chopped strand mat
(CSM) layers. In the middle of a laminate, multiple layers of CSM make up the core. In
Figure 4.1 a general overview of the manufacturing and the quality control process using a
CT-scanner are shown. The layup and material properties of the blade have been chosen
following the design of Maljaars et al. [14].

A total of 24 transducers were embedded at a quarter of the thickness of the blade (ply 18-
25, closest to suction side). The concept and transducer distribution can be seen in Figure 4.2.
The transducers were of the PRYY+0398 type (PIC255, @5mm, t0.25mm). Wiring was
through bifilar copper cables (©00.15mm). During lay-up of the laminae, the wiring was
pulled through above laminae up to the core. Here the wiring was routed towards the hub end
of the blade. After resin infusion and curing, two transducers were noted to be defective due
to wiring breakage during embedding and demoulding. In total, 22 transducers were
operational. This is a 92% survival rate, which at this stage of the program is considered more
than adequate.

The experiment involved the exciting and measuring guided waves using embedded
transducers in a submerged composite propeller blade. This enables assessment of the
measurability and localisation of damage-related AE signals on the blade. A schematic and
overview of the experimental setup are shown in Figure 4.3.

The experiments were performed in dry, fresh water (<ImS/cm) and salt water (53mS/cm,
reference at 25°C) conditions. In the submerged experiments, the blade was suspended into
a water tank (600x600x600mm) with blade hub and connectors of the transducers remaining
above the waterline. The connectors remained unsubmerged because they are not rated for
underwater use. If, in the future an experiment would be deemed necessary with the blade
fully submerged, the connectors would be exchanged for ones that are rated for underwater
use, such as the LEMO 03 series [128].

The excitations were based on pencil lead breaks (PLB). Five locations on the blade were
selected on the pressure side surface of the blade (A-E). The PLBs are denoted as red plusses
in Figure 4.2. A standard Hsu-Nielsen source was used (Leads ©¥0.35mm, 2H, extension 3.5

+1mm). The PLBs were repeated at least five times.
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Figure 4.3: The experimental setup: on the left a schematic of the broader setup showing main
devices and excitations (left). In the centre a photograph of the setup, where numbers 1 to 4 denote
the measurement laptop, data acquisition system, preamplifiers and submerged propeller blade

respectively. On the right photograph, the execution of an underwater pencil lead break (PLB) at
position E is visible.

During each excitation, 12 out of 22 transducers were used as sensor. These can be seen in
Figure 4.2 as blue squares. The sensors were connected to AEPH5 preamplifiers (40dB), and
from there to an AMSY-6 data acquisition system. The data acquisition system was grounded
to the water in the tank. The data acquisition system and preamplifiers are shown in Figure
4.3 as parts 2 and 3 respectively. The sampling frequency was 2.5MHz. The acquisition was
hit-based and had a rearm and duration discretization time of 50us, and a pre-trigger period
of 50us. A digital band-pass filter was applied ranging from 20kHz to 850kHz. In the dry and
fresh water conditions, a detection threshold of 40dB (with reference to 1uV) and a floating

threshold (or threshold-to-noise ratio)[129] of 6dB were applied. In salt water, the detection
threshold was lowered to 20dB.
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mean values of P(Xy,X;,w,) and noise P, (x,,Xs,w,) for different measurement locations are given.

Note that the subscript denotes the sensor number as per Figure 2.

4.3 RESULTS AND DISCUSSION

4.3.1 Measurements of pencil lead breaks

The PLBs from the five locations were detected by all sensors. An example of a measurement
set from PLBs in salt water is shown in Figure 4.4. The signals are arranged from top to
bottom with increasing arrival time. Note the sequence with respect to the source location.

For each of the signals, the amplitude is shown in Table 4.1. It is noticeable that the
amplitudes drop when the measurement location is further away from the source location.
The measurements of sensor 4 for source location A are considered as reference
measurements P(x,,,,Xg,.@,) . This is because the high amplitudes indicate low attenuation

and it is known that the distance from source to sensor is small, around 30mm.

Table 4.1: Amplitudes belonging to the measurements of Figure 4.4. A grayscale is added to denote
low to high amplitude values.

Sensor PLB A PLB B PLB C PLB D PLB E

no. [dBuwy] [dBuwv] [dBuwy] [dBuwy] [dBu]
2 60 68 41 41 51
4 92 62 53 54 54
6 81 60 55 53 57
8 55 58 60 66 59
10 57 86 47 47 54
11 71 63 54 56 52
14 48 56 77 70 56
16 54 77 57 51 66
18 47 60 75 64 67
20 49 53 64 81 57
22 45 55 65 66 64
24 50 49 56 68 57
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4.3.2 Drop in amplitude spectra along the blade

From the measurements described above, the drop in amplitude for specific frequency
content is assessed. This follows the method of Equation 4.3 described in Section 4.2. The
amplitude spectra for both the signals and pre-trigger periods are obtained through a Fast
Fourier Transform. For location A, mean values of the amplitude spectra of five pencil lead
breaks are given in Figure 4.5. Note that for higher frequencies at sensors that are away from
the source, values drop and approach noise levels. Individual values from measurements are
only used when compliant with Equation 2.11, using an 4, of 3dB. Mean values

H(P(x,,Xg,))are deduced from these individual measurements and used in further analysis.

For a more comprehensive assessment, a moving average with a span of 10kHz is used.
Corresponding standard deviations are typically well below 5dB.

Since reference and assessment amplitude spectra, u(P(xy,, X)) and u(P(x,,Xg,@,)), are
now defined, it is possible to determine amplitude drop P(x,,x,,)through Equation 4.10.

For pencil lead break locations A-E in salt water and frequencies 100kHz, 250kHz and
500kHz, contour graphs are made. These are shown in Figure 4.6. Here P(x,,x,,®) defines

the isolines and colour.
From the Figure, several observations can be made:

Acoustic emissions are successfully measured by the embedded sensors when the blade is
submerged.

The drop in amplitude over distance seems to be generally monotonic. Interesting exceptions
to this are at sources B, C and E. Here sensors along the leading edge (4,6) have relatively
large values compared to sensors deeper in the blade (11,14).

For 500kHz, there was a limitation in the distance that the amplitude drop can be quantified.
This is due to the low signal-to-noise ratio at larger distances and higher frequencies. It is
noticeable through the smaller domain that is covered by the sensors.

For 500kHz, attenuation is higher than for 100kHz and 250kHz. Besides shown in Figure
4.6, this is also illustrated in Table 4.2. Here, amplitude drop is normalised with the distance
between source and sensor to provide an attenuation metric. Note that the values for 500kHz
are influenced by point 3.

Table 4.2: Attenuation p(P(X,,Xy,®))/ |x, —X|| averaged over sensor location in terms of dBuv/mm.

A grayscale distinguishes low and high values of attenuation.

fi, PLBA PLB B PLB C PLB D PLBE
[kHz] [dB./mm] [dB./mm] [dB./mm] [dB./mm] [dB,v/mm]
100 -0.18 -0.23 -0.28 -0.19 -0.23

250 -0.22 -0.18 026 -0.21 -0.20

500 -0.28 -0.31 033 036 -0.28

From Table 4.2, further it can be seen that PLB C has relatively low attenuation values. This
is mainly due to the measurement at sensor 14. This sensor is close to source C, yet has a
comparatively low value.
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Figure 4.6: Mean drop in amplitude u(P(x,,X¢,,))for pencil lead breaks at A-E for frequency
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For illustration, acoustic emissions can be assessed for an indication of their maximum
measurable distance max||x, — x| . Here, specific trajectories are disregarded by averaging

values of 1(P(x,,x4,®))/|x, —x,| . Further, different values for the reference amplitude
P(Xp,r> Xy, »@) and noise level P, (x,,w) are considered. An 4, of 3dB is taken into account.

Values for max|x, — x| are shown in Table 4.3.

Table 4.3: Indication of maximum measurable distance max|x, —xg||.for acoustic emissions with

reference amplitude P(x o), noise level P,/ (X,,®) and frequency component f, .

Rref > XS/‘Lj "

P(X g+ Xg»@) [ABpv] 9 70 50 90 70 50

Rv(XR, ) [dBuV] 20 20 20 0 20 o
max||x, — x| [mm] for

/£, =(100,250)kHz 307 216 124 216 124 32
maXHXR —XsH [mm] for215 < B » N B
f, =500kHz

Table 4.3 illustrates that for both higher and lower frequency content and noise level, a
distance of 85mm between source and sensor typically would be sufficient. However, for a
high noise level and low signal amplitude, a shorter distance would be necessitated. It should
be noted that these values are indicative in nature and that a sensor lay-out can be drastically
optimised. This optimisation can take place when there is specification of:

1. The expected location and type of occurring damage.
2. The frequency content and amplitude of these damage mechanisms.
3. The expected noise level.

The results indicate that acoustic emissions can be measured in a submerged composite
marine propeller blade using embedded piezoelectric sensors. Further, typical values for
amplitude drop and attenuation are given. These can in later research be used to enhance
sensor locations.

4.4 CONCLUSION

For the purpose of structural health monitoring, feasibility of measuring acoustic emissions
was assessed for a composite marine propeller blade. In an experimental set-up, a blade with
embedded piezoelectric sensors was submerged into salt water and excited with pencil lead
breaks. It was noted that:

1. Embedded piezoelectric sensors can measure acoustic emissions on the blade when
underwater.

2. Amplitude drop has a generally monotonic behaviour over the distance from the
source along the blade.

7



3. There is more attenuation for higher frequency (500kHz) components of an acoustic
emission than for lower frequency components (100kHz and 250kHz).

4. For typical source amplitudes and noise levels at S00kHz frequency, a lower limit
of the maximum distance between source and sensor was approximated around
87mm. For frequencies between 100-250kHz, this is 124mm. In the case of high
noise (40dB) and low amplitude (50dB) a shorter distance is required. It should be
noted that the source-to-sensor distance can be much improved upon through
anticipation of source location, type, amplitude and frequency content and noise
level.

These observations highlight the feasibility of measuring acoustic emissions in composite
marine propeller blades using embedded piezoelectric sensors. The presented results open up
further research opportunities, such as optimisation of the sensor lay-out for different damage
types, and damage localisation and characterisation methodologies for composite marine
propeller blades.
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This chapter is based on the conference paper “Numerical and Experimental Study of
Acoustic Emission Source Signal Reconstruction in Fibre-Reinforced Composite Panels”
presented in 2022 in the European Workshop on Structural Health Monitoring and the
conference paper “Acoustic Emission Source Localization in Fiber-Reinforced Composites
based on Multimodal Dispersion Compensation of Guided Waves” presented in 2023 in the
International Workshop on Structural Health Monitoring. The focus of this chapter is on
answering research sub-questions 2 and 4.

5.1 INTRODUCTION

In plate-like structures, acoustic emission (AE) signals can propagate as guided waves. The
velocity and attenuation behaviour in guided waves is dependent on material and geometrical
properties as well as the frequency content of the AE. In the case of anisotropic plates, it is
further dependent on the direction of propagation of the guided wave [130,131]. This
behaviour implies that measurement of a single AE signal can be different at different
measurement locations. As such, for both identification of damage mechanisms through AE
evaluation and localisation of the damage, differences in measurement due to wave
propagation effects need to be accounted for.

Wave propagation effects can be accounted for by reconstructing source AE signals at the
source location from the measurement signals. Several methods have been proposed in the
literature for signal reconstruction including dispersion compensation. Among them are Time
Reversal (TR) and Fourier-domain dispersion compensation [132].

In active TR, the guided wave generated by transducer A is measured by transducer B,
reversed in time, re-emitted from B and measured by A. In passive TR, the re-emission from
B takes place in a simulation [133]. For AE signal reconstruction of pencil lead breaks and
broadband signals, Falcetelli et al. [134,135] provided transfer functions in isotropic thin
panels using active TR. In thin fibre-reinforced plastic (FRP) panels, signal reconstruction
was performed by means of active [136] and passive [133] TR.

Fourier-domain dispersion compensation has conceptual similarities with passive TR
[137,138]. The method typically makes use of a priori known wavenumber-frequency
dispersion relations to analytically reconstruct a source waveform. Different approaches have
been presented [132,139]. Fourier-domain signal processing has been applied in the active
localisation of damage and phase reconstruction in isotropic materials [137,140,141] and
FRPs [59,132].

Various methods for AE localization have been put forward for fibre-reinforced composite
materials [142]. One of these methods is time-distance domain migration (TDDM). This
method maps the full waveform to a distance domain and then back-propagates this to
account for dispersion [139]. On fiber-reinforced composites, Caj et al. [143,144] used
TDDM for processing active guided wave testing. Wilcox [145], Jiao et al. [146], de Marchi
et al. [147] and Grabowski et al. [148] suggested a method to apply TDDM or similar for AE
localization. These works performed back-propagation assuming the dispersion of a single
dominant wave mode. In thicker composites, the AE can propagate in a multitude of wave
modes, each having different dispersion characteristics and an unknown magnitude. This
complicates AE localization as contributions of other wave modes will give an erroneous
back-propagation. Xu et al. [149] and Wu & Wang [150] described multimodal back-
propagation in thicker panels. They noted that back-propagation using a specific mode will

80



compress and amplify the contribution of that mode in the measurement, streamlining further
assessment.

The abovementioned research provide valuable insights into the potential use of back-
propagation techniques for guided waves. What has not been sufficiently reported so far is
the application of these methods for processing of AE in thick composites. This chapter
further develops some of these concepts and paves the way for their application to composite
marine propellers.

First, this chapter assesses the accuracy of a dispersion compensation technique based on
Fourier-domain signal processing, for reconstruction of AE waveforms in FRP materials. The
accuracy has been evaluated by comparison using measurement data. By considering
numerical simulations through 3D transient Spectral Element Model (SEM) and
experimental measurements, the error originating from the reconstruction method can be
distinguished from the error due to uncertainties in the experimental setup and the assumed
material properties.

Furthermore, this chapter experimentally investigates AE localization using TDDM when
multiple wave modes are present in the measurement. To do so, artificial AE with varying
frequency content has been excited in a 10.2mm thick glass-fiber reinforced plastic panel.
This excitation has been measured by a sensor that was at a known distance from the source.
Dispersion characteristics of multiple wave modes have been used in the assessment.
Localizations using individual wave modes and combinations of wave modes have been
compared.

The structure of the chapter is as follows: Firstly, the mathematical procedures are described
for acoustic emission signal reconstruction and multimodal localisation. This is followed by
an explanation of the performed experiments and simulations. Secondly, results from the
measurements and assessments are presented. Lastly, conclusions and an outlook on future
research are presented.

5.2 METHODOLOGY

The degradation of material is often accompanied by the generation of AE. These are
typically measured at a location away from the location of material degradation. Hence, the
measured AE is subject to wave propagation effects. In the case of plate-like structures, the
AE propagates in the form of guided waves. In the frequency domain, the relation between
AE source and measurement can be cast into Equation 5.1 [126]:

Py X5.0) = > Dy (X O, (X X 0)6, (X, )S (X, 0) + Py (X 0)
(5.1) :

Here, the source location is denoted by 1, the measurement location by ¥, and the angular

frequency by (). The AE source signal ¢(x,)S(x;,») is convolved with wave propagation
W.(x,,X,;,0) and sensor electromechanical transfer D,(x,,®) . Remark that the source and
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transfer functions are generally dependent on the wave mode i . In thick panels a multitude
of modes may be supported. Measurement noise is denoted by P, (x,,®). The outcome is

measurement signal P(x,,X;,®). In the current context, the noise level is considered

negligible and the sensor transfer function is assumed constant over frequency and wave
mode. Wave propagation transfer W,(x,,Xy,®) in an anisotropic medium can be described as

in Equation 5.2:

Jki (X Xg ,0)x

W, (Xg, X5, @) =, (Xg, X5, 0)e
(5.2)
In this equation, a, (X, , X, @) is a scaling factor that includes attenuation effects due to
radiation, damping and skewing. Change in signal phase and arrival time is covered by the
exponential term. Here, angular wavenumber k(x,,x,,0) is direction-dependent, and defined
for the direction of (x , —x ) /lIxe — x| Through this direction-dependent wavenumber

definition, material anisotropy is accounted for in this approach.

In the case of dispersion compensation assuming single wave mode i, for every frequency a

. . . . -1 . . .
phase correction is applied using VV: (X X 60) given the corresponding distances from

X; to Xg and wavenumbers ki(XR’XS'w)' The resulting corrected signal RI.(XS.XR;UU) is

shown in Equation 5.3.
R.(X,.,X,,@0)=W,"(X,,X ., 0)P(X,,X_,©) (5.3)

Back in the time domain, dispersion corrected signals r(x,,x,,t) are obtained (Equation
5.4).

1 (= ,
q(xs,xk,t):Z'f_wRi(xs,xR,a))e ““dw (5.4)

5.2.1 Waveform Similarity
To evaluate the accuracy of the reconstruction, a comparison is made between reconstructions
r.(x,,x,;,x,,t)towards location x, close to the emission source and the direct

measurement at that location p(x,,x.,¢) . It is recognised that in direct reconstruction from
x, t0 x,, a discrepancy in trajectory from measurement x  to source x  and to reference
x, would exist. This is addressed by performing a reconstruction towards x _ and using the
same method to perform a forward reconstruction from x _ to x, . This is shown in Equation

5.5 and in Figure 5.1.

Ri(XB”XS'XR’a)):Vl/i(xB’xS’a))Ri(xS’xR’a)) (55)
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Figure 5.1. Illustration of the reconstruction procedure from measurement to source to reference
measurement.
Comparison between r (x,,x,,x,,t) and p(x,,x,,t) is done via waveform similarity. Note

that in the method of Equation 5.4, no correction for attenuation is considered. A normalised
waveform similarity as described in Equation 5.6 is used for each single reconstructed signal

ri(XE’xS‘XR’t) :

(rl,(xg,xs,xk,t)*p(xb,,xs,t))(r)

Similarity (X ,,X, X, @) =max
\/(I}(XB ’Xs ’XR't)* [}(XB’XS ’XR’t))(TO)(p(XE’XS’t) * p(XB,XS,t))(TO)

(5.6)

The five-pointed star * indicates cross-correlation and 7 indicates lag (with 7,=0). Time delay
is defined as the argument of the maximum similarity value. This is then divided by the period
related to the centre frequency of the input signal to get a normalised time delay. Note that
the similarity values are relevant for waveform clustering, while time delay is an indication
of localisation error.

5.2.2 Multimodal Acoustic Emission Localization
This research employs W(x,,X,,®@) to investigate the extent of multimodality in a

measurement and to localize the source of the AE by accounting for this multimodality. The
modal contribution, or extent of multimodality o, (x,,x,,®)s;(X,,®) can be assessed

through comparison of P(x,,X;,w) with P*(x,,X,,®) in Equation 5.7.

n
_ jki (Xp Xg,0)
P*(Xz,X,0) = Zaz‘(xmXs’a))gi(xs)S(Xsaa))eJ RO (5.7)

i=1
Here the source excitation S(x ¢» @) » Measurement P(x,,x,,®), dispersion relationship
k(Xg» Xy, @) and distance yare considered known. Single-mode localization is performed
using TDDM as was described by Wilcox [139]. This involves back-propagation as per
Equation 5.8:
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R (X,,Xg,0) = P(Xg,Xg, a’)eijki(xmxsyw)x (5.8)

In order to evaluate Equation 4 in distance domain using the inverse Fourier transform, the
right-hand side needs to be mapped from frequency domain to wavenumber domain. That is

done using the group velocity Co (X, X, ) 85 in Equation 5.9:

h(x) = [ R (XX, 00k (X, X D0k, (X X)) =

[ R X5, 00, (X X))y (X X 0 (X X D), (X, X )
(5.9)

Here, distance domain reconstruction hi ()C) is a measure of the distance travelled by a signal

from the starting time of the measurement to the time of registration of the signal. The back-
propagation compensates for dispersion. This implies that the wave mode that is present in
the signal appears in the distance domain as relatively compressed and with relative higher
amplitude than in the time domain [149,150]. This is the feature that is used for localisation.
It is remarked that for such localisation the starting or onset time of the measurement should
relate to the peak time of the source signal. In the case of measuring AE, this peak time of
the source signal is unknown. Grabowski et al. [148] solved this by iteratively searching for
the starting time that gave the most compressed back-propagation. In the current work, the
starting time is not investigated and is considered known.

It is considered that a measurement signal contains contributions of a multitude of modes.
The reconstruction using wave mode I will compress and amplify the contribution of that
wave mode at the source location. However, the contributions of the other wave modes j #i

are also affected by the back-propagation. This means that artificial peaks can exist at
locations that are different than the source location.

The multimodal localisation approach presented in this section proposes to improve
localisation by summation of reconstructions from a multitude of wave modes. Hilbert
transform envelopes are used to largely exclude phase differences between the
reconstructions. The summation can mitigate the severity of artificial peaks. This is because

the contribution of mode 1 using reconstruction h(x) will be at the same location for

i =1..n whereas the artificial peaks are unlikely to be at the same location for  =1..71. The
approach is schematically visualised in Figure 5.2.

Measurement signal Distance nleoonsh'ucﬁon EnvelopeI summation

Figure 5.2: Schematic representation of localization using multimodal TDDM.
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In the choice of wave modes to consider for localization, three options exist: The wave mode
is present in the measurement, but not used for localization (A); The wave mode is present
in the measurement, and used for localization (B); The wave mode is not present in the
measurement, but is used for localization (C). The three options can be summarized in the
Venn-diagram of Figure 5.2. All options are assessed.

5.2.3 Reconstruction simulation using 3D SEM

In order to assess the reconstruction method without experiment-related biases, a simulated
measurement dataset was generated. The simulation came in the form of a transient linear
elastic spectral element analysis (SEM). SEM is frequently used in time domain guided wave
simulations [151]. In SEM, field variables are approximated using higher-order polynomial
basis functions. These basis functions allow for a higher convergence rate compared to
traditional finite element methods [152]. In the case of Legendre-Gauss-Lobatto-Lagrange
(LGL) polynomials the mass matrix becomes diagonal, reducing the number of operations in
the time integration process [133,152].

The simulation was performed on a model that has close similarities to the experiment
described in the following section. The SEM was developed in-house as a set of MATLAB
codes and functions [133]. The domain considered in the simulation is a GFRP unidirectional
laminate with anisotropic properties given in Table 5.1. The domain had length, width and
thickness dimensions of 600mm, 600mm and 10.2mm. The domain consisted of 900
elements with 20mm length and width and fourth-order LGL polynomials. In the thickness
direction, the elements had a size of 10.2mm and were of fourth-order as well. These values
are based on a mesh convergence study. A IN amplitude five-cycle Hanning-windowed pulse
with a centre frequency of 40kHz was excited at a location 250mm away from the edges of
the domain. This location and the waveform is in agreement with the experiment. Regarding
the amplitude, the simulation uses linear elasticity, resulting in the force amplitude being
essentially a scaling factor. IN was chosen for its generality and simplicity. The excitation
was given in the out-of-plane direction. The propagated wave was measured on a grid of
100x100mm, with a spacing of 20mm. In Figure 5.3, the domain and a snapshot of the
propagating wave can be seen.

Table 5.1. Lamina material properties used in the 3D SEM simulation and for reconstruction of the
experimental data.

E, (GPa)E,=E, (GPa)G,,=G,, (GPa)G,, (GPa)vy,=Vx, (GPa)vy, (GPa)p (kg/m’)
46.2  13.1 4.1 5.1 0.29 0.28 1872
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Figure 5.3: Discretisation of a GFRP plate. The left Figure shows the domain, with mesh and
integration points given in black lines and dots. The right Figure shows the vertical motion of the
simulated unidirectional GFRP plate that has been excited in the out-of-plane direction with a five
cycle burst with 40kHz centre frequency.

5.2.4 Experimental procedure for waveform similarity assessment

To test the signal reconstruction method in a more realistic environment, experiments have
been performed in a manner similar to the simulation. In this situation, the reconstruction is
additionally subject to discrepancies such as variation in material properties over location
and damping effects. The experiment as such can be seen as a measure of robustness in a
reasonably realistic context.

The setup is shown in Figure 5.4 and follows the subsequent order: an actuator (denoted by
‘a’ and of the type VS600-Z1) emits an artificial signal that is generated by an arbitrary
waveform generator (1, Siglent SDG10251) and that is amplified (2, Falco WMA-300) with
34dB. This signal propagates as a guided wave through a thick GFRP panel (3) and is
measured by both a reference sensor (b) and a measurement sensor (c). Both measurements
are amplified (5, Vallen AEP5SH) with 40dB and recorded by a data acquisition system (6,
Vallen AMSY-6). The signals are then stored on a measurement laptop (7).

The GFRP panel is made from E-glass fibres with a vinyl ester resin. The panel has
anisotropic properties, with a [05,90s]; laminate layup and has a total thickness of 10.2mm
[153]. Material properties that are used for reconstruction are stated in Table 5.1. The resin
infusion manufacturing process is generally less precise than for example the use of prepreg,
hence deviation of material properties, such as local stiffness due to difference in fibre
volume fraction or voids may be expected.

The actuator and reference sensor (a & b) are coupled to the panel by means of hot-melt
adhesive. This ensures that the transmission of the emitted signal is not altered over time.
Measurement sensor (c) is positioned and repositioned on a grid of 100mm X 100mm, with a
spacing of 20mm. Using the same sensor for each location prevents variation in
measurements due to variation in sensor properties. As a coupling agent, medical ultrasonic
gel is applied between the test panel and the measurement sensor. Constant pressure on the
measurement sensor is provided by a weight (4).
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Figure 5.4: Experimental setup: The left Figure shows a general overview and the right Figure is a
close-up. Numbers 1-7 relate to the Siglent SDG1025 1 waveform generator, Falco WMA-300 amplifier,
test specimen, measurement sensor fixture, Vallen AEP5SH preamplifiers, Vallen AMSY-6 data
acquisition system and measurement laptop, respectively. Letters a-c denote the actuator, reference
sensor and measurement sensor. All transducers are of the VS600-Z1 type.

The source signal S emitted by the waveform generator is a five-cycle Hanning-windowed
sine wave with a centroid frequency of 40kHz. The signal is shown in Figure 5.5 in time and
frequency domains. The limited amount of cycles and associated short duration of the signal
allows for measurements to be minimally influenced by interference patterns. Further, a band
of frequencies is excited that will introduce dispersive effects in the measurements. As the
measurement sensor is repositioned during the experiments, the source signal is emitted
repeatedly.
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Figure 5.5: Source signal S in time domain (left Figure) and frequency domain (right Figure).

The measurement by the reference and measurement sensors is based on full-waveform
capture. The signals were recorded using hit definition, keeping a 50dB threshold. Sampling
frequency for the waveform was SMHz. A digital band-pass filter was applied, ranging from
25kHz to 850kHz. Total duration of the recording of the waveform was 1638.4us, including
200ps pretrigger time. Rearm time (hit lockout time) and duration discrimination time (hit
definition time) were chosen to be 250us.

5.2.5 Experimental procedure for multimodal localisation assessment

Furthermore, in order to investigate the feasibility of the multimodal localization approach,
experiments have been performed on a thick glass-fiber reinforced polymer (GFRP) panel.
The panel was instrumented with an actuator that generated a simulated AE signal, and a
sensor that recorded the propagated AE. The actuator and sensor were both of the type
VS600-Z1. They were coupled to the panel using ultrasonic gel and held in place using spline
weights. The actuation signal was generated by an arbitrary waveform generator (Siglent
SDG10251). This signal was directed to a power amplifier (Falco WMA-300, 34dB
amplification) and to the data acquisition system (Vallen AMSY-6). The latter enabled direct
assessment of the source signal peak time. From the power amplifier, the signal was
conducted to the actuator. The sensor signal was amplified (Vallen AEPH5H, 40dB
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amplification) and recorded by the data acquisition system. A photograph of the set-up is
shown with annotations in Figure 5.6.

arbitrary
waveform

preamplifier

Figure 5.6: Schematic representation of localization using multimodal TDDM.
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Figure 5.7: Material properties [154] and selected antisymmetric dispersion curves.

The GFRP panel had a 600mm length and width, was 10.2mm thick and had a [05 90s]; lay-
up, making it a panel with anisotropic properties. It was made of 640g/m? U-E glass from
Saertex with an Atlac E-nova MA 6215 vinyl ester resin. Ambient-temperature vacuum-
assisted resin transfer moulding was used. The panel was considered to have material
properties similar to those used by Samaitis and MaZeika [154], and are shown in Figure 5.7.
From these properties, dispersion curves have been calculated using a semi-analytical finite
element method. In the localization procedure only antisymmetric modes (Ao, A1, Az) are
used. This is because the actuator is placed on the surface of the panel. This promotes
antisymmetric motion. The dispersion curves can be seen in Figure 5.7 for the 0° direction.

The data acquisition system recorded the signals in a hit-based manner, saving full
waveforms with a 20MHz sampling frequency. A static threshold of 45dB was applied, based
on the ambient noise level. This was complemented with a digital filter ranging from 20kHz
to 960kHz. Rearm time and duration discretization time were set at 400ps and the pretrigger
time at 500us.

For actuation, a Hann-windowed sine function was used. Two signals were tested: one with
200kHz center frequency and four cycles, and one with 300kHz center frequency and six
cycles. The actuator was placed in the center of the panel and the sensor was placed at
distances of 75mm and 150mm away from the actuator in the 0° direction.
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5.3 RESULTS AND DISCUSSION

5.3.1 AE signal source reconstruction results

Based on the simulation and mathematical procedure described in Section 5.2.1 and Section
5.2.3, similarity is assessed between the measurements at location (20,80)mm close to the
source and reconstructions based on measurements at the other locations. In the simulation,
the prescribed motion was in out-of-plane direction. Based on this, the reconstruction
procedure adopted a dispersion curve related to the antisymmetric wavemode. In Figure 5.8,
the similarity index described in Equation 5.6 is shown on the left. The normalised time lag
is given on the right. In Figure 5.9, a comparison over time is made between the measurement
at (20,80)mm and reconstructions at selected other locations.
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Figure 5.8: Comparison between simulated response in out-of-plane direction v[nm] at location
(20,80)mm and reconstructions from measurements at other locations towards this location. The left
Figure shows the Similarity index between the measurement and the reconstructions. The right Figure
shows the lag relative to a period in the signal (1/(40kHz)).
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Figure 5.9: Three graphs with comparison between a measurement P and individual reconstruction R.
The similarity index is denoted by ‘Sim’ and the normalised lag by ‘Lag’.

The Figures present that the original measurement and reconstructions are near identical in
shape and time delay. The minor deviations are considered to be coming from contributions
from other wavemodes or from effects related to differences between SEM through-thickness
discretisation and the semi-analytical reconstruction. In general, the results demonstrate that
the reconstruction procedure can give viable outcomes.

After assessment of the similarity in simulation, experimental results on reconstruction and
similarity are given, based on Section 5.2.4. The experiment makes use of the repositioning
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of the measurement sensor. Actuation therefore is repeated over time. Similarity-based time
picking on the measurements of the reference sensor has been used to correct for the different
location of the measurement sensor. This ascertains that the measurements are assessed with
a correct time delay with respect to the source. In Figure 5.10, corrected measurements are
shown for four emission repetitions per sensor position.
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Figure 5.10: Waveforms P(i,j) in voltage over time measured by the sensor at location (x,y)=(i,j) from
the reference. Note the monotonic delay in time away from the source and the phase of the signal
varying over location.

The graphs show that the measurements are repeatable and that the time delay is consistent.
In the experiment, the excitation was applied only on the top face of the panel. For that reason,
antisymmetric wave motion is considered in the reconstruction. Similar to the assessment of
the simulated data, comparison is made between the measurement at location (20,80)mm and
reconstructions from other locations towards this location. The comparison is visualised in
Figure 5.11 and Figure 5.12.
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Figure 5.11: Comparison between experimental measurement in voltage amplitude PA [V] at location
(20,80)mm and reconstructions from measurements at other locations towards this location. The left
Figure shows the Similarity index between the measurement and the reconstructions. The right Figure
shows the lag relative to a period in the signal (1/(40kHz)).
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Figure 5.12: Three graphs with comparison between a measurement P and individual reconstruction
R. The similarity index is denoted by ‘Sim’ and the normalised lag by ‘Lag’.

From the results it appears that the reconstruction has slightly lower similarity values
compared to the results from the simulation. The dissimilarity is generally less than 5%,
therefore it is not expected to hinder the ability of the method for narrow-band source signal
reconstruction. Further, the normalised lags show deviation in time delay between the
reconstructions and the measurement. For the current reconstruction and future
characterisation this is not problematic. It is expected that a discrepancy in dispersion curves
is the main cause and for improved assessment a more thorough assessment of geometry and
material properties is advised. It is recognised that this research should be extended towards
a variation of source signals, covering different frequency ranges and bandwidth for
mimicking AE [103]. Furthermore, the assessment has been performed with known onset
time and single assumed wave mode. In the next section, results for a related localisation
methodology are presented that does not assume a single wave mode. Also a related method
for onset time picking is given.

532 Localisation Results

For the localisation results, based on Section 5.2.2 and Section 5.2.5, the experimental data
is analysed in the following manner: Firstly, each measurement signal of the receiver sensor
is assessed for their content in wave modes. This gives improved insight when discussing the
localization results. Secondly, the signals are reconstructed in the distance domain
representation for each wave mode separately. The distance value at the peak of the envelope
of these reconstructions are estimates of the source location when considering a single mode.
Thirdly, the envelopes are combined for a multimodal localization. Different combinations
are assessed. Fourthly, localization errors are provided and assessed.

The contribution of the different wave modes present in the receiver sensor measurement
signal is investigated. To do so, the emitted source s(x;,f) was extrapolated forward in time

using Equation 5.7. The results are propagated signals for the individual wave modes towards
the location of measurement. The dispersion curves for the first three antisymmetric modes
(Figure 5.6) were used. For a 300kHz center frequency signal at a distance of 150mm, the
results are visualized in the first two graphs in Figure 5.13.

After the extrapolated signals p;(x,,x,,?) for the individual wave modes have been obtained,
it was now possible to relate these to the signal that was actually measured ( p(x,,X;,?) ). This
was done through assigning a contribution factor «,s, to each extrapolation and then
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summing the extrapolations (3" a.c,p; (x,.x;.7) )- Values for g, were approximated through
matching the amplitudes between > o, p; (x;.x,.7) and  p(X;,X,,7) . The results are pictured

in the right graphs of Figure 5.13. Table 5.2 provides the values for each source-receiver
distance and center frequency. In the table, it may be seen that for the 200kHz center
frequency cases, there appears to be no contribution of mode A». This enables assessment of
localization in the case of situation 3 defined in the Venn diagram in Figure 5.2 (i.e. a mode
is used in the reconstruction that is not present in the original signal). In the other
measurements, it is apparent that there is a more balanced contribution of each mode. Note
that in the current measurement frequency range, mode Ay is relatively non-dispersive and
has the largest contribution in terms of amplitude. This is especially the case with the 200kHz
center frequency measurements.

The signals measured by the receiver sensor were reconstructed through TDDM as per
Equation 5.9. The starting time of the excitation was considered known and was calculated
directly from the excitation signal. In Figure 5.14, the distance domain results per individual
mode /#(x,,X,,x) are shown together with their respective envelopes. The fourth graph

visualizes the summation of the three reconstructions > 7(x,.x,x) and the summation of

the individual envelopes. From the Figure, it may be seen that the envelopes of the individual
reconstructions show several peaks. In the cases of wave mode Ao and A, the largest peaks
are around the source location (x=150mm) while in A, the largest peak is at a smaller
distance. Smaller secondary peaks are present as well. The locations of these peaks can be
explained through the dispersion curves in Figure 5.6. Mode Ao around 300kHz is almost
nondispersive. Hence the reconstruction is similar to the measurement signal. The largest
amplitude of the signal is provided by Ao, and therefore the localization peak for Ay is at the
source location. For Aj, the group velocity is lower than that of Ao. Also it is not very
dispersive. This implies that when reconstructing with A;, the peak in the signal that
corresponds to Ay is localized at a shorter distance than the source location distance. Note
also that this peak is higher and the reconstruction contains less lobes than when
reconstructing with Ao. This implies that reconstruction of the Ao component using A;
dispersion creates artificial focusing. However, there is furthermore a secondary peak,
relating to the A; contribution, that is correctly localizing around the source location. Wave
mode A, has strong dispersive characteristics around 300kHz. In the reconstruction for A»
this becomes visible as a strong ‘tail’ between 200mm and 400mm.
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Figure 5.13: Measurement of a wave excitation and evaluation of multimodality.
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Figure 5.14: Distance domain reconstructions per individual mode and the summation.

Table 5.2: Time-distance domain localisation error

llougil| [%0] &d; [mm] eds; [mm]
x [mm] 75 150 75 150 75 150
f.[kHz] 200 300 200 300 200 300 200 300 200 300 200 300
lowgol| 55 48 59 23 edy 6 3 2 -6 edsor 22 -3 -53 0 -1

lowcill 45 30 41 28  ld, 24 =27 =51 51 ledy, 94% -3¢ 176% -3

looga| O 22 0 49 ed, 91* 33 178* 20 edsor,  25*% -4 173% -3

This tail is likely coming from the contribution of Ao that is now strongly (inversely)
dispersed. Note that for A,, the maximum peak is around the source location. This is
indicative of correct reconstruction of the A, contribution. The combination of
reconstructions, shown in the bottom right graph, appears to not give a satisfactory
reconstruction of the source signal. This is mainly attributed to slight variations between the
used dispersion curves and the actual material. This causes phases to be slightly misaligned.
The combination of envelopes nevertheless is not adversely affected by this issue and the
peak at the source location stands out.

Values of the envelope peak location have been assessed for a 200kHz and a 300kHz signal,
measured at 75Smm and 150mm. The errors between the estimated and true location are given
in Table 5.2. In Table 5.2, ed; denotes envelope peak location error using wave mode i.
Similarly edsjk describes peak location error for the combination of envelopes for wave
modes i, j and k. Values with an asterisk (*) relate to the third region in the Venn diagram of
Figure 5.2, while plusses (+) relate to the first region.

In all cases, reconstruction with Ao gives a low error edy amounting to 1.3% to 8% of the
distance. This is considered reasonable, because the Ao has the largest amplitude component
and is nondispersive. Reconstruction with A; in all situation gives an erroneous result. This
is due to the lower contribution of A and that the dispersion curve for A tends to artificially
focus the Ao contribution. For reconstruction with A,, the 200kHz signal is not properly
localized. This is because there is no A, component in the original signal (the third region in
the Venn-diagram of Figure 5.2). At 300kHz, the localization is improved, but still with low
precision. This may partly be attributed to small variations between modelled and actual
material properties.
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For combined results eds;. it is clear that the 200kHz reconstruction remains biased by the
reconstructions of ed; and d, (29% to 125% error). For the 300kHz signal peak locations are
close to the source location (2% to 5.3% error). The availability of the A> mode, and different
dispersion behaviour of A, are the cause of this. In this respect, the case of edsi> is
particularly interesting. Here localisation was performed without taking into account the
accurate Ao reconstruction (+ values, first region of Figure 5.2). Notwithstanding, the peak
location has a small error with the source location. This implies that multimodal
reconstructions can be better in localisation than using a single mode reconstruction.

For future research it is recommended to add the determination of onset time, as per for
example Grabowski [148], since this will likely be affected by the multimodality.

5.4 CONCLUSIONS

This chapter assessed the use of dispersion compensation for AE source signal
reconstruction and localisation.

Regarding signal reconstruction, simulations and experiments are performed
involving thick GFRP laminates. The signal reconstruction on the simulated data,
considering a narrow-band pulse, is reasonably similar to the simulated
measurement. In the experimental case, similarity slightly drops. Deviation in
arrival time between original measurement and reconstruction is attributed to a
discrepancy in material properties in reality versus the properties used in the
reconstruction.

Distance domain reconstruction is studied for multimodal localization of acoustic emissions
in a GFRP panel. It has been found that in the situation of a known dominant wave mode,
single mode reconstruction can give results with a reasonably small error (1.3% to 8%).
Multimodal localization can give results with a small error (2% to 5.3%) when there is a
balanced contribution of multiple wave modes. However it is prone to a larger error (29% to
125%) when there are few wave modes contributing to the received signal and one wave
mode is dominant.

It is recommended for the future research to further investigate the influence of deviation in
the material properties on the accuracy of the source reconstruction method. The effect of
multimodality of guided waves on the quality of arrival time picking of the AE signals is to
be investigated. Extension of the implementation from plates to more complex geometries
will be a necessary next step.

Although the tests were performed on flat panels of anisotropic material, the methodologies
that were tested have been developed for use in doubly curved thick composite surfaces. This
is a first step where thickness and anisotropy were isolated from other complications such as
curvature. In order to investigate their working in a preliminary sense, a simplified structure,
with contact transducers, has been used that has representative thickness and anisotropy. The
experiments can be seen as a verification study for the methodology, before testing on doubly-
curved surfaces such as the propeller blade. Assessment on the propeller blade is underway,
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with extended methodology such as a wavenumber-frequency relation that is not only
direction dependent, but also location dependent, to account for variations in thickness and

lay-up.

CONCLUSIONS &
RECOMMENDATIONS
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6.1 CONCLUSIONS

In this thesis, research was performed regarding the embedding of piezoelectric sensors in
composite marine propeller blades, for the purpose of structural health monitoring. This
includes the measurement and assessment of acoustic emissions and low-frequency dynamic
strains. A research question, to envelop the main investigations, was posed in the introduction
and is repeated below:

How can a structural health monitoring system with embedded piezoelectric sensors be
developed for composite marine propeller blades?

The research question has been subdivided into sub-questions. The conclusions in this
chapter are structured such that they answer these sub-questions and thereby answer the main
question.

The first research sub-question addressed the feasibility of embedding and measuring with
piezoelectric sensors in composite marine propeller blades. An assortment of conclusions can
be made for Chapters 2 to 4, relating to this sub-question. Carbon-fibre prepreg coupon
specimens were manufactured with embedded piezoelectric sensors. They were loaded until
failure using a four-point bending setup. During loading, it became clear that the embedded
piezoelectric sensors could successfully measure acoustic emissions from composite
degradation. Furthermore, finite element simulations were performed on the low-frequency
(10-50Hz) strains of a composite marine propeller blade in the design operational conditions.
It was shown that the embedded sensors can measure these strains, assuming typical values
for electrical noise (0.1V) and measurement system impedance (1GQ). In Chapter 4, a glass
fibre composite propeller blade was manufactured with 24 embedded piezoelectric sensors,
with 22 of these satisfactorily measuring acoustic emissions.

In practice, these measurements are subject to underwater radiated noise (URN). For the
lower frequencies, the URN is associated with the blade passing motion. In that sense, the
measurement of low-frequency strains is not expected to be hampered by the URN, as both
URN and strains come predominantly from the same source. The URN shows a decreasing
trend in amplitude (-6dB/octave) for higher frequencies [75]. At these higher frequencies, the
noise is mostly related to cavitation implosion events. In theory, if measured, these URN
events do not necessarily limit the measurement of damage-related acoustic emissions. This
is under the premise that the waveform and localisation of the URN event is sufficiently
distinct from those of damage-related acoustic emissions. Under this condition it may be
concluded that it is feasible to perform structural health measurements in composite marine
propeller blades using embedded piezoelectric sensors.

The second sub-question related to the extent of measuring acoustic emissions and low-
frequency strains. Statements were made for the results of Chapters 2 to 4, building on the
conclusions from the first sub-question. It was shown that the dynamic strains on the blade
were sufficiently high on 92% of the blade area for measurement using embedded
piezoelectric sensors. The four-point bending results show that the sensors embedded in
carbon-fibre prepreg coupons can record acoustic emissions from types of failure such as
matrix cracking, delamination and fibre breakage. These failure mechanisms were observed
visually as well at the end of the experiments. The testing additionally showed that the sensors
generally survived until near final failure of the specimens (maximum strain of the specimen
was 15-20me). Sensitivity to sensor geometry was assessed, with a 7mm diameter sensor

96



showing higher amplitudes for frequencies above 300kHz compared to larger 20mm sensors.
For the full-scale propeller blade, the measurable distance between acoustic emission source
and sensor location was evaluated. The blade was suspended in salt water and at several
locations acoustic emissions were simulated using pencil lead breaks. These were measured
by the embedded sensors. It was found that in the case of acoustic emissions with 90dB
amplitude, 100-250kHz centre frequency and a noise level of 40dB the measurable distance
for the used embedded piezoelectric sensors was around 216mm. In the cases with lower
source amplitude, higher frequencies, and more noise, the measurable distance dropped.
These investigations have given insight into the extent and limitations of measuring acoustic
emissions and low-frequency strains using embedded piezoelectric sensors in composite
marine propeller blades.

The third research sub-question dealt with the influence of the embedded sensors on the
structural integrity of the blade in Chapter 2. This influence was investigated for the carbon-
prepreg coupon specimens using the four-point bending test till failure. Comparison was
made between specimens with embedded sensors (7mm and 20mm diameter) and specimens
without sensors. Furthermore, placement of the sensor in the coupon was assessed, with part
of the specimens having the sensor region loaded under tension, and the other specimens
loaded under compression. The influence on structural integrity was defined as the change in
strength, maximum strain, and toughness. It was found that there was a limited influence of
the embedded sensors on the maximum strain and toughness. In the test where the sensors
were loaded compressively, the reduction in maximum strain and toughness had ranges
between 9.3-20% and 19-34% respectively. For the specimens with the sensors on the tensile
side, these values on average were 3.3% and 8.1% respectively.

The aforementioned results were performed on coupon scale, where the embedded sensor
filled a non-negligible volume within the coupon. Regarding a full-scale propeller, this effect
may be less pronounced due to the smaller sensor volume compared to blade volume. The
results suggest that locations with stress concentrations should preferably be exempted from
sensor embedment due to the adverse effects on structural integrity.

The fourth research sub-question related to analysis of acoustic emission measurement for
the purpose of identification and localisation of damage. In the coupon experiments, the
acoustic emission waveforms as measured through reference surface-mounted sensors were
compared between specimens with embedded sensor to those without. Classification through
waveform similarity gave clusters of waveforms that were broadly shared within specimens
that had an embedded sensor, but not so in specimens without sensor. The proposed method
may be used to distinguish between different sources of failure.

Both waveform similarity analysis and damage localisation procedures for acoustic
emissions are influenced by distortions due to wave propagation effects. In Chapter 5,
methodologies have been assessed that involve compensation of wave propagation effects.
Firstly, assessment was made on an acoustic emission source signal reconstruction technique.
This was done through excitation and measurement of acoustic emissions on a glass fibre
composite plate. It was found that for narrow-band pulses (a 5-cycle Hann-windowed signal
at 40kHz), signal reconstruction can give reasonable results, but there was also some
inconsistency between the observed and reconstructed emission timing, likely caused by
deviations between simulated and actual material properties of the glass fibre panel.
Secondly, a localisation scheme was conceptualised and developed for wide-band acoustic
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emissions that have been measured after wave propagation through multiple guided wave
modes. The method was assessed by excitation of acoustic emissions (200kHz and 300kHz
centre frequency) on a thick glass fibre composite panel. Comparison was made between
single wave mode localisation and the localisation using multiple modes, both making use of
dispersion compensation. It was found that for localisation using multiple wave modes,
localisation error was between 2% and 5.3% in the case that the measurement contained an
even distribution of the considered wave modes (300kHz signal). In the case that a single
wave mode was prevalent in the measurement (A0 mode for the 200kHz signal), multi-mode
localisation gave erroneous results (29% to 125% error). This was due to the reconstruction
of the dominant wave mode using another wave mode. Regarding single-mode localisation,
when correctly assuming a prevalent wave mode, error was between 1.3% to 8%. These
investigations highlight the potential and intricacies of using dispersion compensation for
reconstruction and localisation of acoustic emissions.

The conclusions to the sub-questions above can be seen as an answer to the main question.
Responding to the “How” in the main question, details were given on the way sensors are
embedded, the methods used for analysis as well as confirmation and limitations of the
working and analyses through experimental and numerical assessment.

6.2 FUTURE OUTLOOK AND RECOMMENDATIONS

The conclusions drawn above leave room for improvement and elaboration in future research.
Recommendations include improvements on the presented methodologies, development of
additional methodologies, and performing experiments that successively become closer to
the envisioned real-world application.

Relating to the performance of experiments, the full-scale fatigue evaluation of a composite
marine propeller blade is considered. An impression of this is given in Figure 6.1. This will
provide insights into the fatigue life of the blade, and how it can be better assessed using
measurements of acoustic emissions and low-frequency strains. Furthermore, degradation
near sensor locations can be assessed. The information that may be obtained can be used for
valorisation of the methods presented in this thesis. Next to this, with satisfactory results, the
fatigue testing can serve as a stepping stone for the assessment of a composite propeller in
sea trials. In preparation for these sea trials, engineering challenges will be tackled, such as
data transmission through the rotating propeller, and the use of watertight connectors. During
sea trials, there is further potential to measure and assess the amount of underwater radiated
noise.

In order to use the sensors to their full potential, the methods for analysis need to be further
developed. Details on the recommended developments were provided in the chapters above,
but are also summarised here. Regarding the measurement of dynamic strains, a procedure
needs to be developed for the reconstruction and extrapolation of the strain field using sensor
voltage data. Initial investigations were conducted [74], but not completed. For the
measurement of acoustic emissions, a method has been developed to localise sources of
damage in thick composites. A composite marine propeller blade has a shape with varying
geometry. This was not directly taken into account in the provided method. For future work,
it is considered to include geometry changes in the localisation and verify its feasibility. The
measurement of acoustic emissions and dynamic strains may be used as input for assessment
of the propeller remaining lifetime. This can be combined with fatigue analyses such as those
performed by Zhang [9], van Herwerden [12] and Patsantzopoulos [155]. Along these lines,
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it will be valuable to explore the development of a methodology for the relation between
acoustic emissions and accumulated damage in the blade.

2400.00

Figure 6.1: Full-scale fatigue testing of a composite marine propeller. On the left, an impression of the
setup, with frame pieces in red, the actuator and blade in white and a water tank in blue. On the right,
current status of the setup.
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